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Abstract
Background/Objectives: To create an open-source method 
for reconstructing microelectrode recording (MER) and 
deep brain stimulation (DBS) electrode coordinates along 
multiple parallel trajectories with patient-specific DBS im-
plantation platforms to facilitate DBS research. Methods: 
We combined the surgical geometry (extracted from Way-
Point Planner), pre-/intra-/postoperative computed tomog-
raphy (CT) and/or magnetic resonance (MR) images, and in-
tegrated them into the Analysis of Functional NeuroImages 
(AFNI) neuroimaging analysis environment using functions 
written in Python. Electrode coordinates were calculated 
from image-based electrode surfaces and recording trajec-
tory depth values. Coordinates were translated into appro-
priate trajectories, and were tested for proximity to patient-
specific or atlas-based anatomical structures. Final DBS  
electrode coordinates for 3 patient populations (ventral in-

termediate nucleus [VIM], subthalamic nucleus [STN], and 
globus pallidus pars interna [GPi]) were calculated. For STN 
cases, MER site coordinates were then analyzed to see 
whether they were inside or outside the STN. Results: Final 
DBS electrode coordinates were described for VIM, STN, and 
GPi patient populations. 115/169 (68%) STN MER sites were 
within 1 mm of the STN in AFNI’s Talairach and Tournoux 
(TT) atlas. Conclusions: DBStar is a robust tool kit for under-
standing the anatomical location and context of electrode 
locations, and can easily be used for imaging, behavioral, or 
electrophysiological analyses. © 2018 S. Karger AG, Basel

Introduction

Deep brain stimulation (DBS) is a surgical therapy 
most often used for movement disorders such as Parkin-
son disease (PD), essential tremor (ET), and dystonia. 
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Successful DBS surgery requires the placement of stimu-
lating electrodes at specific target locations with millime-
ter accuracy. Part of this procedure can involve making 
microelectrode recordings (MER) along implantation 
trajectories to map neural activity from the awake patient. 
As baseline and task-related intraoperative electrophysi-
ology provide valuable insight into both human neural 
functions and the therapeutic effects of DBS, there is a 
need to precisely determine MER locations to understand 
the anatomical context of intraoperative recording sites 
and final implantation locations [1].

Neurosurgeons have traditionally used stereotactic 
frames such as the Leksell (Elekta AB, Stockholm, Swe-
den) to guide electrode placement, but in the last decade, 
patient-customized platforms such as the STarFix micro-
Targeting Platform (FHC Inc., Bowdoin, ME, USA) have 
increasingly been used [2]. Custom-designed frames have 
demonstrated accuracy comparable to that of traditional 
stereotactic frames, and can reduce operating times by up 
to 2 h [2, 3]. However, while patient-specific frames pro-
vide clinical advantages, their flexible geometry poses a 
challenge for the postoperative reconstruction of record-
ing locations. Specifically, the orientation of the Ben-Gun 
array for MER is predetermined by FHC’s platform cre-
ation software, with the surgeon’s planning accounting 
only for the center trajectory. Because the orientation of 
the array around the center trajectory is frame-depen-
dent, the precise locations along noncenter trajectories 
are not explicitly described. While one can define record-
ing depth coordinates along the center trajectory in the 
planning software, this is a manual and somewhat arbi-
trary process that reports coordinates based on idealized 
trajectories in preoperative images. In contrast, we sought 
to calculate MER coordinates based on the empirical lo-
cation of coordinates within intra- or postoperative im-
ages, while systematically using the known spatial rela-
tionships between MER trajectories in the Ben-Gun ar-
ray.

Previous DBS-related work with the open-source 
Analysis of Functional NeuroImages (AFNI) DBSproc 
Tool Kit has focused on registering different imaging mo-
dalities and extracting electrode locations from comput-
ed tomography (CT) or magnetic resonance (MR) im-
ages, with a focus on diffusion tensor imaging analyses 
[4–7]. Although this software allows for the image-based 
reconstruction of DBS electrode locations along the final 
electrode trajectory, it is currently not capable of recon-
structing coordinates from additional parallel trajectories 
used throughout implantation surgery. However, trajec-
tory geometry information created during surgical plan-

ning with WayPoint Planner software (FHC Inc.) allows 
for the patient-specific translation of coordinates into 
separate surgical trajectories. 

We therefore expanded this tool kit by describing DB-
Star (targeting for DBS and STarFix), a software process-
ing pipeline for calculating locations along the electrode 
implantation trajectories for postoperative analysis with 
the FHC/STarFix system. We provided initial validation 
with final DBS electrode placement coordinates in the 
ventral intermediate nucleus (VIM), subthalamic nucleus 
(STN), and globus pallidus pars interna (GPi). We also 
provided coordinate data for STN MER sites, used for 
clinical somatotopic assessments and behavioral tasks. 
We include here a Python software repository and sample 
data to share our work with the community.

Methods

Image Acquisition
All preoperative MR images were collected on the same 3.0-T 

Siemens Verio scanner (Siemens Healthcare USA, Malvern, PA, 
USA) at Rhode Island Hospital. T1-weighted (T1w) images were 
collected in an MPRAGE sequence (repetition time [TR]: 2,530 
ms, echo time [TE]: 285 ms, matrix size: 512 × 512 voxels, 0.5 × 0.5 
mm2 in-plane resolution, 224 sagittal slices, 1-mm slice thickness). 
T2w images were collected in a SPACE sequence (TR: 3,200 ms, 
TE: 409 ms, matrix size: 512 × 512 voxels, 0.5 × 0.5 mm2 in-plane 
resolution, 224 sagittal slices, 1-mm slice thickness).

Preoperative CT images were collected on a GE LightSpeed 
VCT (GE Healthcare, Chicago, IL, USA) multidetector scanner. 
Preoperative CT images were acquired with the following param-
eters: tube voltage, 120 kV; tube current, 186 mA; data acquisition 
diameter, 320 mm; reconstruction diameter, 250 mm; matrix size, 
512 × 512 voxels; 0.488 × 0.488 mm2 in-plane resolution; 267 axial 
slices; 0.625-mm slice thickness. Some postoperative CT images 
were acquired with the same acquisition sequence, while others 
were downsampled to 36–42 thick-slice (5-mm coronal and axial 
slices, 0.445 × 0.445 mm2 in-plane resolution) volumes.

Intraoperative CT images were collected on a Mobius AIRO 
mobile multidetector scanner (Mobius Imaging, Shirley, MA, 
USA). They were acquired with the following parameters: tube 
voltage, 120 kV; tube current, 240 mA; data acquisition diameter, 
1,331 mm; reconstruction diameter, 337 mm; matrix size, 512 × 
512 voxels; 0.658 × 0.658 mm2 in-plane resolution; 182 axial slices; 
1-mm slice thickness.

Postoperative MR images were collected on a 1.5-T Siemens 
Aera scanner (Siemens Healthcare). T1w images were collected in 
an MPRAGE sequence (TR: 2,300 ms, TE: 4.3 ms, matrix size: 256 
× 256 voxels, 1.0 × 1.0 mm2 in-plane resolution, 183 axial slices, 
1-mm slice thickness, specific absorption rate [SAR] < 0.1 W/kg, 
acquisition time: 7 min 30 s).

Clinical/Surgical Procedure
All patients consented to the surgical procedure and the associ-

ated research activities. All research protocols were approved by 
the Lifespan Institutional Review Board for human research. All 
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patients underwent neuropsychiatric, physical therapy, speech/
swallow, and neurological evaluation for DBS by the Rhode Island 
Hospital DBS Fast Track Clinic [8]. Preoperative MR images were 
acquired around the time of the clinic visit. One week prior to DBS 
electrode implantation surgery, anchor screws were affixed to the 
patient’s skull, and a CT scan was acquired immediately after-
wards. T1w (pre- and postgadolinium images to visualize the vas-
culature), T2w, and CT images underwent intensity-based rigid 
registration using a mutual information-based algorithm with the 
WayPoint Planner software. Anterior and posterior commissures 
(AC and PC) and the midsagittal plane were manually located on 
the T1w images. The surgical targets were then located on the T2w 
images, and the T1w postcontrast images were used to draw the 
trajectories. All surgical planning was performed by the surgeon 
(W.F.A.). A 3D model of the STarFix platform was then calculated 
and sent for 3D printing. The platform was sent back to the hospi-
tal a few days later, where it was sterilized prior to surgery.

Patients underwent electrode implantation surgery one week 
later under local anesthesia and mild initial sedation. Once the 
platform was affixed to the patient’s skull, 3–4 recording micro-
electrodes in a Ben-Gun cross-orientation (anterior, posterior, 
center, medial, and lateral) were placed through burr holes into the 
patient’s brain along the platform’s trajectory guides. Intraopera-
tive neurophysiology was acquired using 1 or 2 synchronized  
NeuroOmega recording systems (Alpha Omega, Nazareth, Israel) 
from awake patients. Electrophysiology data were collected at 
semiregular intervals to functionally map the surgical trajectory, 
while extra time was spent at depths with good single-unit activity 
for clinical somatotopic assessments (passive/active movement of 
limbs, sensation, and light on the retina) and cognitive/behavioral 
tasks. During each recording event, depth values along the trajec-
tory with respect to the planned target were recorded for postop-
erative analysis. Intraoperative CT images were acquired prior to 
implanting the final stimulating electrode to confirm proper loca-
tion. After the final DBS electrodes were placed, patients under-
went stimulation testing to observe the therapeutic benefit and any 
side effects. Final DBS electrode locations were adjusted as needed. 
Postoperative MR images were obtained 1 day after the electrode 
implantation operation, to confirm proper final DBS electrode lo-
cation and screen for postoperative hemorrhage or infarct. Pulse 
generator batteries were placed 1 week after the DBS electrode im-
plantation surgery.

Software Procedure
After the operation, the plan used to generate the platform was 

loaded into the WayPoint Planner software v3.0 (FHC Inc., 
Fig. 1a). Image files in the Digital Imaging and Communications 
in Medicine (DICOM) format for each sequence (including intra- 
and/or postoperative images) were loaded into the plan, and then 
subsequently registered to the preoperative CT volume using the 
same intensity-based rigid registration algorithm. All registrations 
were visually inspected for proper alignment (Fig. 1b). After all 
images were registered to the original preoperative CT, the regis-
tration data were exported as a text file. This text file included each 
volume’s linear transformation matrix to the preoperative CT, as 
well as the planned trajectory information.

All DICOM images were reconstructed to 3-dimensional neu-
roimaging informatics technology initiative (NIFTI) volumes via 
the “dcm2nii” command from the MRIcron Tool Kit [9]. Trans-
formation matrices saved in the exported text file were then ap-

plied to the volumes using the AFNI command “3dAllineate,” 
bringing all volumes to a common space with the preoperative CT. 
The mid-commissural point (MCP) as determined from the surgi-
cal plan was then set as the coordinate origin for all transformed 
volumes. All registrations were again visually inspected (Fig. 1b).

For within-subject anatomical analyses, plan-registered preop-
erative T1w volumes were anatomically parcellated using the Free-
surfer “recon-all” processing pipeline [10]. All parcellations were 
visually inspected for accuracy by making sure mask voxels over-
laid the appropriate anatomical structures. For group-level ana-
tomic analyses, all plan-registered preoperative T1w volumes  
underwent nonlinear registration to the AFNI Talairach and 
Tournoux (TT) reference volume “TT_N27” using the “3dQWarp” 
command. However, any other AFNI atlas volume can be substi-
tuted. All transformed T1w volumes were visually inspected. Vol-
ume masks from the “TTatlas” dataset (in the TT_N27 atlas coor-
dinate space) were used for anatomical validation of the coordi-
nates [11, 12].

Three-dimensional surfaces were generated from intra- or 
postoperative images using the AFNI command “@eproc,” by 
methods described previously [4]. Intra- or postoperative CT or 
MR images were used for electrode surface reconstruction using 
intensity-based thresholding, with the MR images requiring an in-
tensity inversion step beforehand (Fig. 1c). Although all intra- or 
postoperative images can be used for calculating either recording 
or final coordinates, we chose to calculate MER coordinates from 
intraoperative CT images and final DBS coordinates from postop-
erative MR images when possible, as these were the images closest 
in time for each type of electrode. Using the contrast inherent in 
the images containing metallic electrodes, the software defined 
candidates for electrodes as objects > 35 mm in length along their 
principal axis closest to the coordinate z axis (vertical axis). All 
electrode segmentations were manually reviewed, and then gener-
ated as volumes for further analysis using the AFNI command 
“3dcalc” (Fig. 1d). Each selected electrode surface was collapsed 
into a principal axis, upon which each surface node was projected 
(Fig. 1d–f). In other words, each node of the electrode surface has 
an assigned trajectory depth.

Recording or final trajectory depth values collected during the 
operation were then placed along this principal axis, using offsets 
specific to each type of electrode captured in the image (Fig. 1g). 
For example, the coordinates for a MER site 3.17 mm above the 
surgical target was calculated from intra- and/or postoperative 
electrode surfaces. To accurately calculate coordinates from intra-
operative electrode surfaces, we specified how many trajectories 
were visible in the image and the trajectory depth of the electrodes 
when the CT was acquired. Macroelectrode coordinates can also  
be calculated by adding a simple micro-to-macro offset value  
(3 mm above micro for AlphaOmega electrodes). For postoperative 
images, a 1.5-mm offset for the DBS electrode tip (and the position 
and depth along the recording trajectory at which it was placed) was 
used for the postoperative images containing DBS electrodes (DBS 
3387 or 3389, Medtronic, Minneapolis, MN, USA). 

A 3-dimensional coordinate relative to the MCP was then cal-
culated, by taking the average of the surface node coordinates 
within a 2-mm window (1 mm above and below) centered at the 
recording or final depth (Fig. 1h, i). Based on the trajectory or tra-
jectories represented in the electrode-containing volume and the 
patient-specific implantation angles, the depth coordinate could 
then be translated to any of the other Ben-Gun electrode trajecto-
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ries (Fig. 1j, k). Once depth coordinates are calculated, their loca-
tion within the patient-specific anatomic parcellation can be que-
ried. Patient-specific depth coordinates can also be transformed to 
a standard atlas volume for understanding within-group coordi-
nate distribution. Similar anatomic contextualizing of coordinates 
can also be performed within the atlas volume using preexisting 
volume masks.

DBStar code and documentation can be downloaded from: 
https://bitbucket.org/asaadneurolab/dbstar.

Anatomic Validation Analyses
For each surgical target population, the final location coordi-

nate was defined as the bottom of contact 0 in the DBS electrode. 

a

g

c

e

fdb

h i j k

Fig. 1. Flowchart depicting image-based trajectory calculation and 
its integration with surgical plan geometry. All views, unless oth-
erwise specified, are anatomical (not radiological) left-right. a Cor-
onal view (centered at the mid-commissural point) of the planned 
STN surgical trajectory overlaid a preoperative T1-weighted (T1w) 
image in WayPoint Planner. b Coronal view of intraoperative CT 
registered to the preoperative T1w image in AFNI. c Coronal view 
of intraoperative CT with voxels chosen for electrode surface re-
construction highlighted in red. d Coronal view of left and right 
electrode surfaces. e Coronal view of the principal directions 
(white) of each electrode surface. f Depth values (yellow = super-
ficial; orange = deep) projected along electrode surfaces. g Sche-
matic showing intraoperative recording and final stimulation elec-
trode geometry, with an example depth value (3.17 mm above tar-

get on the left trajectory) used for subsequent images. h Zoomed-in 
view of left intraoperative recording electrode surface, with the 
depth value projected as a crosshair on the principal axis. i Zoomed-
in view of left electrode surface, with surface nodes used for coor-
dinate (a 2-mm window ± 1 mm from depth value) calculation 
highlighted. Colors (see f) represent the trajectory depth of nodes 
within this 2-mm window. j Coronal view of calculated coordi-
nates on intraoperative CT represented by red crosshairs. Ben-
Gun key shows that lateral (L), central (C), and medial (M) track 
coordinates are visible. Inset A zoomed-in view of the coordinates. 
k Left-facing sagittal view of calculated coordinates on intraopera-
tive CT. Ben-Gun key shows that anterior (A), central (C), and 
posterior (P) track coordinates are visible. Inset A zoomed-in view 
of the coordinates.
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Table 1. Demographic information for DBS patient groups

Group Age at surgery, years Sex

STN (n = 13) 63.17±8.27 11 M, 2 F
VIM (n = 10) 64.57±10.33 8 M, 2 F
GPi (n = 10) 59.22±11.95 5 M, 5 F

Values represent mean ± SD. STN, subthalamic nucleus; VIM, 
ventral intermediate nucleus; GPi, globus pallidus pars interna.
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We compiled the lateral, anterior-posterior, and vertical locations 
of each target population, both in their native coordinate space and 
in the TT_N27 coordinate space. The center coordinates of DBS 
contacts 0 and 3 (the ventral- and dorsal-most contacts, respec-
tively) were also calculated based on Medtronic 3389 (STN pa-
tients) or 3387 (VIM and GPi patients) electrode geometry. Cen-
ter-of-mass coordinates from the most appropriate TT atlas struc-
ture were given to provide the context. The center of mass of each 
anatomical volume (Freesurfer or TT atlas) was calculated using 
the AFNI command “3dCM.” 

Coordinates of STN MER sites were compared to the STN cen-
ter of mass to investigate the locations of recording sites, as this 
was our largest patient population. The differences along the hor-

izontal, anterior-posterior, and vertical axes for each MER coordi-
nate to the center-of-mass coordinate were calculated, in addition 
to the Euclidean distance. MER site coordinates were then local-
ized on both native parcellation and predefined atlas volumes. Be-
cause Freesurfer’s most specific STN-containing structure is the 
ventral diencephalon (ventral DC), which contains several other 
midbrain structures, we only report the TT atlas results. Atlas-
warped MER coordinates were queried against the “TTatlas” using 
AFNI’s “whereami” command. A coordinate was considered “in 
target” if any part of the atlas STN volume (“left/right subthalam-
ic nucleus”) was present within a 1-mm radius of the coordinate. 
STN MER site coordinates “in target” were compared with those 
“out of target.”

Table 2. Native and TT_N27 atlas-warped final DBS electrode (bottom of contact 0) implantation coordinates relative to the MCP

DBS patient 
group

Trajectory 
depth
(+ above 
target) 

Native
horizontal
(+ lateral
to MCP)

Native AP
(+ posterior 
to MCP)

Native
vertical
(+ superior
to MCP)

Atlas
horizontal

Atlas AP Atlas
vertical

STN (n = 26) –1.38±1.22 10.82±1.55 3.48±1.49 –5.10±1.87 11.12±1.98 0.89±1.14 –5.57±1.65
STN COM 10.15 1.60 –3.05
VIM (n = 17) –0.81±1.34 11.75±1.65 6.63±1.57 0.73±2.06 11.74±1.78 4.25±1.66 –0.10±2.71
Ventral lateral

nucleus COM 13.60 0.79 9.45
GPi (n = 20) –1.28±2.33 19.18±1.42 –2.96±1.41 –2.18±2.68 19.95±2.31 –3.32±1.58 –2.22±2.04
GPi COM 14.73 –7.40 –1.87

All values are in millimeters and express means ± SD. Positive and negative value conventions for the atlas coordinates are the same as native coordinates. 
Center-of-mass (COM) coordinates from TT atlas structures are presented for context. STN, subthalamic nucleus; VIM, ventral intermediate nucleus; GPi, 
globus pallidus pars interna; AP, anterior-posterior; MCP, mid-commissural point.

Atlas horizontal
(+ lateral
to MCP)

Atlas AP
(+ posterior
to MCP)

Atlas vertical
(+ superior
to MCP)

STN DBS contact 0 11.23±1.66 0.69±1.11 –4.83±1.54
STN DBS contact 3 12.60±1.47 –1.07±1.49 0.00±1.59
STN difference (c3 – c0) 1.37±0.83 –1.77±0.77 4.84±0.70
VIM DBS contact 0 11.91±1.72 4.13±1.76 0.61±2.69
VIM DBS contact 3 14.06±1.98 2.29±1.90 8.17±2.50
VIM difference (c3 – c0) 2.15±1.32 –1.84±1.02 7.56±1.29
GPi DBS contact 0 19.97±2.26 –3.53±1.56 –1.65±2.03
GPi DBS contact 3 20.34±2.40 –5.64±1.93 5.85±1.94
GPi difference (c3 – c0) 0.37±1.14 –2.10±1.03 7.50±0.83

All values are in millimeters and express means ± SD. STN DBS contacts were calcu-
lated based on Medtronic 3389 electrode geometry and VIM and GPi DBS contacts were 
calculated based on Medtronic 3387 electrode geometry. STN n = 26 electrodes, VIM n = 
17 electrodes, GPi n = 20 electrodes. MCP, mid-commissural point; STN, subthalamic 
nucleus; VIM, ventral intermediate nucleus; GPi, globus pallidus pars interna; AP, ante-
rior-posterior.

Table 3. TT_N27 atlas-warped final DBS 
electrode contact 0 and contact 3 center 
coordinates relative to the MCP
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Results

Patient Population
All patients underwent DBS evaluation and implanta-

tion at Rhode Island Hospital in 2013–2016. Demograph-
ic data for STN (n = 13), VIM (n = 10), and GPi (n = 10) 
DBS patients are described in Table 1.

Final Target Anatomic Validation with STN, VIM, 
and GPi Datasets
Final DBS electrode implantation coordinate data for 

all 3 groups are shown in Table 2. DBS contact 0 and 3 
coordinate data for all groups are shown in Table 3.

The final DBS electrode coordinates for STN patients 
were 10.82 ± 1.55 mm lateral, 3.48 ± 1.49 mm posterior, 
and 5.10 ± 1.87 mm inferior to the MCP in native coor-
dinate space. The atlas-warped STN final implantation 
coordinates were 11.12 ± 1.98 mm lateral, 0.89 ± 1.14 mm 
posterior, and 5.57 ± 1.65 mm inferior to the atlas MCP 
(Fig. 2). For reference, the TT atlas STN center-of-mass 
coordinate was 10.15 mm lateral, 1.60 mm posterior, and 
3.05 mm inferior to the atlas MCP.

The final DBS electrode coordinates for VIM patients 
were 11.75 ± 1.65 mm lateral, 6.63 ± 1.57 mm posterior, 
and 0.73 ± 2.06 mm superior to the MCP in native coor-
dinate space. The atlas-warped VIM final implantation 

coordinates were 11.74 ± 1.78 mm lateral, 4.25 ± 1.66 mm 
posterior, and 0.10 ± 2.71 mm inferior to the atlas MCP. 
For VIM, the closest match in TT atlas was the ventral 
lateral nucleus, whose center-of-mass coordinate was 
13.60 mm lateral, 0.79 mm posterior, and 9.45 mm supe-
rior to the atlas MCP.

The final DBS electrode coordinates for GPi patients 
were 19.18 ± 1.42 mm lateral, 2.96 ± 1.41 mm anterior, 
and 2.18 ± 2.68 mm inferior to the MCP in native coor-
dinate space. The atlas-warped GPi final implantation co-
ordinates were 19.95 ± 2.31 mm lateral, 3.32 ± 1.58 mm 
anterior, and 2.22 ± 2.04 mm inferior to the atlas MCP. 
The TT atlas GPi center-of-mass coordinate was 14.73 
mm lateral, 7.40 mm anterior, and 1.87 mm inferior to the 
atlas MCP.

STN Recording Site Validation
One hundred and sixty-nine atlas-warped MER site 

coordinates used for behavioral task recordings of the 
STN were included. Table 4 shows the resulting MER site 
coordinates for all recordings, and those within or out-
side of the STN. Taken together, all recording sites (n = 
169) were 2.29 ± 1.43 mm lateral, 2.76 ± 2.10 mm ante-
rior, and 0.68 ± 1.66 mm superior to the STN center of 
mass, with a Euclidean distance of 4.44 ± 1.68 mm 
(Fig. 3a).

a cb

Fig. 2. Axial (a), left-facing sagittal (b), and coronal (c) views of 
final DBS electrode implantation coordinates (bottom of contact 
0) warped to the AFNI TT_N27 volume in STN DBS patients (n = 
13 per hemisphere). The bottom of DBS contact 0 across patients 
is represented as a sphere (2-mm radius) centered on the coordi-
nate. Axial and coronal views are anatomical left-right. The color 
bar represents the percentage of overlap of all target electrodes per 

hemisphere. The TT atlas reference STN volume is outlined in 
blue. All 3 views are centered on the point of highest overlap in the 
left STN. Insets Zoomed-in views of the coordinates. Note that the 
final implantation coordinate refers to the bottom of the deepest 
DBS electrode contact, which is generally intended to be placed 
just below the desired point of stimulation so that the 4 DBS con-
tacts span the target structure.
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a

b

Table 4. Atlas-warped STN microelectrode recording coordinates and their location relative to the STN COM

Trajectory depth
(+ above target)

Atlas horizontal 
(+ lateral to
STN COM)

Atlas AP 
(+ posterior
to STN COM)

Atlas vertical 
(+ superior
to STN COM)

All STN recordings (n = 169) 2.61±1.51 2.29±1.43 –2.76±2.10 0.68±1.66
Within STN (n = 115) 2.46±1.61 1.92±1.44 –1.91±1.55 0.86±1.58
Outside STN (n = 54) 2.92±1.21 3.10±1.05 –4.57±1.98 0.29±1.77

All values are in millimeters and express means ± SD. Coordinates were determined to be within 1 mm of the TT atlas STN volume 
based on the AFNI “whereami” command. STN, subthalamic nucleus; AP, anterior-posterior; COM, center of mass.

Fig. 3. Axial, left-facing sagittal, and coronal views of STN micro-
electrode recording (MER) site coordinates. MER sites are repre-
sented as spheres (2-mm radius) centered on the coordinate. Axi-
al and coronal views are anatomical left-right. All views are cen-
tered on the point of highest overlap in the left STN. Insets 
Zoomed-in views of the data. a Percentage of overlap of all record-

ing sites per hemisphere. The TT atlas reference STN volume is 
outlined in blue. b Binary classification of all STN recording sites. 
The TT atlas reference STN volume is outlined in black. Note that 
some recording sites outside the target structure are expected. Be-
cause 3 microelectrodes are typically used in each hemisphere, not 
all of these will be within the target at any given recording location.
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One hundred and fifteen of the 169 (68%) MER site 
coordinates were found to be within 1 mm of the TT atlas 
STN volume. MER sites within the STN (n = 115) were 
found to be 1.92 ± 1.44 mm lateral, 1.91 ± 1.55 mm ante-
rior, and 0.86 ± 1.58 mm superior to the STN center of 
mass, with a Euclidean distance of 3.66 ± 1.24 mm 
(Fig. 3b). MER sites outside the STN (n = 54) were found 
to be 3.10 ± 1.05 mm lateral, 4.57 ± 1.98 mm anterior, and 
0.29 ± 1.77 mm superior to the STN center of mass, with 
a Euclidean distance of 6.09 ± 1.24 mm. Note that the ob-
servation that some recording sites fell outside the STN 
was expected, given the use of multiple simultaneous tra-
jectories controlled by a single microdrive.

Discussion

We demonstrate here an open-source tool kit that reli-
ably reconstructs microelectrode and DBS electrode loca-
tions using the patient-specific geometry of a custom 
STarFix platform. Coordinates can be calculated either in 
a patient’s native AC-PC space or in an atlas space for 
group-level analysis. Both native and atlas coordinates 
can be placed in an anatomical context by using either 
segmented volumes from a Freesurfer-parcellated pa-
tient’s T1w volume, or anatomical masks from a standard 
atlas.

MER site coordinates based on trajectory depth values 
collected during several surgical STN cases were consis-
tently calculated to be located nearby the appropriate tar-
get structure, as verified by the external AFNI TT atlas. 
In addition, the topological distribution of MER sites on 
a target structure (i.e., dorsolateral STN) could be inves-
tigated by recalculating coordinates relative to a target’s 
center of mass. Furthermore, AFNI’s “whereami” func-
tion was integrated to provide a quick measure of a co-
ordinate’s proximity to a target structure, providing a 
principled method to sort through MER sites during 
analysis.

Comparisons between coordinates can easily be made 
by grouping them based on the “whereami” results or by 
behavioral task or clinical outcome data. The software 
package also includes tools for reporting and consolidat-
ing coordinate results in OpenDocument spreadsheet 
format (ods). It also includes functions and syntax for 
quickly producing group-level figures based on desired 
patients and coordinates. In addition, the AFNI neuro-
imaging open software platform allows for the integra-
tion of other datasets, including electrophysiology, be-
havior, and diffusion or other neuroimaging datasets. 

Specifically, tractography or volume of tissue activation 
analyses can be performed with DBSproc once DBStar 
has determined the coordinates. While our results here 
are limited to one atlas, the AFNI platform also allows 
for the creation of other atlases, which could be custom-
ized specifically for DBS patient populations. If the 
STarFix (or a similar) system is used in nonhuman pri-
mate research, AFNI macaque atlases can also be used 
[13]. Finally, while our study was based on the use of the 
STarFix platform, the workflow and algorithms present-
ed here can be adapted for other stereotactic frames as 
well.

Overall, our method for reconstructing electrode po-
sitions is robust. Electrode coordinates are determined 
by a collection of interrelated data: surgical trajectory 
depth, the trajectory/trajectories represented in the im-
age, the type of electrode represented in the image, and 
the position of the electrode in an image. Together, 
these data create a principled coordinate that best re-
flects clinical reality. While electrodes in intra- or post-
operative images (CT or MRI) provide the starting point 
for calculating recording or implantation coordinates, 
using previously determined anatomical features (AC 
and PC) and trajectory angles reduces the variability in-
herent in any imaging-based coordinate reconstruc-
tion. The tool kit includes options for different types of 
Medtronic and AlphaOmega electrodes, but can easily 
be expanded.

Although our reconstruction is principled and prelim-
inary results show correspondence with the clinical stan-
dard-of-care, there is no “gold standard” (other than 
postmortem histology) for verifying these results [14–
16]. In addition, our intrapatient linear registration meth-
ods did not take pneumocephalus-related intraoperative 
brain shift into account. While a great effort has been 
made to understand the causes and consequences of brain 
shift on electrode location, we presently have no auto-
mated method to calculate the extent of pneumocephalus 
in intraoperative images and apply the brain shift to our 
coordinates in a principled manner [3, 17–20]. Future re-
leases will seek to integrate brain shift calculations with 
the calculation of electrocorticography contact coordi-
nates. 

Regardless, we believe our methods are robust and 
consistent. While there are other software packages that 
offer similar image registration and electrode contact re-
construction for DBS research, the AFNI/DBStar plat-
form is the only free, open-source software package to 
use the patient-specific geometry of a STarFix platform 
to guide contact coordinate calculation across multiple 
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trajectories [21, 22]. This method can be performed in-
dependently of patient outcomes, and can thus help in-
form studies that compare effectiveness at different sur-
gical sites. We hope this software will be used to integrate 
clinical, neurophysiological, and anatomical data in or-
der to better understand the therapeutic mechanisms of 
DBS.
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