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A B S T R A C T   

Background: Motor outcomes after subthalamic deep brain stimulation (STN DBS) for Parkinson disease (PD) vary 
considerably among patients and strongly depend on stimulation location. The objective of this retrospective 
study was to map the regions of optimal STN DBS for PD using an atlas-independent, fully individualized (N-of-1) 
tissue activation modeling approach and to assess the relationship between patient-level therapeutic volumes of 
tissue activation (VTAs) and motor improvement. 
Methods: The stimulation-induced electric field for 40 PD patients treated with bilateral STN DBS was modeled 
using finite element analysis. Neurostimulation models were generated for each patient, incorporating their 
individual STN anatomy, DBS lead position and orientation, anisotropic tissue conductivity, and clinical stim-
ulation settings. A voxel-based analysis of the VTAs was then used to map the optimal location of stimulation. 
The amount of stimulation in specific regions relative to the STN was measured and compared between STNs 
with more and less optimal stimulation, as determined by their motor improvement scores and VTA. The rela-
tionship between VTA location and motor outcome was then assessed using correlation analysis. Patient vari-
ability in terms of STN anatomy, active contact position, and VTA location were also evaluated. Results from the 
N-of-1 model were compared to those from a simplified VTA model. 
Results: Tissue activation modeling mapped the optimal location of stimulation to regions medial, posterior, and 
dorsal to the STN centroid. These regions extended beyond the STN boundary towards the caudal zona incerta 
(cZI). The location of the VTA and active contact position differed significantly between STNs with more and less 
optimal stimulation in the dorsal-ventral and anterior-posterior directions. Therapeutic stimulation spread 
noticeably more in the dorsal and posterior directions, providing additional evidence for cZI as an important DBS 
target. There were significant linear relationships between the amount of dorsal and posterior stimulation, as 
measured by the VTA, and motor improvement. These relationships were more robust than those between active 
contact position and motor improvement. There was high variability in STN anatomy, active contact position, 
and VTA location among patients. Spherical VTA modeling was unable to reproduce these results and tended to 
overestimate the size of the VTA. 
Conclusion: Accurate characterization of the spread of stimulation is needed to optimize STN DBS for PD. High vari-
ability in neuroanatomy, stimulation location, and motor improvement among patients highlights the need for indi-
vidualized modeling techniques. The atlas-independent, N-of-1 tissue activation modeling approach presented in this 
study can be used to develop and evaluate stimulation strategies to improve clinical outcomes on an individual basis.   

1. Introduction 

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an 

established surgical treatment for the motor symptoms of medically 
intractable Parkinson disease (PD) (Benabid et al., 2009; Okun, 2012). 
The treatment involves implanting electrodes in the subthalamic region 
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of the brain and then applying electrical stimulation to this region 
(Collins et al., 2010). Despite the proven clinical effectiveness of DBS, 
motor improvement can vary considerably from one patient to another 
(Deuschl et al., 2006; Kleiner-Fisman et al., 2006; Okun et al., 2005). 
The underlying mechanism by which DBS provides its therapeutic effect 
is still uncertain (Ashkan et al., 2017; Deniau et al., 2010; Florence et al., 
2016; Johnson et al., 2008; McIntyre and Hahn, 2010; McIntyre et al., 
2004c; Montgomery and Gale, 2008; Vitek, 2002). However, it is widely 
accepted that DBS outcomes depend strongly on where stimulation is 
applied (Conrad et al., 2018; Maks et al., 2009; McIntyre et al., 2004b). 
Differences in the location of stimulation relative to the STN may, in 
part, explain the variability in motor improvement across patients. 

The location of stimulation is typically defined by measuring the 
position of the active electrode contact relative to an anatomical refer-
ence point (Caire et al., 2013). The limitation of this approach is that it 
does not consider the full spatial extent of stimulation. This could 
explain why there are conflicting findings regarding the relationship 
between active contact position and motor improvement (Bot et al., 
2018; Koivu et al., 2018; McClelland et al., 2005; Nestor et al., 2014; 
Paek et al., 2008; Verhagen et al., 2019; Wodarg et al., 2012). When 
stimulation is applied by the active contact, an electric field is induced in 
the brain tissue that spreads outward in all directions. Due to the diffi-
culty in measuring the stimulation field experimentally, modeling 
techniques have been used to characterize the spatial distribution of the 
DBS-induced electric field (Butson, 2012). From this, the theoretical 
amount of tissue directly affected by stimulation, termed the volume of 
tissue activation (VTA), can be calculated (Astrom et al., 2009; Butson 
et al., 2007). The VTA is a stimulation-dependent metric that can be used 
to predict clinical outcomes (Avecillas-Chasin et al., 2019; Butson et al., 
2006), optimize stimulation settings (Frankemolle et al., 2010; McIntyre 
et al., 2009), explore alternative surgical targets (Miocinovic et al., 
2006; Zitella et al., 2013), and evaluate novel electrode designs (Butson 
and McIntyre, 2006; Howell et al., 2015; van Dijk et al., 2015). The 
utility of tissue activation modeling hinges on its ability to make accu-
rate and clinically meaningful predictions. Substantial efforts have gone 
towards validating VTA predictions with experimental data (Miocinovic 
et al., 2009; Zitella et al., 2015). 

Tissue activation modeling has become increasingly complex over 
time. Neurostimulation models can now incorporate detailed anatom-
ical information, heterogeneous and anisotropic tissue properties, 
explicit representation of the DBS lead and electrode-tissue interface, 
clinically determined stimulation settings, and biophysical neuron 
models (Chaturvedi et al., 2010; Gunalan et al., 2017, 2018; Howell and 
McIntyre, 2016). The primary motivation for each of these advance-
ments has been a more accurate and patient-specific characterization of 
the spatial extent of stimulation. Previous studies have shown tissue 
anisotropy to be one of the most relevant factors impacting model pre-
diction accuracy (Astrom et al., 2012; Cardona et al., 2016; Howell and 
McIntyre, 2017; Ineichen et al., 2018; Schmidt and van Rienen, 2012). 
However, tissue properties are typically derived from a brain atlas 
instead of individual patient data when creating tailored neuro-
stimulation models (Butson et al., 2011). Since some brain atlases are 
based on a single subject, there is a limitation in how representative an 
atlas is to a patient population, especially one that is in a Parkinsonian 
state (Dickie et al., 2017; Nowacki et al., 2018). 

The objective of this study was to map, for the first time, the regions 
of optimal STN DBS in an atlas-independent, fully individualized (N-of- 
1) manner. The relationship between the location of anatomically and 
electrically accurate VTAs and motor improvement was then assessed. 
Such an approach can be extended to the study of fiber tracts in the 
subthalamic region that are hypothesized to ameliorate the symptoms of 
PD, specifically in terms of their location relative to the VTA. 

The stimulation-induced electric field for 40 PD patients treated with 
bilateral STN DBS was modeled using finite element analysis. Neuro-
stimulation models were generated for each patient, incorporating their 
individual STN anatomy, DBS lead position and orientation, anisotropic 

tissue conductivity, and clinical stimulation settings. A voxel-based 
analysis of the VTAs was then used to map the optimal location of 
stimulation. The amount of stimulation in specific regions relative to the 
STN was measured and compared between STNs with more and less 
optimal stimulation, as determined by their motor improvement scores 
and VTA. The relationship between VTA location and motor outcome 
was then assessed using correlation analysis. Patient variability in terms 
of STN anatomy, active contact position, and VTA location, as well as a 
simplified VTA modeling approach, were also evaluated, highlighting 
the need for atlas-independent, N-of-1 modeling techniques. 

2. Methods 

2.1. Patient selection 

In this study, patients were drawn from a prospectively acquired 
clinical database of individuals who received bilateral STN DBS for PD at 
the University of Michigan. Selection criteria included an established 
diagnosis of idiopathic PD and the availability of pre-operative magnetic 
resonance (MR) and diffusion tensor (DT) imaging, post-operative 
computed tomography (CT) imaging, and clinical follow-up assess-
ments at least six months after surgery (Chou and Taylor, 2013). Patients 
with structural brain abnormalities on MR imaging or comorbid 
neuropsychiatric disorders, such as dementia and depression, were 
excluded. Forty patients were selected, resulting in 80 brain hemi-
spheres for analysis. Of the 80 hemispheres, eight were later excluded 
due to having non-monopolar stimulation (three left and five right). 
Informed consent was obtained from all patients in accordance with the 
policies of the Medical Institutional Review Board (IRB) at the Univer-
sity of Michigan. 

2.2. Deep brain stimulation surgery and programming 

All patients underwent awake, frame-based DBS surgery. Final DBS 
lead placement was guided by MR imaging, stereotactic navigation, and 
microelectrode recording. The surgical procedure used has been previ-
ously reported (Conrad et al., 2018; Houshmand et al., 2014; Patil et al., 
2012). By six months after surgery, all patients had stable DBS pro-
gramming parameters and satisfactory clinical outcomes. 

2.3. Image acquisition and processing 

Pre-operative 3-T MR images were acquired for each patient at their 
baseline evaluation. Post-operative CT images were acquired two to four 
weeks after surgery to allow pneumocephalus to resolve, thereby 
minimizing its effect on electrode position (Bentley et al., 2017). The MR 
and CT imaging protocols used have been previously reported (Patil 
et al., 2012). Briefly, MR imaging was performed using a Philips Achieva 
3T scanner with the following settings: slice orientation = coronal, field 
of view = FH 200, voxel size = FH 0.69, RL 0.69, and AP 1.25, slice 
thickness = 1.25, gap = 0, SENSE factor = 1.8, number of slices = 40, 
fold-over direction = R/L, scan mode = 3-D, technique = IR, fast im-
aging mode = TSE, TSE factor = 58, echo time = 200 ms, repetition time 
= 6000 ms, NSA = 1, and scan duration = 7:18. CT imaging was per-
formed using a GE HD750 64-slice scanner with the following settings: 
scan type = axial, HiRes mode = on, gantry rotation time/length = 1.0 s 
full, detector coverage = 20 mm, slice thickness = 0.625 mm, number of 
images/rotation = 32i, interval = 20 mm, KVP/mA = 140/450, ASIR =
SS40%, recon mode = full, DFOV = 27–29 cm, SFOV = head, and al-
gorithm = HD standard. Pre-operative 3-T DT images were also acquired 
at baseline using a single-shot echo-planar imaging sequence combined 
with dS SENSE, a parallel imaging scheme used to decrease image 
distortion (Jaermann et al., 2004). Diffusion weighting was encoded 
along 15 independent orientations with a b-value of 800 mm2/s. 
Diffusion tensor imaging parameters included a 1 × 1 × 2 mm voxel size, 
224 × 224 mm field-of-view, and reduction factor of 2. 
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Magnetic resonance and DT images were resampled using linear and 
cubic spline interpolation, respectively, to match the resolution of the 
CT images (Houshmand, 2015). Magnetic resonance images were 
transformed to Talairach space, where the anterior and posterior com-
missures lie on a straight horizontal line (Talairach and Tournoux, 
1988). The midcommissural point (MCP) was defined as the origin, with 
positive x, y, and z corresponding to the right hemisphere, anterior di-
rection, and dorsal direction, respectively. Computed tomography and 
DT images were oriented to Talairach space via co-registration to the MR 
images using a normalized mutual information algorithm and manual 
refinement. All image processing was performed by the same individual 
to minimize co-registration variability using Analyze (12.0, Ana-
lyzeDirect, Inc., Overland Park, KS, USA). 

2.4. Clinical evaluation 

Part III of the Movement Disorders Society revision of the Unified 
Parkinson Disease Rating Scale (MDS-UPDRS III) was used to evaluate 
the severity of individual motor symptoms (Chou and Taylor, 2013). 
Post-operative scores without medication for rigidity, bradykinesia, and 
tremor were used instead of baseline scores to isolate the stimulation- 
specific effects of DBS from those associated with surgery or disease 
progression. Scores were measured either 6 (24/40 patients), 12 (12/40 
patients), or 24 (4/40 patients) months after surgery. Rigidity scores 
came from item 3.3 (max 8), bradykinesia scores from items 3.4–3.8 
(max 20), and tremor scores from items 3.15–3.17 (max 16). Scores were 
lateralized to their appropriate hemisphere. Axial symptoms, such as 
speech and posture, were excluded from analysis. Motor improvement 
was defined as 

improvement[%] =
scoreOFFmed/OFFstim − scoreOFFmed/ONstim

scoreOFFmed/OFFstim
× 100  

2.5. Atlas-independent, N-of-1 tissue activation modeling 

Multi-step, electric field modeling techniques using atlas-based 
anatomical nuclei and tissue properties have been previously devel-
oped (Astrom et al., 2009; Butson et al., 2007). In this study, an atlas- 
independent, N-of-1 tissue activation modeling approach building 
from these previous works was designed to increase the accuracy of VTA 
modeling on an individual-patient basis (Fig. 1). The N-of-1 modeling 
approach is described below (Section 2.5.1-4). 

2.5.1. Subthalamic nucleus segmentation 
Three-dimensional (3D) anatomical models of the STNs were created 

for each patient from their MR imaging (72 STNs total). Subthalamic 
nuclei were manually traced from coronal slices using Analyze. Visual-
ization of the STN was optimized by maximizing the contrast between it 
and the substantia nigra pars reticulata (Conrad et al., 2018; Housh-
mand et al., 2014; Patil et al., 2012). All STNs were traced by the same 
individual and validated by the neurosurgeon who performed the DBS 
surgeries to minimize segmentation variability. Traces of the STN were 
then exported to MATLAB (R2018b, The MathWorks, Inc., Natick, MA, 
USA) for analysis. 

2.5.2. Electrode contact localization 
All patients were implanted with quadripolar DBS leads (model 

3389, Medtronic, Inc., Minneapolis, MN, USA). Electrode contacts were 
localized in the brain of each patient from their CT imaging (288 con-
tacts total and 72 active contacts). Contact coordinates were measured 

Fig. 1. Atlas-independent, N-of-1 tissue activation modeling approach. Subthalamic nucleus segmentation. Top: coronal MR image for one patient showing the left 
(outlined in red) and right STN. Bottom: left STN in MATLAB after STN segmentation. Electrode contact localization. Top: sagittal CT image showing the electrode 
contacts (black) of the left DBS lead and the STN mask (red). Bottom: left STN and DBS lead in MATLAB after electrode contact localization. Diffusion tensor imaging- 
based anisotropic tissue conductivity estimation. Coronal DT image showing the calculated eigenvector color map. Red, green, and blue correspond to the x, y, and z 
direction, respectively. Finite element analysis. Top: deep brain stimulation-induced potential distribution around the active contact in COMSOL. Colors correspond to 
different isolevels in volts. Bottom: left STN (yellow), DBS lead (red: active contact, dark gray: inactive contacts), and VTA (red; defined by the thresholded electric 
field norm) in MATLAB after finite element analysis. Positive x, y, and z correspond to the right hemisphere, anterior direction, and dorsal direction, respectively. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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from 3D reconstructions using Analyze. Visualization of the electrode 
contacts was optimized via CT windowing (Conrad et al., 2018; Patil 
et al., 2012). All contact positions were measured by the same individual 
and validated by the neurosurgeon who performed the DBS surgeries to 
minimize localization variability. Contact coordinates were then 
exported to MATLAB for analysis. 

2.5.3. Diffusion tensor imaging-based anisotropic tissue conductivity 
estimation 

The anisotropic electrical conductivity of the brain tissue was esti-
mated for each patient from their individual DT imaging (40 tensor 
fields total). Diffusion eigenvalue and eigenvector maps were calculated 
using the Diffusion Tensor Imaging add-on in Analyze and then exported 
to MATLAB, where they were converted to 3D diffusion tensors on a per- 
voxel basis using matrix diagonalization (Houshmand, 2015). Diffusion 
tensor fields were converted to conductivity tensor fields (Tuch et al., 
2001) and then exported to COMSOL Multiphysics (5.2, COMSOL, Inc., 
Burlington, MA, USA) for finite element analysis. 

2.5.4. Finite element analysis 
Three-dimensional finite element models (FEMs) incorporating in-

dividual brain anatomy, DBS lead position and orientation, anisotropic 
tissue conductivity, and clinical stimulation settings were created for 
each hemisphere of each patient (72 FEMs total) to calculate the spatial 
distribution of the DBS-induced electric field and estimate the thera-
peutic VTA (Astrom et al., 2009; Butson et al., 2007). The bulk brain 
tissue was modeled as a block surrounding the DBS lead (Medtronic 
3389). The block of tissue had a width, length, and depth equal to that of 
the patient’s brain, as measured on MR imaging, and the cylindrical lead 
had a contact length of 1.5 mm, contact spacing of 0.5 mm, and elec-
trode diameter of 1.27 mm. The DBS lead was translated and rotated 
such that the electrode contacts best matched the measured contact 
coordinates. The bulk tissue domain was assigned the DT imaging-based 
anisotropic electrical conductivity by linearly interpolating the con-
ductivity tensors onto the mesh. The remaining domains, contact and 
insulation, were assigned isotropic conductivities of 1.42e7 S/m and 
1e− 13 S/m, respectively (Kent and Grill, 2014). Boundary conditions 
were defined for the electrode contacts and bulk tissue. An electric po-
tential equal to the patient’s therapeutic stimulation amplitude was 
applied to the surface of their therapeutic electrode contact (active 
contact) and ground was applied to the bottom surface of the bulk tissue 
(Pelot et al., 2018). The remaining electrode contacts were disabled. 
Finite element models were then meshed, with finer meshing applied at 
and around the DBS lead. After testing for model convergence by 
modifying the mesh density, simulations were run to solve for the 
electric potential throughout the brain using the Poisson equation. All 
FEMs were electrostatic because the impedance of gray matter has been 
shown to be frequency-independent at stimulation frequencies relevant 
to clinical DBS (approximately 130 Hz) (Logothetis et al., 2007). The 
VTA was defined by the electric field norm, thresholded at stimulation- 
specific activation levels derived from biophysical neuron models 
(Astrom et al., 2015). Simulations and VTA predictions were performed 
using COMSOL. Tissue activation volumes were then exported to 
MATLAB, where their location relative to the STN was characterized for 
analysis. 

2.6. Volume of tissue activation mapping 

N-of-1 VTAs were placed into a common coordinate space (single 
hemisphere) via Procrustes superimposition. Briefly, each individual 
STN was flipped (to the right hemisphere if a left STN), translated, 
scaled, and rotated so that its centroid position, size, and major axis 
orientation matched that of the median STN (based on volume). The STN 
transformations were then applied to each associated VTA. The number 
of VTAs at each position (voxel) was calculated to identify the region of 
greatest VTA overlap. A clinical score reflecting the motor outcome of 

each patient (percent improvement) was assigned to the voxels 
comprising each VTA (Akram et al., 2017; Butson et al., 2011; Haegelen 
et al., 2018). The mean score was then calculated at each voxel to 
identify the optimal location of stimulation. Tissue activation volumes 
were mapped for improvement in rigidity, bradykinesia, and tremor. If 
patients did not exhibit a particular motor symptom, then their VTAs 
were excluded from the symptom-specific analysis. 

2.7. Optimality of stimulation 

Although some patients had similar motor outcomes, the size and 
shape of their N-of-1 VTAs often varied. Assuming an optimal location of 
stimulation exists, it was reasoned that patients with active contacts 
near said location would require less stimulation (and in turn have 
smaller VTAs) to gain therapeutic benefit from DBS (Conrad et al., 
2018). A measure of the optimality (or efficiency) of stimulation was 
defined to differentiate patients with similar levels of motor improve-
ment. This measure was the ratio of improvement and the VTA 
(%/mm3). Patients with greater improvement and smaller VTAs were 
considered to have closer to optimal stimulation. 

2.8. Statistical analysis 

Paired, two-sided Wilcoxon signed rank tests were used to determine 
if post-operative assessments with DBS ON differed significantly from 
those with DBS OFF. For VTA mapping, a bootstrap analysis was per-
formed in which the clinical scores were randomly assigned to each VTA 
(and its associated voxels) prior to averaging to distinguish statistically 
significant voxel-score pairs. This process was repeated 1000 times to 
create a null distribution of mean scores at each voxel. A voxel-score pair 
was determined significant if the actual mean score at that voxel was 
above the 95th percentile of the distribution. Two-sided Wilcoxon rank 
sum tests (equivalent to Mann-Whitney U-tests) were used to determine 
if measures of stimulation location for STNs with more optimal stimu-
lation differed significantly from those for STNs with less optimal 
stimulation. Subthalamic nuclei were ranked according to their opti-
mality of stimulation. The top and bottom 25% of STNs were then placed 
into the more and less optimal stimulation groups, respectively. The 
strength of the relationship between stimulation location and the opti-
mality of stimulation was also assessed using Pearson linear correlation 
coefficients. All statistical analysis was performed using MATLAB. Sig-
nificance was determined at a p-value of less than 0.05. 

3. Results 

3.1. Patient demographics, motor outcomes, and stimulation settings 

Demographics for the entire patient cohort are provided in Table 1. 
Lateralized, post-operative rigidity, bradykinesia, and tremor scores 
from the MDS-UPDRS III improved significantly with DBS ON; and pre- 
operative LEDD decreased significantly with DBS (p < 0.001, Wilcoxon 
signed rank test). The rigidity, bradykinesia, and tremor scores 
improved by 1.2 points (56.2%), 3.0 points (36.9%), and 2.3 points 
(65.8%), respectively, on average (Table 2). LEDD decreased by 790.6 
mg/d (55.4%) on average (Table 1). At each patient’s post-operative 
assessment, the stimulation amplitude, frequency, and pulse width of 
the clinically active contact were recorded along with the associated 
impedance (Table 3). 

3.2. Patient variability in STN anatomy and stimulation location 

High variability in STN anatomy (location and size) and stimulation 
location (active contact position and VTA location) was observed across 
patients. The location of the STN was characterized by its centroid po-
sition relative to the MCP; and STN size was characterized by its width, 
length, depth, and volume. The STN centroid was located 11.13 ± 1.39 
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mm lateral (mean ± standard deviation), 0.92 ± 2.59 mm posterior, and 
3.24 ± 1.22 mm ventral to the MCP. The width, length, depth, and 
volume of the STN were 7.91 ± 1.67 mm, 8.56 ± 1.45 mm, 5.19 ± 1.12 
mm, and 80.9 ± 31.3 mm3, respectively. 

The location of each active contact was characterized by its position 
relative to the STN centroid (Conrad et al., 2018) (Fig. 2). Active con-
tacts were located 0.21 ± 1.35 mm medial, 0.63 ± 1.93 mm posterior, 
and 0.79 ± 1.99 mm dorsal to the STN centroid. Plotting all 72 active 
contacts relative to the median STN showed that there was no obvious 

clustering in a particular region and that contacts were quite evenly 
distributed around the STN centroid in all directions. 

The location of the VTA was measured in the native space of each 
patient and characterized by its percentage lateral, posterior, and dorsal 
to the STN centroid (lateral, posterior, and dorsal stimulation, respec-
tively) (Fig. 3) as well as its percentage outside of the STN. Overall, 46.3 
± 28.1% of the VTA was lateral, 60.9 ± 33.1% was posterior, and 59.2 ±
33.0% was dorsal to the STN centroid. On average, over three-quarters 
of the VTA was outside of the STN (77.7 ± 16.3%). Tissue activation 
volumes were quite evenly distributed around the STN centroid in the 
lateral-medial direction. However, VTAs spread noticeably more pos-
terior and dorsal than anterior and ventral due to local tissue anisotropy. 
This contrasts with active contact position, which was more evenly 
distributed. In all but two cases, over half of the VTA spread beyond the 
STN boundary. 

3.3. Therapeutic VTA overlap 

The region of greatest VTA overlap is shown in Fig. 4. This represents 
the overall stimulation region for the entire patient cohort following 
clinical DBS programming and assessment. The centroid of this region 
was located 0.20 mm medial and 0.80 mm posterior to the STN centroid 
(− 0.20, − 0.80, 0). In contrast, the optimal location of stimulation was 
mapped to regions medial, posterior, and dorsal to the STN centroid 
(Fig. 5). These regions extended beyond the STN boundary. The optimal 
location of stimulation generally remained in the same region regardless 
of the individual motor symptom. Optimal stimulation for rigidity 
encompassed a broad region dorsomedial to the STN. For bradykinesia, 
optimal stimulation was well-defined by VTA mapping and encom-
passed a focused region posterior to the STN centroid. Optimal stimu-
lation for tremor was the broadest, encompassing a region almost 
entirely dorsal to the STN. Combining symptoms by summing their in-
dividual scores (overall improvement) yielded a VTA map that closely 
resembled that for bradykinesia. For rigidity, bradykinesia, tremor, and 
overall improvement, 58/72, 72/72, 41/72, and 72/72 N-of-1 VTAs, 
respectively, were analyzed. 

3.4. Difference in stimulation location between more and less optimal 
stimulation 

Subthalamic nuclei were ranked by their optimality of stimulation 
(ratio of motor improvement and the VTA) to determine if those with 
more and less optimal stimulation differed in terms of VTA location and 
active contact position. The top and bottom 25% of STNs were then 
placed into the more and less optimal stimulation groups, respectively. 
For bradykinesia, STNs in the more optimal stimulation group had 
significantly more dorsal stimulation and significantly more dorsal 
active contacts (relative to the STN centroid) than those in the less 
optimal stimulation group (p < 0.05, Mann-Whitney U-test). For rigid-
ity, STNs in the more optimal stimulation group had significantly more 
posterior stimulation and significantly more posterior active contacts 
than those in the less optimal stimulation group (p < 0.05, Mann- 
Whitney U-test). For tremor, there were no significant differences be-
tween STNs in the more and less optimal stimulation groups in terms of 
VTA location and active contact position. These findings were consistent 
with the VTA mapping results (Fig. 5). 

3.5. Relationship between stimulation location and motor improvement 

Correlation analysis was also performed using all 72 STNs to assess 
the relationship between stimulation location and the optimality of 
stimulation. For rigidity, there were statistically significant linear re-
lationships between the amount of posterior and dorsal stimulation (as 
measured by the VTA) and the optimality of stimulation (posterior: r =
0.26, p = 0.046, 95% CI = [0.01, 0.47]; dorsal: r = 0.27, p = 0.04, 95% 
CI = [− 0.02, 0.49]). For bradykinesia, there was a significant 

Table 1 
Patient demographics and post-operative change in LEDD with DBS.   

n Mean Standard 
deviation 

Minimum Maximum 

Age at baseline [yr] 40  63.1  6.7 52.7 74.7 
Age at diagnosis [yr] 40  52.9  8.6 33 69 
Disease duration at 

baseline [yr] 
40  10.3  5.2 2 22.8 

Time to follow-up 
[mo] 

40  9.6  5.6 6 24 

LEDD (pre-operative) 
[mg/d] 

40  1370.5  777.6 0 3342 

LEDD (post- 
operative) [mg/d] 

40  579.9  459.3 0 1746 

LEDD reduction [%] 36  55.4  33.4 − 50 100 

n: 40 patients total (28 male and 12 female; 36 with medication and 4 without 
medication); LEDD: L-DOPA equivalent daily dose. 

Table 2 
Post-operative change in lateralized MDS-UPDRS III scores with DBS.   

n Mean Standard 
deviation 

Minimum Maximum 

Rigidity score (OFF 
med/OFF stim) 

72  2.4  1.9 0 8 

Rigidity score (OFF 
med/ON stim) 

72  1.2  1.7 0 8 

Rigidity improvement 
[%] 

58 
*  

56.2  43.8 − 50 100 

Bradykinesia score 
(OFF med/OFF stim) 

72  9.2  4.0 1 17 

Bradykinesia score 
(OFF med/ON stim) 

72  6.2  4.2 0 17 

Bradykinesia 
improvement [%] 

72  36.9  41.3 − 166.7 100 

Tremor score (OFF 
med/OFF stim) 

72  3.2  4.0 0 15 

Tremor score (OFF 
med/ON stim) 

72  0.9  1.7 0 9 

Tremor improvement 
[%] 

41 
*  

65.8  41.4 − 50 100 

* When calculating improvement, hemispheres with an OFF med/OFF stim score 
of zero (0) were excluded. 
n: 72 brain hemispheres total (37 left and 35 right; 58 with rigidity, 72 with 
bradykinesia, and 41 with tremor). 

Table 3 
Clinical DBS settings and electrode impedance.   

n Mean Standard 
deviation 

Minimum Maximum 

Stimulation 
amplitude [V] 

72  2.7  0.6 1.5 4.2 

Stimulation 
frequency [Hz] 

72  141.3  22.6 125 185 

Stimulation pulse 
width [µs] 

72  60.4  3.5 60 90 

Electrode 
impedance [Ω] 

71 
*  

1225.8  279.4 441 1902 

* Impedance data unavailable for one hemisphere. 
n: 72 brain hemispheres total (37 left and 35 right). 
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Fig. 2. Variability in active contact position relative to the STN centroid across patients. A. Histograms of active contact position in the lateral-medial, anterior- 
posterior, and dorsal–ventral directions. B. Scatter plots of active contact position for 72 implants (open, blue circles). The mean active contact position is shown as a 
red x and the median STN (based on volume) is shown in yellow. Contact positions from A were transformed to a common coordinate space (right hemisphere) based 
on the median STN. Axial, coronal, and sagittal views are shown. Positive x, y, and z correspond to the lateral, anterior, and dorsal direction, respectively. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Variability in VTA location relative to the STN centroid across patients. A. Histograms of VTA location in the lateral-medial, anterior-posterior, and dor-
sal–ventral directions. B. Three-dimensional exemplar models of the individual STN, DBS lead, and VTA for three patients using N-of-1 modeling. Note the differences 
in STN and VTA shape between patients. The STN is shown in yellow, active contact and VTA are shown in red, and inactive contacts are shown in dark gray. Coronal 
views are shown. Positive x and z correspond to the lateral and dorsal direction, respectively. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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relationship between active contact position in the lateral-medial di-
rection and the optimality of stimulation (r = 0.28, p = 0.02, 95% CI =
[0.08, 0.46]). These findings were also consistent with the VTA mapping 
results (Fig. 5). For tremor, there was no statistically significant corre-
lation between stimulation location and the optimality of stimulation. 
Compared to active contact position, VTA location generally had more 
robust relationships with motor improvement. 

4. Discussion 

Despite the proven clinical effectiveness of STN DBS, motor 
improvement can vary considerably from one patient to another. A 
possible explanation for this variability is differences in the precise 
location where stimulation is applied in the subthalamic region. Previ-
ous studies have highlighted the need for a more detailed identification 
of stimulation location relative to DBS targets, one that goes beyond 
simple active contact position (Caire et al., 2013; Nestor et al., 2014). In 
this study, an atlas-independent, fully individualized (N-of-1) tissue 
activation modeling approach was used to characterize the spatial 
extent of stimulation, termed the VTA, in 40 patients with PD who 
received bilateral STN DBS. Individual MR, CT, and DT imaging data 
were used to build each N-of-1 neurostimulation model, and individual 
clinical scores from the MDS-UPDRS III were assigned to the VTA pre-
dictions to assess the effectiveness of each stimulation zone. To the best 
of our knowledge, this study is the first to use a fully individualized VTA 
modeling approach to identify the optimal location of STN DBS for PD at 
this large a patient scale. 

4.1. Patient variability in STN anatomy and stimulation location 

High variability in STN anatomy and stimulation location (active 
contact position and VTA location) was observed across patients. Mea-
surements for this analysis were taken in the native space of each pa-
tient. The anatomy of the STN was characterized by its location 
(centroid position relative to the MCP) and size (width, length, depth, 
and volume). The degree of neuroanatomical variability was similar to 
that reported in previous studies (Daniluk et al., 2010; Duchin et al., 
2018; Massey et al., 2012; Patel et al., 2008; Richter et al., 2004; Xiao 
et al., 2014). To control for this variability, the STN centroid was chosen 
over the typically used MCP as the anatomical reference point when 
measuring active contact position and VTA location. A previous study 
has proposed alternative reference points for a similar reason (Bot et al., 
2018). Despite using a more individualized reference point, active 
contacts were quite evenly distributed around the STN centroid in all 
directions (Fig. 2), making it difficult to determine an optimal location 
of stimulation based on active contact position alone. In contrast, ther-
apeutic VTAs spread noticeably more into the posterior and dorsal 
halves of the STN (Fig. 3). Interestingly, the location of therapeutic 

stimulation varied considerably across patients. This finding highlights 
the need for individualized modeling techniques when characterizing 
stimulation location to optimize DBS for patients (Cubo et al., 2015). 

4.2. Optimal location of stimulation 

Overall, mapping the N-of-1 VTAs to a common coordinate space 
revealed the optimal location of stimulation to be in regions medial, 
posterior, and dorsal to the STN centroid. This finding is consistent with 
previous studies attempting to identify the optimal stimulation site for 
STN DBS (Akram et al., 2017; Butson et al., 2011; Conrad et al., 2018; 
Haegelen et al., 2018; Herzog et al., 2004; Maks et al., 2009; Pollo et al., 
2007; Voges et al., 2002a; Yokoyama et al., 2006). The optimal location 
of stimulation extended outside the STN border. In contrast, the mean 
active contact was contained within the dorsal half of the STN. Thera-
peutic stimulation consistently spread beyond the STN, as confirmed by 
calculating the percentage of the VTA external to the STN. In 70/72 
cases, over half of the total VTA lay outside the STN. These findings 
suggest that the optimal location of stimulation is dorsomedial to the 
STN, near the posterior half of the nucleus. This location did not vary 
markedly when motor symptoms were analyzed individually, suggesting 
that optimal stimulation sites for rigidity, bradykinesia, and tremor may 
overlap. The optimal location of stimulation was broad for rigidity and 
well-defined for bradykinesia. This finding is consistent with a previous 
modeling study (Butson et al., 2011). 

The optimal stimulation site for STN DBS is still under debate (Plaha 
et al., 2006; Welter et al., 2014). Dorsolateral STN has been reported as 
the most effective site for stimulation (Guo et al., 2013; Richardson 
et al., 2009). However, the region dorsomedial to STN has also been 
reported as an effective stimulation site (Lanotte et al., 2002; Voges 
et al., 2002b). Electrophysiological studies have identified dorsal STN as 
an optimal site for stimulation based on it exhibiting high beta and high- 
frequency oscillation (HFO) activity. These signals have been investi-
gated as possible biomarkers for optimizing DBS because of their cor-
relation with motor improvement. In the dorsal STN region, high- 
frequency oscillation activity was found to be located slightly more su-
perior than beta activity (van Wijk et al., 2017), which was found to be 
more widely distributed in the STN (Telkes et al., 2018). Furthermore, 
stronger HFO activity was found to be specific to patients with tremor- 
predominant PD (Telkes et al., 2018), which suggests one way that 
electrophysiological recordings could be incorporated into the N-of-1 
VTA modeling approach to further optimize DBS targeting at the indi-
vidual level (e.g., incorporating HFO power into the optimality mea-
sure). Although optimal stimulation sites exhibited high beta activity 
that was localized in the dorsal STN region (Lu et al., 2020b), it was 
found that these sites did not co-localize in the posterior-lateral STN 
region, but did in the posterior-medial STN region (Lu et al., 2020a). 
More specifically, maximal beta power co-localized with active contacts 

Fig. 4. Therapeutic VTA overlap. Map of the number of overlapping VTAs (72 VTAs total). Slices are at the STN centroid (origin). The median STN (based on volume) 
is shown as a black outline. Positive x, y, and z correspond to the lateral, anterior, and dorsal direction, respectively. 

K.A. Malaga et al.                                                                                                                                                                                                                              



NeuroImage: Clinical 29 (2021) 102518

8

at the dorsal border of the STN along trajectories passing posterior- 
medial to the STN midpoint. Alternative surgical targets have also 
been explored to better tailor treatment to the individual needs of PD 
patients (Anderson et al., 2017). These targets include the globus pal-
lidus internus, ventral intermediate nucleus of the thalamus, and caudal 
zona incerta (cZI). The cZI, in particular, has recently been suggested as 
an overall superior target (Blomstedt et al., 2012; Plaha et al., 2006). 
The optimal location of stimulation identified in this study includes 
regions where the cZI is located in addition to the motor subregion of the 
STN (Alkemade, 2013) and the pallidothalamic and 

cerebellorubrothalamic fiber tracts. However, these specific structures 
were not explicitly modeled. It is also important to emphasize that this 
hotspot is a generalization. At the individual level, the therapeutic VTAs 
of multiple patients were found to deviate from the average optimal 
location of stimulation (Fig. 3). 

4.3. Difference in stimulation location between more and less optimal 
stimulation 

To validate the optimal location of stimulation identified from VTA 

Fig. 5. Volume of tissue activation mapping of motor improvement for individual and combined symptoms. Three-dimensional maps of mean improvement at 
statistically significant voxels (determined via bootstrap analysis on the optimality measures) for rigidity (58/72 VTAs), bradykinesia (72/72 VTAs), tremor (41/72 
VTAs), and combined symptoms (sum of individual symptom scores) (72/72 VTAs). The mean active contact position is shown as a black x and the median STN 
(based on volume) is shown as a gray surface. Positive x, y, and z correspond to the lateral, anterior, and dorsal direction, respectively. 
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mapping, stimulation location was compared between STNs with more 
and less optimal stimulation. The optimality (or efficiency) of stimula-
tion measure was defined as the ratio of motor improvement and the 
VTA, such that STNs with greater improvement and smaller VTAs were 
considered to have more optimal stimulation. The logic behind this 
measure was that patients with active contacts closer to some presumed 
optimal stimulation site would require less stimulation (and in turn have 
smaller VTAs) to gain therapeutic benefit from DBS (Conrad et al., 
2018). Unlike for VTA mapping, measurements for this analysis were 
taken in the native space of each patient. Subthalamic nuclei were 
ranked according to their optimality of stimulation, and then separated 
into top and bottom quartiles. Once STNs were grouped, differences in 
VTA location and active contact position between the two groups were 
assessed. For bradykinesia, STNs with more optimal stimulation had 
significantly more dorsal stimulation and significantly more dorsal 
active contacts (relative to the STN centroid) than those with less 
optimal stimulation (p < 0.05). For rigidity, STNs with more optimal 
stimulation had significantly more posterior stimulation and signifi-
cantly more posterior active contacts than those with less optimal 
stimulation (p < 0.05). These findings suggest that the optimal location 
of stimulation lies dorsal and posterior to the STN centroid, which is 
consistent with the VTA mapping results (Fig. 5). There was no signifi-
cant difference in stimulation location found between the two groups for 
tremor. This was likely due to the lower number of tremor VTAs avail-
able and the fact that tremor was completely alleviated by DBS for most 
patients regardless of the size of their VTA. 

4.4. Relationship between stimulation location and motor improvement 

There is conflicting evidence in the literature regarding the rela-
tionship between coordinate-based electrode location and DBS motor 
outcome. Several studies have reported that electrode location can 
predict motor improvement (Bot et al., 2018; Verhagen et al., 2019), 
while others have reported that there is no significant correlation be-
tween the two variables (Koivu et al., 2018; McClelland et al., 2005; 
Nestor et al., 2014; Paek et al., 2008; Wodarg et al., 2012). Using indi-
vidual STNs manually segmented from patient MR imaging (not an atlas 
STN warped to each patient), the position of the active contact relative 
to the STN centroid was measured in each implanted hemisphere. The 
STN centroid was chosen over the typically used MCP as the anatomical 
reference point to control for neuroanatomical variability across pa-
tients (Bot et al., 2018; Conrad et al., 2018). A correlation analysis was 
then performed between active contact position and the optimality of 
stimulation. Bradykinesia was the only motor symptom with a signifi-
cant relationship between the two variables (p < 0.05), where more 
lateral electrode contacts were correlated with more optimal 
stimulation. 

A key limitation of using active contact position to identify where 
stimulation is located is that it does not consider the full spatial extent of 
stimulation, which varies based on the DBS settings and electrical 
properties of the brain. Consequently, the correlation analysis was 
repeated using VTA location instead of active contact position. For ri-
gidity, there were significant relationships between the amount of pos-
terior and dorsal stimulation and the optimality of stimulation (p <
0.05). There was no statistically significant relationship between stim-
ulation location and the optimality of stimulation for tremor, likely due 
to the reasons mentioned in the section above. Again, these findings are 
consistent with the VTA mapping results (Fig. 5). Additionally, there 
was no significant correlation between the amount of STN stimulation 
(VTA inside the STN) or the amount of external stimulation (proxy for ZI 
stimulation) and the optimality of stimulation, suggesting that the 
optimal location of stimulation may lie between the two structures 
(Falconer et al., 2018) or include both of them. Overall, VTA location 
had more robust relationships with motor improvement and showed 
greater predictive capability than active contact position. Combining 
these two measures of stimulation location may improve the reliability 

of models attempting to predict DBS clinical outcomes (Nestor et al., 
2014). However, the lack of a strong relationship between therapeutic 
stimulation location and motor improvement supports the notion that 
there likely may not be a single hotspot that is optimal for all patients. 

4.5. Limitations and alternative modeling approaches 

In this study, neurostimulation models were tailored to each patient 
by incorporating their individual STN anatomy, DBS lead position and 
orientation, anisotropic tissue conductivity, and clinical stimulation 
settings to characterize the most accurate representation of their ther-
apeutic stimulation field. Despite this, there are several limitations that 
should be considered when interpreting the results. First, the DBS out-
comes evaluated only included rigidity, bradykinesia, and tremor, the 
primary motor symptoms of PD. Side effects and non-motor outcomes 
were not included in the overall analysis due to the unavailability of 
lateralized clinical scores. However, these outcomes can be readily 
incorporated into the N-of-1 modeling framework reported here, and 
future studies are planned to do so. 

Second, only therapeutic electrode contacts and VTAs based on the 
clinically optimized stimulation settings of each patient were evaluated 
(one active contact and VTA per hemisphere per patient). The remaining 
three electrode contacts were not included in the overall analysis. This 
limited the spatial coverage of stimulation in the subthalamic region. 
However, given that the therapeutic contacts were quite evenly 
distributed around the STN centroid in all directions (Fig. 2), sufficient 
VTA coverage was still attained. Since a specific aim of this study was to 
determine the variability of therapeutic stimulation across patients, it 
made sense to focus on the clinically optimized stimulation settings of 
each patient, as determined through DBS programming and assessment. 
Stimulation settings (and VTAs) associated with side effects or other DBS 
outcomes can be analyzed in a similar manner, which planned future 
studies shall do. 

Third, since multiple imaging modalities were required to create 
each neurostimulation model, image co-registration is a possible source 
of error. Image co-registration was performed using commercial soft-
ware for visualizing and analyzing medical imaging (Analyze) to mini-
mize error between pre- and post-operative imaging data. A normalized 
mutual information algorithm was used to precisely align the CT and DT 
imaging of each patient with their MR imaging (Studholme et al., 1998), 
and all co-registrations were done and evaluated by the same individual. 
If deemed necessary by visual inspection, manual refinements were 
made to ensure an accurate co-registration. Fourth, the brain was 
assumed to be purely resistive and linear with regard to DBS (Bedard 
et al., 2004). Consequently, all FEMs built were electrostatic. Previous 
experimental studies have shown that the impedance of gray matter is 
frequency-independent at stimulation frequencies relevant to clinical 
DBS (Logothetis et al., 2007). Furthermore, previous modeling studies 
have shown that it is reasonable to ignore the capacitive properties of 
brain tissue (Grant and Lowery, 2010; Howell and McIntyre, 2016; 
Schmidt et al., 2013). Regardless, possible limitations with electrostatic 
solutions, such as when adaptive, burst, or kilohertz frequency stimu-
lation paradigms are used, can be addressed by frequency-dependent 
models combined with impedance spectroscopy measurements that ac-
count for the resistive and capacitive properties of the tissue (Butson and 
McIntyre, 2005; Lempka and McIntyre, 2013). Fifth, FEM solutions were 
not coupled to biophysical neuron models to determine the VTA. 
Instead, the VTA was defined by activation field strength thresholds of 
the electric field (Astrom et al., 2015). These thresholds were derived for 
clinically relevant stimulation amplitudes and pulse widths using axon 
cable models. An exponential was fit to the activation field thresholds 
corresponding to an axon diameter of 2.5 μm and a stimulation pulse 
width of 60 μs to calculate the individual thresholds for each patient 
based on their therapeutic stimulation amplitude. Astrom et al. showed 
that the VTA can be approximated by a constant electric field threshold 
without the need to couple axon models to the FEM solution (Astrom 
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et al., 2015). This greatly reduces computation time, which is highly 
favorable since an intended application of this work is to run simulations 
to test and optimize stimulation settings for patients in a clinical setting. 
However, it is important to note that their analyses were performed 
using isotropic tissue conductivities. Lastly, tractography was not 
incorporated into the individualized modeling framework. Several 
studies have used tractography to aid in identifying optimal stimulation 
sites for treating PD with DBS (Akram et al., 2017; Avecillas-Chasin 
et al., 2019; Garcia-Gomar et al., 2017; Gunalan et al., 2017; O’Hal-
loran and Chartrain, 2016). This is of interest because DBS is hypothe-
sized to elicit its therapeutic effect through a combination of axonal 
activation and cellular inhibition (McIntyre et al., 2004a; McIntyre and 
Hahn, 2010). The DT imaging data used to estimate the anisotropic 
tissue conductivity for each patient can also be used to perform trac-
tography. Doing so would allow direct comparison of gray and white 
matter stimulation, such as the hyperdirect pathway and internal 
capsule, and their effects on DBS outcomes (Akram et al., 2017; Chen 
et al., 2018; Gunalan et al., 2017). However, the accuracy of the trac-
tography results would be limited by the voxel resolution of the DT 
imaging (Rodrigues et al., 2018). 

Regarding clinical application of the individualized modeling 
framework reported here, alternative methods of modeling the VTA are 
available (Cubo et al., 2017; Madler and Coenen, 2012). One such 
approach uses a sphere centered at the active contact to estimate the 
VTA, where the radius of the sphere is a function of the stimulation 
amplitude and electrode impedance (Madler and Coenen, 2012). To 
assess the validity of this approximation, the analysis was repeated using 
spherical VTAs in place of fully individualized VTAs. Spherical VTA 
models were unable to reproduce the results presented in this study and 
tended to overestimate the size of the VTA (Supplementary Fig. 1). 
Previous studies have described VTA overestimation as a possible limi-
tation of simplified modeling approaches (Butson and McIntyre, 2005; 
Chaturvedi et al., 2006). While simplified VTA modeling approaches can 
be useful in identifying general regions where stimulation would be 
therapeutic, they are limited in their ability to optimize stimulation at 
the individual patient level because they typically do not consider tissue 
anisotropy, one of the most relevant factors impacting VTA prediction 
accuracy. Driving-force algorithms offer an alternative modeling strat-
egy to quantify the cellular response to the DBS-induced electric field in 
a clinical setting, one that is both highly detailed and computationally 
feasible (Gunalan et al., 2018; Howell et al., 2019). 

5. Conclusion 

Accurate characterization of the spread of stimulation in the brain is 
important for optimizing STN DBS for PD. High variability in neuro-
anatomy, stimulation location, and motor improvement across patients 
highlights the need for individualized modeling techniques. Using an 
atlas-independent, N-of-1 tissue activation modeling approach, this 
study mapped the optimal location of stimulation to regions dorsome-
dial to the STN, near the posterior half of the nucleus. This location did 
not vary markedly when motor symptoms were analyzed individually, 
suggesting that optimal stimulation sites for rigidity, bradykinesia, and 
tremor may overlap. Therapeutic stimulation spread noticeably more in 
the dorsal and posterior directions, providing additional evidence for cZI 
as an important DBS target. The N-of-1 modeling approach presented in 
this study can be used to develop and evaluate stimulation strategies to 
improve clinical outcome on an individual basis. Furthermore, these 
methods can be used to investigate the non-motor and side effects 
associated with STN DBS and be extended to other conditions treated 
with DBS, such as essential tremor and depression, to identify other 
optimal stimulation sites. 
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