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Abstract

Objective—We developed a novel method to map behavioral effects of deep brain stimulation
(DBS) across a 3D brain region and to assign statistical significance after stringent Type | error
correction. This method was applied to behavioral changes in Parkinson disease (PD) induced by
subthalamic nucleus (STN) DBS to determine whether these responses depended on anatomical
location of DBS.

Method—Fifty-one PD participants with STN DBS were evaluated off medication, with DBS off
and during unilateral STN DBS with clinically optimized settings. Dependent variables included
DBS-induced changes in Unified Parkinson Disease Rating Scale (UPDRS) subscores, kinematic
measures of bradykinesia and rigidity, working memory, response inhibition, mood, anxiety, and
akathisia. Weighted t-tests at each voxel produced p images showing where DBS most
significantly affected each dependent variable based on outcomes of participants with nearby
DBS. Finally, a permutation test computed the probability that this p image indicated significantly
different responses based on stimulation site.
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Results—Most motor variables improved with DBS anywhere in the STN region, but several
motor, cognitive and affective responses significantly depended on precise location stimulated,
with peak p values in superior STN/zona incerta (quantified bradykinesia), dorsal STN (mood,
anxiety), and inferior STN/substantia nigra (UPDRS tremor, working memory).

Interpretation—Our method identified DBS-induced behavioral changes that depended
significantly on DBS site. These results do not support complete functional segregation within
STN, since movement improved with DBS throughout, and mood improved with dorsal STN
DBS. Rather, findings support functional convergence of motor, cognitive and limbic information

in STN.

Introduction

Deep brain stimulation of the subthalamic nucleus (STN DBS) reduces motor symptoms in
Parkinson disease (PD), but the extent of benefit varies. STN DBS also can induce variable
effects on mood and cognition, thereby affecting quality of lifel-3. This variability may be
due in part to stimulation location in or around the STN, which is anatomically linked to
motor, associative and limbic cortical regions*’. Identifying which anatomical DBS
locations most influence specific behavioral outcomes may allow improved prediction of
optimal lead placement for motor benefit and side effect reduction in PD patients treated
with STN DBS.

This study aimed to extend and improve on previous attempts to link DBS location to
behavioral outcomes with a novel method that maps behavior onto stimulation sites in a 3-
dimensional (3D) and statistically rigorous manner. Previous attempts to map behavior onto
STN DBS sites did not investigate the whole relevant volume of brain®-10, did not test
purported relationships between DBS sites and behavior for statistical significancell-14, or
did not correct for the multiple comparisons inherent in 3D statistical maps!®. Further
progress requires a method to map effects of DBS onto anatomy that adequately tests the
statistical significance of any link between clinical effect and DBS active contact location.

We present here methods to map at each location in a targeted brain region the expected
behavioral effect of DBS and the probability that the effect differs from zero by chance.
However, these maps do not directly test whether DBS is superior at one versus another
location in the image. They are also susceptible to misinterpretation if most patients respond
similarly to DBS on a given measure; we call this the sample mean problem. To understand
this problem, imagine that DBS produces some placebo effect in nearly all patients. In this
case, any DBS location with adequate data will appear to produce significant benefit, even
though the placebo DBS “effect” has no true connection with stimulation site. Similar false
positive results can occur for any real outcome on which most patients respond similarly to
DBS; consequently, significant local p values alone cannot confirm a true link of DBS site
to outcome. We solve this problem and simultaneously correct for multiple comparisons
using a permutation test to provide a single global (corrected) p value for each outcome
measure.

We applied these novel methods to rigorously investigate the relationships between STN
DBS sites and motor, cognitive and mood outcomes in 51 PD participants with bilateral
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STN DBS. Based on previous findings'2-16-18 and functional models of the STN47, we
predicted that participants with DBS sites within the posterodorsal STN and adjacent zona
incerta (ZI) might show greater improvement in motor signs than participants with DBS
elsewhere in the STN. We further hypothesized that impaired cognition and improved mood
would be significantly related to DBS sites in ventral and not dorsal STN, based on putative
functional heterogeneity of the STN#-6 and previous reports816-19,

The dataset included 51 participants with bilateral STN DBS for treatment of PD recruited
from the Washington University in St. Louis Movement Disorders Center (see Table 1 for
demographics). The dataset overlaps with that described previously10:20-25 but the analysis
strategy applied here is unique. Participants were diagnosed with PD based on established
criteria and screened for dementia, stroke, head injury and other neurologic diseases before
DBS surgery25. All participants had bilateral Soletra pulse generators with Medtronic DBS
leads model 3389 except for two participants who had DBS leads model 3387 (Medtronic
Inc., Minneapolis, MN). Guided by MR imaging, stereotactic navigation and microelectrode
recording?’, DBS leads were implanted in the STN a minimum of 3 months and a median of
8 months prior to participation in the study, and DBS settings were clinically optimized for
each participant based on symptoms and motor signs. Only data obtained from monopolar
DBS pattern were included. The study was approved by the Washington University Human
Research Protection Office at Washington University in St. Louis, and all participants
provided written informed consent.

Stimulation protocol

On each study day, participants began study participation after taking no antiparkinsonian
medications since midnight. Motor, cognitive, and mood measurements were obtained
during each of 3 stimulation conditions: DBS OFF, unilateral right DBS ON, and unilateral
left DBS ON. Each participant’s clinically optimized DBS contact and stimulation settings
were used for each electrode. Across participants, voltage ranged from 1.7 to 3.6 volts,
frequency was 145 t0185 Hz, and pulse width was 60 or 90 us. DBS condition order was
counterbalanced across participants, and investigators and participants were blind to DBS
conditions. Behavioral assessments were performed at least 42 minutes after each change of
DBS condition, by which time near-steady-state motor response to DBS is expected?8.

Assessments

Movement—During each stimulation condition, motor function was assessed by UPDRS
(Part I11, motor) by trained clinicians and by quantified kinematic measures of bradykinesia
(by measuring speed of hand rotation using a gyroscope at the wrist 3 times consecutively)
and rigidity across the elbow joint (by measuring impedance using a rigidity analyzer, 3
times consecutively)23. Dependent variables included change between the OFF and
unilateral ON stimulation condition in total UPDRS Part 111 score or selected item scores
including bradykinesia, rigidity, and tremor2? for the side contralateral to DBS. UPDRS
items scored separately for left and right extremities were combined to form left and right
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contralateral hemibody and worse-side UPDRS subscores. The more affected side of the
body was defined by comparing left- and right-sided motor scores on the UPDRS Part 111
rated with participants off medication and OFF DBS.

Cognition—Working memory was assessed by spatial delayed response (SDR) as
described previously?1:25. The dependent variable was the percent change between OFF and
ON stimulation conditions in mean error (distance between a previously presented target cue
on a computer screen and recalled location of target cue).

Response selection and inhibition were assessed by the Go/No-Go task as previously
described8. Percent change in ability to discriminate between ‘Go’ and ‘No-Go’ stimuli (Pr)
between OFF and ON stimulation conditions was treated as the dependent variable. Only
data from participants who reached a criterion of Pr > 0.5 during the OFF DBS condition
were included in the analyses®.

Mood, anxiety and akathisia—Self-reported emotional state was assessed using visual
analog scale (VAS) ratings, converted to valence and arousal scores based on the circumplex
model of emotion (arousal is also called “activation”)30-31, Self-rated anxiety, apathy, and
akathisia were also assessed by VAS. Changes in each of these scores between OFF and left
or right ON DBS conditions were dependent variables.

Univariate statistics

STN DBS-induced changes in motor behavior, cognition, mood, anxiety and akathisia,
without regards to anatomy, were tested for significance with paired t-tests.

3-Dimensional location of electrode contacts

Image processing and atlas registration were performed as described previously832, Briefly,
preoperative MR and postoperative CT images of the head were co-registered as rigid
bodies, and the MR image was mapped to the stereotactic atlas of Mai et al.33 based on
structural fiducial points surrounding the STN32, This method assigns midbrain locations to
atlas space with mean accuracy < 1 mm32. Atlas coordinates are reported herein with
positive y values for points anterior to the anterior commissure rather than the opposite
convention used in the original atlas publication33,

Mapping DBS effects to 3D anatomy

Statistical inference linking DBS location in 3D to its effects is not a trivial problem.
Superficially, the DBS question seems similar to generating 3D statistical images from PET
and fMRI data, a problem for which software packages such as SPM (http://
www.fil.ion.ucl.ac.uk/spm/) or AFNI (http://afni.nimh.nih.gov/) are routinely used. But data
from DBS violates two important assumptions of such software. First, such software
generally assumes that the number of participants contributing data does not vary from one
analyzed voxel to another, since each PET or fMRI image provides data throughout the
brain. By contrast, DBS at one location in a given participant contributes no information to
predict what would happen with DBS at a distant location (i.e., a voxel more than a few mm
away from the participant’s active contact). Including data from all participants at each
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voxel analyzed would artificially inflate the degrees of freedom and hence the claimed
statistical significance. Second, extant neuroimaging statistical software compares the
observed data to a null hypothesis of zero mean change at each voxel, i.e. assumes that
under the null hypothesis there is no nonzero bias in the sample. That assumption makes
sense for PET or fMRI data, but as described in the introduction, will produce false positives
if most participants improve (or worsen) on a given outcome measure regardless of DBS
location. Thus a new approach was required.

For each dependent measure, several 3D images with 0.2mm cubic voxels were created as
follows:

Mean Effect image—The mean effect image shows at each voxel the weighted mean
effect of DBS on the selected outcome measure, where measures from participants
stimulated nearer that voxel are given greater weight. Specifically, the value of the effect
image at voxel i is the weighted mean §,= (Z,.g,wg.) / (Srwg,) of the numerical effect gy of
DBS on the selected behavioral measure in participant k. The weighting function wjy is a
monotonically decreasing function of the distance between voxel i and the contact
stimulated in participant k. In other words, the result of DBS in one participant contributes
good information about what happens when DBS is administered at the exact location of
his/her active contact, reasonable information about what happens when DBS is
administered nearby, and progressively less information about what happens with DBS at
locations farther and farther from that point. The analyses presented here used a 3D
Gaussian function for w with FWHM 3.0 mm. With this weighting function, w at 1.5 mm
away is half of w at the active contact itself. Since we are not modeling the electrical effects
of DBS but only estimating the location of the stimulated contact, a 3D normal distribution
is a reasonable choice of weighting function. Nevertheless, this choice was influenced by an
estimate that voltage dropped 50% through ~1.5 mm of gray matter34. In fact, for monopolar
stimulation near the STN, a spherical model for contact location actually approximates quite
well modeled predictions of activated axons (Fig 3 in Mclntyre et al.3> and Fig. 2 in Maggio
et al.36). The weighted mean effect image can be interpreted as showing at each point the
expected effect of DBS at that point.

N image, t image, and p image—One cannot deduce from the weighted mean effect
alone whether DBS-induced outcomes differ significantly from zero at a given point; a
probability map is needed. We performed a weighted t test3’ at each voxel, again weighting
by nearness to each participant’s stimulated contact. To compute and interpret the t statistic,
the number of participants contributing data to the voxel must first be considered. To avoid
artificially inflating the degrees of freedom for interpreting the t statistic, participants were
considered to have contributed data to a voxel only if their active contact in the stimulation
condition being examined was close enough that its weight was at least 5% of the maximum
weight. Bland and Kerry37 do not address this directly, but the 5% threshold was based on
the example presented in that publication. Thus an N image was defined as N; = Y {1, if wix
> 0.05; 0, elsewhere}; with the weighting function described above, N; is the number of
participants stimulated within 3.1 mm of voxel i. The weighted t statistic t; was set to zero if
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fewer than 6 participants had contributed data to a given voxel. For N; = 6, tj was computed
as follows:

N;

Zwik'gﬁ
SSE'weighted (2) = I;szli

> wi/N;

k=1
S-Dweighted (Z) - \/’Uarianceweighted (Z): \/SSEweighted (Z) / (Nz - 1)
ti:gi/SE]\[weighted (Z) :gz Vv Ni/SDweighted (7')

_Ni.gg

Since the significance of a t statistic depends on the degrees of freedom (d.f.), and the d.f.
was not constant across the image space, a probability image p was computed whose value
p; at each voxel i was the one-tailed probability of exceeding the given t statistic with d.f. =
N; —1. The values in the t image can be viewed as effect sizes for DBS behavioral outcome,
and corresponding p values are found in the p image. We refer to the most significant p
value in the p image for a given dependent variable as the “peak p”.

Type | error correction for multiple comparisons and sample bias

As we noted, statistical images of this type from DBS data do not directly test whether
stimulation is better at one site that at another, and cannot be corrected for false positives
merely by requiring a high statistical threshold at the voxel level or by applying typical
neuroimaging software. To address the multiple comparisons problem and the sample bias
problem discussed above, we implemented a permutation analysis inspired by SnPM38
(http://go.warwick.ac.uk/tenichols/snpm). This approach provides a single global p value
testing whether DBS effects differ significantly based on active contact location.

For each dependent measure, the permutation test first reduces the original statistical image
containing over 2 million voxels to a single summary statistic Q, defined as

Q=%; {—logg pi if p; < 0.05;0if p;>0.05} .

Effectively Q reflects the collective size and magnitude of “hot spots™ in the probability
image p computed from the real data, i.e. by pairing the quantitative outcome g; in each
participant with the location x; of that participant’s active contact. The null hypothesis is that
one could obtain an equal or greater value of Q by randomly pairing the outcomes and active
contact locations without regard to which participant actually contributed each datum. The
statistical significance is determined by comparing the true value of Q to 200 false Q values,
one from each of 200 false p images generated by randomly pairing outcomes with active
contact locations. If 10 or fewer of these 200 false Qs are as big as the true Q, then the
overall (corrected) p value is < 10/200 = 0.05, rejecting the null hypothesis. To address
multiple comparisons and the sample bias problem, we had to sacrifice the focality of our
conclusion; i.e. the corrected p value refers to the whole probability image, not to any one of
its voxels. Nevertheless, the p image provides reasonable clues as to the locations that may
drive the significant association between DBS location and behavioral outcome.
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Visualization

We created 3D images of the left and right thalamus and left and right STN from the Mai et
al.33 atlas of the human brain using methods described by Zhang et al.3°. The program 3D
Slicer*d(www.slicer.org) was used to create 3D models from these images and to display
statistical images relative to these Mai33 atlas-defined structures. The white-on-black 2D
atlas tracings shown in some figures were created as described in Videen et al.32. A 3D
image that includes the thalamus, STN and nearby regions is shown for reference (Fig 1A).

Relationships between STN DBS-induced changes in non-motor and motor function

In non-motor measures where DBS-induced changes were significantly associated with DBS
location, relationships with ipsilateral DBS-induced changes in motor function were
assessed with Pearson’s r or Spearman’s p.

Results

Mean effects of unilateral STN DBS (without reference to anatomy)

Group mean effects of unilateral DBS on movement, cognition and emotion are summarized
in Tables 2-3. The n varies across measures for the following reasons: Two participants did
not have a worse side for motor function as determined by OFF DBS, off PD medication
UPDRS I11. One of these and six other participants had non-monopolar STN DBS clinical
settings on the left side of the brain. Other reasons include incomplete (data not obtained for
DBS OFF condition or obtained for only one unilateral DBS condition) or no data due to
data loss, software malfunction or difficulty on behalf of the participant in completing the
condition (UPDRS motor n = 5; kinematics motor n = 11; SDR n = 6; Pr n = 20; VAS
valence, arousal and anxiety, n = 7 each; VAS apathy = 5). For SDR, one participant’s
behavioral data was an extreme outlier. For Pr, 6 participants did not meet criteria of Pr >
0.5 during the OFF DBS condition. The VAS ratings were introduced later in the study so
that approximately half of the 51 participants never completed VAS.

Relative to OFF DBS, stimulation of right or left brain, or contralateral to the clinically
worse side of the body (hereinafter “worse-brain STN DBS”) improved mean scores on all
motor measures (Table 2). STN DBS did not significantly affect mean SDR or Go/No-Go
performance. Worse-brain and left-brain STN DBS improved mood as reflected in valence
and anxiety scores. STN DBS had no significant effect on apathy (p = 0.06), akathisia (p =
0.45), or affective arousal (p = 0.40) (Table 3).

Distribution of active contacts

Data are from participants with DBS at contacts that cover the posterior 2/3 of the STN in its
vertical and left-right extent as well as ventral thalamus, zona incerta (ZI1), and substantia
nigra (SN) (Fig 1B; see also Fig 2, N image).

STN DBS effects: Dependence on anatomical location

One analysis is presented in detail to demonstrate the new method (see Fig 2). Measures
with significant relationships between DBS site and behavioral outcome (corrected p < 0.05
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by permutation test, Tables 4 and 5, last columns) are shown in Fig 3 and 4 and discussed
briefly. All results are summarized in Tables 4 and 5.

Change in right-side UPDRS lll scores with left-brain DBS—Left-brain STN DBS
significantly improved mean right-side UPDRS 111 scores (Table 2). The peak value in the t-
image, —12.4, is at (=15, —20.5, —4.0) (Fig 2, t image). The number of participants
contributing data at each voxel was at least 13 throughout much of the STN, but varied
substantially across the region analyzed, with a peak of 27 participants at (-12.5, -18, —3.0)
(Fig 2, N image). Thus the p image differed somewhat from the t image; the p image has its
peak value, corresponding to p ~ 1011, at (-13, -18.5, -3.0) (STN/ZI, 0.71 mm from the
peak of the N image) (Fig 2, p image). A 3D view of voxels at which p < 0.05 by weighted
t-test appears in (Fig 2, left-most top panel).

Note that the p image differs importantly from the image of weighted mean effect. For
instance, stimulation throughout most of the STN is estimated to produce a 5- to 7-point
improvement in the contralateral UPDRS subscore (Fig 2, mean effect image). However,
due to differences in variance and/or N, the statistical significance varies substantially across
the STN, and the most significant difference from zero falls in dorsal STN/ZI (Fig 2, p
image).

The key question is whether improvement in motor function with DBS depended
significantly on the specific anatomical location stimulated. For this measure, the data does
not support such a conclusion; improvement occurred regardless of the precise anatomical
location of the active contact (p = 0.12 by permutation testing, Table 4, last column of row
3). The p image does include values as low as p < 10711 for participants with DBS near the
dorsal STN and ZI, but the p image includes low values in many locations, and may simply
reflect the fact that most participants (39 of 42) improved with DBS. Traditional
neuroimaging statistical software, or in fact any approach that tests the t or p image against
the null hypothesis of zero mean change, would falsely conclude that this result was
significant (see Appendix for an example). By contrast, the permutation analysis rejects
significance in this case by showing that a result of this size and magnitude (i.e., the true Q
value) also occurs in ~12% of p images made by incorrectly (randomly) assigning this
sample’s generally positive outcome data to this sample’s set of active contact locations
(Table 4, last column of row 3). (The true Q was no bigger than 24 of the 200 false pairings
of DBS site to behavioral outcome.) This case demonstrates that simply examining mean
effects or voxelwise p values can yield misleading conclusions about the association
between DBS site and behavioral outcome.

Other motor outcomes—Right-brain STN DBS-induced improvement in left hand
rotation velocity did depend significantly on DBS location (corrected p = 0.005, n = 40,
Table 4, last column of row 5). The region of the brain most strongly associated with
improvement was the dorsal STN/ZI border. Fig 3A presents a 3D view of voxels where p <
0.05 by t-test and 2D sections through the mean effect, t, and p images for one atlas slice
nearest to the peak p-value. Tremor ratings on the right side of the body improved in 75% of
participants during left-brain DBS relative to DBS OFF (15 of 20 participants who had
substantial right hand tremor when OFF STN DBS). However, the degree of improvement
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depended significantly on DBS location (corrected p = 0.03, n = 43, Table 4, last column of
the last row). The region of the brain most strongly associated with improvement, the
STN/SN border, was lateral to that for improvement in left hand rotation velocity (peak p-
value in p image, Fig 3B).

Several other motor responses indicated a trend (0.05 < p < 0.10) for dependence on DBS
location (see Table 4).

Cognition—STN DBS-induced effects on working memory performance depended
significantly on active contact location (corrected p = 0.03, n = 44) in the right hemisphere,
with the peak p value for worsened performance in the right STN/SN and the peak p value
for improved performance in the comb system (SN fragments in white matter lateral to
STN) (Table 5, Fig 4A to B). The right brain STN DBS-induced change in SDR
performance was related to right brain STN DBS-induced changes in left side bradykinesia
(044 = —0.33, p = 0.03, Fig 5A) but not left side total UDPRS score (p 43 = —0.06, p = 0.72),
left hand rotation velocity (rzs = —0.07, p = 0.33), left side impedance (r3s = 0.02, p = 0.93),
left side rigidity (o 43 = 0.11, p = 0.48), or left side tremor (0 44 = 0.08, p = 0.61). The effect
of STN-DBS on response selection and inhibition as measured by the Go/No-Go task was
not significantly affected by active contact location (corrected p = 0.30).

Mood, anxiety, and akathisia—STN DBS-induced improvement in valence and anxiety
depended on stimulation site for left STN DBS (valence: corrected p = 0.015, n = 22;
anxiety: corrected p = 0.005, n = 23). Peak p values occurred with stimulation in the dorsal
left STN for both measures (Table 5, Fig 4C to D). STN DBS-induced alterations in self-
rated apathy, akathisia and affective arousal were not significantly related to contact location
(corrected p = 0.11).

The left brain STN DBS-induced change in valence was not correlated with left brain STN
DBS-induced changes in right side total UDPRS score (p 1 = -0.29, p = 0.20), right hand
rotation velocity (rig = 0.13, p = 0.64), right side impedance (rig = -0.30, p = 0.27), right
side bradykinesia (o 1 = —0.37, p = 0.10), right side rigidity (o 1 = —0.26, p = 0.25), or right
side tremor (01 = —0.25, p = 0.27).

Left brain STN DBS-induced improvement in anxiety was significantly correlated with left
brain STN DBS-induced improvement in right side total UDPRS score (p 3 =0.51, p =
0.01, Fig 5B), right hand rotation velocity (r{7 = —0.58, p = 0.02, Fig 5C), and right side
bradykinesia (0 3 = 0.54, p = 0.01, Fig 5D) but not right side impedance (ry7 =0.41,p =
0.10), right side rigidity (o 3 = 0.36, p = 0.09), or right side tremor (o 23 = 0.25, p = 0.26).

Discussion

STN DBS improved motor function, tended to impair cognition, and improved mood and
anxiety, in accordance with previous literature10:18.20.23.2541-42 '\We further determined that
DBS- induced changes in several behaviors depended on specific anatomical DBS site using
a 3D analysis. The novel method solves problems that have hindered efforts to convincingly
connect DBS effects to precise anatomical locations stimulated. It maps expected DBS
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effects at each point as well as the probability that the result at each point occurred by
chance. A second step corrects rigorously for false positive results. Our method separates
outcomes improved by DBS anywhere in or near the STN from outcomes that depend
strongly on the anatomical subregion stimulated.

Location-specific DBS effects on movement

DBS effects on hand rotation velocity (bradykinesia) and tremor depended significantly on
DBS location. DBS in posterior dorsomedial STN/ZI provided maximal reduction of
bradykinesia, whereas maximal reduction of tremor occurred with DBS in posterolateral
STN/SN border. Previous studies suggest that motor function improves with DBS in dorsal
STN and regions superior to the STN such as ZI11217-18 Oyr 3D analysis extends these
results by identifying a relatively more inferior and lateral STN/SN region as most strongly
related to improvement in tremor. Given that dorsolateral STN is embedded in the basal
ganglia-thalamocortical motor loop®, these locations are not surprising. Improvement did not
depend on DBS site for other motor outcomes.

The nonsignificant corrected p values for several motor measures may initially seem
surprising, but actually highlight the value of the new statistical approach and are consistent
with the within-subjects DBS study of Frankemolle et al.11, in which limiting DBS to dorsal
STN reduced cognitive side effects, but did not change motor responses. Almost all
participants’ movement improved with DBS, and if DBS anywhere in the region produces
similar improvement, precise location is not significant. In fact, most PD patients benefit
from STN DBS even though DBS settings are not usually based on precise active contact
location. However, since DBS sites were not chosen randomly, we cannot exclude an
alternative interpretation of the nonsignificant results; namely, that for almost any DBS
location near STN there may exist some patients who will benefit, even if on a population
level certain sites improve movement more than others.

Location-specific DBS effects on cognition

DBS effects on working memory, but not response selection and inhibition, depended on
stimulation location; performance tended to worsen with DBS in the right brain posterior
ventrolateral STN/SN and improve with DBS in the comb system, a white matter region that
contains fragments of substantia nigra pars reticulata (SNr). This result provides evidence
that DBS location may explain variance in response across subjects; without contact
location, DBS’s effect on SDR performance would not have appeared significant. STN DBS
may affect performance on SDR via projections from STN to internal segment of the globus
pallidus and SNr. These structures, via the thalamus?3, influence dorsolateral prefrontal
cortex, a region that supports working memory*4 and where blood flow induced by STN
DBS negatively correlates with change in SDRZL. As noted above and consistent with our
results, DBS-induced cognitive impairment is reversed when predicted suprathreshold
current spread is confined to dorsal STNL,

Location-specific DBS effects on emotion and akathisia

Mood and anxiety improvements related most strongly to DBS sites within left dorsal STN.
STN anatomy*-’ might predict that mood would be influenced most by stimulation of
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ventromedial or ventral STN due to afferent and efferent connections to limbic regions*°.
Accordingly, reports of mania with STN DBS have mostly occurred with stimulation in or
near ventromedial STN#6-47, However, mania is distinct from milder, beneficial elevations
in mood and decreases in anxiety that apparently occur with acute dorsal STN DBS.
Anteroventral and ventromedial STN were not represented in our sample of active DBS
sites, preventing us from inferences about these regions. Our findings add to current
knowledge of the functional heterogeneity of the STN: they support the hypothesis that
limbic, cognitive and motor circuitry somewhat overlap in STN®7 rather than strictly
segregate into dorsal and ventral regions. Significant associations of electrode location with
akathisia, arousal or apathy were not found.

STN DBS-induced changes in working memory and anxiety, but not valence, correlated
with STN DBS-induced alterations in movement. From our data, it cannot be ascertained
whether DBS effects on non-motor behaviors are completely or partially dependent on, or
completely separate from but parallel to, those on motor function. Future studies of neural
circuitry underlying cognition, anxiety, and motor responses to DBS should help answer this
important question.

Other approaches to 3D prediction of DBS effects

Limitations

Butson et al.*8 developed a “Probabilistic Stimulation Atlas” (PSA) to map DBS effects
onto neuroanatomy. Patient-specific computer models of predicted volume of tissue
activated (VTA) were generated for 163 different locations and DBS parameter settings in 6
patients. The PSA shows at each point the fraction of participants whose VTA included that
point. This method is elegant but does not test for statistical significance. The differences
between the effect and p images in Fig 2, and the non-significant global p value for
contralateral UPDRS, demonstrate the importance of this limitation.

Hilliard et al.® did create a p image for the link between stimulation location and motor
outcomes in PD by shifting a 3.5 mm cube iteratively across anatomical space, and for each
cube location using a one-way ANOVA to compare the efficacy of contacts within versus
outside the cube. While this method reports a probability and addresses the sample bias
problem, it does not correct for multiple comparisons but labels a point as significant if even
one of the 2744 ANOVAs with a test cube containing that point is positive. Finally, the
Hilliard and Butson methods require binary rather than continuous outcome variables,
whereas the method presented here can use either.

As described above, an unavoidable limitation of clinical data is the targeting bias toward
the dorsal posterolateral STN during surgical implantation of the electrodes which curtails
collection of responses from stimulation of anterior or medial-ventral STN, a current
research focus in our laboratory. Another limitation of this study is possible Type Il error.
For example, some motor results were significant for only one side of the brain, most likely
because of inadequate power on the non-significant side. Several other motor measures
approached significance (corrected p < 0.10), and may prove significant with a larger
sample. Regarding possible Type | error, we report corrected p values for 36 tests, and a few
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of those tests would be expected to appear positive by chance. However, 5 of our tests were
positive, which is not likely to occur by chance (p = 0.04, binomial distribution, n = 36, k =
5). Nevertheless, replication is the ideal way to validate our results.

Obvious motor function improvement by STN DBS may have compromised blinding of
participants and examiners. However, neither the examiners nor participants knew the
precise locations of their active contacts. Therefore, the study was blinded for the relevant
topic of investigation — location of the active contact. Since our method identified significant
relationships between several behavioral measures and DBS site, DBS-induced changes in
behavior are unlikely to be entirely due to inadequate blinding or placebo-induced
improvement in motor function. In addition, the OFF vs. ON DBS, off PD medication
experimental design is the best possible method to study STN DBS-induced alterations in
behavior because it controls for surgery-induced placebo effects, lesions, and PD medication
effects. Second, we cannot be sure that 42 min is long enough for DBS effects to dissipate
when turned OFF. Therefore, our study may have failed to detect longer-term behavioral
effects of STN DBS. However, ethical and practical concerns precluded us from keeping
participants in the OFF DBS condition longer than this time period.

Finally, for simplicity this study focused on the anatomical location of the stimulated
contact, rather than attempting to predict which neurons or fibers of passage are activated.
Our approach requires no physiological assumptions about which neurons are stimulated by
DBS, but limited this initial report to participants with monopolar stimulation at a single
electrode. Fortunately, the statistical method demonstrated here is flexible enough to allow
replacing the simple weighting function used here for monopolar stimulation with computer
modeling approaches4 to allow including participants with other DBS configurations or
voltage settings.

A new method that allows data-driven 3D analysis of DBS outcomes, including statistically
rigorous significance testing, was applied to 51 participants with PD and determined
significant relationships between local STN neuroanatomy and DBS effects on movement,
cognition and mood. Interestingly, our results do not support complete functional
segregation within the STN. For instance, improvements in mood and movement were not
correlated but both occurred with stimulation of posterodorsal STN. Rather, our findings
support the view of the STN as a convergence site for functionally distinct information
arising from and projecting to motor, cognitive and limbic regions®-7. Studies using this
method, with larger sample sizes and more varied DBS sites, can further explore the
functional organization of the STN and address practical concerns of PD patients, physicians
and surgeons.
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Zero-mean analysis: method

To show the advantages of the permutation approach presented here, we also implemented a
variant of this method that compares the true p image to the null hypothesis assumed by
traditional statistical image analysis methods: namely, that on average the behavior change
with stimulation near a given voxel is zero. This variant method retains the contact locations
and standard deviation of the real data, but in creating the probability distribution, each false
permutation subtracts the group mean effect from each participant’s effect so that each
permutation sample has a zero mean change.

Result of zero-mean analysis

The zero-mean analysis of right-side total UPDRS reports a “corrected” p < 0.005.

Implications

When the permutation method is weakened to match the assumptions of traditional
statistical image analysis methods, it gives similar results (by losing its advantage in
reducing Type | error).
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Anterior Posterior ——> Anterior

Figure 1. 3D models of the STN, thalamus, and DBS electr ode contacts
A.) Brain regions are overlaid on the Mai atlas (18.2 mm posterior to AC) in coronal (left)

and sagittal (right) views. B.) The 3D distribution of clinical STN DBS electrode contacts
are presented coronally (left) and sagittally (right), overlaid on the structures from the Mai
atlas at 16.8 mm posterior to AC. Most clinical DBS contacts fall in the STN. STN,
subthalamic nucleus; cp, cerebellar peduncle; SNR, substantia nigra pars reticulata; SNC,
substantia nigra pars compacta; R, red nucleus. Gray = STN; pink spheres = approximate
contact location, 1.5 mm radius for display.
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3D Image p Image

Figure 2. STN DBS-induced improvement in UPDRS |11 motor scoresdid not differ significantly
by DBSsite
The left panel shows 3D views of the left STN in gray, with color indicating voxels for

which p < 0.05 by weighted t test (upper image: viewed from a point anterior to STN; lower
image: viewed from a point lateral to STN). Statistical images in color, laid over coronal
slices from the atlas, are shown in the top center panel (t image, thresholded at N = 6), top
right panel (p image, thresholded at p < 0.05), bottom left panel (N image) and bottom right
panel (weighted mean effect image, thresholded at N = 6). Notably, although the p image
includes values as low as 10711, the improvement did not differ significantly by contact
location (p = 0.12 by permutation test; see Results). D, dorsal; V, ventral; A, anterior; P,
posterior; M, medial; L, lateral. ZI, zona incerta; SNR, substantia nigra.
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Improvement in Right-body Tremor

Figure 3. STN DBS-induced improvementsin hand rotation velocity and tremor significantly
differed by DBS site

A.) Left hand rotation velocity: mean effect, t, and p images are shown left to right, with the
p image thresholded at p < 0.05, on a Mai atlas section close to the peak p value in black and
white at the indicated distance from the plane through the anterior commissure and normal
to the bicommissural line; the rightmost panels show 3D representation of voxels for which
p <0.05 in color, with the STN in gray (top left panel: viewed from the front, bottom left
panel: viewed from the side). B.) Right-side tremor: same conventions as in 3A. Images are
horizontally flipped for clarity. Color scales indicate weighted mean, t, and p values. D,
dorsal; V, ventral; A, anterior; P, posterior; M, medial; L, lateral; ZI, zona incerta; STN,
subthalamic nucleus; SNR, substantia nigra pars reticulata; comb, comb system (SNR
fragments in white matter)
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Figure 4. STN DBS-induced alterationsin non-motor outcomes significantly differed by DBS site
A.) Impairment in SDR performance. B.) Improvement in SDR performance. Same

conventions as in Fig 3 except that weighted mean, t, and p values are shown on all 2D
panels for both impairment (aquamarine-violet) and improvement (green-red). C.)
Improvement in valence: same conventions as in Fig 3. D.) Improvement in anxiety: same
conventions as in Fig 3.
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Figure 5. STN DBS-induced changesin cognition and anxiety arerelated to changesin motor
function
A.) Right-brain STN DBS-induced percent change in SDR error was negatively related to

right-brain STN DBS-induced improvement in UPDRS subscore bradykinesia. Left-brain
STN DBS-induced decreases in anxiety were associated with left-brain STN DBS-induced
improvements in B.) right side total UPDRS scores, C.) right hand rotation velocity and D.)
right side UPDRS subscore bradykinesia. Except for hand rotation velocity, decreasing
difference scores signify improvement in that measure.
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Table 1

Demographic and clinical characteristics of the 51 Parkinson disease research participants.

Mean SD
Age (years) 60.4 8.8
Education (years) 15.0% 3.0
Disease duration (years) 13.9 4.7
'(rr:]rgﬁt?]isr;ce STN DBS surgery 1239 11.28

Distribution
Gender 37 Male, 14 Female
Race and ethnicity 46 White, 3 Black, 2 Native American
:\IllloerbifggféEd side, by UPDRS 22 Right, 27 Lefit
Dominant hand 44 Right, 7 Left
c .. apc# 36 CL Non-extended release /10 CL extended release /31 DA
urrent PD medication™ ™% agonist/ 6 MAO inhibitor/16 COMT inhibitor

STN DBS, deep brain stimulation of the subthalamic nucleus; PD, Parkinson disease; CL, carbidopa-levodopa; DA, dopaminergic; MAO,
monoamine oxidase; COMT, catechol-O-methyl transferase

*Data missing for 1 participant.

TNo worse side for 2 participants (equivalent OFF DBS left and right total UPDRS |11 scores)
aprior to abstinence on the day of the study

bparticipant may fall in more than one medication category

Cno participant was taking extended release DA agonists, MAO or COMT inhibitors

data missing: CL type = 5 participants; non-CL dopaminergic agents = 6 participants
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Mean change in motor measures from OFF induced by worse-side, right and left brain subthalamic deep brain
stimulation (STN DBS).

Mean
Moo paiopmewn MU0 diEse Swmaw L e
DBS Side improved scores DBS
Contralateral UPDRS Total
Worse 44 46 -5.88 3.76 -10.6 <0.001
Right 39 48 -4.70 4.59 -7.09 <0.001
Left 39 42 -4.52 3.76 -7.79 <0.001
Contralateral Hand Rotation Velocity (deg/s)
Worse 33 39 147.19 154.16 5.96 <0.001
Right 36 40 178.75 126.56 8.93 <0.001
Left 28 35 94.93 204.54 2.75 0.01
Contralateral Impedance (Nm/deg)
Worse 30 39 -0.55 0.82 -4.22 <0.001
Right 36 41 -0.63 0.69 -5.87 <0.001
Left 26 35 -0.48 1.15 -2.47 0.02
Contralateral UPDRS Bradykinesia
Worse 38 46 -0.66 0.59 -7.69 <0.001
Right 37 50 -0.52 0.69 -5.35 <0.001
Left 31 43 -0.43 0.55 -5.17 <0.001
Contralateral UPDRS Rigidity
Worse 42 46 -1.84 111 -11.3 <0.001
Right 36 48 -1.39 1.35 -7.11 <0.001
Left 35 42 -1.56 1.57 -6.44 <0.001
Contralateral UPDRS Tremor
Worse 24 47 -0.99 1.67 -4.07 <0.001
Right 25 50 -0.85 1.57 -3.84 <0.001
Left 15 43 -0.48 1.61 -1.94 0.06™

UPDRS, Unified Parkinson Disease Rating Scale; deg/s, degrees per second; Nm/deg, Newton - meter/degree.

*k
, p =0.01 among participants with nonzero tremor at baseline (n = 20).
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Mean change in non-motor measures from OFF induced by worse-side, right and left brain subthalamic
nucleus (STN DBS).

Table 3

Outcome Number of Mean

Measure Participants Number of  difference  Standard t statistic p-
and DBS withimproved Participants from OFF deviation value
Side scores DBS

Cognition

SDR (error in mm)

Worse 20 39 0.09 0.30 1.93 0.061
Right 19 44 0.08 0.38 1.37 0.180
Left 17 39 0.01 0.23 0.30 0.764
Go/No-Go (Pr)

Worse 11 23 -0.04 0.26 -0.74 0.47
Right 13 27 -0.01 0.17 -0.43 0.67
Left 13 22 -0.11 0.29 -1.83 0.08
Psychiatric

Valence

Worse 18 23 0.24 0.35 3.33 0.003
Right 16 24 0.13 0.34 1.86 0.076
Left 18 22 0.27 0.36 3.54 0.002
Arousal

Worse 9 23 0.01 0.39 0.11 0.910
Right 13 24 -0.04 0.21 -0.87 0.400
Left 8 23 0.00 0.40 -0.003 1.000
Anxiety

Worse 19 25 -10.57 25.58 -2.07 0.050
Right 19 26 -6.41 21.52 -1.52 0.140
Left 16 23 -13.20 25.05 -2.53 0.020
Apathy @

Worse 16 25 11.64 29.59 1.97 0.060
Right 15 27 0.26 25.57 0.05 0.958
Left 14 24 12.38 35.25 1.72 0.100
Akathisia P

Worse 14 25 -4.20 27.08 -0.78 0.446
Right 16 27 1.37 18.26 0.39 0.700
Left 13 24 -5.96 28.08 -1.04 0.309

SDR, spatial delayed response task; mm, millimeter; Pr, ability to discriminate between ‘Go’ and ‘No-Go’ stimuli.

a_ .. . - ; A
Positive mean difference score for apathy indicates decreased apathy/increased motivation.

Negative mean difference score for akithisia indicates decreased restlessness.
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