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Frontal circuits play a critical role in motor, cognitive and affective processing,
and their dysfunction may resultin avariety of brain disorders. However,
exactly which frontal domains mediate which (dys)functions remains largely
elusive. We studied 534 deep brain stimulation electrodes implanted to

treat four different brain disorders. By analyzing which connections were
modulated for optimal therapeutic response across these disorders, we
segregated the frontal cortex into circuits that had become dysfunctional
ineach of them. Dysfunctional circuits were topographically arranged

from occipital to frontal, ranging from interconnections with sensorimotor
cortices in dystonia, the primary motor cortex in Tourette’s syndrome, the

supplementary motor areain Parkinson’s disease, to ventromedial prefrontal
and anterior cingulate cortices in obsessive-compulsive disorder. Our findings
highlight the integration of deep brain stimulation with brain connectomics as

apowerful tool to explore couplings between brain structure and functional
impairmentsin the human brain.

Studying brain connectomics with deep brain stimulation (DBS)
represents a compelling framework for identifying circuits that
associate with successful neuromodulation therapy'?. This
potential arises from modeling structural connections activated by
variably placed electrodes across patients and relating modulated
connections to symptom improvements'. As a first-order approxi-
mation, effective DBS is seen to act akin to a functional lesion®,
achieving downregulation of dysfunctional networks that

were involved in neurological or neuropsychiatric symptoms in
the first place. By isolating circuits that exhibit the most favorable
response to DBS interventions, we, hence, advance understanding
of the precise brain circuits associated with dysfunctions in particu-
lar disorders"?. As such, this methodology can be used to outline
the human ‘dysfunctome’—that is, the set of connections that are
disrupted in given brain disorders—and may be tuned down by suc-
cessful neuromodulation.

A full list of affiliations appears at the end of the paper.
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Disrupted interactions between the frontal cortex and basal gan-
glialieattheroot of numerous brain disorders. These interconnections
govern motor, cognitive and affective functions®and areimplemented
as fronto-subcortical circuits that cross-communicate®’ but retain a
certain degree of segregation at cortical, striatal, pallidal/nigral and
thalamic levels®®. Although the striatum has often been described as
the primary input structure within the basal ganglia, the subthalamic
nucleus (STN) has recently been recognized as a second direct input
nucleus’. The STN is much smaller than the striatum (-240 mm?)*° but
similarly receives efference copies of projections fromthe entire frontal
cortex®. This property renders the STN an ideal gateway for modulat-
ing large-scale brain networks through direct electrical stimulation
delivered by invasive electrodes.

Indeed, targeting the same nucleus has proven an effective
therapy for a heterogeneous spectrum of disorders that includes
Parkinson’s disease (PD)", dystonia (DYT)"**, obsessive-compulsive
disorder (OCD)"" and Tourette’s syndrome (TS)'*". At first glance,
it may appear paradoxical that applying electrical stimulation to
a subcortical structure of such constrained extent could alleviate
symptoms in four disorders that manifest as differently from one
another at aphenotypical level. However, this seeming paradox may
open a unique opportunity. Because the same compact nucleus is
used as aDBS target for different disorders, it acts as anetwork node
that provides therapeutic access to malfunctioning circuits in each
of these conditions. By isolating circuits whose modulation entails
the most substantial treatment benefit, we may be able to disentan-
gle whether one and the same—or, rather, multiple different—dys-
functional networks are implicated in these multiform phenotypic
presentations.

Here we apply this concept by integrating 534 DBS electrodes—
each implanted for treatment of DYT, PD, TS or OCD symptoms—and
their corresponding clinical outcomes with detailed structural con-
nectomes of the human brain. We analyze the dataset on bothlocal and
global network levels by applying DBS Sweet Spot Mapping'® and DBS
Fiber Filtering®. The resulting circuits segregate the frontal cortex and
its hyperdirect and indirect pathway connections with the STN into dis-
tinct dysfunctional territories. We base this work on broad definitions
of cardinal symptoms presentin each of these disorders (as measured
by established rating scales used in clinical practice).

Results

Patient demographics and clinical results

Discovery cohorts. Each of the four disorders was represented by
two cohorts of bilaterally implanted STN-DBS patients (n=197, 80
females), amountingtoatotal of n =394 analyzed DBS electrodes: DYT
(n=70, 38 females), PD (n=94, 29 females), OCD (n=19, 10 females)
and TS (n =14, three females). Average improvements from DBS ON
to baseline were similar between cohorts and centers. InDYT, the San
Francisco cohort presented with an average improvement of 52 + 42%
and the Shanghai cohort of 65 +29% on the motor subscale of the
Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS). Patients in
the TS cohort from Pisa/Milan benefitted by 62 +18% and those from
Shanghai by 59 + 24% on the Yale Global Tic Severity Scale (YGTSS).
In PD, Berlin patients improved by 45 + 23% and the Wiirzburg cohort
by 49 + 24% on the Unified Parkinson’s Disease Rating Scale-Part IlI
(UPDRS-III). DBS entailed a 45 + 29% reduction within the Yale-Brown
Obsessive-Compulsive Scale (Y-BOCS) for the OCD cohort from London
after ‘STN-DBS-only’ stimulation, and Grenoble patients improved
by 44 +32%. A comprehensive summary of demographic and clinical
patient characteristics along with DBS and imaging specifications is
providedin Supplementary Table 1. Supplementary Tables 2-5 provide
detailed patient-specific information. Figure 1 recapitulates applied
methodological concepts in graphical form. Electrode localization
confirmed electrode placement within the subthalamic region in all
patients (Fig. 2).

Validation cohorts. Validation of the PD streamline model was based
onanadditional STN-DBS cohort (n = 32,10 females) from Wiirzburg,
characterized by a mean reduction of 47 + 21% on the UPDRS-III. In
OCD, an additional patient cohort (n =35, 18 females) receiving DBS
to the ventral capsule/ventral striatum (VC/VS) region was pooled
across Cologne, Boston and London centers. Critically, electrodes
of these novel cohorts were entirely independent from those used
to create the streamline models (see Methods for the special case of
London patients). On average, Cologne patients benefitted from DBS
by 31+ 21%, those from London after ‘VC/VS-DBS only’ by 53 + 26%
and those from Boston by 40 + 30% on the Y-BOCS. Additional
cohort-averaged specifics are featured in Supplementary Table 6,
with patient-wise informationin Supplementary Table 7 (PD validation
cohort) and Supplementary Table 8 (OCD validation cohorts).
Finally, two DBS patients (one with PD and OCD each) were pro-
spectively reprogrammed, and one OCD patient was prospectively
implanted and programmed as informed on the streamline models
established here (see below for more detailed case vignettes).

Dysfunction mappings at the subthalamiclevel

Model definition. Disease-wise stimulation effects were mapped
into anatomical space at the subthalamic level. A caudo-rostral
latero-medial organization emerged for peak voxels associated with
beneficial stimulation ranging from DYT to TS, PD and OCD (Fig. 3,
center). This result was consistent with functional zones commonly
associated with anatomical portions of the nucleus (DYT in the sen-
sorimotor, TSinthe motor, PD in the motor-premotor and OCD inthe
associative-limbic domain). A detailed overview of the anatomical
localization of sweet and sour spots for each disease is provided in
Fig.3 (top and bottom panels). Peak voxel coordinates are reported in
Supplementary Table9.

Estimation of outcomes based on the model. Spatial correlations
between electricfields (E-fields) and the optimal pattern were performed
to confirm that the sweet spot model could explain variance in clinical
outcomes (Fig. 3, middle panel, leftand right). This analysis was carried out
(1) to compare results between disorders and (2) to compare amounts of
varianceaccounted for by sweet spots versus sweet streamlines. Critically,
these in-sample analyses were circular in nature and should, thus, not be
overinterpreted. To account for this limitation, analyses were subjected
to fivefold cross-validation (CV) (Fig. 3, middle panel, left and right) to
investigate generalizability of findings, which yielded significant resultsin
all disorders but TS (with the lowest n). To demonstrate stability of sweet
spot configurations and fivefold CVs across different E-field thresholds, we
repeated the procedure with varying thresholds, which led to consistent
results (Supplementary Fig.1).

Dysfunction mappings at streamline and cortical levels

Model definition. Second, we mapped optimal stimulation effects
to the fronto-subcortical circuitry. Disease-specific data associated
different sets of streamlines with optimal symptom improvements
(Figs. 4a and 5). Peaks of beneficial DBS networks for DYT primarily
interconnected with somatosensory (S1) and primary motor (M1) cor-
tices. Electrode connectivity with M1and supplementary motor areas
(SMAs) emerged as most critical for high stimulation benefitin TS, with
premotor regions and SMAs in PD, and with ventromedial prefrontal,
dorsal anterior cingulate, dorsolateral prefrontal and orbitofrontal
corticesin OCD. Supplementary Fig. 2 displays rotated views of these
streamline segregations. Peak voxel coordinates of interconnected
cortical sites are summarized in Supplementary Table 9.

Although we consider the visualization of thresholded peaks as
most meaningful, thresholding may also mask weaker local optima.
Supplementary Fig. 3 provides more comprehensive, unthresh-
olded landscapes of streamlines. Moreover, we quantified statistical
certainty per streamline (defined by the —log(P) value) to visualize
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Fig.1| Overview of the twofold group-level approach of (sub)cortical
dysfunction mapping. a, DBS Sweet Spot Mapping'®. Patient-specific electrode
reconstructions were first derived relative to their precise position within the
STNregion and integrated with individual stimulation parameters to estimate
E-field magnitudes. Subsequently, Spearman’s rank correlations between E-field
magnitudes and clinicalimprovements were performed (separately for each
disease). Applying this procedure across voxels resulted in a detailed grid of
positively (sweet spot) and negatively (sour spot, not shown here) associated
stimulationssites. b, DBS Fiber Filtering'®. Each streamline within a predefined

normative connectome was weighted by its ability to discern good from poor
respondersin each respective cohort. To do so, the peak E-field magnitudes
among samples drawn along the course of each streamline were Spearman’s
rank correlated with clinical outcomes. Streamlines predominantly modulated
by high E-field magnitudes of good responders received high positive weights
(sweet streamlines), whereas those associated with high E-field magnitudes of
poor responders were attributed high negative weights (sour streamlines, not
represented here).

the influence of smaller sample sizes on mappings (Supplementary
Fig.4). As expected, thisrevealed the lowest certainty for the TS cohort
(which had the smallest sample size).

Influence of electrode placement. Notably, DBS Fiber Filtering results
describe streamlines associated with clinical improvements, which
should not be confused with mere electrode connectivity. Indeed,
mean implantation sites of the standard (second-to-lowest) DBS con-
tactin DYT, PD and TS resided at negligible distance from each other
along the y axis of the STN (P of all independent two-sample ¢-test
comparisons > 0.27, two-sided tests), whereas a significantly different
subthalamicaspect wastargetedin OCD (all P < 0.01, two-sided tests).
Hence, we hypothesized the organization of dysfunction mappings to
predominantly reflect the stimulationimpact on different symptoms
rather than mere differences in electrode placement (at least in all
disordersbut OCD).

Totest thisassumption further in adata-driven fashion, weimple-
mented a total of three control analyses. First, from the entirety of
plain electrode connections per disorder (Fig. 4a, top row), we iso-
lated the subset common to all four disorders and compared it to
disease-specific streamline models. Both four-sample and pairwise
tests of equality of proportions (two-sided tests) suggested signifi-
cant differences between proportions of overlap between shared and
disease-specific streamlines (Supplementary Table 10).

Second, we mapped sweet spots as three-dimensional Gauss-
ian distributions that were fit to the standard electrode contacts
(second-to-lowest) across patients in each disorder. When seeding
streamlines from these Gaussians, the resulting streamline profiles
expectedly looked much less segregated than the dysfunction map-
pings achieved by DBS Fiber Filtering. Although, as anticipated, a slight
segregation of the OCD bundle emerged given significantly different
placement, streamlines seeding from the Gaussians of other disorders

Nature Neuroscience | Volume 27 | March 2024 | 573-586

575


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-024-01570-1

perior

:‘?}— Right ™
Posterior

%

;'g;berlor

Posterior

Posterior

T—f Anterior

Right

Fig.2|Overview of electrode placementsrelative to the STN across discovery
cohorts. Left panels, DBS electrode placement is shown in relation to a posterior
view of the STNin DYT (n =56), PD (n=94), TS (n=14) and OCD (n=19) cohorts,
respectively. Electrode contacts are visualized as point clouds. Right panel,
visualization of DBS leads of the four discovery cohorts investigated in the

present study are featured in the axial plane and colored according to indication.
The STNis defined by the DISTAL atlas, version 1.1 (ref. 28), with an axial plane of
the BigBrain template in 100-pm resolution® displayed as a backdrop (y =-5mm,
z=-10 mm).

were indistinguishable. Furthermore, the OCD streamline bundle was
by far notas anteriorly located asin the model that was driven by clinical
improvements (Supplementary Fig. 5).

Inafinal control analysis, we color-coded therapeutic streamlines
by adedicated specificity value. This value was calculated by dividing
each streamline’s R value by the average of the R values it had been
tagged by within the remaining disorder-specific models. The resulting
partitioning among disease-specific streamline bundles highly resem-
bled the one achieved by our ‘conventional’ mapping approach (Sup-
plementary Fig. 6), underlining specificity of dysfunction attributions.

Estimation of outcomes based on the model. Using E-field overlap
with optimal streamline profiles to estimate clinicalimprovements of
individual patients based on a (circular) in-sample design resulted in
significant correlations for all disorders (Fig. 4b). When subjected to
fivefold CVs, DYT and PD models were robust across all connectomes
butlessso for disorders comprising smaller sample sizes (TSand OCD)
(Fig. 4b). This is not surprising, because fivefold CVs for models cal-
culated on14 (TS) or 19 (OCD) patients are prone to failure, by design.
Robustness of findings from the larger cohorts, however, make us
confident about the general validity of methodological choices. Fur-
thermore, the OCD response bundle identified here has been widely

reproduced based on OCD cohorts stimulated to the STN and other
subcortical targets (see ref. 20 for areview).

Model specificity. Despite discernible segregation in dysfunction
mappings, disease-wise streamline models, expectedly, also showed
considerable overlaps, most visiblyamong DYT and TS. To quantify the
degree of specificity, each profile was, hence, used to cross-estimate
outcomes in all remaining disorders. At large, streamline models
explained significant amounts of variance uniquely in the disease for
which they had initially been calculated (Supplementary Fig. 7).

Influence of connectome. Main analyses were informed on a group
connectome? calculated on diffusion-weighted magnetic resonance
imaging (dMRI)-based tractography of 985 healthy participants of
the Human Connectome Project (HCP)*. Although representative of
average/population brain connectivity, the choice of this particular
connectome may bias results. We, thus, repeated our DBS Fiber Filter-
ing analyses using five additional normative connectomes. First, we
implemented a connectome of unprecedented spatial (760 pm) and
angular resolution based on a single healthy human brain®?, which
optimally lends itself for the detailed visualization of dysfunction
mappings (Supplementary Fig. 8b).
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Fig. 3 | Segregation of dysfunction mappings at the subthalamic level by
disease-specific stimulation effects. Middle panel (center), the topographical
organization of disorder-specific DBS sweet spotsin DYT (n=56), TS (n=14),

PD (n=94) and OCD (n =19) is shown as a density cloud plot relative to a three-
dimensional model of the left STN in template space derived from the DISTAL
atlas, version 1.1 (ref. 28). Sphere size and transparency indicate Spearman’s rank
correlation strength between stimulation impact and clinicalimprovements
atagiven coordinate, with bigger and less transparent spheres coding for

higher correlations. Below, binarized and thresholded sweet spot peaks are
projected onto the STN surface. Top and bottom panels, axial and coronal views
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of sweet and sour spots are displayed relative to the left STN (black outlines),
independently for each disorder, superimposed onto a 100-pum ex vivo brain
template®. Voxels are color-coded by degree of Spearman’s rank correlation
(warm colors for positive associations and cool colors for negative associations)
between E-field magnitudes and clinical improvements. Middle panel (left and
right), Spearman’s correlation plots show amounts of clinical outcome variance
explained by spatial similarity of E-field peaks with disease-wise sweet spot
models (expressed as Sweet Spot Score under each E-field, averaged for bilateral
scores per patient) across the cohort (two-sided tests). Gray shaded areas are
representative of 95% confidence intervals.
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Fig. 4 | Disease-specific sweet streamline modelsin each discovery cohort. template®, in conjunction with a three-dimensional model of the right STN

a,Sweet streamlinesin DYT (n=56; peak R=0.36), PD (n=94; peakR=0.37),

TS (n=14; peakR=0.73) and OCD (n =19; peak R = 0.49) associated with
beneficial stimulation outcomes were filtered from a population-based group
connectome?. The top row demonstrates the set of connections (in white)
seeding from stimulation volumes across patients in each of the four disorders.
Amongthese plain connections, only those were isolated via DBS Fiber Filtering
(middle row) whose modulation was Spearman’s rank correlated with clinical
outcomes (bottom row). Sweet streamlines are highlighted in disease-specific
colorand displayed in thresholded and binarized fashion. Results are shown
againstasagittal slice (x=—-5 mm) of the 7T MRI ex vivo 100-pm human brain

intemplate space from the DISTAL atlas, version 1.1 (ref. 28). b, In-sample
correlations and fivefold CVs are reported for models informed on four different
normative connectomes. Plots in the top row represent the fitting of alinear
model to determine the degree to which the overlap of E-field magnitudes with
selected HCP 985 Connectome? sweet streamlines explains variance in empirical
clinical outcome across the cohort, as calculated using Spearman’s correlation
(two-sided tests). The magnitude of E-field overlap with sweet streamline models
in this analysis is expressed as weighted peak 5% of Fiber R scores under each
E-field, averaged across bilateral scores per patient. Gray shaded areas indicate
95% confidence intervals.
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Fig. 5| Topography of streamlines and interconnected cortical sites
associated with therapeutic stimulation effects. a, Segregation into
therapeutic networks is achieved by means of DBS Fiber Filteringin DYT (n = 56),
PD (n=94), TS (n=14) and OCD (n =19). Disease-specific optimal streamlines
were isolated from a high-resolution normative group connectome” through
association with clinical effects in each disorder. This was achieved using
Spearman’s rank correlation between peak E-field magnitudes by which each
streamline was modulated and clinicalimprovements across the cohort.
Mappings are displayed in thresholded form, against a sagittal slice (x = -5 mm)
ofabrain cytoarchitecture atlasin ICBM 2009b Nonlinear Asymmetric (‘MNI’)
space®. Streamline color intensity is representative of R value magnitude, with
darker colors corresponding to higher correlations. b, The same streamlines
areshownin conjunction with a transparent brain in template space along with

delineations that are color-coded by disease. ¢, To derive the cortical topography
of dysfunction mappings, smoothed, thresholded and binarized density maps

of sweet streamlines were projected onto abrain template in MNI space. Circles
show close-up views of disease-wise interconnected cortical sites, anatomically
characterized based on the JHU atlas parcellation®®. Legend of relevant regions,
with corresponding JHU atlas denominators in brackets: 1 (JHU: 23 and 24),
postcentral gyrus; 2 (1and 2), superior frontal gyrus (posterior segment); 3 (3 and
4), superior frontal gyrus (prefrontal cortex); 4 (25 and 26), precentral gyrus; 5
(5and 6), superior frontal gyrus (frontal pole); 6 (9 and 10), middle frontal gyrus
(dorsal prefrontal cortex); 7 (17 and 18), lateral fronto-orbital gyrus; 8 (13 and

14), inferior frontal gyrus pars orbitalis; 9 (15and 16), inferior frontal gyrus pars
triangularis.

Akey problem of data-driven whole-brain connectomes (as the two
mentioned above), however, is their proneness to false-positive stream-
lines** and low accuracy in representing small subcortical tracts?. To
account for this, we repeated our analysis based on a pathway atlas

manually curated by expert anatomists® (Supplementary Fig. 8c).
Although this dataset is likely the most accurate atlas of subcorti-
cal streamlines that currently exists, a potential drawback lies in its
proneness to false negatives (because not all fibers of the brain were
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Fig. 6| Retrospective and prospective validations of therapeutic streamline was divided using a70/30% rule based on the contacts with the strongest and

targets. To probe the validity of PD and OCD streamline models, five validation
experiments were carried out. a, First and second, empirical outcomes of two
additional independent datasets (PD: n =32 and OCD: n = 35) could significantly
be estimated based on the degree of overlap of their stimulation volumes with the
streamline models. Sweet streamline models calculated on discovery cohorts are
represented in disease-specific color, in thresholded and binarized fashion. Model

validity is expressed in the form of Spearman’s correlations between the stimulation
magnitude by which positive streamlines in the model were respectively modulated

(weighted peak 5% of Fiber Rscores attributed to each E-field, averaged for
bilateral scores per patient) and empirical clinicalimprovements across the
cohort (two-sided tests). Gray shaded areas represent 95% confidence intervals.
b, Third and fourth, prospective reprogramming was undertaken in two patients.
Inthe patient with PD, directional electrodes had beenimplanted, so the current

second-to-strongest streamline overlaps. This led to animprovement of 71% on the
UPDRS-Ill compared to 60% using clinical settings. Inthe OCD case, the contact was
selected based on visual inspection with the streamline model by the clinical team.
Thisled toareduction of 37% on the Y-BOCS compared to 17% under clinician-
selected parameters. ¢, Fifth, a prospective OCD case underwent streamline-
guided DBS surgery. Electrodes were activated at the contact with the highest
streamline overlaps (most ventral contacts bilaterally), leading to a rapid Y-BOCS
reduction of 77% already 1 month after surgery. Depending on the respective
target, reconstructed electrodes and stimulation volumes are featured relative to
three-dimensional models of the STN from the DISTAL atlas, version 1.1 (ref. 28),

or of the nucleus accumbens (Nac) from the California Institute of Technology
reinforcement learning (CIT168) atlas, version 1.1 (ref. 69), and against anatomical
slices of a100-pm ex vivo brain template®. PREOP, pre-operative; PT., points.
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Fig.7| Conserved segregation of dysfunction mappings among indirect
pallido-subthalamic connections. Disease-wise sweet streamlines retaina
high degree of specificity along their indirect pathway trajectory connecting the
STN with the GPi and GPe. Connectivity is modeled based on the Basal Ganglia
Pathway Atlas®. Sweet streamlines associated with optimal DBS outcomes
inDYT (n=56) are interconnected with sensorimotor (a), in TS (n =14) with
associative (b), in PD (n =94) with premotor (c) and in OCD (n =19) with limbic
(d) STNterritories. Streamlines are thresholded and represented in disease-

specific color. Color intensities attributed to each streamline code for the
degree of Spearman’s rank correlation between streamline modulation (peak
E-field magnitudes) and clinical outcomes across the disease cohort, with
darker colorsindicative of higher correlations. Results are displayed relative to
several anatomical structures from the DISTAL atlas, version1.1(ref. 28),and in
conjunction with an axial slice (z=-10 mm) of the BigBrain template®®. ASSOC.
STN, associative territory of the STN; LIMB. STN, limbic territory of the STN;
MOTORSTN, motor territory of the STN; RN, red nucleus.

delineatedin this resource).Second, as the atlasis not based on empiri-
cal dMRI, small details of streamline trajectories in template space
may be misaligned. Thus, we additionally replicated analyses using a
pathway atlasinformed on population-based fiber tracking combined
with expert-defined pathways**?, whichwe amended with interconnec-
tions between the STN and the entire frontal cortex (DBS Tractography
Atlas, version 2.1; Supplementary Fig. 8d).

Finally, the generalizability of dysfunction mappings based on
normative connectomes to disease-specific alterations remains uncer-
tain. In view of potential therapeutic implications of the identified
mappings, we, thus, repeated our DBS Fiber Filtering approachin two
exemplary disease-matched group connectomes—one informed on
diffusion scans of six patients with OCD (Supplementary Fig. 9a) and

one on those of 85 patients with PD*® (Supplementary Fig. 9b). Asimilar
rostro-occipital organization emerged across connectomes, with the
same order of motor disorders in sensorimotor and premotor cortices
toward associative-limbic OCD connections. In-sample correlations
and fivefold CVsbased on normative and disease-matched connectome
modelsarereportedinFig.4b and Supplementary Fig. 9c, respectively.

Retrospective and prospective streamline model validations

Giventhe potential clinical-translational relevance of identified stream-
linesin guiding treatment for optimized benefit, we carried out a total
of five validation experimentsinindependent data. We focused on PD
and OCD as two substantially distinct brain circuit disorders, because
additional retrospective cohorts were unavailable in the remaining
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two disorders, and no prospective enrollments of patients with these
conditions took place at centers associated with this study. First and
second, overlaps of stimulation volumes with the respective streamline
model (PD or OCD) were used to estimate outcomes in two additional
retrospective cohorts. In both the STN-DBS validation patients with
PD (R=0.37,P=0.043) and the VC/VS-DBS validation cohort with OCD
(R=0.35,P=0.034), this procedure corroborated a good fit between
estimates and empirical outcomes (Fig. 6a).

Third and fourth, we reprogrammed two individual patients at
Wiirzburg (PD) and Boston (OCD) centers with the intention of maxi-
mizing engagement of stimulation volumes with the respective stream-
line model (Fig. 6b). The first case was a 67-year-old male patient with
9 yearsintoanakinetic-rigid type PD diagnosis who had beenimplanted
to the STN with directional leads. Three months post-operatively, his
score of 35on the UPDRS-IlIlunder DBS OFF improved to 14 points (60%
reduction) under clinical DBS ON (with medication OFF inboth cases).
Under streamline-based parameters, symptoms further reduced to 10
points (71% reduction).

Thesecond reprogramming patient from Boston was a21-year-old
female with severe, treatment-resistant OCD characterized by obses-
sions about food and water intake along with compulsions involving
ingestion events and skin picking. Implantation of a conventional
omnidirectionallead targeting the VC/VSregion led to animprovement
of six points (17%) on the Y-BOCS, from 35 points (pre-surgical baseline)
to 29 points post-operatively, under clinical stimulation parameters.
One month after streamline-based reprogramming, this score further
reduced to 22 points (37% reduction).

Fifth, we surgically implanted a pair of subthalamic electrodes
for treatment of a 32-year-old male, who had suffered from refrac-
tory OCD since the age of 18 years, at the Sdo Paulo center (Fig. 6¢).
After a depressive phase, the patient had developed a compulsion
of noting every word novel to him and transcribing its meaning from
dictionaries, by which he filled numerous notebooks. Later, he began
experiencing intrusive death-related thoughts that eventually pro-
voked compulsive religious rituals along with concomitant apathy and
depression. Since accordingto the surgical plan, electrode localization
had revealed by far the highest overlaps of the ventral-most contacts
with the streamline density image; these were activated unipolarly at
3 mA per hemisphere. Only 4 weeks after surgery, the patient, as well
as his caregivers, reported a marked improvement of symptoms that
had been notable within 1d after switching on the DBS system. The
Y-BOCS score had improved to six points, froma pre-surgical baseline
of 26 points (77% reduction).

Inallthree prospective cases, patient-specific tractography con-
firmed agreement between individual streamlines and normative
models (right-most panels in Fig. 6b,c). Supplementary Table 11 sum-
marizes these prospective patient cases.

Dysfunction mappings at the level of indirect pathways
Although hyperdirect cortico-subthalamic interconnections
are best suited to segregate the frontal cortex, the cortico-basal
ganglia-thalamocortical system forms loops that include indirect
projections from the striatopallidofugal system (and particularly the
external pallidum (GPe)) to the STN?. Structural representations of
the indirect pathway connecting GPe and STN are organized within
Edinger’s comb system'*° and difficult, if not impossible, to recon-
struct from diffusion imaging given their orthogonal course to the
highly anisotropic internal capsule®.

Tointerrogate the topography of dysfunction attributions at the
level of indirect connections, we, thus, repeated our DBS Fiber Filter-
ing analysis based on pallido-subthalamic streamlines provided by the
Basal Ganglia Pathway Atlas®. Again, segregation was evident between
disease-wise interconnected sites, and their anatomical organization
was largely consistent with the one of hyperdirect pathway and sweet
spot mappings (Fig. 7). Therapeuticindirect connections inDYT were

interconnected with sensory/sensorimotor regions of the STN, whereas
those in PD connected to territories within the premotor zone of the
nucleus. Interconnected sites in TS predominantly resided within
associative aspects and those of OCD within limbic subthalamic areas
(insetsin Fig. 7).

Discussion

Derived from 534 invasive brain stimulation sites spanning 11 patient
cohorts and three prospective patient cases treated for DYT, TS, PD
or OCD across 10 international institutions, we draw three key con-
clusions. First, we showcase the network effects of intracranial brain
stimulation as a viable tool for systematically investigating the coupling
between circumscribed cortical circuits and selective clinical dysfunc-
tions. Asamethod, thisapproachis capable of mapping what we term
the human ‘dysfunctome’—that s, the sets of connections that are
disrupted and malfunctioning across different brain disorders. Sec-
ond, we demonstrate the topographical organization of dysfunction
mappings to be mirrored across neuroanatomical levels: (1) among
prefronto-subthalamic loops and interconnected cortical sites, (2)
within pallido-subthalamic connections and, in miniaturized fashion,
(3) withinsubthalamic subterritories. Dysfunctional networks primarily
interconnected the STN with sensorimotor and cerebellar cortices in
DYT whileinvolvingM1and SMAsin TS, premotor and supplementary
motor areas in PD and ventromedial prefrontal, anterior cingulate,
dorsolateral prefrontal and orbitofrontal cortices in OCD. Third, by
their association with previous treatment success, these attributions
may hold clinical significance as therapeutic targets in stereotactic
neurosurgery and non-invasive neuromodulation’*. We present initial
retrospective and prospective evidence of applying these results to
inform clinical decision-making. Notably, we leveraged the identified
circuitstoimprove treatment benefitinthree prospective patient cases.

Methodologically, our study demonstrates the use of subcorti-
cal neuromodulation with connectomics as an effective strategy for
probing relationships between neuroanatomy and functional impair-
ments. This concept could be perceived as anetwork-based extension
of historical studies that topographically mapped the sites of direct
electrical stimulation (oftenapplied cortically during epilepsy surgery)
to specific symptoms. Among the most influential authors, Penfield
and the scientific teamaround him assembled an exhaustive functional
map of the cortex based on intraoperative mappings of sensorimotor
phenomena®. The present paper applies a paradigm that may be per-
ceived asaderivative of Penfield’s work, combining brain stimulation
administered to aspecific small (but widely connected) nucleus deep
inside the brain with connectomics. Demonstrating the utility of this
approach could pave the way to similar work involving other subcorti-
cal and cortical neuromodulation sites. Its application at scale and in
an increasingly fine-grained manner (for example, by investigating
specific symptoms) may lead to more comprehensive definitions of
the human ‘dysfunctome’.

Conceptually, our results identify roles of cortico-basal ganglia
pathways in different brain dysfunctions using an invasive method’.
Attributions were specific to the predominant functional impairment
in each disorder. Moreover, they did not reflect merely brain connec-
tions of differentially placed electrodes but also their relevance for
successful symptom treatment. They were further evident irrespec-
tive of which healthy or disease-matched connectomes they had been
calculated from. Before the teams at Ann Arbor and Johns Hopkins
presented their work on what is now referred to as the Albin-DeLong
model*>*, the basal ganglia were conceptualized as a funnel thatinte-
gratesinformation from different cortical strands to the motor cortex,
whichtheninitiates action. In essence, the basal ganglia had primarily
been categorized as motor structures. Work by Alexander et al.® chal-
lenged this traditional understanding, proposing the idea of parallel
circuits involving motor, cognitive and limbic processing. Although
there is strong cross-communication at least on cortico-cortical,

Nature Neuroscience | Volume 27 | March 2024 | 573-586

582


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-024-01570-1

cortico-striatal, striato-nigral and thalamo-cortical levels, loops associ-
ated with different functionsretaina degree of segregation throughout
their cortico-basal ganglia-thalamo-cortical course®***,

The concept of the ‘hyperdirect pathway’ builds on this framework,
proposing that certain cortical neurons send direct projections to
the STN, which bypass the striatum to create adirect link between the
cortex and the structure®*®. The functional grouping of subthalamic
terminals within these hyperdirect projections can be best under-
stood based on their cortical origins. In this vein, a dorsolateral motor
aspect comprising connections to M1 and SMA is defined, along with
aventromedial cognitive territory with originin superior, middle and
inferior prefrontal cortices, and a limbic anteromedial tip connected
with orbitofrontal, anterior cingulate and ventromedial prefrontal cor-
tices, hippocampus and amygdala®®. The present results substantiate
the general pattern of this distribution based on invasive stimulation
sites in four different brain disorders.

Despite confirming a certain amount of segregation between
loops, our findings are also compatible with the concept of
cross-communication or integration as well as so-called open-loop
architectures®’. Indeed, therapeutic targets identified here showed
considerable overlaps (most notably between DYT and TS; also see
Supplementary Fig.3).Inline with the concept of ‘processing gradients’
(rather than entirely segregated loops), our analysis demonstrates
preferential mappings between neuroanatomy and stimulation effects.
This notion fits with evidence on partial convergence between termi-
nals from different cortical projection sites and interaction between
functional subthalamic subterritories®.

Clinically, the identified circuits directly represent therapeutic
targets that could inform stereotactic targeting in neurosurgery and
potentially non-invasive neuromodulation at the cortical level'. This
isunderscored by the successful retrospective and prospective valida-
tions of the OCD and PD streamline targetsin the present study, which
provide initial evidence for clinical applications of our findings. We
must emphasize, however, that the degree of certainty varies between
the studied disorders as a function of the sizes of available samples,
especially in TS as a relatively novel application for subthalamic DBS
with only few implantations performed worldwide.

Sensorimotor and cerebellar loops have been linked to symptom
improvements in DYT by investigations that used similar sources of
information (such aslesions or different forms of brain stimulation)'>*".
The sensorimotor cortex along with its basal ganglia interconnec-
tions™®, but also the cerebellum and cerebello-thalamic pathway***°,
have been related to dystonic pathophysiology, with non-invasive
sensorimotor-cortical* as well as cerebellar* stimulation yielding
clinical benefit. Under DBS, aspects of motor control, such as motor
sequence learning, voluntary movement coordination, sensorimotor
adaptation and the control of specificbody parts, may improve, which
depend on the accurate functioning of cerebellar or sensorimotor
loops (or anintegration of both)*.

In PD, fronto-subthalamic loops connecting the SMA to the STN
have been deemed critical in both historical** and recent work*~*.
Structural connectivity between subthalamic electrodes and SMA as
well as pre-motor areas correlated with motor improvements in PD,
and overlap of stimulation volumes with this set of streamlines, was
associated with outcomes inindependent patients®. Thisis in line with
PD motor benefit observed under cortical SMA stimulation”. Function-
ally, these therapeutic effects may relate to involvement of the SMA in
movement selection, preparation and initiation*®.

The streamline bundle identified in the OCD cohort emerged
as an effective ‘OCD response streamline target’ beyond stimulation
of the STN region (for a review, see ref. 20). Conceptualized as an
associative-limbic hyperdirect pathway with passage through the inter-
nal capsule onits trajectory toward the STN and other mesencephalic
nuclei, thisbundle is connected to diverse prefronto-cortical regions,
such as the anterior cingulate and dorsolateral prefrontal cortex>®.

These findings were also confirmed via functional mappings®**°. Con-
currently, these cortical sites have been FDA approved as transcranial
neuromodulation targets for OCD*°. Functionally, recalibrating this
streamline bundle may resolve repetitive thoughts and behavior by
interrupting a pathological control signal emitted through hyperac-
tive prefrontal regions®.

Network correlates to restore functionality in TS are less estab-
lished, especially not via the more recent application of subthalamic
DBS'*".Here, the most highly weighted hyperdirect streamlines showed
connectivity to M1and SMA. These regions align with tic-related altera-
tions’*, have been associated with tic reduction under thalamic® or
pallidal DBS***° and have been probed as non-invasive neuromodula-
tion targets for TS*. The SMA, in interaction with M1, may be involved
intic preparation, relaying signals to areas underpinning action moni-
toring or tic execution”.

Our study has several limitations. First, analyses relied mainly
on retrospective data, which may bias the interpretation of clinical
outcomes. Aggregation of a large multi-center sample (n =534 elec-
trodes) further inevitably introduced different sources of variability.
Still, most of our models extrapolated across differences in targeting
strategies between surgeons and centers, imaging modalities and pro-
tocols, electrode models, stimulation paradigms or clinical assessment
strategies. Furthermore, we validated results on unseen cohorts and
prospectively tested PD and OCD circuits in individual patient cases.

Second, the underlying physiological effect may not be fully cap-
tured by the simplified biophysical model employed here to approx-
imate the amount of tissue activated. For instance, E-field models
neglect the impact of stimulation onto glial cells, intracellular pro-
cesses or synaptic reorganization®. In addition, varying stimulation
parameters may entail differential consequences®’. For these reasons,
refined modeling of the focal stimulation impact might contribute to
afurther increased validity of results®.

Third, warping lead localizations into template space may have
introduced slight mismatches. We sought to counteract this bias
as much as possible by using an advanced processing pipeline that
included brain shift correction®, multi-spectral normalization, subcor-
tical refinements and phantom-validated electrode reconstructions®.
We further applied anormalization strategy with similar performance
in STN segmentation as manual delineations by anatomical experts
in two independent evaluations®>®*. In addition to meticulous visual
inspection and refinement of all remaining outputs of this process-
ing pipeline, the subthalamic atlas fit was manually optimized via the
WarpDrive toolbox®*.

Fourth, with patient-specific dMRI largely unavailable, anatomi-
cal delineations were based on normative or disease-matched con-
nectivity. Undoubtedly, the use of connectivity acquired outside of
the patient sample in question introduces limitations regarding the
anatomical accuracy. Nevertheless, an advantage of normative connec-
tomesliesintheir higher resolution and signal-to-noise ratio than what
would be attainable during clinical routine. This unprecedented quality
results from the possibility of longer scanning durations and reduced
movement artifacts in healthy participants as compared to movement
disorder and neuropsychiatric patient populations. Similarly, the
frequent use of advanced acquisition tools critically contributes to
increased imaging quality. At the same time, our study was precisely
aimed at deriving a ‘broad lens’ description of dysfunctional networks
in the average human brain, and mappings were largely consistent
across four normative connectomes. Additionally, we demonstrated
the validity of segregations in the face of disease-specific connectiv-
ity alterations. Although here and in previous research (for a review,
see ref. 1) normative models could significantly account for variance
in clinical outcome outside of the discovery sample and showed pro-
spective clinical benefit, the reported streamlines should be further
validated in patient-specific data before clinical applicationin stereo-
tactic targeting and programming of DBS systems.

Nature Neuroscience | Volume 27 | March 2024 | 573-586

583


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-024-01570-1

Finally, cohorts of two disorders (OCD and TS) analyzed in the
present study were similarly small, and most of the resulting models
did not survive CVs. The same methodology was applied to all disor-
ders, and, hence, the approach itself could be validated based on the
remaining two disorders (PD and DYT). We further validated the OCD
streamline model using an additional patient cohort and two pro-
spective cases. Concurrently, the same bundle has been described”*
and validated repeatedly in earlier work to be relevant for OCD (for a
review, see ref. 20). However, especially for TS, the limitation of alow
nstill stands.

In conclusion, our study demonstrates the potential of invasive
brain stimulation as a ‘flashlight’ pointing from the subcortex onto
the topography of the human ‘dysfunctome’. Specifically, we found
beneficial stimulation effects in four different brain disorders to be
organized as a function of cardinal symptom domain at the level of
fronto-subthalamic circuits and their interconnected cortical sites.
Intriguingly, a comparable—yet miniaturized—topography was mir-
rored focally at the site of stimulation in the subcortex. This scaling
effect on dysfunction attributions across neuroanatomical levels pro-
vides acompelling answer to the conundrum of similar clinical effects
after stimulation to different access nodes of a shared therapeutic
network.

Online content
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Methods

Patient cohorts, imaging and clinical assessments

Every stage of the research process complied with all relevant ethical
regulations, and post hoc analyses performed for the purpose of the
present manuscript were approved by the institutional review board
of Charité - Universitdtsmedizin Berlin (master vote EA2/186/18). Pro-
cedures of clinical trials and studies leading to the collection of these
data were approved by the institutional review boards at each of the
respective data collection sites. They were carried out in accordance
with the 1975 Declaration of Helsinki, and all participants signed an
informed consent before study participation. Participants received no
compensation in exchange for taking partin this research.

Discovery cohort. The present study sought to establish models of
optimal focal stimulation sites and streamlines, harnessing a retro-
spective discovery sample of eight patient cohorts (n =197) spanning
seven international DBS centers (San Francisco, Shanghai, Berlin,
Wiirzburg, Grenoble, London and Pisa/Milan). Each of these patients
had been bilaterally implanted with subthalamic DBS for treatment
of DYT (n=70), PD (n=94), TS (n=14) or OCD (n=19). The full sam-
ple consisted of two patient cohorts per disease, with the Shanghai
center contributing two cohorts (DYT and TS data). Among all available
patients with complete neuroimaging and clinical outcome informa-
tion, no patient was discarded from our analyses. Instead of prospec-
tive randomization, we leveraged incidental variability in electrode
placement within each disease cohort, which can be presumed to be
random. Supplementary Table 1 summarizes the included discovery
cohorts, with more detailed patient-wise demographic and clinical
information listed in Supplementary Tables 2-5.

Giventhe exploratory nature of our study, no statistical methods
were used to pre-determine sample sizes. As neuropsychiatric appli-
cations of STN-DBS are recent and rare, samples, especially in TS and
OCD, are limited by the small number of worldwide surgeries. In the
TS cohort, we included all globally treated patients undergoing STN
stimulation for this condition at the time of analysis. Overall, we were
abletoinclude two cohorts per disease group. Our initial assumption
of expected effect sizes was based on Lietal.”* and Treu et al.”’, withan
R of approximately 0.4 for reported correlations between empirical
clinical outcomes and estimated gain scores. In view of the natural
restrictionsinavailable sample sizes, we calculated a‘compromise’ type
power analysis using G*Power, version 3.1.9.6 (refs. 71,72), to determine
the power of our analyses based onthe accessible data per disorder to
detect the assumed effect. Givena3/aratio of 1, the available DYT sam-
ple (n=56inthe main cohort) used for the model setup was powered to
0.94, the PD sample (n=94)t0 0.98, the TS sample (n =14) t0 0.77 and
the OCD sample (n=19) to 0.81for detecting the assumed effect size.
To our knowledge, this is the largest transdiagnostic study of its kind.

Retrospective validation cohorts. To further validate streamline
models intwo exemplary disorders based on out-of-sample data, two
additional patient cohorts were integrated. The first consisted of a
further cohort of patients with PD from Wiirzburg receiving STN-DBS
(n=32). The second comprised an additional cohort of patients with
OCD, pooled across London, Cologne and Boston centers, treated with
DBS ofthe VC/VS region (n = 35). Crucially, these patients contributed
entirely independent data points that had not been used to informthe
previous streamline model setup. The only exception was formed by the
OCD-DBS cohort from London, inwhich patients had received aset of
electrodes eachtoboth targets (STNand VC/VS, with n = 4 electrodes
per patient) that had been activated independently during the original
study”. For this cohort, stimulation settings and clinical scores with
‘optimized’ stimulation of bothtargets combined or of eachtarget sepa-
rately were available. For model generation within the discovery cohort
(withsubthalamic focus), stimulation parameters and corresponding
Y-BOCSimprovement values collected during the ‘STN-DBS-only’ phase

were implemented, whereas corresponding information acquired
during the ‘VC/VS-DBS-only’ phase was used to inform the retrospec-
tive OCD model validation. Supplementary Table 6 summarizes these
two additional retrospective cohorts. Patient-specific information is
providedinSupplementary Table 7 (PD validation cohort) and Supple-
mentary Table 8 (OCD validation cohorts). Again, none of the available
patients with complete neuroimaging and clinical information was
excluded from further analysis.

Prospective patient cases. Streamline models for PD and OCD were
further prospectively validated by reprogramming DBS settings in a
patientwithPD and in a patient with OCD from Wiirzburg and Boston,
respectively, guided by the aim of maximized engagement of their
stimulation volumes with the corresponding streamline model. Both
patients were recruited and investigated within the ongoing clinical
service—namely, in the inpatient DBS program at University Hospital
Wirzburginthe case of the patient with PD or in the DBS program of the
psychiatry and neurosurgery departments at Massachusetts General
Hospital (MGH) in the case of the patient with OCD.

Finally, asingle patient with OCD from Sao Paulo underwent DBS
surgery and programming as informed by the OCD streamline model.
This patient was recruited within the regular surgical service of Clinica
deDor e Funcional after classification as arefractory case of OCD that
was associated with depression. He underwent evaluation by aneurolo-
gist, apsychologist and two functional neurosurgeons before approval
ofthe DBSimplantation surgery by the Ethics Board Committee of the
State of Rio Grande do Sul. Supplementary Table 11 provides additional
details onthese three patient cases.

Toinformsurgical planning and for exclusion of structural abnor-
malities, all patients received high-resolution multi-spectral struc-
tural MRI that had been acquired at 3T field strength. High imaging
quality was ensured through visual inspection by a multi-disciplinary
team during stereotactic planning, and, in case of movement artifacts,
pre-operative acquisitions were repeated under general anesthesia.
Intra-operative microelectrode recordings and macrostimulations
aswell as either post-operative MRI (n = 73) or computed tomography
(CT) of the head (n=188) (Supplementary Tables 1-8 and 11) were
acquired to confirm accurate lead placement.

Specifics onelectrode modelsimplantedin each cohort usedfor the
model setup are summarized in Supplementary Table 1, and the same
information for retrospective model validation cohorts and prospective
patient casesis providedin Supplementary Tables 6 and 11, respectively.
Stimulation settings and corresponding clinicalimprovement scores for
all cohorts were selected from times of follow-up to which stimulation
effects had sufficiently stabilized (Supplementary Tables 1, 6 and 11).

Times of follow-up available for some patients within the n=58
cohort of patients with DYT from Shanghaiwere shorter than those of
other disease cohorts. In addition, as DYT is a heterogeneous disease
of several forms (for example, generalized, segmental and focal soma-
totopicexpressions), pre-operative BFMDRS summary scores insome
Shanghai patients were considerably lower than those of patients in
the SanFrancisco cohort. To ascertain stabilized and comparable DBS
effects across cohorts, main analyses were, thus, carried outonthe DYT
sampleincluding asubcohort of Shanghai patients (n = 44), which suf-
ficed to more conservative inclusion criteria (baseline BFMDRS scores
>5 and follow-up =6 months). However, we repeated our results on
the complete DYT sample (n = 70) including the full Shanghai cohort
(n=58) to demonstrate stability of effects (Supplementary Fig. 10).

Clinical outcome dataand DBS parameters were retrieved from the
collecting sites using Microsoft Excel, version16.70, and imported for
analysis using MATLAB R2022b, version 9.13.0.2105380 (MathWorks).
Clinicalimprovement was measured inthe form of relative change from
pre-operative baseline to post-operative follow-up under DBS ON (or
from post-operative OFF to ON DBS conditionsin the case of PD) within
the primary outcome assessment of each disease cohort: BFMDRS in
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DYT, UPDRS-IIlin PD, Y-BOCS in OCD and YGTSS in TS. Blinding was
notrelevantinthe case of the secondary analyses of existing datasets
performed here. To mitigate the risk of observer bias, we tested the
explanatory value of our models in hold-out data and performed ret-
rospective and prospective validation experiments (see below).

Of note, most statistical results in the present manuscriptinvolve
Spearman’srank correlations, which do not make assumptions about
the underlying distribution. Inaddition, for these results, scatter plots
ofindividual data points are shown. For analyses in which ¢-tests were
calculated, normality and equality of variances were formally tested
(and present for all cases).

DBS electrode localization and E-field modeling

DBSelectrodes of all patients were localized based on default settings
inanadvanced, state-of-the-art processing pipeline asimplementedin
Lead-DBS software, version 3.0 (https://www.lead-dbs.org)™*. MATLAB
R2022b, version9.13.0.2105380, was used to apply this Lead-DBS-based
analysis stream. In brief, our approachinvolved linear co-registrations
of post-operative head CT or MRI scans to pre-operative T1-weighted
images by means of Advanced Normalization Tools (ANTSs; http://
stnava.github.io/ANTs/)”. Co-registration results were subsequently
corrected for potential intra-operative brain shift via an automatized
subcortical refinement module (asimplementedin Lead-DBS) but also
needed to conform to meticulous visual inspection by two expert users
(B.H.andN.L.). This latter step led to manual refinement in cases where
aberrations were detected.

All pre-operative acquisitions were used for multi-spectral spa-
tial normalization into ICBM 2009b Nonlinear Asymmetric (‘MNI’)
template space’ using the Symmetric Normalization (SyN) approach
included in ANTs with the ‘effective: low variance +subcortical refine-
ment’ preset in Lead-DBS. This method had outperformed similar
approaches for subcortical normalizations (including STN segmenta-
tion) across >10,000 nonlinear warps and different normalization tech-
niquesintwoindependentstudies, with precision approaching manual
expertsegmentation®®, For all analyses and visualizations of results,
atlas definitions of the STN were based on the DBS Intrinsic Template
(DISTAL) atlas, version 1.1 (ref. 28), a precise subcortical atlas explicitly
created for use within Lead-DBS and based on convergentinformation
from multi-modal MRI, histology and structural connectivity.

To maximize registration accuracy further, normalization warp
fields were manually refined using the WarpDrive®* toolbox included
inLead-DBS, version 3.0 (ref. 74), wherever mismatches inthe registra-
tionwere clearly visible and with particular attentiontothe STN as the
anatomical structure in focus. Although high registration precision
between a template brain and individual brain anatomy is of utmost
importance for accurate reconstructions of electrode localizations,
thelow contrast of basal ganglia structures on typically applied clinical
imaging sequences renders the automated registration between an
individual and an atlas STN challenging®*””. WarpDrive is conceived
as a dedicated but optional module that allows to manually coun-
teract small misalignments after automated normalization has been
performed. Supplementary Fig. 11 shows examples of optimized nor-
malization warp fields after manual WarpDrive refinements (ANTs +
WarpDrive) in head-to-head comparison to unrefined, direct results of
the automated pipeline (ANTs only). Across the entire discovery cohort,
displacements of 0-1 mmwere appliedinn =296 electrodes, of 1-2 mm
inn=82electrodes and of >2 mmin n=16 electrodes.

Subsequently, electrodes were pre-localized using the
phantom-validated Precise and Convenient Electrode Reconstruc-
tion for Deep Brain Stimulation (PaCER) algorithm® in the case of
post-operative CT. In the case of post-operative MRI, the trajectory
search/contact reconstructions (TRAC/CORE) algorithm”® was imple-
mented instead, both as included in Lead-DBS, version 3.0 (ref. 74).
The resulting pre-localizations were visually inspected and manually
refined by two experienced users (B.H.and N.L.).

Integrating patient-specific active electrode contacts with cor-
responding stimulation parameters, the E-field as the gradient distri-
bution of electrical potential in space was simulated in native patient
space viaanadaptation of the SimBio/FieldTrip pipeline (https:/www.
mrt.uni-jena.de/simbio/ and http://fieldtriptoolbox.org/)” asimple-
mented in Lead-DBS, version 3.0 (ref. 74). Using a finite element (FEM)
approach, a volume conductor model was created on the basis of a
four-compartment mesh®, whichinvolves arealistic three-dimensional
model of electrodes (metal and insulating electrode aspects) and sur-
rounding anatomy (gray and white matter). Again, gray matter was
defined using the DISTAL atlas, version 1.1 (ref. 28). Finally, electrodes
and E-fields were transformed into template space based on the (manu-
ally optimized) warp fields priorly determined during normalization of
pre-operative MRl acquisitions. These steps allowed for visualization
and analysis of electrodes and stimulation fields at the group level
using the Lead-Group toolbox’ as well as DBS Sweet Spot and Fiber
Filtering Explorers™.

Dysfunction mappings at the subthalamiclevel

Model definition (Fig.1a). Our group-level approachintended to delin-
eate and compare the organization of disorder-specific stimulation
effects across different neuroanatomical levels, namely (1) that of the
subthalamictarget site (DBS Sweet Spot Mapping) as well as (2) that of
fronto-subthalamic pathways and interconnected cortical sites (DBS
Fiber Filtering).

In the first part of our analysis stream, DBS Sweet Spot Map-
ping'® (Fig. 1a) was performed in each disease cohort separately to
identify subthalamic voxels linked to optimal stimulation-related
improvements within each respective cardinal dysfunction. For this
purpose, information from patient-specific E-fields was integrated
with corresponding clinical outcome scores. The E-field denotes
the first derivative of the estimated voltage distribution admin-
istered to voxels in space, exhibiting greater intensity near active
electrode contacts and diminishing rapidly as distance increases.
On a voxel-by-voxel basis, the E-field magnitude in each voxel
encompassed by the E-field volume was denoted for each patient
acrossthe cohort. To account for variability in voxels covered across
E-fields within each cohort and to circumvent unrepresentative
results biased by too few data points, the region of interest (ROI)
was limited to brain voxels encompassed by at least 50% of E-fields
exceeding amagnitude threshold of 200 V/m. This E-field magnitude
corresponds to acommonly assumed estimate of voltage needed to
activate axons****' and has been repeatedly successfully applied in
models of DBS effects on anatomy surrounding the active electrode
contact across disorders (for example, in refs. 19,82). Nonetheless,
sweet spot modeling and corresponding quantitative validations
were repeated for a range of different thresholds (that is, 180 V/m,
200 V/m and 220 V/m) to demonstrate robustness of results (Sup-
plementary Fig.1). For each considered voxel, this procedure resulted
inavector of E-field magnitude values of the length of the respective
patient sample.

Iterating through brain voxels encompassed by the group of thres-
holded E-fields in template space, Spearman’s rank correlations were
calculated between the vector of E-field magnitudes and the vector of
relative clinicalimprovements of all patients. This procedure resulted
inamap of positive peak voxels associated with beneficial stimulation
effects (sweet spot) as well as negative peak voxels related to detri-
mental stimulation effects (sour spot). The resulting model can be
conceived as an optimal map of where E-fields should ideally stimulate
thefocal anatomy to maximize treatment success withinthe respective
domain of dysfunction. Of note, these correlation coefficients should
not be interpreted as significant results due to the mass-univariate
(voxel-wise) nature of our analysis. Instead, they were validated by
probing model performance in estimating clinical outcomesin afive-
fold CV design (see below).
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Estimation of outcomes based on the model. Once optimal sweet
spot models had been established in each disease cohort, each model
was tested for its explanatory value for clinical outcome variance. To
doso, magnitudes of individual E-fields were multiplied with the model
in a voxel-wise fashion, and results were averaged across voxels. This
led to the attribution of one ‘Sweet Spot Score’ per E-field, and scores
were finally averaged across bilateral E-fields to achieve one single
Sweet Spot Score per patient. Our modeling approach followed the
logic that E-fields in which peaks spatially overlapped highly with
the sweet spot (receiving a high positive Sweet Spot Score) would be
associated with considerable clinical improvements, whereas E-field
peaks markedly encompassing the sour spot (high negative Sweet
Spot Score) would result in low or negative estimates. To probe the
tenability of this hypothesis, we performed in-sample Spearman’s cor-
relations (two-sided tests) between Sweet Spot Scores and empirical
clinical outcomes across the cohort. More precisely, the model was
calculated on the full discovery cohort, and E-field overlap with it was
used to estimate clinical outcomesineach discovery patient. Although
representing circular outcomes, these in-sample correlations allowed
to compare results (1) across disorders and (2) between sweet spot and
sweet streamline findings.

To investigate the generalizability of these results, we further
tested whether disease-wise models were robust when subjected to a
fivefold CV design, where the sweet spot model was built onasubset of
four-fifths of the respective disorder’s discovery cohort (training set)
ineach of the five folds, and results were used to estimate clinical out-
come of the remaining (held-out) fifth of patients (test set). Crucially,
because data of remaining patients were not used to inform the model,
respectively, the CV strategy was unbiased by circularity. Once esti-
mates for all patients had been derived, the sweet spot model accuracy
was finally tested by correlating model-based Sweet Spot Scores with
empirical outcomes across the disease cohort. Inall analyses, Pvalues
were derived based on permuted testing building on 5,000 iterations.

Visualization of subthalamic dysfunction mappings. Disease-wise
sweet spots were smoothed by akernel of two at full width at half maxi-
mum using Statistical Parametric Mapping (SPM12) software (https://
www.fil.ion.ucl.ac.uk/spm/) to visualize the organizational pattern
of subthalamic dysfunction mappings across disorders. Smoothed
profiles were projected onto the surface of a three-dimensional
model ofthe STNinICBM 2009b Nonlinear Asymmetric space derived
from the DISTAL atlas, version 1.1 (ref. 28), using Surf Ice software,
version 1.0.20211006 (https://www.nitrc.org/projects/surfice).
Three-dimensional density plot renderings of sweet spots were fur-
ther generated by plotting R value magnitudes coded by spheres with
different sizes and alpha values in space using Lead-DBS, version 3.0
(ref. 74). Namely, the size and alpha value (transparency) of spheres
were weighted by the correlation of modulating the coordinate with
clinical outcomes, so that higher correlation results were visualized in
the formof larger and less transparent spheres. Two-dimensional axial
and coronal views of sweet and sour spots were additionally displayed
separately for each disorder using 3D Slicer software, version 5.2.1
(https://www.slicer.org/).

Dysfunction mappings at streamline and cortical levels
Model definition (Fig. 1b). The second part of our analysis stream
followed the intention of deriving the topographical organization of
dysfunctionmappings (1) at thelevel of hyperdirect fronto-subthalamic
streamlines and (2) that of interconnected sites within the frontal cortex.
To understand the relationship between DBS-based modulation
of specific streamlines and a given clinical effect, we, thus, harnessed
a previously validated structural connectivity analysis, termed DBS
Fiber Filtering® (Fig. 1b), in an adapted form for implementation in
(non-binarized) E-fields”. Structural connectivity was primarily defined
by a population-based group connectome derived from multi-shell

dMRI-based tractography data of 985 healthy participants acquired
withinthe HCP 1,200 subjects release?. Details on the calculation pro-
cedure of this connectome arereportedin Lietal.”. Inbrief, computa-
tion of awhole-brain connectome for each of the 985 healthy patients
was performed using the Lead-Connectome tool, as provided within
the Lead-DBS environment, version 2.0 (ref. 60) (https://www.lead-dbs.
org/about/lead-connectome/). Normalization of streamlines into
template space involved amulti-spectral warp building on T1-weighted,
T2-weighted and diffusion-weighted acquisitions through use of ANTs
(using the ‘Effective Low Variance’ preset in Lead-DBS, version 2.0
(ref.60)).Intotal, 6,000 streamlines were sampled per individual, which
were finally aggregated across all 985 HCP participants toformacollec-
tive dataset in MNI space (encompassing a total of 6,000,000 fibers).

Although, by design, normative connectivity is unable to fully
account for patient-specific anatomical variability, itis optimally suited
for ‘broad lens’ insight into the average human brain at particularly
high resolution, as precisely aimed at in the present investigation.
Althoughsmallinter-individual differencesin the topography of human
fronto-subcorticalinterconnections exist, at least ageneral agreement
canbe presumed (Supplementary Fig.12). To assess the general topo-
graphy of cortico-subthalamic interconnections, we seeded stream-
lines from five seed points that were manually placed along the dorsal
convex shape of the STN in standard space (Supplementary Fig. 12a).
We normalized streamlines originating from nine random individual
HCP subjects and selected streamlines that connected to each of the
seed pointsinindividualized connectomes (Supplementary Fig.12b).
This enabled visual comparability between the topography of STN con-
nections. Although, as expected, the general fronto-rostral topography
of interconnections between cortex and STN was revealed in all nine
individuals (Supplementary Fig.12c), the results also show individual
variance. In this context, we must mention that only an unknown frac-
tion of these differences should be attributed to true anatomical vari-
ance. As demonstrated by several authors using test-retest analysis
of brains that were scanned multiple times with dMRI, a substantial
fraction of individual differences needs to be attributed to noise and
distortions in the data, the choice of MRI machine and tractography
algorithms®%*,

Again, the streamline modeling procedure was performedineach
disease cohort separately. Per disorder-wise cohort, we first isolated
the subset of streamlines from the normative connectome that passed
in proximity of at least a minimal number of electrodes. These were
characterized inthe form of streamlines traversing arather high E-field
magnitude (>0.8 V/mm) close to active contacts in more than 0.5% of
E-fields within that cohort. Iterating through this subset of streamlines,
one streamline at a time, the stimulation impact per E-field on each
streamline was estimated by the peak value among E-field magnitudes
collected from points alongits passage. This resulted in a‘streamlines
by E-field peaks’ matrix in which each entry denoted the peak impact
of each E-field on each streamline.

Second, the entries of the ‘streamlines by E-field peaks’ matrix
were Spearman’srank correlated with clinicalimprovements across the
disease cohort. Following this procedure, each streamline was tagged
by an R value coding for the association strength of its modulation
with clinical outcome. The resulting streamline profile can be seen as
amodel of optimal connectivity for maximal clinical improvements,
where streamlines with positive weights would be strongly modu-
lated by E-fields of good performers (sweet streamlines) and such with
negative weights by E-fields of poor performers (sour streamlines). As
these correlation coefficients relied on a mass-univariate approach,
streamline profiles were later validated by probing their capability to
estimate clinicalimprovementin data that had notbeenusedtoinform
the model (see below).

Estimation of outcomes based on the model. To determine how
well disease-wise optimal sweet streamline profiles would performin
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estimating clinical improvement in single patients, the peaks of their
E-fields were overlapped with the streamline model of optimal elec-
trode connectivity. Specifically, streamlines from the model touched
by that E-field were first isolated. Iterating through this subset, the
R value of each streamline was subsequently multiplied by the peak
E-field magnitude to account for the strength of its modulation by this
E-field. Moreover, only the peak 5% of these weighted sweet streamline
Rvalues were retained to maximally account for the streamlines most
impacted on by that E-field. These top 5% of weighted R values were then
summed up, so thateach E-field was tagged by the ‘weighted peak 5% of
Fiber Rscores’. Because each patient within the cohorts consideredin
the presentstudy had beenimplanted tothe STN atboth hemispheres,
theFiber Rscore wasfinally averaged across bilateral E-fields to result
in onesingle value per patient.

Following the logic of this procedure, E-field peaks displaying
high overlaps with beneficial streamlines would receive high clinical
scores, whereas those with no (or merely peripheral) overlap would
receive low clinical estimates. A subset of the most relevant sweet
streamlines was selected for this validation step using an R value
threshold set at the top 1% of the cumulative distribution function
of R values of all streamlines. This pre-selection step included such
streamlines where high modulation had led to highimprovement (with
high meaningfulness for the model) while discarding potentially less
relevant or noisy correlations.

Model validation within the discovery cohort followed a sim-
ilar strategy as implemented in the case of Sweet Spot Mapping.
Specifically, we tested for an association between spatial overlap
of a patient’s E-fields with the model (weighted peak 5% of Fiber R
scores) with empirical clinical improvements across patients using
Spearman’s correlation (two-sided test). In doing so, the ability of
streamline models to explain in-sample variance could be scruti-
nized for comparability of results (1) across disorders and (2) with
sweet spots. For in-sample analyses, sweet streamline models were
derived based on E-fields of all patients within each disease cohort
and validated using each patient of the respective sample (circular
analysis). Ultimately, all models were subjected to CVs in a fivefold
design to investigate the generalizability of their explanatory value
inhold-out data. Again, this approach wasimplemented by randomly
splitting each disorder’s discovery patient cohortinto five folds. The
disease-specific model was built on four-fifths of patients and vali-
dated on the remaining fifth. This strategy was repeated five times,
so that model-based estimates (weighted peak 5% of Fiber R scores)
were obtained for all patients across all folds. These estimates could
thenbe correlated with empirical clinical outcomes to evaluate model
validityinanon-circular fashion. Again, Pvalues were calculated using
permutation testing based on 5,000 iterations.

Visualization of cortical dysfunction mappings. To elucidate the
topographical organization of interconnected fronto-cortical regions,
disease-wise sets of sweet streamlines were first converted to vox-
elized images (streamline density maps). The resulting maps were
then smoothed using an 8-mm Gaussian kernel at full width at half
maximum as implemented in SPM12 (https://www.fil.ion.ucl.ac.uk/
spm/) and projected onto the cortical surface of the MNI template
using Surflce software, version 1.0.20211006 (https://www.nitrc.org/
projects/surfice). Anatomical correlates of disease-wise cortical sites
interconnected with sweet streamlines were then defined based onthe
Johns Hopkins University (JHU) atlas parcellation®®,

Quantification of spatial uncertainty. Furthermore, we aimed to
quantify and visualize the degree of spatial uncertainty per streamline
within disorder-wise dysfunction mappings at the streamline level.
For this purpose, the thickness of each streamline was determined by
the -log(P) value, meaning that thicker streamlines would be illustra-
tive of lower Pvalues.

Influence of electrode placement. Subsequently, weintended to scru-
tinize the relative impact of different model inputs. Besides the choice
of anormative connectome, DBS Fiber Filtering results are determined
mainly by two major sources of variability across patients—namely, (1)
by the precise placement of the stimulation volume and (2) by clinical
improvements. In three out of the four disorders of interest in the
presentstudy (DYT,PD and TS), stereotactic targeting aims at the same
sitewithinthe dorsolateral aspect of the STN, whereas the OCD target
resides more antero-medially. Thus, the partitioning of dysfunction
mappings among various disorders could predominantly be driven by
the stimulationimpacton clinical outcomes and may not rely solely on
differential electrode placement.

To investigate this hypothesis, we implemented a total of three
data-driven control analyses. First, plain streamline connections seed-
ing from bilateral stimulation volumes were isolated for each disorder.
These comprised the entirety of structural connections activated by a
bilateral E-field, irrespective of the importance of their modulation for
clinical outcome. Amongthese, only the subset of streamlines shared
across disorders was retained and contrasted to disease-specific sweet
streamlines. Four-sample and pairwise tests for equality of proportions
(two-sided tests) were performed to compare the degree of overlap
between them.

Second, we fit a three-dimensional Gaussian distribution to the
standard (second-to-lowest) electrode contacts of all patients with
a specific disorder, leading to four blurred volumes within the STN.
Streamlines were then seeded from each of these Gaussians as ROIs.
The partitioningamong the resulting disease-wise connectivity profiles
was consequently visually compared to the streamline segregation
model that had been achieved using DBS Fiber Filtering. In the latter
approach, streamlines connected to empirical stimulation volumes of
patients had been weighted by stimulation-related outcomes within
the four different domains of dysfunction.

Third, each connection within each respective sweet streamline
model per disorder was color-coded by a specificity value, which was
calculated by dividing its R value by the average of R values that it
received across the three remaining disorders. The streamline segrega-
tionresult of thisapproach was finally visually compared to that of the
connectivity profile that had been established based on ‘conventional’
color-coding asinformed by a streamline’s unbiased R value (resulting
from our DBS Fiber Filtering analysis).

Model specificity. Besides validation of each model within the respec-
tive disorder that it had been calculated on, we were interested in the
degree of specificity of disease-wise models in their ability of explain-
ing clinical outcome variance. To demonstrate specificity, we consid-
ered the sweet streamline models for each disorder and overlapped
E-fields of patients in all remaining three disorders with the model to
predict clinical outcomes in a disorder-by-disorder fashion. Details
of this cross-prediction approach were equivalent to those of the CV
strategy described above. In brief, weighted peak 5% of Fiber R
scores were estimated for each patient based on the degree to which
their E-fields encompassed the model, and, finally, Spearman’s
correlations were performed between these estimates and the empiri-
cal clinical outcomes across the cohort of patients to test for model
accuracy. In the case of specificity of dysfunction mappings, each of
the models would show predictive utility uniquely for clinicalimprove-
ments within the corresponding outcome measure (good fitbetween
estimates and outcomes) but not for those of other clinical scales
(poor fit).

Influence of choice of connectome. Furthermore, we aimed to scru-
tinize theinfluence imposed by a particular normative resource chosen
toinform connectivity in our DBS Fiber Filtering analyses. To do so, we
repeated modeling and model validation procedures using five addi-
tional connectomes based on otherwise equivalent model parameters.
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Thefirst such resource consisted of a normative whole-brain connec-
tome, derived from amulti-shell diffusion-weighted imaging dataset at
760-pmisotropic diffusionacquiredinvivoin asingle healthy partici-
pantover a total duration of 18 scanning hours* (MGH Single Subject
760 pm Connectome; openly available from https://datadryad.org/
stash/dataset/doi:10.5061/dryad.nzs7h44q2). Although generalizabil-
ity of results derived using this connectome to a larger population is
naturally limited by its single-patient origin, it lendsitself particularly
well for detailed anatomical insight and visualization by dint of its
unprecedented imaging resolution.

Second, an axonal pathway atlas®® (Basal Ganglia Pathway Atlas;
openly available from https://osf.io/mhd4z/) wasimplemented, which
did not rely on tracking of streamlines based on dMRI data and, thus,
circumvents some of the most important drawbacks of dMRI-based
tractography (such as the possibility of integrating false-positive con-
nections)*. Instead, streamlines included in this tractogram were
manually defined by expert anatomists within an advanced augmented
reality (holography) framework. Guided by control points, this tech-
nique allows for precise localization and reconstruction of basal ganglia
anatomy aided by three-dimensionalimages created from laser beams.
Although the expert-characterized nature of this resource ensures a
highly accurate representation of empirically existing (true-positive)
connections, itis limited by a higher degree of false-negative stream-
lines (as the focus inits creation by the expert anatomists liesin accu-
racy at the expense of exhaustiveness).

Third, we employed a custom-made pathway atlas (DBS Tractog-
raphy Atlas, version 2.1; openly available from https://github.com/
netstim/DBS-Tractography-Atlas.git) informed on previously defined
pathway atlases, including the DBS Tractography Atlas, version 1
(ref. 27), and the aforementioned Basal Ganglia Pathway Atlas®. It was
completed by additional streamline tracking with focus on a compre-
hensive description of subthalamic interconnections with multiple
corticaland subcorticalnodes, leading to afinite set of 6,525,876 stream-
lines. Its creation specifically followed the intention of representing
streamlines that had previously lacked delineation in other resources.

Togenerate this atlas, afirst subset of streamlines connecting the
STN to different cortical regions was derived via streamline tracking
based on the HCP-1,065 diffusion data, which scanned 1,065 young
and healthy adults®. These dataare openly available within DSI-Studio
(https://brain.labsolver.org/hcp_template.html; fiber orientation
maps at 1-mm resolution). Using DSI-Studio (https://dsi-studio.lab-
solver.org/), the STN as defined within the DISTAL atlas, version 1.1
(ref. 28), was specified as an end region, and 1,500 streamlines were
tracked from each of nine cortical Brodmann areas (BAs) as ROls from
the digitized Brodmann atlas®. These comprised BA1/2/3 (primary
and secondary somatosensory cortex), BA4 (primary motor cortex),
BAG6 (supplementary motor area), BA10 (fronto-parietal cortex), BA13
(insular cortex), BA24/32 (cingulate cortex), BA25 (subgenual anterior
cingulate cortex) and BA45/47 (frontal gyrus). Two further ROIs of
the subcortical region—the substantia nigra pars compacta and pars
reticulata—were added from the California Institute of Technology
reinforcement learning atlas, version 1.1 (CIT168).

To enable cortical branching, the angular threshold was set to a
range of 60°-90°. Sampling was thresholded at a minimum length
of 5 mm to avoid the inclusion of short streamlines and to prioritize
long-range cortico-subthalamic projections. Streamline tracking
between STN and substantia nigra aspects was performed based on a
minimal tracking length of 10 mm, considering the distance between
these tworegions. To account for the exploratory nature of these con-
nections, 20 iterations of topology-informed pruning were further
implemented to limit the possibility of including false-positive stream-
lines¥. Because of the role of these cortical regions in neuromodulation
for affective disorders®, streamline tracking between BA24/25/32 was
seeded fromthelimbicaspect of the STN (based onits definition within
the DISTAL atlas, version 1.1 (ref. 28)). In this case, a twofold dilation of

the limbic STN was implemented to allow for limbic regions adjacent
to the anterior STN to be included®, and streamlines were mirrored
between hemispheres (thusincreasing the streamline count per sam-
pling to atotal of 3,000) to limit the occurrence of potential spurious
lateralization effects.

In addition, the creation of this anatomically inclusive pathway
atlas was complemented by representations of the anterior thalamic
radiation, the cerebellothalamic tract, the dentato-rubro-thalamic
tract and the fasciculus subthalamicus from the DBS Tractography
Atlas, version 1 (ref. 27). Finally, definitions of the ansa and fasciculus
lenticularis as well as subthalamic-pallidal connections between STN
and all pallidal nuclei were added from the Basal Ganglia Pathway
Atlas?, comprising interconnections between STN and internal pal-
lidum (GPi), STN and GPe, Gpi and STN (associative and somatomotor
aspects) and Gpe and STN (associative and somatomotor aspects).

Last, we aimed to demonstrate the validity of our findings in
the face of disease-specific connectivity alterations in consequence
of two exemplary brain circuit disorders. To this end, we repeated
our DBS Fiber Filtering approach in a group connectome informed
on diffusion scans acquired before surgery in the n = 6 patients with
OCD (one female, mean age = 45.50 +10.52 years) from London. The
supplementary materials of the original publication” contain more
detailed information on scanning parameters. In brief, transforma-
tions from patient space into ICBM 2009b NLIN asymmetric space
were derived using ANTs (http://stnava.github.io/ANTs/)”. dMRI data
were pre-processed using FMRIB Software Library (FSL)*, release
6.0 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL) (topup and eddy). A
generalized g-sampling approach® was performed asimplementedin
DSI-Studio (http://dsi-studio.labsolver.org/).Intotal, 500,000 stream-
lines were deterministically tracked per patient withan angular thresh-
old of 30 and a smoothing factor of 1, and default settings were kept
for all remaining parameters.

Asecond disease-matched group connectome® was finally imple-
mented that had previously been calculated based on data by n =85
patients with PD (28 females; mean age = 59.48 +10.39 years) from
the Parkinson’s Progressive Marker Initiative” (PPMI; https://www.
ppmi-info.org/). This connectome (PPMI-85, version 1.1; openly avail-
able from https://www.lead-dbs.org/helpsupport/knowledge-base/
atlasesresources/normative-connectomes/) hasbeen repeatedly used
in the DBS context (for example, in refs. 19,45). Details on scanning
parameters can be derived from the project website (https://www.
ppmi-info.org/), and specifics onthe creation of the resulting PD group
connectome are reported elsewhere®. In brief, a fast diffeomorphic
image registration algorithm®? (Diffeomorphic Anatomical Registra-
tion Through Exponentiated Lie Algebra (DARTEL)), as implemented
in SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and
Lead-DBS, version 2.0 (ref. 60), was applied per subject, to estimate
anonlinear deformation field into ICBM 2009b NLIN asymmetric
spacebased on T2-weighted acquisitions. To determine global stream-
line sets, a generalized g-sampling approach’® was run as available in
DSI-Studio (http://dsi-studio.labsolver.org/). Specifically, 20,000
streamlines were sampled for each patient, using seeds within awhite
matter mask derived from segmenting the T2-weighted acquisitions
using SPM12. Subsequently, the streamline set per patient was stand-
ardized into MNI space, employing the methodology described in
refs. 93,94.

Of note, the terms ‘fibers’ or ‘tracts’ should ideally be reserved for
anatomical images and not be used to refer to derivatives of tracking
algorithms delineating pathways based on water molecule diffusion
withinthe brain. Instead, dMRI-based tractography is anindirect esti-
mate of physical connections—or axons—and cannot inform on their
directionality within the brain®. Thus, we speak of ‘streamlines’ to refer
to tracking results throughout the manuscript. For reasons of consist-
ency with previous publications, we solely maintain the term ‘DBS Fiber
Filtering” here to denote our streamline modeling approach.
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Retrospective and prospective streamline model validations
Retrospective model validations. Models informed on data points
fromthe discovery cohort were further externally validated based on
fully independent data (see above for the exception of the patients
with OCD from London). In the two retrospective validation analyses,
this strategy was carried out using the exact same approach asthe CV
analyses performed within the discovery sample—that is, by calculat-
ing the peak magnitude of each E-field at the intersection with each
streamline of the respectively corresponding model (PD/OCD) and
correlating theresulting aggregated value (weighted peak 5% of Fiber
Rscore) with empirical clinicalimprovements.

Prospective model validations. In both patient cases receiving
model-guided stimulation parameter optimization, reprogram-
ming for clinical purposes took place based on a multi-disciplinary
assessment of DBS location and streamline information. In the first
reprogramming case of a patient with PD from Wiirzburg implanted
totheSTN, UPDRS-IlI scores were taken under DBS and dopaminergic
medication OFF (after a 12-h-long washout period), under active DBS
(medication OFF) with clinical DBS settings as well as under settings
that maximized overlap of stimulation volumes with the PD streamline
model. All conditions were assessed 3 months after surgery, and both
clinical and streamline-informed DBS settings had been active for at
least 24 hat the time of testing. The patient with PD was blinded to the
DBS settings (clinically optimized versus streamline-informed) and
evaluated by an independent physician blinded to the programming
conditions. In the second reprogramming case of a patient with OCD
from Boston receiving DBS to the VC/VS region, Y-BOCS scores were
taken1 monthafter surgery under clinical parameters as well as under
parameters based on consideration of the OCD streamline model, and
both conditions were compared to pre-surgical baseline. Of note, the
patient was reprogrammed for clinical purposes, after clinically opti-
mized stimulation parameters had failed to provide sufficient symptom
relief. Thus, neither the patient nor the team of treating physicians was
blinded to the activation of DBS nor to the programming condition
(clinically optimized versus streamline-informed) during the evalua-
tion of stimulation effects.

Third, the patient with OCD from the Sdo Paulo center was treated
viabilaterallead implantation surgery to the STN as well as stimulation
parameter programming, which were both fully informed on the OCD
streamline model. Y-BOCS outcome 1 month after streamline-based
surgery and programming was finally contrasted to the severity of
pre-operative OCD symptomatology. Given that only one condition
was tested (streamline-optimized DBS), neither the evaluating physi-
cian nor the patient was blinded to the activation of DBS during the
assessment.

In all three prospective patient cases, a pre-operative diffusion
scan had been acquired, so that patient-specific tractography could
be performed to confirm agreement between individual streamlines
and normative connectivity models.

Dysfunction mappings at the level of indirect pathways

Besides hyperdirect fronto-cortical interconnections, the STN receives
indirect projections from the striato-pallido-fugal system®. Insecond
instance, we, thus, sought to understand whether and in which way
indirect anatomical connections would be partitioned as afunction of
stimulation impact on disorder-wise core symptom domains. To this
end, we appended an additional DBS Fiber Filtering analysis informed
on pallido-subthalamic connections that had been extracted from
the Basal Ganglia Pathway Atlas®® while keeping remaining model
parameters consistent.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Detailed patient-wise demographic and clinical information is avail-
able in Supplementary Tables 2-5, 7, 8 and 11 in anonymized form.
Patient imaging data cannot be publicly shared as this would com-
promise patient privacy according to current data protection regula-
tions. They are, however, available from the principal investigators
of the collecting sites upon reasonable request within the frame-
work of a data-sharing agreement. Inquiries for further information
and data-sharing requests should be directed to the corresponding
authors of thismanuscript (A.H., ahornl@bwh.harvard.edu, or N.L.,
ningfei.li@gmail.com) who commit to replying to any request within
atimeframe of 30 d. Anonymized E-field derivatives along with pre-
and postoperative clinical outcome scores of patients analyzed for
the purpose of the present manuscript can be retrieved via a dedi-
cated publicrepository, whichisembedded within the Open Science
Framework (https://osf.io/zu9c6/)*. The atlas of sweet streamline
profiles and sweet spots of all four disorders is also included in this
repository. Inaddition, this atlas is openly available within Lead-DBS
software, version 3.0 (https://www.lead-dbs.org/). Although a pro-
cessed version of the HCP 985 Connectome? can be requested from
the corresponding authors, source data are freely accessible via
the repository of the HCP (https://www.humanconnectome.org/
study/hcp-young-adult/document/1200-subjects-data-release).
Furthermore, the DBS Tractography Atlas, version 2.1, can be openly
downloaded (https://github.com/netstim/DBS-Tractography-Atlas.
git). The HCP-1,065 diffusion source data® used to inform this atlas
can be openly accessed via DSI-Studio (https://brain.labsolver.org/
hcp_template.html; fiber orientation maps at -mm resolution). The
following normative resources have been made openly available by
the original authors: the MGH 760 pm Connectome® (https://data-
dryad.org/stash/dataset/doi:10.5061/dryad.nzs7h44q2) and the Basal
Ganglia Pathway Atlas® (https://osf.io/mhd4z/). The PD-matched
PPMI-85 connectome can be openly and publicly derived via the
Lead-DBS knowledge base (https://www.lead-dbs.org/helpsupport/
knowledge-base/atlasesresources/normative-connectomes/). Source
data used for calculation of this connectome can be freely accessed
via the homepage of the Parkinson’s Progression Markers Initiative
(https://www.ppmi-info.org/access-data-specimens/download-data).
The OCD matched connectome can be shared by the corresponding
authors upon reasonable request (see contact details stated above).
Source data of patients with OCD employed to calculate this connec-
tome cannot be publicly shared due to patient privacy restrictions.
The DISTAL atlas, version 1.1 (ref. 28), and the CIT168 atlas, version
1.1 (ref. 69), are openly available via the Lead-DBS knowledge base
(https://www.lead-dbs.org/helpsupport/knowledge-base/atlas-
esresources/atlases-2/) and come pre-installed with the Lead-DBS
software. The JHU atlas parcellation® is openly accessible as a
pre-installation within the Surflce software (https://www.nitrc.org/
projects/surfice/).

Code availability
The entirety of code used in the analyses presented in this work is
openly available within the Lead-DBS environment (https://github.
com/leaddbs/leaddbs).
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Software and code

Policy information about availability of computer code

Data collection

Data analysis

Clinical outcome data and deep brain stimulation (DBS) parameters were retrieved from the collecting sites using Microsoft Excel v16.70 and
imported for analysis via MATLAB R2022b, v9.13.0.2105380. Optimal DBS streamline profiles and sweet spots were constructed using
MATLAB scripts (openly available within the Lead-DBS environment, https://www.lead-dbs.org/), the former combined with public human
connectome data, see prior studies based on the same approach (e.g., Baldermann et al., 2019, Biol. Psychiatry; Horn et al., 2022, Proc. Natl.
Acad. Sci; Irmen et al., 2020, Ann. Neurol.).

All statistical analyses were conducted using MATLAB scripts openly and publicly available within the Lead-DBS environment (https://
www.lead-dbs.org/): https://github.com/netstim/leaddbs

As described in the manuscript, all analysis approaches built upon Lead-DBS, v3.0 software and included preprocessing of patient-specific
imaging (head CT/MRI), followed by electrode reconstruction (both via the Lead-DBS toolbox) as well as estimation of stimulation volumes (via
the Lead-Group toolbox). Some of these processig steps build upon algorithms adapted from SPM12, Advanced Normalization Tools (ANTSs),
Precise and Convenient Electrode Reconstruction for Deep Brain Stimulation (PaCER), SimBio, or FieldTrip (see https://www.lead-dbs.org/
about/lead-dbs-dependencies/). The Symmetric Normalization (SyN) approach included in ANTs, as pre-installed with Lead-DBS, v3.0, was
used for multispectral spatial normalization into template space. Manual optimizations of the standard normalization warp-fields were based
on the WarpDrive toolbox, as implemented in Lead-DBS, v3.0 (https://github.com/netstim/SlicerNetstim). Electrodes were pre-localized using
the PaCER algorithm, or the trajectory search/contact reconstructions (TRAC/CORE) algorithm, both as pre-installed with Lead-DBS, v3.0
software. The electric field (E-field) was simulated via an adaptation of the SimBio/FieldTrip pipeline (https://www.mrt.uni-jena.de/simbio/;
http://fieldtriptoolbox.org/), as implemented in Lead-DBS, v3.0 software. G*Power software, v 3.1.9.6 was used to determine the power to
detect a presumed effect by means of our available sample sizes.
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Based on Lead-DBS-internal toolboxes, patient-specific results were further processed at the group-level using DBS Sweet Spot Mapping (via
the DBS Sweet Spot Mapping Explorer) and DBS Fiber Filtering (via the DBS Fiber Filtering Explorer), both as included in Lead-DBS, v3.0.

SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) was used for smoothing of sweet spots and sweet streamline bundles converted to voxelized
images (tract-density maps). Surf Ice software, v.1.0.20211006 (https://www.nitrc.org/projects/surfice; https://github.com/neurolabusc/surf-
ice/releases) was applied to display the topographical organization of sweet spots and that of interconnected sites of sweet streamlines at
the cortical level in three-dimensional space. Finally, disease-wise sweet in conjunction with sour spots were displayed individually using 3D
Slicer software, v5.2.1 (https://www.slicer.org/).

Diffusion-weighted magnetic resonance imaging (dMRI) data used to create the OCD disease matched connectome were preprocessed via
FMRIB Software Library (FSL), Release 6.0 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL). DSI-Studio (http://dsi-studio.labsolver.org/) was employed
to construct the OCD matched connectome, as well as the DBS Tractography atlas, v2.1, which served the purpose of informing connectivity-
based analyses in the present study (amongst other previously established connectomic resources).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Patient-specific data:

The analyses described in this manuscript build on datasets of eleven patient cohorts and three prospective patient cases from a total of ten international
institutions. Detailed patient-wise demographic and clinical information is available in the supplementary materials in anonymized form. Imaging data cannot be
publicly shared due to patient privacy restrictions but is available from the principal investigators of the collecting sites upon reasonable request within the scope of
a data sharing agreement. Inquiries for further information and data sharing requests should be directed to the corresponding authors of this manuscript (A.H., via
ahorn1l@bwh.harvard.edu, or N.L., via ningfei.li@gmail.com) who commit to replying to any request within a timeframe of 30 days. Anonymized E-fields of patients
analyzed in this work are made publicly available alongside clinical outcome information via a dedicated open repository of the Open Science Framework (OSF)
(https://osf.io/zu9c6/).

Atlas of results:
The sweet streamline and sweet spot profiles are openly available in the form of an atlas included within Lead-DBS software, v3.0 (https://www.lead-dbs.org), as
well as from the above-mentioned public repository of the OSF associated with this study (https://osf.io/zu9c6/).

Normative data:

- Human Connectome Project (HCP) 985 Connectome: The processed version (as described in Li et al., 2020, Nat. Commun) is currently not openly available but can
be shared by the corresponding authors upon reasonable request. Source data used to calculate this connectome are openly accessible via the repository of the
HCP (https://www.humanconnectome.org/study/hcp-young-adult/document/1200-subjects-data-release).

- Massachusetts General Hospital 760 um Connectome (Edlow et al., 2019, Sci. Data): openly available from https://datadryad.org/stash/dataset/doi:10.5061/
dryad.nzs7h44q2

- Basal Ganglia Pathway Atlas (Petersen et al., 2019, Neuron): openly available from https://osf.io/mhd4z/

- DBS Tractography Atlas, v2.1: The processed version of this atlas resource is openly available (https://github.com/netstim/DBS-Tractography-Atlas.git). The
HCP-1,065 diffusion source data used to inform this pathway atlas can be openly accessed via DSI-Studio (https://sites.google.com/a/labsolver.org/brain/diffusion-
mri-data/hcp-dmri-data).

- Parkinson's Progression Marker Initiative (PPMI)-85 Connectome, v1.1 (Ewert et al., 2018): The processed version can be openly and publicly derived via the Lead-
DBS knowledge base (https://www.lead-dbs.org/helpsupport/knowledge-base/atlasesresources/normative-connectomes/). Source data used for calculation of this
connectome can be freely accessed via the homepage of the PPMI (https://www.ppmi-info.org/access-data-specimens/download-data).

- OCD-06 Connectome: The processed version of this connectome can be shared by the corresponding authors upon reasonable request. Source data of OCD
patients employed to calculate this connectome cannot be publicly shared due to patient privacy restrictions but is available from the principal investigators of the
collecting sites upon reasonable request within the scope of a data sharing agreement. Inquiries for further information and data sharing requests should be
directed to the corresponding authors of this manuscript (A.H., via ahorn1@bwh.harvard.edu, or N.L., via ningfei.li@gmail.com) who commit to replying to any
request within a timeframe of 30 days.

Cortical and subcortical atlases:

- DBS Intrinsic Template (DISTAL) atlas, v1.1 (Ewert et al., 2017): The atlas is openly available via the Lead-DBS knowledge base (https://www.lead-dbs.org/
helpsupport/knowledge-base/atlasesresources/atlases-2/) and comes pre-installed with the Lead-DBS software package.

- Johns Hopkins University (JHU) atlas parcellation (Faria et al., 2012): The atlas is openly accessible as a pre-installation within the Surf Ice software (https://
www.nitrc.org/projects/surfice/).

- California Institute of Technology reinforcement learning atlas, v1.1 (CIT168; Pauli et al., 2018): The atlas is openly available via the Lead-DBS knowledge base
(https://www.lead-dbs.org/helpsupport/knowledge-base/atlasesresources/atlases-2/) and comes pre-installed with the Lead-DBS software package.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Proportions of self-identified gender in the sample are reported in the manuscript (Tables S1-8 & S11). No statistical analyses
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Reporting on sex and gender with regard to gender- or sex-specific groups have been performed as no differences relevant to the research question in
focus were to be expected.

Population characteristics Discovery cohorts:
Sweet spot and sweet streamline models were created based on data from eight international cohorts of bilaterally
implanted DBS patients (N = 197, 394 DBS electrodes) receiving stimulation to the subthalamic region for treatment of one of
four different brain disorders: dystonia (DYT; n = 70, 38 females), Parkinson's disease (PD; n = 94, 29 females), obsessive-
compulsive disorder (OCD; n = 19, 10 females), and Tourette's syndrome (TS; n = 14, 3 females). Please refer to tables S1-5
for detailed and comprehensive group-level as well as patient-wise information on relevant demographic and clinical patient
characteristics.

Retrospective validation cohorts:

PD and OCD streamline models were retrospectively validated based on an additional cohort of patients each. The validation
cohort of PD patients (n = 32, 10 females) had been implanted to the subthalamic nucleus (STN), while OCD patients (n = 35,
18 female) received DBS to the ventral capsule/ventral striatum (VC/VS) region. Tables S6-8 comprise detailed cohort-
averaged and patient-specific demographic and clinical information.

Prospective patient cases:

Two DBS patients (one with PD and OCD each) were prospectively reprogrammed and one additional patient with OCD was
prospectively implanted and programmed based on the respectively corresponding streamline models. The first prospective
reprogramming case comprised a 67-year-old male patient with PD receiving DBS targeted to the STN, and the second case a
21-year-old female patient with OCD implanted to the VC/VS region. The surgical case was a 32-year-old male patient with
OCD receiving STN-DBS. Table S11 lists more detailed patient-specific information on these three patient cases.
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Recruitment Retrospectice data:
Each dataset relied on different recruitment parameters depending on the respective study type (as listed in Tables S1 & S6).
Further details on recruitment procedures are either described in our previous publications, i.e., Horn et al., 2017, Ann.
Neurol & Horn et al., 2019, Brain (PD cohorts from Berlin and Wurzburg), or in the original source publication(s) by each
respective collecting site. These latter comprised studies by Dai et al., 2022, J. Neurol. (TS discovery cohort from Shanghai),
Vissani et al. (2019), J. Neural Eng. (TS discovery cohort from Pisa/Milan), Tyagi et al., 2019, Biol. Psychiatry (OCD discovery
and model validation cohort from London), Polosan et al. (2019), Transl. Psychiatry (OCD discovery cohort from Grenoble),
Lin et al., 2019, J. Neurosurg. & He et al., 2021, Front. Neurol. (DYT discovery cohort from Shanghai), Ostrem et al., 2011 &
2016, Neurology (DYT disovery cohort from San Francisco), Butenko et al., 2022, Neurolmage Clin. (model validation cohort
from Wirzburg), MclLaughlin et al., 2021, Contemp. Clin. Trials Commun. (model validation cohort from Boston), as well as
Baldermann et al., 2019, Biol. Psychiatry & Li et al., 2020, Nat. Commun. (model validation cohort from Cologne).

Prospective patient cases:

-PD reprogramming case from Wurzburg, Germany: The PD patient from Wiirzburg was investigated within the ongoing
clinical service of the inpatient DBS program at University Hospital Wirzburg. Reprogramming took place based on a
multidisciplinary assessment of DBS location and streamline information.

-OCD reprogramming case from Boston, MA, USA: This patient was investigated within the ongoing clinical service of the DBS
program at Massachusetts General Hospital (MGH; psychiatry and neurosurgery departments). Reprogramming for clinical
purposes took place based on a multidisciplinary assessment of DBS location and streamline information.

-OCD-DBS implantation case from S3o Paulo, Brazil: This patient was recruited within the regular surgical service of Clinica de
Dor e Funcional after classification as a refractory case of OCD, associated with depression. He underwent evaluation by a
neurologist, psychologist and two functional neurosurgeons prior to the analysis of the Ethics Board Commite of the State of
Rio Grande do Sul, who finally aproved the DBS surgery proposed by the team.

Ethics oversight This research complied with all relevant ethical regulations and post-hoc analyses were approved by the institutional review
board at Charité — Universitatsmedizin (Berlin, Germany; master vote EA2/186/18). Procedures of clinical trials and studies
leading to the collection of the herein analyzed data were approved by the individual institutional review boards at each of
the respective collecting sites (DBS centers in San Francisco, Shanghai, Pisa/Milan, London, Grenoble, Berlin, Wirzburg,
Boston, & Cologne). They were all carried out in accord with the declaration of Helsinki from 1975, and all participants signed
an informed consent prior to study participation. Participants received no compensation in exchange for their participation in
the trials and studies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Since neuropsychiatric disorders represent comparably recent and rare applications of DBS to the STN target, available samples — especially in
TS and OCD — are largely restricted by the small number of surgeries performed world-wide to date. In the TS cohort, we included the full




number of patients stimulated to the STN in this disease globally available at the time of analyses. Overall, we were able to identify two
independent datasets in all four disorders for the model set-up (discovery cohorts) that linked DBS sites to improvements in respective
primary clinical outcome.

Given the exploratory nature of our study, an a priori power analysis was not straight-forward. Our initial assumption of expected effect sizes
was based on Li et al., 2020, Nat. Commun, and Treu et al. 2020, Neuroimage, with an r of approximately 0.4 for reported correlations
between empirical clinical outcomes and estimated gain scores. Given the natural restrictions in available sample sizes described above, we
calculated a “compromise” type power analysis using G¥*Power, v 3.1.9.6 (Faul et al., 2007; 2009, Behav. Res. Methods) to determine the
power of our analysis based on the accessible data per disorder to detect the assumed effect. Given a B/a ratio of 1, the available DYT sample
(n =56 in the main cohort) used for model set-up was powered to 0.94 (implied /B error probability = 0.06), the PD sample (n = 94) to 0.98
(implied a/B error probability = 0.02), the TS sample (n = 14) to 0.77 (implied o/B error probability = 0.23), and the OCD sample (n = 19) to
0.81 (implied a/B error probability = 0.19) for detecting the assumed effect size.

In additon, we performed a total of five validation experiments based on data unseen by the models, featuring two retrospective patient
cohorts, one comprised of patients with PD (N = 32) and one of patients with OCD (N = 35, spanning three institutions) as well as three
prospective patient cases. To our knowledge, this is the largest transdiagnostic study of its kind.

Data exclusions | All participants with complete neuroimaging and clinical outcome scores in the respective primary assessment were included in our analyses.

Replication We assessed overall reproducibility of sweet spot and sweet streamline profiles in their ability of explaining clinical improvements in hold-out
data using a five-fold cross-validation design, across two independent datasets per disease type from a total of seven institutions. Additionally,
the main study result (i.e., the topographical organization of sweet streamlines) was re-assessed in four normative and two disease-matched
connectomic resources of different properties to scrutinize the influence of choice of a specific tractogram. These additional analyses
revealed a largely similar organizational pattern of dysfunction mappings irrespective of which connectome the attributions had been
informed on. Moreover, streamline models in two exemplary disorders (OCD and PD) were retrospectively validated in independent (out-of-
sample) data of one additional patient cohort each (with the OCD validation sample spanning data pooled across three institutions).

Randomization  Our study compared optimal connectivity and focal stimulation sites associated with symptom improvement in relation to precisely placed
DBS electrodes between four different disease cohorts. Group affiliation of patients was thus determined by disorder category. This approach
did not involve any form of experimental manipulation, comparison of conditions, or stimulus presentation, and the majority of results (with
the exception of the three prospective patient cases for model validation) were based on retrospective data analysis. Instead of prospective
randomization, we leveraged incidental variability in electrode placement within each disease-cohort, which can be presumed to be random.

Blinding Secondary analysis of retrospective data:
Blinding was not relevant for the main body of our study which consisted of a secondary analysis of existing datasets. To minimize the risk of
observer bias, we tested the explanatory value of both DBS sweet spot and sweet streamline profiles for clinical outcome variability within the
respective clinical outcome measure in hold-out data in a five-fold cross-validation design (and across connectomic resources, in the case of
streamline profiles). We additionally performed retrospective model validations based on two additional independent datasets of two of the
investigated disorders (OCD and PD).

Prospective patient cases:

-PD reprogramming case from Wurzburg, Germany: The patient was blinded to the DBS settings (clinically optimized vs. streamline-informed)
and evaluated by an independent physician blind to the programming conditions.

-OCD reprogramming case from Boston, MA, USA: The patient was reprogrammed for clinical purposes, after clinically optimized stimulation
parameters had failed to provide symptom relief. Thus, neither the patient nor the team of treating physicians was blinded to the activation of
DBS nor to the programming condition (clinically optimized vs. streamline-informed) during the postsurgical evaluation of stimulation effects.
-OCD-DBS implantation case from Sdo Paulo, Brazil: Given that only one condition was tested (streamline-optimized DBS), neither the patient
nor the team of treating physicians was blinded to the activation of DBS during the postsurgical evaluation of stimulation effects.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology D MRI-based neuroimaging
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Magnetic resonance imaging

Experimental design

Design type

Design specifications

Behavioral performance measures

Acquisition

Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI X Used

Individualized structural MRI and/or CT of the head combined with normative structural human connectome data

Patient-specific structural MRI or CT scans of the head were used to localize stimulation sites (Horn & Kihn, 2014,
Neuroimage; Horn et al., 2019, Neuroimage; Neudorfer et al., 2023, Neuroimage). Accounting for individual stimulation
parameters, E-fields were further calculated to measure the stimulation impact on surrounding anatomy.

Based on these patient-specific electrode localizations and stimulation volumes, analysis (1) relied on voxel-wise
weighting of the stimulation effect by its impact on clinical outcomes in each disorder-wise primary clinical outcome
measure using DBS Sweet Spot Mapping (Horn et al., 2022, Proc. Natl. Acad. Sci; Neudorfer et al., 2023, Neuroimage).

In analysis (2), six different normative human connectomes (four healthy & two disease-matched) were employed to
estimate clinically relevant structural connectivity across stimulation volumes using DBS Fiber Filtering (Baldermann et
al., 2019, Biol. Psychiatry; Irmen et al., 2020, Ann. Neurol.; Neudorfer et al., 2023, Neuroimage).

The main connectomic resource employed to inform analysis part (2) consisted of a group connectome representative
of average connectivity in a large healthy human sample (n = 985) (Li et al., 2020, Nat. Commun) from the HCP (Van
Essen et al., 2013, Neuroimage). Analyses were further repeated using a normative ultra-high-resolution (760 um
isotropic) tractogram of a single healthy participant (Edlow et al., 2019, Sci. Data), the Basal Ganglia Pathway Atlas
(Petersen et al., 2019, Neuron), as well as a customized pathway atlas (DBS Tractography Atlas, v2.1) explicitly created
for this work using population-based fiber tracking and expert-defined pathways with focus on cortico-subthalamic
inputs not represented in other atlas resources (for a detailed description of the creation of this atlas resource, please
see the methods section in the main manuscript). Finally, two disease-matched connectomes were implemented to
scrutinize the generalizability of dysfunction mappings in the face of disease-specific connectivity alterations on the
examples of PD and OCD. The former comprised the PPMI-85 Connectome (Ewert et al., 2018, Neurolmage) and the
latter the OCD-06 Connectome which had been calculated for the purpose of the present study based on diffusion
imaging data by n = 6 patients with OCD.

Datasets used disorder-specific scales to measure primary clinical outcomes (as delineated in Tables S1 & S6). These
comprised the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) in DYT, the Unified Parkinson's Disease Rating
Scale — Part lll (motor part; UPDRS-III) in PD, the Yale Global Tic Severity Scale (YGTSS) in TS, and the Yale-Brown
Obsessive-Compulsive Scale (Y-BOCS) in OCD. Stimulation-related change within these measures relative to baseline
(pre- vs. postoperative under DBS ON, or postoperative DBS OFF vs. ON conditions in the case of PD) was related to
voxels in the subthalamic zone (DBS Sweet Spot Mapping) or structural connectivity (DBS Fiber Filtering).

Normative dMRI data of n = 985 healthy controls from the HCP 1,200 subjects release (Van Essen et al., 2013,
Neurolmage) for the construction of the HCP 985 Connectome, of n = 1,065 healthy young adults (Yeh et al., 2016, PLoS
Comput. Biol.) for the construction of the DBS Tractography Atlas, v2.1 (see Methods for details on the creation of this
atlas resource), of n = 85 Parkinson's disease patients from the PPMI (Marek et al., 2011, Prog. Neurobiol.), of n =6 OCD
patients (Tyagi et al., 2019, Biol. Psychiatry), as well as individualized (patient-specific) preoperative structural MRI (n =
261) and postoperative MRI (n = 73) or CT of the head (n = 188).

MRI data collected using 3T scanner

Preoperative T1 & T2-weighted MR, postoperative T1-weighted MRI (n = 73) or CT (n= 188) of the head; each dataset
used different structural imaging parameters, as described in the respective source publications (see Tables S1 & S6)

Whole brain

[ ] Notused

Parameters -HCP data (see Van Essen et al., 2013, Neurolmage, for details): The gradient table included approximately 90 diffusion weighting
directions plus 6 b = 0 acquisitions interpersed throughout each run. Diffusion weigthing consisted of 3 shells of b = 1000, 200, or
3000 s/mmA2 interpersed with an approximately equal numbr of acquisitions on each shell within each run.

-PPMI data (see Marek et al., 2011, Prog. Neurobiol., for details): Acquisition was performed along 64 uniformly distributed directions
with b = 1000 s/mm?”2 and a single b = 0 image. A single shot echo-planar imaging (EPI) sequence (116 x 116 matrix, 2 mm isotropic
resolution, TR/TE = 900/88 ms, two-fold acceleration) was implemented.

-OCD data (see Tyagi et al., 2019, Biol. Psychiatry, for details): Diffusion-weighting was applied with b = 1500 s/mm”2 along 128
directions uniformly distributed on the sphere and seven b = Os volumes were acquired. For distortion correction a reversed phase
encoding direction was applied for all acquisitions (resulting in 270 volumes in total).

Preprocessing

Preprocessing software MATLAB-based Lead-DBS software, v3.0 (Neudorfer et al., 2023, Neuroimage) was used for preprocessing, including toolbox-
internal dependencies on SPM12 and ANTSs: https://github.com/netstim/leaddbs
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Normalization

Normalization template

Noise and artifact removal

Volume censoring

Multispectral spatial normalization using the SyN approach included in ANTs (http://stnava.github.io/ANTs/) with the
'Effective: low variance + subcortical refinement' preset in Lead-DBS, v3; normalization warp-fields were further visually
inspected and manually optimized using the WarpDrive tool as included in Lead-DBS (Oxenford et al., 2023, MedIA), if
needed, with particular attention to the STN as the anatomical structure in focus.

ICBM 2009b NLIN Asymmetric non-linear 2009b MNI152

Biasfield correction; correction for potential intraoperative brain shift via an automatized subcortical refinement module (as
implemented in Lead-DBS, v3)

Volume censoring is a motion denoising method used for functional MRI (fMRI) images. Since no fMRI data was analyzed in
this study, volume censoring was not applied.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Mass-univariate analysis based on an in-sample spatial Spearman's correlation and subsequent validation of explanatory
value of sweet spot and sweet streamline profiles for clinical outcome variability in a five-fold cross-validation design across
two independent data sets per disease category; specificity analysis to test the predictive utility of disease-wise sweet
streamline models for clinical outcome in all remaining three disorders; additional retrospective validation of the capability of
streamline models to account for clinical outcome variance in independent (out-of-sample) patient cohorts

Correlation between stimulation site connectivity (in the case of DBS Fiber Filtering) or activated voxels (in the case of DBS
Sweet Spot Mapping) and change in pre- to post-treatment severity (or change in severity under postoperative ON vs. OFF
DBS conditions in the case of PD) within the respective primary clinical outcome scale: BFMDRS in DYT, UPDRS-III (motor part)
in PD, YGTSS in TS, and Y-BOCS in OCD

Specify type of analysis: Whole brain [ | ROI-based [ | Both

Statistic type for inference
(See Eklund et al. 2016)

Correction

Models & analysis

n/a | Involved in the study

Voxel-wise

Validation of the generalizability of mass-univariate results in hold-out data using five-fold cross-validation and in six different
connectomic resources (in the case of DBS Fiber Filtering results); model validation based on independent (out-of-sample)
data of additional patient cohorts

IZ |:| Functional and/or effective connectivity

|:| Graph analysis

|:| Multivariate modeling or predictive analysis
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