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Further anatomical considerations

The following considerations went into forming the hypothesis of the present manuscript,
that have only briefly been touched upon in the introduction and figure 1 (main text):
Together with the reticular part of the substantia nigra (SNr), the GPi constitutes the output
ganglion of the basal ganglia, feeding cortical signals that arrived at the striatum and external
pallidum (GPe) via the thalamus back to the cortex (1-3). This loop model has become
fundamental in our understanding of movement disorders such as dystonia, Parkinson’s
Disease and other ‘basal ganglia disorders’. Multiple refinements of this model have been
proposed since (4-6) and converging models have been developed in parallel within the
basal ganglia and reinforcement learning fields (see Fehler! Verweisquelle konnte nicht
gefunden werden. A for an example). These models have often been defined in form of
boxes and arrows to show functional interactions between structures. Concepts such as the
direct, indirect and hyperdirect pathways (7, 8) have become fundamental for our
understanding (5), but are primarily functional concepts. While their anatomical correlates
have been investigated (7, 9-12), in the larger body of functional basal ganglia studies, less
focus has been put on the exact tracts that implement direct and indirect pathways (including

their projections back to thalamus and cortex).

To derive at a circuit-based hypothesis of DBS in anatomical space, a translation to specific
anatomical structures is necessary (Fehler! Verweisquelle konnte nicht gefunden
werden. B). One component that has been well characterized on an anatomical level is the
hyperdirect pathway. Parts of descending glutamatergic projections from cortex to the motor
pattern initiator / generator networks in the brainstem (4) send axon-collaterals to multiple
subcortical regions such as the subthalamic nucleus (STN) which functionally define what
we call the hyperdirect pathway (7, 8, 12). Anatomical correlates of the direct and indirect
pathways are intermixed and implemented via i) the striatopallidofugal bundle and ii)
Edinger’s comb system. The former, a massive white-matter structure that traverses the
striatum (in form of Wilson’s pencils (13, 14)) and both parts of the pallidum radially while
partly rewiring in the laminae externae, internae and accessoriae (Figure S1 B), hence
partly forming indirect pathway (synapsing within GPe) and direct pathway (projecting from
striatum directly to GPi). Another crucial functional component of the indirect pathway is the
STN which is connected via an extension of the striatopallidofugal system that traverses the
internal capsule orthogonally and forms part of the comb system of Edinger (14, 15).

Macroscopically, the same structure also shows connections between striatopallidal regions
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and the SNr. Finally, pallidothalamic fibers are traversing the pallidum in orthogonal fashion
to the striatopallidofugal system. One reason could be that terminal fields of pallidal neurons
that integrate information from striatal domains are arranged in a disc-like fashion orthogonal
to the striatopallidofugal bundle (Figure S1). Crucially, these disc-like receptive fields of
pallidal neurons are of fixed size and hence integrate information from increasingly larger
striatal (and hence cortical) zones medially (4, 9, 10). Hence, increasingly medial pallidal
neurons (even within the GPi) seem to form the largest integrator hub regions within the
pallidum. Finally, a quite exclusive property of the STN is that it has no known direct efferents
to the thalamus, i.e., its feedback to the loop is indeed quite indirect (while the GPe does

project to the thalamus, directly; (4)).

Figure S1: Anatomical considerations. A) As two basic frameworks, the parallel loops and funnel
concepts were reviewed by Parent et al. 1995. The concepts are not competing, rather, both are
partly implemented by the corticostriatal and striatopallidofugal system of the basal ganglia.
Information from different cortical sites (A-D) are partly kept segregated (leading to information sites
in A-D’) but also integrated (leading to a joint information site E). Hence, the basal ganglia both
integrate information from cortical sites but partly keep information separate. This was nicely
illustrated by Percheron et al. 1984, showing receptive fields of pallidal neurons that are organized
in disk-like fashion orthogonal to incoming striatal projections. Of note, size of each disk is constant,
leading to higher degrees of integration in increasingly medial parts of the pallidum. Panels of original
publications reproduced with permission. B) Polarized Light Imaging data acquired in the vervet
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monkey shows multiple stages of data compression and rewiring but also shows parallel
organization of incoming loops. Image courtesy by Markus Axer and Karl Zilles, data from (16).

As mentioned, pallidothalamic projections — anatomically realized by the ansa and
fasciculus lenticularis which merge within Forel’s field H1 to form the fasciculus thalamicus
(17) —traverse the GPi parallelto its maximal extent and predominantly project to the pallidal
part of the ventroanterior nucleus of the thalamus (VAp; (llinsky et al., 2018)). An older model
claimed that the fasciculus lenticularis would integrate projections from the external part of
the GPi while the ansa the ones from the internal part of the GPi. However, this model has
been revised and it was suggested that the two tracts rather form a joint functional unit (17,
18). We will adopt this view here, i.e., subsummize ansa and fasciculus lenticularis as
pallidothalamic projections.

DBS in our cohort was applied to a single node of this complex network: the GPi. With a
GPi-centric view in mind, the network can be dramatically simplified to two fiber systems
that traverse in quasi-orthogonal direction to each other — which is exactly what we aimed

to leverage in the present study.

Table S1: Summary of regions involved in DBS network mapping results. Coordinates of peaks are given in MNI (mm)
format with the R-value denoted in brackets. Abbreviations: ACC, anterior cingulate cortex; BA, Brodmann area; CBM,
cerebellum; IFG, inferior frontal gyrus, ins., insula; IPL, inferior parietal lobule, MCC, midcingulate cortex; MFG, middle
frontal gyrus; MTG, middle temporal gyrus; OL, occipital lobule; PCC, posterior cingulate cortex; PreCG, precentral
gyrus; Prec, precuneus; PostCG, postcentral gyrus; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG,
supramarginal gurys; SNr, substantia nigra; STG, superior temporal gyrus; STN, subthalamic nucleus

Reg. e Cervical R-map Generalized R-map Combined R-Map Agreement Map
m.
Positive Peak Coordinates X/Y/Z (Value)
ACC (BA24, RH 16/38/22 (0.13) 2/36/12 (0.27) 16/38/20 (0.13) 16/38/20 (2.86)
32) LH -22/42/6 (0.19) -4/36/10 (0.27) -20/38/18 (0.18) -20/38/20 (2.30)
RH 22/-92/-18 (0.39) 36/-94/-24 (0.33) 50/-78/-22 (0.25) 30/-32/-28 (5.35)
oeM LH -22/-84/-18 (0.36) -26/-36/-24 (0.30) -36/-32/-30 (0.22) -36/-32/-30 (4.56)
IFG (BA46, RH 14/14/-26 (0.20) 16/16/-28 (0.34) 14/12/-26 (0.18) 14/14/-26 (4.31)
47) LH -16/16/-26 (0.21) -22/22/-28 (0.20) -16/16/-26 (0.13) -16/16/-28 (2.37)
RH 36/14/-10 (0.16) 42/-22/8 (0.06)
Ins. (BA 13)
LH -46/-42/22 (0.09) -28/18/-12 (0.19) -34/26/0 (0.03) -34/24/6 (0.08)
IPL(BA39, RH 34/-62/48 (0.15) 46/-50/42 (0.10) 34/-62/48 (0.09) 40/-54/44 (0.69)
40) LH -34/-48/62 (0.22) -64/-50/46 (0.13) -38/-62/46 (0.09) -46/-52/48 (0.70)
RH 26/48/-22 (0.20) 28/38/-22 (0.22) 32/44/-22 (0.17) 28/38/-22 (2.53)



MFG (BA 9,

11)

LH

-20/46/-28 (0.27)

-30/36/-26 (0.21)

-30/44/-22 (0.15)

-20/44/-28 (2.40)

Midbrain

RH

14/-24/-22 (0.29)

10/-12/-10 (0.30)

4/-34/-12 (0.22)

12/-16/-10 (3.55)

LH

-18/-14/-8 (0.23)

-8/-12/-14 (0.28)

-4/-34/-12 (0.21)

-4/-34/-12 (3.30)

OL (BA 17,

18)

RH

16/-104/2 (0.39)

22/-102/-8 (0.25)

20/-98/-12 (0.24)

20/-100/-12 (5.23)

LH

-24/-98/-6 (0.39)

-12/-102/-12 (0.33)

-22/-100/-6 (0.22)

-22/-100/-8 (4.17)

PCC (BA 23,

30, 31)

RH

2/-70/18 (0.30)

2/-40/20 (0.19)

4/-66/8 (0.19)

2/-62/8 (3.05)

LH

-20/-58/12 (0.32)

-4/-60/12 (0.24)

-4/-62/12 (0.19)

-4/-60/8 (3.27)

Prec. (BA 7,

19, 31)

RH

22/-80/48 (0.36)

10/-66/36 (0.14)

2/-72/54 (0.14)

14/-62/32 (1.98)

LH

-32/-82/40 (0.34)

-40/-64/44 (0.25)

-6/-70/58 (0.13)

-18/-56/32 (2.46)

SFG (BA 11)

RH

24/48/-24 (0.21)

22/42/-24 (0.20)

24/46/-24 (0.13)

22/42/-24 (2.00)

LH

-24/50/-24 (0.24)

-24/42/-24 (0.20)

-28/44/-24 (0.11)

-22/42/-28 (2.14)

SMA (BA 6)

RH

30/6/64 (0.12)

50/18/52 (0.15)

28/6/62 (0.06)

22/12/70 (0.32)

LH

-32/-6/70 (0.21)

-46/18/58 (0.24)

-32/6/68 (0.09)

-38/12/64 (0.67)

SNr

RH

14/-20/-6 (0.14)

10/-24/-12 (0.28)

14/-20/-8 (0.18)

10/-18/-10 (2.92)

LH

-16/-18/-6 (0.17)

-10/-12/-10 (0.26)

-18/-22/-6 (0.16)

-12/-22/-12 (2.32)

STN

RH

12/-16/-8 (0.16)

10/-14/-8 (0.23)

12/-16/-8 (0.17)

12/-16/-8 (2.84)

LH

-14/-16/-8 (0.16)

-10/-12/-8 (0.19)

-14/-16/-8 (0.12)

-12/-16/-8 (1.27)

IFG (BA 10,

47)

RH

Negative Peak Coordinates X/Y/Z (Value)

18/24/-30 (-0.30)

42/56/-6 (-0.23)

58/36/-8 (-0.17)

46/50/-6 (-3.12)

LH

-36/30/-10 (-0.35)

-44/60/-8 (-0.22)

-56/42/-16 (-0.19)

-56/42/-16 (-3.50)

MCC (BA

24)

RH

6/-2/34 (-0.32)

6/-4/34 (-0.19)

2/22/-12 (-0.13)

20/-14/44 (-1.92)

LH

-6/2/34 (-0.34)

-6/0/34 (-0.22)

-6/22/-12 (-0.13)

-16/-12/42 (-1.97)

MTG (BA 19,

21, 37)

RH

46/0/-40 (-0.24)

46/-64/2 (-0.31)

62/-66/0 (-0.18)

66/-56/-2 (-3.05)

LH

-48/0/-40 (-0.26)

-58/-60/-8 (-0.35)

-68/-54/-6 (-0.20)

-68/-54/-6 (-4.20)

PostCG (BA

3,1,2)

RH

50/-22/32 (-0.14)

54/-26/44 (-0.29)

22/-22/52 (-0.14)

54/-24/42 (-2.05)

LH

-70/-10/24 (-0.13)

-52/-24/42 (-0.30)

-52/-24/40 (-0.12)

-70/-8/24 (-1.51)

PreCG (BA

3,4)

RH

58/-12/30 (-0.13)

18/-22/58 (-0.22)

40/-16/50 (-0.16)

60/-14/36 (-1.56)

LH

-70/-2/24 (-0.13)

-60/-14/42 (-0.20)

-24/-20/56 (-0.11)

-70/-6/26 (-1.50)

SFG. (BA6

11)

RH

2/32/54 (-0.31)

18/48/-28 (-0.22)

4/32/54 (-0.17)

4/32/46 (-1.32)

LH

-8/30/56 (-0.33)

-18/56/-26 (-0.20)

-8/30/56 (-0.19)

-8/32/56 (-1.91)

SMG (BA

40)

RH

52/-48/26 (-0.23)

60/-54/28 (-0.13)

64/-52/28 (-0.17)

62/-52/28 (-1.92)

LH

-70/-46/24 (-0.20)

-62/-46/24 (-0.16)

-66/-46/24 (-0.18)

-64/-46/24 (-2.07)

STG (BA 13,

22)

RH

42/-44/22 (-0.26)

42/-58/16 (-0.21)

50/-30/-22 (-0.18)

46/4/-10 (-2.53)

LH

74/-42/8 (-0.28)

-56/14/-12 (-0.18)

74/-42/8 (-0.20)

74/-42/8 (-2.80)




Replication of fiber filtering results using an additional atlas

Results from fiber filtering are dependent on the pathway atlas used — for the simple reason
that i) only tracts present in the atlas may be associated with clinical improvements and ii)
in case tracts are presented in anatomically incongruent fashion, this would lead to similarly
incongruent results. While the main atlas used in this publication was curated by four world
experts in the field of subcortical anatomy and demonstrates unprecedented anatomical
detail (19), aforementioned limitations could still apply to our results. Unfortunately, this atlas
is unique in multiple ways, and we are not aware of a second, similar dataset of comparable
detail. However, going into a similar direction to create an expert-delineated subcortical tract
atlas, Middlebrooks and colleagues recently published the DBS Tractography Atlas (20)
which is based on deterministic tractography built on data (21) from 1,000 healthy brains
acquired within the human connectome project (22). Unfortunately, the atlas does not
include comb fibers or axon-collaterals that accurately represent hyperdirect projections. It
also represents the ansa and fasciculus lenticulares in a way that does not traverse within
the pallidum, which prevents us from testing our main hypothesis (figure 1) based on this

atlas. However, the more coarse-level results (figure 5A) could be reproduced (figure S2).

A Cervical Q Generalized

Figure S2: Replication of somatotopy results using the DBS Tractography Atlas (20). As in the main
analysis (based on the holographic Basal Ganglia Pathway Atlas (23)), cortical projections
associated with optimal outcomes in cervical dystonia were limited to mesial origins which include
the head and neck regions of the central homunculus. The ones associated with generalized
dystonia instead showed a more widespread pattern and included the pallidothalamic projections
(ansa/fasciculus lenticulares).
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