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Speech impediments are a prominent yet understudied symptom of Parkinson’s dis-
ease (PD). While the subthalamic nucleus (STN) is an established clinical target for
treating motor symptoms, these interventions can lead to further worsening of speech.
The interplay between dopaminergic medication, STN circuitry, and their downstream
effects on speech in PD is not yet fully understood. Here, we investigate the effect
of dopaminergic medication on STN circuitry and probe its association with speech
and cognitive functions in PD patients. We found that changes in intrinsic functional
connectivity of the STN were associated with alterations in speech functions in PD.
Interestingly, this relationship was characterized by altered functional connectivity of
the dorsolateral and ventromedial subdivisions of the STN with the language network.
Crucially, medication-induced changes in functional connectivity between the STN’s
dorsolateral subdivision and key regions in the language network, including the left
inferior frontal cortex and the left superior temporal gyrus, correlated with alterations
on a standardized neuropsychological test requiring oral responses. This relation was
not observed in the written version of the same test. Furthermore, changes in functional
connectivity between STN and language regions predicted the medication’s downstream
effects on speech-related cognitive performance. These findings reveal a previously uni-
dentified brain mechanism through which dopaminergic medication influences speech
function in PD. Our study sheds light into the subcortical-cortical circuit mechanisms
underlying impaired speech control in PD. The insights gained here could inform treat-

ment strategies aimed at mitigating speech deficits in PD and enhancing the quality of
life for affected individuals.
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Parkinson’s disease (PD) is typically characterized by motor abnormalities, though it also
manifests nonmotor symptoms including speech and cognitive difficulties that significantly
impact the patients’ quality of life (1, 2). The underlying cause of motor symptoms in PD
is primarily due to nigrostriatal degeneration of dopamine neurons (3) and is associated
with hyperactivity in the subthalamic nucleus (STN) (4). This neurodegenerative process
not only impacts motor function but also gives rise to a broad spectrum of nonmotor
symptoms (5). While dopaminergic medication is widely used to alleviate motor symp-
toms, such as bradykinesia and rigidity, its impact on nonmotor symptoms, specifically
changes in speech and cognition, remains poorly understood (6-9). Considering the high
prevalence of speech impairments in PD (10, 11), and the clinical importance of addressing
both nonmotor and motor impairments, there is a critical need for elucidating the neural
circuit mechanisms by which dopaminergic medication influences speech and cognitive
functions in PD. Here, we address critical gaps in the literature by investigating the rela-
tionship between STN functioning, dopaminergic medication, and their collective influ-
ence on speech and cognitive impairments.

Speech, an intricate cognitive-motor function unique to humans, relies on precise
control of orofacial muscles and well-orchestrated cognitive processes for accurate and
efficient articulation. Disturbances in these motor and nonmotor components can con-
tribute to speech production problems, a common phenomenon in PD (10). Indeed, over
90% of PD patients have speech difficulties, such as hypophonia, dysarthria, and stutter-
ing. However, the etiological mechanism underlying speech deficits in PD remains unclear.

The language network, central to speech and to the production and comprehension of
oral language, is primarily composed of cortical areas including Broca’s area in the left inferior
frontal gyrus (12, 13), ventral sensorimotor cortex (14), and Wernicke’s area in the superior
temporal gyrus (15, 16). Besides these well-documented cortical areas, subcortical regions
also play a crucial role in speech motor control (17, 18). Disturbances and lesions in the
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basal ganglia often accompany a variety of speech problems, such
as dysarthria and dysphonia (19-21). However, our understanding
of the complex cortical—subcortical circuits underlying speech con-
trol remains inadequate. A deeper exploration of these circuits,
especially in the context of PD and the influence of dopaminergic
medication, is crucial to developing a more mechanistic understand-
ing of speech production in general and its deficits in PD.

The STN is a central region in basal ganglia-cortical circuits
that underpin movement and cognitive control in humans (22—
25). It receives inhibitory GABAergic input from the external
segment of the globus pallidus through the indirect pathway and
excitatory glutamatergic input from the cortex via the hyperdirect
pathway of cortical-basal ganglia loop. It sends glutamatergic
output to both the external and internal segments of the globus
pallidus (26, 27). Excitation of the STN increases neuronal activity
in the internal segment of the globus pallidus, which then sends
inhibitory signals to the thalamus, consequently reducing motor
output (Fig. 1A4). In the context of PD, this suggests that hyper-
activity in the STN can lead to excessive inhibitory output from
the globus pallidus internus to the thalamus, disrupting normal
cortical-basal ganglia signaling (4). However, the precise relation-
ship between nigrostriatal dopamine deficiency and STN hyper-
activity is not fully understood. The STN is the primary target of
deep brain stimulation (DBS), a treatment method that alleviates
specific motor symptoms, such as bradykinesia and resting tremor,
in PD patients (28). However, speech impairment is a common
side effect of STN stimulation in PD patients (29-34), and
increased dysarthria has also been reported (2), suggesting that
altered STN functioning may directly affect speech production
(35, 36). However, the exact relation between STN pathophysi-
ology and speech problems in PD and how this may be modulated
by dopaminergic medication remains unclear.

The STN is a heterogeneous structure with a tripartite organiza-
tion consisting of the dorsolateral, central, and ventromedial subdi-
visions (37, 38). Each of these subdivisions receives distinct white
matter projections from various cortical regions. Specifically, the
dorsolateral STN primarily interfaces with the motor cortex, the
central STN with the dorsal prefrontal and anterior cingulate cor-
tices, and the ventromedial STN with the ventral prefrontal and
orbital frontal cortices (37, 38) (Fig. 1B). By virtue of their distinct
anatomical wiring, these STN subdivisions are thought to serve
distinct motor and cognitive functions (39). In support of this, stud-
ies have demonstrated that stimulation of different STN subdivisions
elicits distinct patterns of motor and cognitive responses in PD
patients (40—42). Furthermore, the structural and functional con-
nectivity of STN stimulation targets has been shown to predict
therapeutic improvements in motor symptoms (43). However, key
knowledge gaps persist. Particularly, it is not known which STN
subdivision is primarily involved in speech control, and the degree
to which dopaminergic medication differentially modulates its cor-
tical circuits in PD remains poorly understood. Understanding the
dynamical circuit mechanisms associated with individual STN sub-
divisions could yield significant insights into speech impairments in
PD and inform more targeted and effective treatment strategies.

We had three objectives in this study. Our first objective was
to investigate the impact of dopaminergic medication on the func-
tional connectivity between the STN and canonical large-scale
functional brain networks (FBN) involved in motor, speech, and
cognitive functions, and their links to medication-induced changes
in behavior. We employed a within-subject design, where each
PD participant was assessed ON and OFF dopaminergic medi-
cation, along with a between-subject comparison to age-, sex-,
education-matched healthy controls (HC) (Fig. 1C). Each PD
participant completed Movement Disorders Society-Unified
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Parkinson’s disease Rating Scale motor assessment (MDS-UPDRS
part III), the Symbol Digit Modalities Test (SDMT), and
resting-state fMRI scanning in both the ON and OFF medication
sessions in a within-subject design, serving as their own controls.
Each HC participant completed one session. This design strategy
allowed us to explore the effects of dopaminergic medication on
STN functional connectivity and its relation to standardized
motor, speech, and cognitive function measures.

The MDS-UPDRS provided quantitative assessments of motor
function (44), while the SDMT evaluated working memory, attention
switching, and processing speed. Importantly, the SDMT offers both
an oral (06SDMT) and a written (wSDMT) version, involving differ-
ent response modalities but equivalent cognitive demands (45). The
0oSDMT requires participants to verbally state the responses whereas
the wSDMT requires participants to write down the responses. This
allowed us to test the differential effects of dopaminergic medication
on motor, speech, and cognitive functions. We hypothesized that
medication effects on speech and cognitive functions are modulated
by functional connectivity between STN and brain systems integral
to speech and language and cognitive control (46).

Our second objective was to probe the functional heterogeneity
of STN subdivisions, particularly in terms of how dopaminergic
medication modulates speech function. First, we examined whether
the human STN has functionally heterogeneous subdivisions char-
acterized by distinct spontaneous fMRI signals. To this end, we
leveraged a large Human Connectome Project (HCP) dataset (N
= 801) to identify functionally distinct clusters within the STN,
based on the temporal fluctuation patterns. Next, we examined
how dopaminergic medication alters the relationship between each
STN subdivision’s connectivity with FBNs and motor, speech, and
cognition. We hypothesized that dopamine-induced changes in
functional connectivity between the dorsolateral subdivision of the
STN and language network would be associated with altered
speech-related behaviors. We further predicted that functional
connectivity between the STN and individual language regions
would predict the effect of dopaminergic medication on speech.

Our final objective was to construct a reliable statistical model
capable of predicting the impact of dopaminergic medication on
speech in PD participants, based on the functional connectivity
between the STN and language networks. We hypothesized that
dopaminergic modulation on functional connectivity and lan-
guage networks can accurately predict its modulation on PD par-
ticipants’ speech function.

Results

Dopaminergic Medication Alleviates Motor Symptoms. Motor
performance in PD was assessed using the MDS-UPDRS (44). As
expected, dopaminergic medication significantly reduced motor
symptoms in PD participants (¢,; = 9.42, P = 7e-10, paired # test,
SI Appendix, Table S1).

PD-OFF MDS-UPDRS scores were significantly correlated
with PD-ON scores ( = 0.86, P = 6e-09, Pearson’s correlation,
SI Appendix, Fig. S1A) as well as medication-induced change in
MDS-UPDRS score (i.e., PD-ONypprs — PD-OFF jpprs) in a
marginally significant manner (r = -0.34, P = 0.08, Pearson’s cor-
relation); this relationship was significant after removal of one
outlier, defined by 3 SDs of group mean, (» = -0.45, P = 0.01,
Pearson’s correlation, SI Appendix, Fig. S1B) and remained signif-
icant after controlling for age, sex, and levodopa equivalent daily
dosage (LEDD; P = 0.03, SI Appendix, Table S2). These results
suggest that dopaminergic medication alleviates motor symptoms
in PD and participants with more severe motor problems had
greater benefits from dopaminergic medication treatment.

pnas.org
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Fig. 1. Model, anatomy, study design, and main results. (A) Hyperdirect, indirect, and direct pathways of cortical-basal ganglia circuitry. (B) STN tripartition is
composed of dorsolateral (red), central (green), and ventromedial (blue) subdivisions, which connects M1/SMA, ACC/DFC, VMPFC/OFC, respectively. (C) Study
design and data analysis. STN: subthalamic nucleus; GPe: globus pallidus externus; GPi: globus pallidus internus; M1: primary motor cortex; SMA: supplementary
motor area; STN-FBN FC: subthalamic nuclei-functional brain network functional connectivity; SN: salience network; DMN: default mode network; LECN: left
executive central network; RECN: right executive central network; Visuospatial: visuospatial network; Language: language network; Auditory: auditory network;
high_Visual: high visual network; prim_Visual: prime visual network; sensorimotor: sensorimotor network; MDS-UPDRS: the Movement Disorders Society-Unified
Parkinson'’s disease Rating Scale motor assessment; oSDMT: oral the Symbol Digit Modalities Test; wSDMT: written the Symbol Digit Modalities Test.

Effect of Dopaminergic Medication on Cognitive Function.
Cognitive functions in PD were assessed using oral and written
versions of the SDMT (45). Dopaminergic medication did not
significantly affect performance on the oSDMT or wSDMT
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(all ps > 0.5). The PD-OFF and PD-ON showed significant
correlation in both oSDMT (r = 0.82, P = 4e-07, Pearson’s
correlation, S/ Appendix, Fig. S1C) and wSDMT (r = 0.89, P =
8e-10, Pearson’s correlation, SI Appendix, Fig. S1E), indicating
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high stability and consistency of SDMT assessment on PD  medication effect on motor, speech, and cognitive functions
participants in ON and OFF sessions. Interestingly, PD-OFF  (see Materials and Methods for details). CCA revealed marginally
oSDMT scores were significantly correlated with medication- significant canonical correlations with clinical variables for the right
induced change in oSDMT (i.e., PD-ON ¢ppr — PD-OFF o5 (7=0.90, P=0.05, FWER corrected, Fig. 2B), but not the left STN
r=-0.46, P=0.01, Pearson’s correlation, SI Appendix, Fig. S1D), (P=0.33, FWER corrected). Multivariate contributions to the CCA
but this relationship was not significant in wSDMT scores (7 = model showed a high negative canonical coefficient of 0SSDMT and a
-0.11, P= 0.6, Pearson’s correlation, SI Appendix, Fig. S1F). This high positive canonical coefficient of functional connectivity between
association between PD-OFF oSDMT and medication-induced the rSTN and Language network (Fig. 2C). Canonical loading
changes in 0SDMT remained significant after controlling for age, analysis revealed that canonical loadings of oSSDMT (r= -0.83, P<
sex, and LEDD (P = 0.007, SI Appendix, Table S3). These results 0.001, Pearsons correlation) and STN-Language (r= 0.44, P=0.02,
demonstrate that PD participants with worse performance on  Pearson’ correlation) are significant. Taken together, these results
the spoken version of the SDMT had greater benefits from the  suggest that medication-induced functional connectivity changes

dopaminergic medication. No such effect was observed for the  in rSTN and Language network are negatively associated with
written version of the SDMT. medication-induced changes in speech function in PD participants.
Abnormal Functional Connectivity between STN and Functional Functional Connectivity between STN and Language Regions in

Brain Networks in PD. We examined functional connectivity Relation to Dopaminergic Modulation of oSDMT Performance.
between the STN and 10 canonical FBNs (Fig. 24) in PD-OFF As the multivariate brain—behavior association was dominated by
and HC and found that, among the 10 FBNs, the left STN had ~  the relationship between STN-Language network connectivity and
greater functional connectivity with the salience and sensorimotor ~ oSDMT performance, we further examined whether functional
networks in PD-OFF than HC (all ps < 0.05, Bonferroni corrected).  connectivity between STN and key regions in the Language system

No significant group differences were found in the functional = can predict oSSDMT performance. To demonstrate the robustness
connectivity seeded in the right STN. of our findings, instead of using the Language network derived from
There was no significant medication effect on functional con- whole brain parcellation using ICA (47), we used an independent

nectivity between STN and FBNs in PD participants (ps > 0.05). Language-specific brain atlas (48) (see details in Materials and

Methods) to identify five key regions in the Language system, including
Functional Connectivity in the Cortical-STN Circuits in Relation the left inferior frontal cortex (IIFC), left precentral gyrus (IPreCen),
to Medication Effect on Motor, Speech, and Cognitive Functions left superior temporal gyrus (ISTG), right superior temporal gyrus
in PD. We used canonical correlation analysis (CCA) to examine (tSTG), and supplementary motor area (SMA) (Fig. 2D).

the multivariate relationship between the effect of dopaminergic We examined functional connectivity between left or right STN
medication on functional connectivity of STN and FBNs and  and five key regions in the Language system in association with the
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Fig. 2. Functional connectivity in the rSTN-cortical circuits in relation to medication effect on motor, speech, and cognition functions in PD. (A) Canonical functional
brain networks obtained from Shirer et al. (47) including SN, DMN, LECN, RECN, Visuospatial, Language, Auditory, high_Visual, prim_Visual, and Sensorimotor
networks. (B) CCA revealed a marginally significant multivariate relationship between dopaminergic modulation of rSTN-FBN FC and dopaminergic modulation
of motor-cognitive function (r = 0.90, P = 0.05 FWER correction). (C) Multivariate relationship was characterized by high canonical coefficients of rSTN-Language
and oSDMT. Significant canonical loading factors were highlighted in red and bold-italic font. (D) Key regions in the language network obtained from Lipkin et al.
(48), including IIFC, IPreCen, ISTG, rSTG, and SMA. (E) Pearson’s correlation analysis revealed that Medication-induced changes in oSDMT scores (PDON - PDOFF)
are associated with medication-induced changes in rSTN-IIFC FC (r = -0.39, P = 0.05) and rSTN-ISTG FC (r = =0.61, P = 0.0002). STN-FBN FC: subthalamic nuclei-
functional brain network functional connectivity; SN: salience network; DMN: default mode network; LECN: left executive central network; RECN: right executive
central network; Visuospatial: visuospatial network; Language: language network; Auditory: auditory network; high_Visual: high visual network; prim_Visual:
prime visual network; sensorimotor: sensorimotor network; UPDRS: the Movement Disorders Society-Unified Parkinson’s disease Rating Scale motor assessment;
oSDMT: oral the Symbol Digit Modalities Test; wSDMT: written the Symbol Digit Modalities Test; [IFC: left inferior frontal cortex; IPreCen: left precentral gyrus;
ISTG: left superior temporal gyrus; rSTG: right superior temporal gyrus; SMA: supplementary motor area.
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effect of medication on 0SDMT performance. Dopaminergic med-
ication on oSDMT was significantly correlated with medication-
induced changes on the functional connectivity between rfSTN and
ISTG (r=-0.69, P=0.0002, Pearsons correlation, Fig. 2E), between
ISTN and ISTG (r = -0.49, P = 0.02, Pearsons correlation,
SI Appendix, Fig. S2), and marginally significant between rSTN
and lIFC (r = -0.39, P = 0.05, Pearson’s correlation, Fig. 2F).
Multiple linear regression analyses revealed that, after controlling
for age, sex, education, LEDD, and head motion, the effect of
medication on 0SSDMT performance is significantly associated with
functional connectivity between rfSTN and ISTG (2 = 0.007) and
between ISTN and ISTG (2= 0.01). No significant correlation was
found in functional connectivity between STN and other regions
in the Language system.

Functional Parcellation of the STN. We then examined functional
heterogeneous subdivisions in the STN using the HCP resting-
state fMRI dataset. Resting-state time series was extracted from
each voxel in the left and right STN separately for each participant
and voxel-wise temporal patterns were clustered individually and
consensus was reached in the group level. The number of clusters
varied from 2 to 5 for left and right STN and the optimal number
of clusters was determined using the probability rand index (PRI,
SI Appendix, Fig. S3A). Resultantly, we clustered the left and
right STN into three subdivisions each [i.e., left dorsolateral STN
(ISTN_dI), left central STN (ISTN_cen), left ventromedial STN
(ISTN_vm), right dorsolateral STN (rSTN_dI), right central STN
(rSTN_cen), right ventromedial STN (tSTN_vm)] (S7 Appendix,
Fig. S3B).

STN Subdivisions’ Connectivity to Functional Brain Networks in
Relation to Medication Effect on Motor, Speech, and Cognitive
Functions in PD. Next, we used CCA to examine the multivariate
relationship between effect of dopaminergic medication on STN
subdivisions’ connectivity with FBNs and medication effect on
motor, speech, and cognitive functions (see Materials and Methods for
details). This analysis revealed significant canonical correlation models
for the rSTN_dI (»= 0.89, P=0.03, FWER corrected, Fig. 3B) and
the rSTN_vm (r = 0.92, P = 0.04, FWER corrected, Fig. 3C) but
not for the other STN subdivisions (all ps > 0.05, FWER corrected).

For the rSTN_dI, multivariate contributions to the CCA model
were featured by a high negative canonical coefficient in oSDMT,
high positive canonical coefficient in functional connectivity with
the Language network, and high negative canonical coefficient in
functional connectivity with the left executive central network
(LECN) (Fig. 3D). Canonical loading analysis revealed that canon-
ical loading of the oSDMT is significant (r = -0.93, P < 0.001,
Pearson’ correlation) and the canonical loading of the STN-Language
is marginally significant (r = 0.36, P = 0.06, Pearson’ correlation).
The canonical loading of the STN-LECN was not significant.

For the rfSTN_vm, multivariate contributions to the CCA model
were featured by a high positive canonical coeflicient in 0SDMT,
high positive canonical coefficient in functional connectivity with
the auditory network, and high negative canonical coefficients in
functional connectivity with the Salience and Language networks
(Fig. 3E). Canonical loading analysis revealed that canonical load-
ing of the oSDMT is significant (» = 0.91, P < 0.001, Pearson’s
correlation), canonical loading of the STN-Language is significant
(r=-0.42, P=0.03, Pearson’ correlation) and the canonical loading
of the STN-Salience is marginally significant (= -0.36, P = 0.07,
Pearson’s correlation). The canonical loading of the STN-Auditory
was not significant.

Taken together, these results demonstrate regional specificity
of medication-induced changes on functional connectivity of STN

PNAS 2024 Vol.121 No.22 e2316149121

with FBNs in relation to the changes in motor, speech, and cog-
nitive functions. In particular, medication-induced connectivity
changes in rfSTN_dl and rSTN_vm with Language network were
associated with medication-induced changes in speech function
in PD participants. Canonical loadings of all variables were sum-

marized in S/ Appendix, Table S4.

Functional Connectivity between STN Subdivisions and
Language Regions Predicts Dopaminergic Modulation of oSDMT
Performance. We examined the functional connectivity between
STN subdivisions and five key regions in the Language system in
association with the effect of medication on 0SDMT performance.
We found that the effect of dopaminergic medication on oSDMT
is significantly correlated with medication-induced changes on the
functional connectivity between rfSTN_dl and ISTG (r = -0.79,
P = 5E-06, Pearsons correlation, Fig. 4B), between rfSTN_dl and
IIFC (r = -0.4, P < 0.05, Pearson’ correlation, Fig. 44), between
rSTN_cen and ISTG (» = -0.42, P < 0.05, Pearsons correlation),
between rSTN_cen and IIFC (r = -0.4, P < 0.05, Pearson’s
correlation), between rSTN_vm and ISTG (» = -0.69, P = 0.0002,
Pearsons correlation), between ISTN_dI and ISTG (r = -0.66,
P =0.0004, Pearson’ correlation, Fig. 4D) and between ISTN_d!
and IIFC (r = -0.49, P = 0.01, Pearson’ correlation, Fig. 4C).
Multiple linear regression analyses revealed that, after controlling
for age, sex, education, LEDD, and head motion, the effect of
medication on oSDMT performance is significantly associated
with functional connectivity between rSTN_dI and ISTG (P =
3e-05) and between rSTN_cen and ISTG (2 = 0.0003), between
ISTN_dl and ISTG (2 =0.0003) and between ISTN_dl and IFC
(P < 0.05) (8] Appendix, Table S5). No significant correlation was
found in functional connectivity between STN subdivisions and
other regions in the Language system.

Then, we trained a linear support vector regression model in
which dopaminergic modulation of functional connectivity between
STN and regions in the Language system was used as features to
predict the effect of dopaminergic medication on 0SDMT. The
model was tested using the leave-one-out cross-validation procedure,
and its performance was assessed by the correlation between pre-
dicted oSSDMT scores and observed oSDMT scores. We found that
model trained on the functional connectivity between rSTN_dl and
regions in the Language system can accurately predict medication-
induced changes in the oSDMT performance (= 0.47, P = 0.02,
Pearson’s correlation, SI Appendix, Fig. S4) and models trained on
the functional connectivity between other STN subdivisions and
Language regions were not predictive of medication-induced changes
in the oSDMT performance.

Functional Connectivity between STN and Language Regions
Was Not Associated with Dopaminergic Modulation of wSDMT
Performance. Finally, to demonstrate that the functional connectivity
between STN and Language regions was specifically associated with
speech function in the oSDMT performance rather than working
memory and executive function, we conducted the same correlation
analyses to examine the relationship between the functional
connectivity pattern and wSDMT performance. As expected, we
found that medication-induced changes in functional connectivity
between STN and any Language region were not associated with
medication-induced changes in wSDMT (all ps > 0.1).

Discussion

Speech difficulties are a common feature among PD patients, often
worsening after surgical interventions involving the STN (10, 11,
19). However, the pathophysiology underlying PD-related speech

https://doi.org/10.1073/pnas.2316149121

5of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2316149121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316149121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316149121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316149121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316149121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316149121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316149121#supplementary-materials

B _ rSTN_dI C _ rSTN_vm
9] )
0=~ 2 ° n = ~
o S oS 2
5 2w o L
o 00 o 00
(7] Na) (7] Na)
TS50 0 TSSO 0
(] Qo O 1
€33 £33
Q.
2 38 2 58
- D_ -
Og=-2 Osg= -2
= =
-2 0 -2 0 2
Canonical scores Canonical scores
rSTN_dI-FBN FC (PDON-PDOFF) rSTN_vm-FBN FC (PDON-PDOFF)
Dc Ec
Ke] Ke]
= =
c c
2 t UPDRS | 2 "L',: UPDRS l
°8 o8
S o oSDMT S o 0SDMT
23 £3
o o
28 o m
— —
"g = -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 "g = -04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
= Canonical coefficients = Canonical coefficients
— SN ] SN I
8 - DMN 8 ™ DMN
Pae) LECN I = L(S LECN |
RECN RECN
E E Visuospatial E Q) Visuospatial
L Y Language | ! O Language |
T, Z  Audiory § = Auditory
= O high_Visual |Q high_Visual |
= O prim_Visual | Z QO _prim_Visual |
¢» Q- sensorimotor | = _ Sensorimotor I
= -2 -1 0 1 2 CL) ~ -1.5 -1.0 -0.5 0.0 0.5 1.0 15
Canonical coefficients Canonical coefficients

Fig. 3. STN subdivisions’ connectivity to functional brain networks in relation to medication effect on motor and cognitive functions in PD. (A) Parcellation
analysis revealed that the left and right STN ROIs were composed of dorsolateral (red), central (green), and ventromedial (blue) subdivisions. (B and C) CCA
revealed significant multivariate relationship between dopaminergic modulation of STN subdivisions-FBN FC and dopaminergic modulation of motor, speech,
and cognition for both (B) rSTN_dI and (C) rSTN_vm. (D and E) Multivariate relationship was characterized by high canonical coefficients from (D) rSTN_dI and ()
rSTN_vm STN to Language and oSDMT. Significant canonical loading factors were highlighted in red and bold-italic font. STN-FBN FC: subthalamic nuclei-functional
brain network functional connectivity; SN: salience network; DMN: default mode network; LECN: left executive central network; RECN: right executive central
network; Visuospatial: visuospatial network; Language: language network; Auditory: auditory network; high_Visual: high visual network; prim_Visual: prime visual
network; sensorimotor: sensorimotor network; UPDRS: the Movement Disorders Society-Unified Parkinson’s disease Rating Scale motor assessment; oSDMT:
oral the Symbol Digit Modalities Test; wSDMT: written the Symbol Digit Modalities Test; rSTN_d!I: right subthalamic nucleus dorsolateral subregion; rSTN_vm:
right subthalamic nucleus ventromedial subregion.

deficits is not fully understood. In this study, we examined the ganglia-cortical motor and cognitive control system (22-25), and
impact of dopaminergic medication on the relationship between =~ medication-induced changes in speech and cognitive functions.
functional connectivity of the STN, a critical node of the basal =~ We found that medication-induced alterations in the functional
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connectivity between the STN and language network corre-
sponded with changes in speech-related behaviors. Analysis of
the functional specificity of STN subdivisions further revealed
a tripartite organization of the STN and an anatomical locus of
connectivity deficits with the language network in PD.
Specifically, medication-induced changes in functional connec-
tivity between the dorsolateral and ventromedial subdivisions
of the right STN and the language network were strongly asso-
ciated with behavioral performance requiring a vocal response.
Crucially, functional connectivity between the dorsolateral sub-
division of the right STN and key regions in the left-lateralized
language network, including the inferior frontal cortex and
superior temporal gyrus, were uniquely associated with the
effects of medication on vocal responses during cognitive testing.
Our study provides insights into the STN-cortical circuits
involved in speech control and elucidate the brain mechanisms
through which dopaminergic medication modulates speech
function in PD.

Functional Hyperconnectivity of STN to Motor and Salience
Networks in PD. Because PD is primarily known for its impact
on the motor systems, most neuroimaging research on the STN
has focused on its links with the motor cortex (49—-52). PD-
related abnormalities in functional connectivity between the STN
and nonmotor cortical regions have been grossly understudied,
and extant findings have been inconsistent (50, 53, 54). Some
studies have reported hyperconnectivity between the STN and
ventromedial prefrontal cortex in PD patients compared to
controls along with hypoconnectivity with parietal and visual
regions (53), while other studies report the opposite—reduced
connectivity between STN and prefrontal cortex but increased
connectivity with visual and parietal cortex (50, 54). In the
present study, we took a broader view and investigated functional
connectivity of the STN with 10 large-scale FBNs consistently
implicated in motor, speech, and cognitive functions.

PNAS 2024 Vol.121 No.22 e2316149121

Our analysis revealed that PD participants showed increased
connectivity between the left STN and sensorimotor network,
aligning with prior findings of hyperconnectivity between the
STN and motor regions (49-52). Additionally, compared to the
HC group, PD participants demonstrated heightened functional
connectivity between the left STN and the salience network. Prior
research in neurotypical individuals has linked functional connec-
tivity between the STN and the anterior insula and anterior cin-
gulate cortex—two key nodes in the salience network (55) and
revealed a hyperdirect pathway between the STN and salience
network crucial for efficient inhibitory control (23). Our findings
suggest that aberrant functional connectivity of the STN with
distinct networks may underpin motor and inhibitory control
deficits in PD patients.

Dopaminergic Modulation of STN Network Connectivity Is
Related to Medication-Induced Behavioral Changes in PD.
Dopaminergic medication altered functional connectivity between
the STN and the 10 large-scale FBNs in PD participants in a
clinically relevant manner. Functional connectivity of cortical-STN
circuits has been associated with motor and inhibitory control
functions (23, 51), but little is known about how dopaminergic
modulation on cortical-STN connectivity impacts motor, speech,
and cognitive functions. Here, we took an exploratory approach
to examine multivariate brain—behavior association in relation
to the effect of dopaminergic medication in PD. Specifically, we
employed CCA to determine the association between dopaminergic
medication effects on functional connectivity of the right and left
STN with large-scale FBNs and medication-induced changes in
motor, speech, and cognitive functions.

CCA revealed that clinical responsiveness to dopaminergic med-
ication depends on the extent of medication-induced modulation
of network functional connectivity with the STN (Fig. 2B).
Notably, functional connectivity changes between the STN and
the language network was the major contributor to multivariate
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associations with behavioral changes (Fig. 2C). On the behavioral
side, network connectivity changes in PD patients were most
prominently associated with medication-induced changes in the
oSDMT (Fig. 2C), which requires participants to make a vocal
response. In contrast, the relation with medication-induced
changes in the wSDMT, which requires written responses, was
much weaker. The oSDMT and wSDMT are essentially the same
test and the major difference is that oSDMT requires vocal
responses whereas wSDMT requires written responses. These
results suggest a specific link between dopaminergic modulation
of STN-Language network connectivity and medication-induced
behavioral changes in speech function in PD.

Next, we used an independent language network atlas (48) to
examine the direct relationship between medication-induced
changes in STN-Language Regions of interest (ROI) connectivity
and changes in the oSSDMT performance. The ROIs were deter-
mined by an independent probabilistic atlas for Language network
(48), encompassing 1IFC, [PreCen, ISTG, rSTG, and SMA
(Fig. 2D). We found that medication-induced changes in the
oSDMT were significantly correlated with changes in functional
connectivity between STN and both left IFC and left STG
(Fig. 2E and SI Appendix, Fig. S2). Importantly, such brain—
behavior association was not observed in the wSDMT perfor-
mance, suggesting the specific contribution of the STN-Language
ROI connectivity on speech but not on manual motor control.

Our findings are consistent with deterioration of speech after
STN DBS procedures, which suggests the critical role of the STN
in speech control (56). The clinical side effect of deteriorated
speech function following STN DBS has inspired more research
to investigate the association between STN and speech, particu-
larly with the PD model and DBS approaches. It has been shown
that speech production is accompanied by modulation in neuronal
firing rate (36), beta power (57), and high gamma power in STN
(35). PD patients with speech deficits had weaker neuronal activity
in the STN during speech production than those without speech
deficits (58). Beyond these previous findings, our study provided
evidence on the brain mechanism by which dopaminergic medi-
cation affects speech function in PD patients. Together, it indicates
that PD patients’ speech deficits could be alleviated by improving
functional connectivity between STN and language network,
which also speaks to the underlying mechanism why patients’
speech function deteriorates after STN DBS operation.

Dopaminergic Medication Modulates Functional Connectivity
between STN Subdivisions and Language Network in Relation
to Speech. STN is a functionally heterogeneous region. Location
of the DBS electrodes within the STN has a significant impact on
its clinical outcome in PD patients (59, 60). However, whether
dopaminergic medication has different modulatory effects on STN
subregions in relation to clinical outcomes remains unknown.
Previous studies suggest that the subregions within the STN may
contribute differently to motor, cognitive, and emotion functions
(39). Accordingly, we sought to characterize the functional
heterogeneity of STN subdivisions in order to more precisely
evaluate the behavioral effects of dopaminergic medication on
STN circuits in PD. Studies in nonhuman primates have suggested
a tripartite organization of the STN, composed of dorsolateral,
central, and ventromedial subdivisions, associated with motor,
cognitive, and affective functions, respectively (37, 38). This
structure is mirrored in human diffusion weighted imaging (DWI)
studies, which have highlighted similar subdivisions within the
STN, each displaying distinct patterns of structural connectivity
with other cortical areas (61). However, the precise boundaries

of the DWI-derived subdivisions of the human STN have been
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questioned because of the difficulty of tracking fibers from the
STN (62).

We addressed this question here by conducting a parcellation
analysis to identify subdivisions within the STN based on tem-
poral patterns of voxel-wise spontanecous neural activity.
Importantly, the parcellation was conducted in an independent
large-scale resting-state fMRI data obtained from the HCP (63).
We employed a consensus clustering algorithm (64, 65), which
identified three functional clusters within the STN in each hem-
isphere (87 Appendix, Fig. S3). Notably, these partitions aligned
with the dorsolateral, central, and ventromedial subdivisions
observed in nonhuman primates (37, 38).

We then employed CCA to determine the association between
dopaminergic medication effects on functional connectivity of STN
subdivisions with large-scale functional networks and changes in
medication-induced changes in motor, speech, and cognitive func-
tions. By utilizing a rigorous and confound-controlled CCA algo-
rithm (66), we identified significant canonical correlation models
for the right dorsolateral and right ventromedial subdivisions of the
STN. The multivariate relationships were primarily influenced by
medication-induced changes between these STN subdivisions and
the language network and alterations in the oSSDMT (Fig. 3).

These results demonstrate that dopaminergic medication effects
on functional connectivity of the STN are associated with both
the sensorimotor and limbic subdivisions of the STN. The dorso-
lateral STN is considered the sensorimotor subdivision and is most
directly involved in motor function (37, 38). It receives input from
the motor areas of the cortex and is the target for DBS treatments
for movement disorder in PD (59, 60). The ventromedial STN
receives inputs from limbic areas of the brain and is differentially
involved in affective processing (37, 38). Our findings suggest that
dopaminergic medication impacts speech processing via changes
in both the motor and limbic subdivisions of the STN.

Next, we further examined which language region’s functional
connectivity with the STN subdivisions is associated with dopa-
minergic modulation on speech function in PD. Analysis with
the independent language network atlas (48) confirmed that
medication-induced changes in the oSSDMT were significantly
correlated with changes in functional connectivity between the
dorsolateral subdivision of the right STN and both left IFC and
left STG, two key nodes in the cortical language system (Fig. 4).

Crucially, both multivariate and univariate analyses converged
on the finding that medication-induced changes in functional
connectivity between the STN and the language network were
associated with medication-induced changes in the oSSDMT, but
not in the wSDMT. The oSDMT and wSDMT are identical tests,
with the sole distinction being that oSDMT demands vocal
responses while wSDMT requires written responses. This unique
association with oSDMT, but not wSDMT, implies that
medication-induced changes in functional connectivity between
the STN and language network are not primarily influencing over-
all cognition. Instead, they specifically contribute to speech func-
tion. These findings provide compelling evidence for a more precise
understanding of the dorsolateral STN'’s role and the influence of
dopaminergic medication on speech function in PD patients.

Our final objective was to develop a machine learning model
that evaluates whether changes in functional connectivity between
the STN and key areas of the language network can predict
medication-induced changes in the oSSDMT performance with
medication. A support vector regression model was trained and
tested using the leave-one-out cross-validation procedure. We
found that multivariate pattern of medication-induced functional
connectivities between the dorsolateral STN and key regions in
the language network can accurately predict dopaminergic
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modulation on the oSDMT performance (S Appendix, Fig. S4).
This prediction analysis demonstrates the robustness of our find-
ings as the multivariate features learned from STN-Language
network functional connectivity have significant prediction power
on the unseen speech performance data.

A striking finding of our study was that dopaminergic
medication-induced changes in functional connectivity between the
STN and both the left IFC and left STG were significant predictors
of enhancements in oSDMT scores. Both these regions are integral
components of the left-lateralized classical speech network model,
as the left IFC specializes in speech production and the left STG
plays a critical role in auditory processing and speech comprehension
(16, 67, 68). Prior studies of the language network have primarily
focused on the neocortex, leaving the role of subcortical regions in
speech production unclear. Interestingly, our findings echo the
results of two recent intracranial EEG studies in PD patients with
DBS of the STN (46, 69). These studies reported that STN stim-
ulation evoked neuronal responses in the left inferior frontal cortex
and superior temporal gyrus (46) and identified the propagation of
high-gamma activity from the superior temporal gyrus to the STN
prior to speech onset (69). This hints at a key involvement of the
STN in the language network. Our investigation provides further
evidence for functional connectivity between the STN and the lan-
guage network and demonstrates that this STN-language network
connection plays a vital role in modulating speech functions in PD
patients via dopaminergic medication.

Conclusion

Our study provides insights into the neural mechanisms under-
lying the effects of dopaminergic medication on speech impedi-
ments in PD, an underexplored aspect of the disorder. We
investigated the effect of dopaminergic medication on STN cir-
cuits, specifically its association with speech and cognitive func-
tions in PD patients. We found that medication-induced changes
in the intrinsic functional connectivity of the STN predicted
changes in speech and cognitive function, which were character-
ized by altered connectivity of the STN’s dorsolateral and ventro-
medial subdivisions with the language network. Notably,
medication-induced changes in functional connectivity between
the dorsolateral subdivision of the STN and key regions within
the language network, particularly the left inferior frontal cortex
and the left superior temporal gyrus, showed a strong correlation
with performance changes on standardized neuropsychological
tests requiring verbal responses. Interestingly, such a relation was
absent in the written form of the same test, underscoring a poten-
tially unique association between dopaminergic medication and
speech functions in PD. Additionally, our findings highlight the
predictive value of dopaminergic medication-induced changes in
functional connectivity between the STN and language regions,
indicating their role as a potential biomarker for determining the
medication’s downstream effects on speech-related cognitive per-
formance. These results reveal a previously unidentified brain
mechanism, shedding light on the neural underpinnings of
medication-induced alterations of speech in PD patients. Our
findings that medication has different impact on STN subdivisions
and its circuity with the language network in PD may improve
treatment strategies for speech and cognitive deficits in PD.

Materials and Methods

Participants. All participants were enrolled in the Stanford Alzheimer's Disease
Research Center. Inclusion criteria for HC included age =60 y; no neurological,
psychiatric, or medical conditions causing cognitive impairment determined

PNAS 2024 Vol.121 No.22 e2316149121

through history and neurological examination; and cognitively normal as
determined by clinical consensus after formal testing that included the National
Alzheimer's Coordinating Center Uniform Data Set (version 3) neuropsychological
battery. PD was determined by UK Brain Bank criteria (70) aftera comprehensive
neurological exam and the MDS-UPDRS part 111 (44) both OFF and ON dopamin-
ergic medications. PD participants completed formal neuropsychological testing
with the Uniform Data Set version 3 battery which occurred within 6 mo of the
fMRI session. A total of 44 HCs completed a resting-state fMRI session and 38
PD participants completed two separate ON and OFF resting-state fMRI sessions.
The session order was arranged to accommodate the participants’ convenience,
which does not influence the significance of the findings. After screening head
motion (max displacement < 3 mm and mean frame-wise displacement < 0.25
mm), a total of 42 HCs (71 = 6 y old; 23F/19 M) and 27 PD participants (69 = 7y
old; 14F/13 M; 22 PD with no cognitive impairment, 5 PD with mild cognitive
impairment) were included in the final analyses. The final samples of HCs and
PD participants were well matched in age, sex, education, and head motion, and
head motion was not significantly different between ON and OFF sessions for PD
participants (S/ Appendix, Table S1).

All participants provided written consent and the Stanford University
Institutional Review Board approved all study protocols.

Motor, Cognitive, and Speech Functioning. Motor functioning in PD partici-
pants both ON and OFF dopaminergic medication was quantified by MDS-UPDRS
part Il scores. Cognitive functioning was measured with the SDMT. The SDMT is
a neuropsychological test of executive functioning that is sensitive to cognitive
changesin PD (71-73).There is both an oral (0SDMT) and a written (WSDMT) ver-
sion of the SDMTand the oral version is often given to minimize motor demands,
which is especially important for PD because tremor can significantly interfere
with writing ability. For this study, each PD participant completed both 0SDMTand
wSDMT versions of the SDMT during the ON and OFF sessions. Raw scores were
converted to demographically corrected standardized scores using previously
published norms (74).

Data Acquisition. The fMRI images were collected using a 3 T scanner. A total
of 790 functional images were acquired using multiband echo-planar imaging
with the following parameters: 47 slices, repetition time (TR) = 490 ms, flip
angle = 45° echo time = 30 ms, field of view = 220 x 220 mm, matrix = 74 x
74, 3 mm slice thickness, and voxel size = 2.97 x 2.97 x 3 mm. The first 12
time points were removed to allow for signal equilibration, leaving 778 time
points for each participant. Each participant's T1-weighted anatomical scan had
been acquired using a magnetization-prepared rapid-acquisition gradient echo
(MPRAGE) sequence (256 slices with a 176*256 matrix; voxel size 1.00 x 0.977 x
0.977 mm?).

fMRI Preprocessing. Astandard preprocessing pipeline wasimplemented using
SPM12 software package (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/), as
well as in-house programs in MATLAB (MathWorks). Functional MRI data were
first slice time corrected, aligned to the averaged time frame to correct for head
motion, and co-registered with each participant's T1-weighted images. Structural
MRIimages were segmented into gray matter, white matter, and cerebrospinal
fluid. Based on the transformation matrix from the structural image, the functional
images were then transformed to the standard Montreal Neurological Institute
(MNI) template in 2 x 2 x 2 mm? by using the Diffeomorphic Anatomical
Registration Through Exponentiated Lie algebra (DARTEL) toolbox (75). A 2-mm
Gaussian kernel was used to spatially smooth the functional images.

HCP Data. Minimally preprocessed resting-state fMRI data were obtained from
the HCP for STN parcellation. We selected 801 individuals based on the following
criteria: 1) range of head motion in any translational direction is less than T mm;
2) average scan-to-scan head motion is less than 0.2 mm, and 3) maximum
scan-to-scan head motion is less than 1 mm. For each individual, 1,200 frames
were acquired using multiband, gradient-echo planarimaging with the following
parameters: TR = 720 ms, TE = 33.1 ms; flip angle = 52°, field of view = 280 x
180 mm, matrix = 140 x 90, voxel size = 2 x 2 x 2. During scanning, individuals
were eye-fixated on a projected crosshair on the screen.

Minimal preprocessing was implemented using fMRIVolume pipeline (76),
including correction of gradient-nonlinearity-induced distortion, realignment for
motion correction, registration, and normalization in 2 mm MNI space. Details of
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the preprocessing steps are described in previous studies (76). We applied spatial
smoothing with a Gaussian kernel of 2 mm FWHM in minimally preprocessed
HCP data to improve signal-to-noise ratio.

ROI.

STN. The left and right STN (ISTN and rSTN) ROIs were constructed using a high-
resolution probabilistic atlas of subcortical regions (77). With a probabilistic
threshold of 0.1, ISTN was composed of 38 voxels and rSTN was composed of 39
voxels in the 2 mm spatial-resolution MNI space (S Appendix, Fig. S2B).
Functional brain networks. ROls for functional brain networks were determined
froman independent study (47), including sensorimotor (Sensorimotor), primary
visual (prim_Visual), high visual (high_Visual), auditory (Auditory), language
(Language), visuospatial (Visuospatial), left executive central (LECN), right execu-
tive central (RECN), salience (Salience), and dorsal default model network (DOMN)
(Figs. 1Cand 24).

Language network. To further test functional connectivity between STN and
Language network, we constructed ROls using a probabilistic atlas for Language
network (48). With a probabilistic threshold of 0.25, the language network was com-
posed of the leftinferior frontal cortex (IIFC), left precentral gyrus (IPreCen), left supe-
rior temporal gyrus (ISTG), right superior temporal gyrus (rSTG), and SMA (Fig. 2D).

Functional Parcellation of the STN. We used a consensus clustering evidence
accumulation method to identify stable and robust clusters in the STN (64, 65).
Voxel-wise time series in the STN was extracted from each participant and used as
the feature in the parcellation. LetY* = { y*}¥ be the features, where y$ consists
of Tobservations at each voxel i for a subject s; M is the total number of voxels and
Sisthe total number of subjects. In step 1, we generated 100 different partitions of
dataY* from each subject for each kranging from 2 to 5 using different nitializations
of K-means algorithm (78). In step 2, we computed a coassociation matrix C, for
each k and S that finds similarities between these 100 different partitions. In step
3, we applied hierarchical clustering with average linkage using C as the similarity
matrix for each k and S. In step 4, we computed the Probability Rand Index (PRI)
(79) to quantify the similarity of the clusters across all the subjects S for a given k.
The optimal number of clusters (k*) was determined by the max value of the PRI. In
step 5, we computed the group level average coassociation matrix by averaging the
coassociation matrices for the optimal clustering solution k* across all the S subjects.
We then obtained the k* stable clusters at the group level by applying hierarchical
clustering method with average linkage using this coassociation as on the similarity
matrix. More method details can be found in our previous studies (64, 65).

Functional Connectivity. To investigate the functional circuits associated with
individual STN clusters we conducted seed-based functional connectivity analysis.
First, time series across all the voxels within the thresholded cluster was extracted
and averaged. The resulting averaged time series was then used as a covariate of
interest in a linear regression of the whole-brain analysis. A global time series,
computed across all brain voxels, along with six motion parameters were used as
additional covariates to remove confounding effects of physiological noise and par-
ticipant movement. Linear regression was conducted at the individual subject level.

Canonical Correlation Analysis. We use CCA to investigate the effect of dopa-
minergic medication on cortical-STN connectivity in relation to medication effect
on motor and cognitive function (80). The medication-induced difference in func-
tional connectivity between STN and functional brain networks (PD-ON-PD-OFF)
were used as the set of X variables and the medication-induced difference in motor
and cognitive measures, including UDPRS, 0SDMT, and wSDMT, were used as the
set of Y variables. All neuropsychological measures were transformed such that
higher scores were indicative of better performance and positive values in the
contrast of PD-ON versus PD-OFF were indicative of improved function induced by
dopaminergic medication. Age, sex, and education were included in the model as
nuisance variables. CCAand its statistical testing were conducted using "permcca”

1. 1. Galperin et al., Associations between daily-living physical activity and laboratory-based
assessments of motor severity in patients with falls and Parkinson’s disease. Parkinsonism Relat.
Disord. 62,85-90(2019).

2. R.F Pfeiffer, Non-motor symptoms in Parkinson's disease. Parkinsonism Relat. Disord. 22,
$119-5122 (2016).

3. J.M.Fearnley,A.J. Lees, Ageing and Parkinson’s disease: Substantia nigra regional selectivity. Brain
114,2283-2301(1991).
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algorithm implemented in Matlab (66). The “permcca” algorithm was developed
to address the concerns about shared variation on nuisance variables and repeat-
edly explained variations between canonical variables. Permutation tests (1,000
times) were used to build a null distribution of canonical correlations from which
statistical significance was defined by P < 0.05, corrected with the familywise
error rate (FWER). The permutation test for CCA involves randomly shuffling the
rows of either X or Y variables. With each permutation of the data denoted by
m, a fresh set of canonical correlation r, would be calculated. Subsequently, a
P-value could be computed as P = (3 I(r, >ro))/n,, where n, is the number of
permutations, r, is the canonical correlation from nonpermuted (original) data,
and | = Tif r >r,, otherwise | = 0. Last, P values were FWER-corrected for all the
canonical correlation tests. Canonical coefficients were reported to characterize the
multivariate relationship between two sets of variables. The contribution of each
original variable on the canonical scores was assessed using Pearson’s correlation.

Univariate Association Analysis. We used Pearson’s correlation to test whether
medication-induced changes in functional connectivity between STN and regions
in the Language network are significantly associated with medication-induced
changes in the 0SDMT performance. Next, multiple linear regression analyses
were used to further examine the relation between medication-induced changes
in functional connectivity between STN and regions in the Language network is
significantly associated with medication-induced changes in the 0SDMT perfor-
mance while controlling for age, sex, education, LEDD, and head motion.

Prediction Analysis. To examine whether medication-induced changes in func-
tional connectivity between STN and regions in Language network can predict
medication-induced changes in oSDMT performance in PD patients, we con-
ducted multivariate regression analysis using linear support vector regression
(SVRY). Differences between PD-ON and PD-OFF in functional connectivity between
STN and all regions in the language network were used as features to predict the
difference between PD-ON and PD-OFF in oSDMT. The prediction model was
tested using leave-one-out cross-validation. Each time, one participant's data
(PD-ON and PD-OFF) was selected as a test set, and the rest of the data were used
asa training set. The training set was then used to train an SVR model, which was
then applied on the test set for prediction. This procedure was repeated N times
with each data point used exactly once as a test set. The model's performance was
evaluated using Pearson’s correlation between predicted scores and observed
scores. Python package scikit-learn was used for SVR and cross-validation (https:/
github.com/scikit-learn/scikit-learn).

Data, Materials, and Software Availability. Data used for parcellation of the
Subthalamic Nucleus are available from the HCP (https://www.humanconnectome-
project.org/) (81). Anonymized PD and HC data will be made available on request
to qualified researchers, but this will be contingent upon the authors' ability to
secure Stanford University's institutional review board approval, and upon both
parties signing a Data Usage Agreement. Code used in the analysis can be found at
(https://github.com/scsnl/Cai_PD_Dopamine_STN_Language_RSFC_2023)(82).
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