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OBJECTIVE Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an established neurosurgical treatment
for the motor symptoms of Parkinson’s disease (PD). While often highly effective, DBS does not always yield optimal
therapeutic outcomes, and stimulation-induced adverse effects, including paresthesia, muscle contractions, and nausea/
lightheadedness, commonly occur and can limit the efficacy of stimulation. Currently, objective metrics do not exist for
monitoring neural changes associated with stimulation-induced therapeutic and adverse effects.

METHODS In the present study, the authors combined intraoperative functional MRI (fMRI) with STN DBS in 20 pa-
tients with PD to test the hypothesis that stimulation-induced blood oxygen level-dependent signals contained predictive
information concerning the therapeutic and adverse effects of stimulation.

RESULTS As expected, DBS resulted in blood oxygen level-dependent activation in myriad motor regions, including
the primary motor cortex, caudate, putamen, thalamus, midbrain, and cerebellum. Across the patients, DBS-induced
improvements in contralateral Unified Parkinson’s Disease Rating Scale tremor subscores correlated with activation of
thalamic, brainstem, and cerebellar regions. In addition, improvements in rigidity and bradykinesia subscores correlated
with activation of the primary motor cortex. Finally, activation of specific sensorimotor-related subregions correlated with
the presence of DBS-induced adverse effects, including paresthesia and nausea (cerebellar cortex, sensorimotor cortex)
and unwanted muscle contractions (caudate and putamen).

CONCLUSIONS These results suggest that DBS-induced activation patterns revealed by fMRI contain predictive infor-
mation with respect to the therapeutic and adverse effects of DBS. The use of fMRI in combination with DBS therefore
may hold translational potential to guide and improve clinical stimulator optimization in patients.

Clinical trial registration no.: NCT01809613 (clinical trials.gov)
https://thejns.org/doi/abs/10.3171/2020.10.JNS202277
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nucleus (STN) has become a well-established

treatment for bradykinesia, rigidity, and tremor,
the cardinal motor symptoms of Parkinson’s disease (PD).
Originally based on a location used for therapeutic lesion-
ing, STN DBS was once thought to exert its clinical ef-
fects through silencing of local neuronal activity.! How-
ever, electrophysiological studies of basal ganglia activity,’
as well as those that interrogate oscillations across func-

D EEP brain stimulation (DBS) of the subthalamic

tional networks,? have suggested that STN DBS partially
achieves its effects through axonal activation that propa-
gates throughout neural circuits and reduces exaggerated
phase-amplitude coupling in the primary motor cortex.*?
Although the most common DBS target for PD is the STN,
the network-wide effects of STN DBS are not well char-
acterized.® Given the structural heterogeneity of the tar-
get region, it is not surprising that clinical responses and
global activation patterns in response to STN DBS are

ABBREVIATIONS BOLD = blood oxygen level-dependent; DBS = deep brain stimulation; DRTT = dentatorubrothalamic tract; fMRI = functional MRI; GPi = globus pal-
lidus pars interna; PD = Parkinson’s disease; rCBF = regional cerebral blood flow; ROI = region of interest; SMA = supplementary motor area; STN = subthalamic nucleus;

UPDRS = Unified Parkinson’s Disease Rating Scale; VIM = ventral intermediate nucleus.
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varied. Studies employing ['SOJH,O PET and functional
MRI (fMRI) have revealed patterns of DBS-induced acti-
vation and deactivation that span motor and nonmotor net-
works.” The complexity of DBS-induced hemodynamic
effects is likely due to the variety of fiber tracts and nuclei
that reside adjacent to the STN,'* as well as the diverse, to-
pographically organized connectivity of the STN itself.!"?
Anteriorly and laterally, the STN is bordered by motor fi-
bers coursing through the internal capsule, while dorsally
it is limited by the pallidothalamic output that travels by
way of the fasciculus lenticularis and zona incerta. In ad-
dition, medial to the STN resides the ventral thalamus,
prelemniscal radiations, and red nucleus, all of which are
connected to the cortex and pyramidal structures.!! Be-
cause of the structural complexity of the STN and proxim-
ity to other fibers, DBS-induced sensorimotor, cognitive,
and emotional adverse effects are common. Therefore,
understanding the functional correlates of the therapeutic
and adverse effects of STN DBS represents a crucial step
toward the identification of biomarkers that could guide
stimulator placement and parameter optimization. In the
case of STN DBS, two studies, one employing PET'> and
the other using fMRI,? revealed hemodynamic changes in
motor circuitry that correlated with the clinical effective-
ness of stimulation in chronically implanted patients. In
addition, our group recently showed that intraoperative
fMRI could be used in patients receiving thalamic DBS
for the treatment of essential tremor to generate functional
predictors of the therapeutic effectiveness of stimulation
as well as the presence of DBS-induced paresthesia.!®

Here, we tested the hypothesis that intraoperative fMRI
can be used to identify regions of blood oxygen level—de-
pendent (BOLD) activation, especially in the motor and
basal ganglia network, that are predictive of the therapeu-
tic and adverse effects of STN DBS. Our results show that
DBS-induced therapeutic and adverse effects are corre-
lated with distinct patterns of sensorimotor network and
basal ganglia activation. In particular, BOLD activation
within subregions of the sensorimotor cortex and cerebel-
lum was found to correlate with the presence of DBS-in-
duced paresthesias, dystonia, and nausea.

Methods

Patients

Twenty patients (11 females and 9 males; mean [+ SD]
age 62.6 + 11.5 years; Supplemental Table 1) diagnosed
with idiopathic PD were enrolled in this study (clinical
trial identifier no. NCT01809613, ClinicalTrials.gov) pri-
or to undergoing bilateral STN DBS surgery, except for
2 patients who received right-sided unilateral DBS and 1
patient who received left-sided unilateral DBS. Patients
enrolled in this study were reviewed and approved for
surgery by the Mayo Clinic DBS Committee, an interdis-
ciplinary team comprising neurologists, neurosurgeons,
psychiatrists, neuropsychologists, speech pathologists,
and a biomedical ethicist. The Mayo Clinic institutional
review board approved this study. All patients provided
written informed consent in accordance with the Declara-
tion of Helsinki. The CONSORT 2010 reporting guideline
was implemented in this study.
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Operative Approach and fMRI Data Acquisition

A Leksell stereotactic head frame (Elekta) was used for
surgical navigation. A 1.5T MRI (General Electric Signa
HDxt, 16x software) scan was obtained for targeting and
implantation using MPRAGE (magnetization-prepared
rapid acquisition gradient echo sequence). MR images
were merged with the Schaltenbrand and Wahren human
atlas for identification of stereotactic coordinates of the
STN. Following standard surgical preparation under lo-
cal anesthesia, microelectrode recording was performed
to verify targeting. Subsequently, quadripolar concentric
DBS electrodes (model 3387, Medtronic) were implanted
bilaterally. Lead placement was confirmed using CT (Sen-
sation 64, Siemens), with an image resolution of 0.59 x
0.59 x 1.00 mm?®. The average lead implantation location
in Talairach coordinates was computed to be X: —12.01 +
0.95,Y: 16.03 +2.21,and Z: =7.99 + 2.33.

During pulse generator implantation surgery 1 week
after DBS lead implantation, the intraoperative fMRI
experiment was performed. Functional MRI was con-
ducted with patients under general anesthesia.* To per-
form stimulation, a unilateral DBS lead was externalized
outside the sterile field and connected to an external pulse
generator (DualScreen 3628, Medtronic). In an attempt to
minimize susceptibility artifacts produced by subgaleal
connectors, the connected lead was selected such that it
was contralateral (right in 8 patients and left in 2 patients)
to the implanted pulse generator.!* Functional MRI scans
were conducted using 2D gradient echo—echo planar im-
aging: repetition time/echo time, TR 3000 msec, TE 50
msec, flip angle 90°, field of view 22 x 22 cm, matrix 64
x 64, slice thickness 3.5 mm with a 0-mm gap thickness.
In each acquisition (run), 135 volumes (the first 5 volumes
were discarded for scanner equilibration) were acquired
using a block paradigm: five 6-second stimulation periods
(2 volumes) alternated with six 60-second rest periods (20
volumes). The total time of each run was 6 minutes and
45 seconds. Four runs of fMRI were performed for each
patient in a single session, with 2 minutes of rest between
each run. During stimulation periods, bipolar DBS was ap-
plied unilaterally to the externalized DBS lead at 90 usec,
130 Hz, and 3 V with varying counterbalanced contact
configurations across the 4 runs: 3-2+, 2-1+, 1-2+, 0-1+.
Contact “0” refers to the most ventrally located contact,
and contact “3” is the most dorsally located. The cathode
(current source) is denoted by “-,” and “+” refers to the
anode (return contact). Additional details regarding fMRI
methods are available in the Supplemental Methods.

Clinical Evaluation

Patients arrived at the clinic in the “off” medication
state 1-2 weeks after pulse generator implantation sur-
gery. Unilateral monopolar stimulation was applied at
each cathode (0—, 1-, 2—, 3—; 130 Hz, 60 usec), and the
amplitude was increased to 3 V or until patients report-
ed experiencing an adverse effect. Once the maximum
side effect—free voltage (or 3 V) was reached, contralat-
eral hemibody Unified Parkinson’s Disease Rating Scale
(UPDRS) Part III subscores (I-IV, with IV correspond-
ing to most severe) for tremor, rigidity, and bradykinesia
were assessed. All clinical evaluations were performed by
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FIG. 1. Therapeutic and adverse effects due to STN DBS in PD patients. A: Therapeutic effects of DBS on contralateral hemibody
UPDRS IlI scores, subdivided by tremor, rigidity, and bradykinesia. UPDRS scores with DBS on and off were compared within the
same cohort and were found to be significantly different in total and among subgroups (**p < 0.001, Wilcoxon signed-rank test).

B: Adverse effects of DBS noted during DBS programming before reaching the 3-V pulse amplitude. Distributions of DBS-induced
side effects are plotted versus the total number of contacts per side effect in all patients (60 contacts were studied across 15
patients with 4 contacts per patient). Of contacts associated with side effects (n = 36), some were associated with one side effect,
whereas others were associated with multiple side effects. Figure is available in color online only.

a neurologist with subspecialty training in movement dis-
orders. Additional details regarding clinical evaluation are
available in the Supplemental Methods.

Correlation Between STN DBS-Induced Activation Maps
and the Therapeutic Effect

Functional MRI processing was performed as de-
scribed previously.”* Regions of interest (ROIs) for corre-
lation analysis were defined from the group activation map
thresholded at a significance level of false discovery rate ¢
<0.05 (p <0.002, Ifl > 3.41). Within each ROI, beta coeffi-
cients were extracted from individual activation maps and
averaged. Pearson correlations were performed between
ROI-averaged beta values and the percent change in con-
tralateral UPDRS subscores for tremor, rigidity, and bra-
dykinesia. Monte Carlo simulation indicated that an initial
voxel-wise threshold of p < 0.01 and a minimum cluster
size of 654 voxels provided a corrected p value of 0.01 (al-
pha = 0.01; two-tailed p < 0.01; Pearson r > 0.403; cluster
size = 654 voxels)."*

Correlation Between STN DBS-Induced Activation Maps
and Adverse Effects

Contacts that resulted in patient-reported adverse ef-
fects at or below 3 V were grouped according to side ef-
fect. A group-level linear mixed-effects model was con-
ducted to compare activation maps between those that
resulted in no side effect and those that resulted in each
side effect group. In this model, age was coded as a be-
tween-subject covariate, and contact conditions as within-
subject covariates. Monte Carlo simulation indicated that

an initial voxel-wise threshold of p < 0.01 and a minimum
cluster size of 654 voxels gave a corrected p value of 0.01
(alpha = 0.01, l#l > 2.74 for dystonia and paresthesia; Il >
2.80 for nausea/lightheadedness) for the significance level
of the group difference between DBS-induced activations
with and without each type of side effect."* Ipsilateral and
contralateral effects are in reference to DBS electrode
contacts.

Results
Therapeutic and Adverse Effects due to STN DBS

Of the 20 patients studied, 15 gave consent to under-
go therapeutic effect evaluations (Supplemental Table 1;
15 patients x 4 electrode contacts per subject = 60 DBS
stimulation localizations in total). Stimulation resulted in
significant medication-off reductions in total contralateral
hemibody UPDRS III score, as well as tremor, rigidity, and
bradykinesia subscores (p < 0.0001 in all cases, Wilcoxon
signed-rank test; Fig. 1A). Adverse effect evaluations were
performed in 19 patients (1 patient was lost to follow-up).
The mean adverse effect—free stimulation amplitude (con-
tacts with no adverse effects at 3 V not included) was 2.3
+ 0.5 V (mean + SD). Of the settings studied, 24 resulted
in no adverse effects at 3 V, while the most commonly
observed side effects were stimulation-induced dystonia
(21 contacts), paresthesia (15 contacts), and nausea with
lightheadedness (10 contacts; Fig. 1B). Other less com-
mon adverse effects observed included dysarthria (7 con-
tacts), visual side effects (diplopia and/or blurred vision,
3 contacts), and acute dysphoria (1 contact). In addition,
5 contacts resulted in a sensation that patients described
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FIG. 2. DBS-induced BOLD activation map for the collective cohort undergoing STN DBS segmented axially for areas of signifi-
cant BOLD activation or inactivation (20 patients, 4 contacts for each individual patient, 80 contacts in total). The BOLD activation
map was adjusted for age- and subject-dependent effects. Red areas represent areas of increased brain activation, and blue
areas represent areas of decreased brain activation. The group statistics result was thresholded at a level of false discovery rate g
<0.01 (|t| > 3.58, p < 0.0007) to reveal significant BOLD signals. Increased BOLD signals were found in the contralateral cerebel-
lum (CC), ipsilateral cerebellum (IC), ipsilateral pons, ipsilateral thalamus, ipsilateral posterior cingulate cortex (PCC), ipsilateral
medial occipital lobe (occipital), and ipsilateral precentral gyrus. Decreased BOLD signals were found in the ipsilateral putamen

and ipsilateral insula. Figure is available in color online only.

as pressure in the head, while 4 were associated with un-
pleasant sensations that patients were unable to describe,
and stimulation at 1 contact induced acute dysphoria.

DBS-Induced BOLD Activation and Correlations With
Therapeutic Effect

STN DBS resulted in BOLD activation in the ipsilat-
eral lateral precentral gyrus, thalamus, midbrain, pons,
and bilateral cerebellum. Significant negative BOLD re-
sponses were observed in the ipsilateral striatum and in-

sula (Fig. 2). Based on the group activation map, 9 ROIs
were selected for correlation analysis (Supplemental Table
2). This analysis revealed significant correlations between
ROI-averaged BOLD activation and contralateral tremor
reduction (Fig. 3A) in the ipsilateral thalamus (r = 0.35, p
=0.009), midbrain (r = 0.37, p = 0.005), and ipsilateral cer-
ebellum (r =0.29, p = 0.037), and an ROI that included the
occipital lobe and posterior cingulate (r = 0.32, p = 0.016).
In addition, correlations between averaged BOLD activa-
tion in the precentral gyrus and the therapeutic effect on
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FIG. 3. ROl-level correlations between beta values and therapeutic effectiveness of DBS on tremor in the ipsilateral thalamus

(A, upper panel; r = 0.35, p = 0.009) and ipsilateral cerebellum (lower panel, r = 0.29, p = 0.037), rigidity in the ipsilateral precentral
gyrus (B; r=0.30, p = 0.036), and bradykinesia in the ipsilateral precentral gyrus (C; r = 026, p = 0.046) as evaluated by percent
reduction in contralateral hemibody UPDRS Il subscores (15 subjects, 4 contacts for each subject). Figure is available in color

online only.

4 J Neurosurg May 14, 2021


https://thejns.org/doi/suppl/10.3171/2020.10.JNS202277
https://thejns.org/doi/suppl/10.3171/2020.10.JNS202277

both rigidity (r=0.30, p =0.036; Fig. 3B) and bradykinesia
(r=0.26, p =0.046; Fig. 3C) were observed.

Correlations Between BOLD Activation and DBS-Induced
Adverse Effects

As shown in Fig. 4, activation maps corresponding to
DBS-induced activation at stimulation localizations that
resulted in dystonia (21 contacts), paresthesia (15 contacts),
and nausea with lightheadedness (10 contacts) included re-
gions that displayed significant increases in BOLD activa-
tion when compared with side effect—free stimulation lo-
calizations (24 contacts; Supplemental Table 3). Contacts
that resulted in dystonia displayed increased activation in
the ipsilateral caudate nucleus. Stimulation localizations
that were associated with paresthesia displayed increased
activation in subregions of the ipsilateral precentral gyrus,
contralateral dorsolateral prefrontal cortex, and bilateral
cerebellum. Those that resulted in nausea and lighthead-
edness were also associated with increased activation in
ipsilateral motor cortex, as well as activation in a large
territory (> 5000 voxels) of contralateral cerebellar cortex.

Discussion

We showed that BOLD activation in the primary mo-
tor cortex correlates with the therapeutic effect on con-
tralateral rigidity and bradykinesia, whereas activation in
the thalamus, midbrain, and cerebellum correlates with
improvements in tremor severity. In addition, we demon-
strated that activation of the cerebellar cortex and sensori-
motor cortex correlates with the presence of DBS-induced
adverse effects, including paresthesia and nausea, while
activation of the caudate and putamen correlates with
unwanted muscle contractions. These data support our
hypothesis that STN DBS affects distinct cortical and
subcortical neuronal firing patterns that can be measured
with intraoperative fMRI and used to predict therapeutic
efficacy and adverse effects.

Thalamic, Midbrain, and Cerebellar Activation Correlate
With Tremor Reduction

In a previous study, we investigated the effects of tha-
lamic DBS on the tremor network in essential tremor and
found that BOLD activation in the ipsilateral motor cortex,
thalamus, and contralateral cerebellum correlated with
reductions in tremor severity.”* The results of the present
study, however, indicate that a different network may me-
diate the suppression of parkinsonian resting tremor. This
network appears to involve the ipsilateral thalamus, mid-
brain, and cerebellar regions. Several competing theories
have been put forth regarding the pathophysiology of rest-
ing tremor in PD. One hypothesis has suggested that thala-
mocortical relay neurons, due to their ability to generate
oscillations near tremor frequency, may be largely respon-
sible.”” Depletion of dopamine in PD results in increased
GABAergic output from the globus pallidus pars interna
(GPi) to the thalamus, thereby potentially inducing tha-
lamic hyperpolarization and causing resting tremor.!'® In
line with this model, high-frequency thalamic stimulation
has been shown to ameliorate resting tremor in PD."” How-
ever, this model fails to explain how STN DBS, which has
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FIG. 4. Regions of BOLD activation associated with the presence of side
effects (S.E.). These ROIs were associated with greater activation rela-
tive to the side effect-free activation map for stimulation localizations.
A: Paresthesia was associated with increased activation of subregions
of the ipsilateral precentral gyrus, contralateral dorsolateral prefrontal
cortex, and bilateral cerebellum (15 contacts). B: Dystonia was associ-
ated with increased activation of the ipsilateral caudate nucleus (21 con-
tacts). C: Nausea and lightheadedness (10 contacts) were associated
with greater activation of the ipsilateral motor cortex and contralateral
cerebellar cortex. Family-wise error corrected; alpha = 0.01; p < 0.01,
cluster size > 654. Figure is available in color online only.

been shown to increase GPi firing rates,> would amelio-
rate tremor and does not account for the observation that
effective thalamic stimulation is localized to the ventral
intermediate nucleus (VIM) of the thalamus, which is the
cerebellar receiving nucleus of the thalamus.'® Therefore,
it has been suggested that parkinsonian tremor is driven
by a network that includes cerebellar, midbrain, thalamic,
and cortical nodes.”” Our results are in line with this hy-
pothesis and suggest that STN DBS achieves its effects on
resting tremor primarily through modulation of subcorti-
cal and cerebellar nodes within this circuit.”” Modulation
of the cerebellum has been consistently observed in PET
and fMRI studies of the effects of STN DBS.® These ef-
fects may be driven by disynaptic connectivity with the
cerebellum through pontine nuclei, via the cerebellotha-
lamic circuit through motor or associative cortices, or
through direct subcortical pathways.? It is also plausible
that these effects occur through activation of cerebello-
thalamic fibers passing near the STN.?' This hypothesis is
supported by clinical studies suggesting that stimulation
of fibers dorsal and lateral to the STN may yield better
therapeutic outcomes than stimulation of the STN itself.??
Others have hypothesized from diffusion-weighted imag-
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ing that activation of cerebellar fibers of the dentatorubro-
thalamic tract (DRTT) may be responsible for superior
tremor control in PD.?

While we observed bilateral cerebellar activation, only
activation in the ipsilateral cerebellum correlated with
the degree of tremor suppression. This result suggests
that modulation of fibers from the ipsilateral cerebellum
may play a role in reduction of resting tremor. Indeed, the
DRTT does have a nondecussating pathway, which ac-
counts for 20%-30% of its fibers.”* In keeping with this
finding, we also observed a correlation between midbrain
activation and tremor suppression. While our 3.5-mm iso-
voxel resolution is not sufficient to localize BOLD activa-
tion to mesencephalic substructures, we note that a large
part of this ROI is occupied by the red nucleus, which is
the primary relay station of the DRTT. It has been suggest-
ed that VIM and STN DBS both reduce tremor by modu-
lation of cerebellar afferents. However, in a similar study,
we evaluated correlations between BOLD and therapeu-
tic efficacy in patients receiving VIM DBS for essential
tremor and observed a correlation between BOLD activa-
tion and efficacy only in the contralateral cerebellar hemi-
sphere.!® Therefore, while STN and VIM DBS both appear
to modulate cerebellothalamic projections, they may do so
by different mechanisms.

Motor Cortex Activation Correlates With Rigidity and
Bradykinesia Reduction

We showed that there are correlations between BOLD
activation and the therapeutic effects of DBS in several
brain regions implicated in motor function. Interestingly,
however, our results suggest that the networks that mediate
tremor reduction and those that are responsible for bra-
dykinesia and rigidity improvement may not be the same.
While tremor reduction was correlated with BOLD activa-
tion in the thalamus, midbrain, and ipsilateral cerebellum,
the therapeutic effect on rigidity and bradykinesia was as-
sociated with activation of the primary motor cortex. The
role of the motor cortex in the emergence of parkinsonian
symptoms, as well as the effects of DBS on this structure,
remains a topic of active research.

Rigidity is clinically defined as increased resistance to
passive movement. Long-latency stretch reflexes are in-
creased in PD, potentially contributing to rigidity.” In ad-
dition, increased rigidity in PD patients is associated with
a lower threshold for motor evoked potentials,?® as well as
decreased intracortical inhibition.?” Together, these results
suggest that cortical hyperexcitability is a central feature
of this symptom. The role of the motor cortex in the patho-
physiology of bradykinesia, however, is perhaps less estab-
lished. Defined as slowness of movement, this symptom
may be caused by a deficit in central commands to move,
or by a downstream slowness in movement execution.?® It
has been hypothesized that dopaminergic deficits could
play a role in reducing central drive toward movement.”
Therefore, it is possible that direct modulation of the dopa-
minergic system by STN DBS contributes to the reduction
of bradykinesia.?*3!

The functional imaging and transcranial magnetic
stimulation studies referenced above have given rise to
debate over whether hyperexcitability of the motor cortex
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in PD is a central feature of the underlying pathology, or
whether it reflects compensatory changes in response to
pathological activity that is more localized to premotor
and supplementary motor regions. While we did not de-
tect DBS-induced modulation of the supplementary motor
area (SMA) or premotor cortex, the authors of several PET
studies have reported that DBS affects these regions.”32-33
It is possible that our failure to detect a significant effect
in the SMA or premotor cortex may be a result of meth-
odological differences between PET and fMRI. It is also
possible that the confounding effect of general anesthesia
may have diminished our ability to detect BOLD activa-
tion in certain structures. Nevertheless, the observed cor-
relation in M1 supports the hypothesis that DBS-induced
modulation of the motor cortex plays a critical role in the
therapeutic effect. The ability of STN DBS to modulate
neuronal activity of the motor cortex in PD patients has
been well established. Therapeutic DBS has been shown
to increase cortical excitability®** and reduce pathological
coupling between broadband activity and beta oscillations
in M1.5 Recent evidence has suggested that these effects
may be mediated by antidromic DBS-induced activation
of the axons of the hyperdirect pathway.* In line with this
hypothesis, stimulation of the STN results in short-latency
potentials in M1,% which alter probabilities of layer V cor-
tical neurons, thereby abolishing pathological oscillations
in the cortex.’” Notably, the amplitude® and frequency?’ of
these antidromic spikes appear to correlate with allevia-
tion of parkinsonism in animal models.

While activation of the hyperdirect pathway likely con-
tributes to DBS-induced modulation of the motor cortex,
it is possible that orthodromic activation of subthalamo-
cortical fibers may occur,* although the absence of DBS-
induced effects on neuronal firing in layers III/IV casts
doubt on this hypothesis.’” In addition, it has been sug-
gested that STN DBS may result in activation of pallido-
thalamic fibers, which traverse the dorsal border of the
STN by way of Forel’s field H2 and the zona incerta.!" Ac-
tivation of these GABAergic fibers could potentially lead
to inhibition of the ventral anterior and ventrolateral tha-
lamic nuclei.®® Alternatively, GABA-mediated thalamic
hyperpolarization could result in burst firing, which could
propagate to the cortex, leading to cortical activation.>

The effects of STN DBS modulation of M1 have been
frequently observed in fMRI studies.”*> However, a few
studies have examined the relationship between the thera-
peutic effects of DBS and stimulation-induced changes in
regional cerebral blood flow (rCBF) or BOLD in M1. Ka-
han et al. examined the effects of STN DBS on effective
connectivity within the cortico-striato-thalamo-cortical
loop.?> While their analysis showed that DBS modulates
connectivity throughout the cortico-striato-thalamo-cor-
tical circuit, in line with our results, they found that the
extent to which DBS modulated connectivity from M1 to
the STN was the strongest predictor of clinical improve-
ment. Karimi et al. conducted a similar study using ['*O]
H,O PET and, in line with our results, the authors reported
DBS-induced activation of the thalamus and midbrain."”
However, the study also reported a negative effect of DBS
on rCBF in the SMA. In addition, the authors found that
improvements in bradykinesia were correlated with in-



creased thalamic CBF, while improvements in rigidity
correlated with stimulation-induced decreases in rCBF in
the SMA. There are several possible reasons for the dis-
crepancy. First, despite a smaller group size (20 vs 31), our
study detected DBS-induced effects in several regions not
detected by Karimi et al., including the cerebellum, M1,
insula, occipital cortex, and pons, suggesting that our para-
digm may be more sensitive to DBS-induced hemodynam-
ic effects due to the greater spatial and temporal resolution
afforded by fMRI. In addition, Karimi et al. correlated the
effects of bilateral STN DBS with bilateral UPDRS sub-
scores, enabling them to assess axial symptoms. However,
correlations with lateralized UPDRS subscores were not
assessed, and it is therefore possible that rCBF correlations
were confounded by ipsilateral clinical effects. Finally, pa-
tients in our study were under general anesthesia. While
we have observed correlations between DBS-induced
BOLD and clinical effects in other groups of anesthetized
patients receiving DBS,'? the potential confounding effect
of anesthesia on our correlation analysis has yet to be rig-
orously assessed.

Correlations With Adverse Effects

In this study, we achieved sufficient statistical power
to evaluate differences in network activation that induced
three common side effects: paresthesia, dystonia (invol-
untary muscle contractions), and nausea. We found that
the presence of each of these three side effects was cor-
related with increases in DBS-induced BOLD activation
in specific subregions of the motor network. The results
corroborate our previous findings'? suggesting that DBS-
induced activation of the sensorimotor network contains
information that may be predictive of both the therapeutic
and adverse effects of DBS. Here, we found that DBS-in-
duced paresthesia was correlated not only with sensorimo-
tor cortex activation but also with activation in subregions
of the cerebellar cortex (Fig. 4A). While the cerebellum
has traditionally been thought to be involved in motor con-
trol, it has been reported that the cerebellum also plays a
critical role in the acquisition and discrimination of sen-
sory information.* Therefore, we speculate that cerebellar
activation in the setting of paresthesia may originate from
sensorimotor activation due to inappropriate activation of
fibers from the internal capsule and/or sensory thalamus.

Interestingly, cerebellar and sensorimotor activations
were also correlated with the experience of nausea and
lightheadedness, which accompanied 10 of the DBS con-
tacts that were interrogated in this study (Fig. 4B). Impli-
cation of the cerebellum in this adverse effect is in line
with the established role of this structure in balance and
motor coordination. Cerebellar activation is associated
with the progression of nausea in humans,* and nausea is
a common side effect of cerebellar transcranial magnetic
stimulation.” Correlated voxels were predominantly lo-
calized to the contralateral cerebellum. Most of the DBS-
induced activation, too, was localized to the contralateral
cerebellum, although the correlations between cerebellar
activation and tremor control were only observed ipsi-
laterally. Therefore, our results suggest that most of the
contralateral cerebellar activation, which was the largest
region of DBS-induced activation (Supplemental Table 2),
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observed in this study may in fact represent unwanted col-
lateral activation.

Finally, increased BOLD activation within the caudate
was correlated with the presence of stimulation-induced
dystonia (Fig. 4B). The caudate, along with the putamen,
has long been implicated as a key node in both primary
and secondary organic dystonias.** In addition, DBS of the
GPi is an established treatment for primary generalized
and focal dystonias, and it is thought to work in part by
modulation of pathological striatal fibers converging upon
GPi.% Our result suggests the possibility that stimulation-
induced dystonia may be mediated by inappropriate stria-
tal modulation.

Limitations

There are a number of limitations to note with this cur-
rent study. Data were analyzed using pooled electrode con-
tacts, and we did not correlate individual contact effects
with either BOLD signal change or UPDRS scores. Stimu-
lation was performed via constant voltage, and thus the
volume of the electrostatic field cannot be determined and
may be inconsistent across patients. In addition, and due
to the practical limitations of our study design and clinical
workflow, the stimulation parameters employed during the
intraoperative fMRI experiment and clinical evaluation
were not identical. Clinical evaluations were performed
using monopolar stimulation and a 60-usec pulse width,
which is the standard clinical protocol at our institution.
The use of an externalized stimulator required the use
of bipolar stimulation. Therefore, prior to conducting the
experiments, we confirmed in a group of 3 patients that
monopolar stimulation at a pulse width of 60 usec (i.e., 0—
Case+ 130 Hz 60 usec) resulted in DBS-induced adverse
effects at the same stimulation amplitude as bipolar stimu-
lation at 90 usec (e.g., 0—1+ 130 Hz 90 usec). While com-
putational models*¢ have predicted that the use of shorter
pulse width and monopolar stimulation has opposing ef-
fects on the volume of tissue activated by DBS and there-
fore should offset one another, we must acknowledge this
limitation. The fMRI design in our study was conducted
in anesthetized patients and thus did not incorporate cog-
nitive or behavioral tasks or symptom monitoring during
data acquisition. Therefore, the effects of symptom change
on BOLD activation could not be appreciated. Addition-
ally, as the intraoperative testing was performed within 1
week of surgery, it is important to note that potential mi-
nor edema caused by the DBS lead implantation procedure
might have affected the fMRI results. A computational
model estimated a 24% decrease in extracellular signal
amplitude due to the edema layer with thin silicone mi-
croelectrodes.*” Therefore, there could be a potential DBS
current loss due to presumed edema. Finally, to translate
these findings as biomarkers for therapeutic prediction,
further study is required that is designed to assess speci-
ficity, sensitivity, and receiver operating characteristics.

Future Implications

The localization of therapeutic DBS targets is limited
by interindividual variations in anatomy that cannot be
realized with standard imaging alone. In addition, intraop-
erative behavioral feedback is confounded by anesthesia.
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Therefore, fMRI offers potential for real-time intraop-
erative functional feedback to guide lead placement and
stimulation parameterization. In this work, we elucidated
functional-anatomical localizations of therapeutic and ad-
verse effects that may guide this DBS optimization. In ad-
dition, these results serve to further elucidate mechanisms
of DBS, which have broad applications for understanding
pathophysiology and ultimately devising new treatment
strategies. While technical and procedural obstacles exist
prior to clinical translation, most notably the variation in
acquisition and analysis methods, fMRI significantly ex-
pands the surgical toolbox to provide actionable feedback
for improved patient outcomes.

Conclusions

STN DBS for PD causes region-specific differences
in BOLD signal that are differentially correlated with
reduction in tremor, rigidity, and bradykinesia, as well
as increased adverse effects. These activity patterns are
likely manifestations of circuit modulation in the cortico-
striatal-thalamo-cortical tract, DRTT, and cerebro-cere-
bellar tract. These data provide additional evidence for a
combinatorial therapeutic effect model of STN DBS, and
the findings here can be used to further appreciate the po-
tential of fMRI biomarkers to improve DBS efficacy and
reduce side effects.
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