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Abstract

Impulsive–compulsive behaviors (ICB) are over-represented in Parkinson’s dis-

ease (PD) patients. Neurons in the ventral subthalamic nucleus (STN) might

play a predominant role in the modulation of impulsivity. We characterized the

firing regularity of 742 subthalamic neurons from 24 PD patients (12 ICB+ and

12 ICB-) in an OFF medication state. We computed the firing regularity in the

dorsal and ventral STN regions, and we compared their performance in dis-

criminating ICB patients. Regularity of ventral neurons in ICB+ patients is

higher and supports a significant discrimination between the two cohorts. These

results substantiate a ventral location of neurons involved in impulsivity.

Introduction

Parkinson’s disease (PD) patients following dopamine

replacement therapies display an excess prevalence of

impulsive–compulsive behaviors (ICB),1 but the underlying

neural dynamics is not completely clear. Subthalamic

nucleus (STN) activity is known to affect decisional impul-

sivity2,3 and several results point toward a specific involve-

ment of the ventral subregion, which is functionally

connected to the prefrontal cortex.4,5 Theta-alpha local

field potential (LFP) oscillations characterizing the ventral

STN5,6 correlate with Barrat impulsiveness scale (BIS)7 and

are particularly strong in ICB PD patients in drugs ON

state.8 Deep brain stimulation (DBS) on STN alters impul-

sivity in simple tasks,9,10 especially when the target is in

the ventral part.4,11 Microelectrode recording (MER) stud-

ies on STN single neuron activity showed a relationship

with decision-making and ICB12 but did not investigate

how this relationship varied within the STN. Recently, we

observed in PD ICB subjects in drugs OFF condition a sig-

nificant reduction in standard PD markers in STN single

unit activity such as beta oscillations and burstiness.13

Here, we investigate whether this ICB-specific feature can

be associated to a specific location within STN.

Patients and Methods

Patients

This study was conducted in accordance with the Declara-

tion of Helsinki and after ethical approval of the committee

of Careggi Hospital (Florence, Italy) where all patients were

operated. We retrospectively considered 32 consecutively

acquired patients, 16 of whom were diagnosed with at least

one current ICB. From this set, we selected the recordings

in which the number of neurons identified in MER was

sufficient to perform a depth-wise analysis (see below).13

The final dataset included 24 patients, 12 of whom with

ICB. The two subgroups (ICB− vs. ICB+) differed signifi-

cantly only on the Barratt impulsiveness scale (see Table 1).

Surgical procedure and electrophysiological
recordings

A stereotactic frame-based procedure with intraoperative

MER and macrostimulation for STN targeting was used

for surgery. Anatomical localization of the STN was per-

formed using T2, SWI, and T1 sequences of the preopera-

tive 1.5-T MRI fused with preoperative stereotactic CT

552 ª 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0002-3908-7620
https://orcid.org/0000-0002-3908-7620
https://orcid.org/0000-0002-3908-7620
mailto:


scan (with Leksell G frame) assisted by StealthStation

(Medtronic Inc., Minneapolis, MN). The implantation of

quadripolar DBS electrodes (model 3389; Medtronic) was

performed bilaterally, under local anesthesia (2% lido-

caine and bupivacaine). Electrophysiological recordings

were performed using a Medtronic lead-point system,

starting at 10 mm above the target location identified by

stereotactic imaging. An exploratory trajectory was fol-

lowed by extruding the microelectrode (250 lm tip, impe-

dance 1–1.5 MX; FHC Inc., Bowdoinham ME) for each

insertion. Recordings were performed with steps of

0.5 mm along three parallel traces (anterior, central, and

lateral) with a 2-mm lateral spacing. Each recording lasted

at least 10 seconds. Signals were sampled at 24 kHz and

high-pass filtered with a hardware filter at 200 Hz to

allow for a better visualization of firing neuronal activity

during surgery. Afterward, an implanted pulse generator

was fixed to the DBS electrodes under general anesthesia.

Post-surgery imaging was performed to ensure that the

electrode was in the STN.

STN entry point and subregions
identification

First, every recording in which more than 50% of the

total duration of the signal was visually identified as noisy

was discarded. Then, for each insertion, the recordings

performed within STN were identified as those exceeding

the 80th percentile of activity,14 as in previous works.13 In

total, we selected 548 STN recordings which were used

for the analysis. We expressed the anatomical location of

the recordings as normalized depths using the STN

boundaries defined through electrophysiology within that

trajectory where 0 and 1 represent the dorsal STN

entrance and the ventral STN exit, respectively. No selec-

tion based on the trace position (anterior, central, and

lateral) was performed.

Spike detection and neural marker
estimation

Single-unit activity (SUA) was sorted using MATLAB

ToolBox WaveClus. We extracted 742 SUA (330 SUA in

the ICB- group and 412 in the ICB+ group) from 548

recordings across all subjects. For each SUA we fitted the

interspike interval histogram with a Gamma distribution

and we determined the associated parameter log(k). This

shape factor was adopted as measure of firing regularity.15

Classification performance

We built a 5-folds Support Vector Machine (SVM) classi-

fier using the single-subject averaged shape factor toT
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classify ICB- and ICB+ patients. We characterized the

classifier performance in terms of accuracy, sensitivity,

specificity, and area under the receiver operating charac-

teristic curve (AUC).

Statistical analysis

We used a linear mixed model (LMM) to analyze the

interaction between normalized depths (dorsal vs. ventral

divided by 0.5 depth) and impulsivity with the patient as

random effect (lme R package). Post hoc tests have been

Tukey’s HSD corrected (multcomp R package). We com-

puted mutual information between irregularity and

impulsivity.15 Permutation test was adopted to assess the

information significance. All analyses have been carried

out splitting neurons in more dorsal and ventral relative

to a reference normalized depth ranging from 0.3 to 0.7

(0.5 if not explicitly mentioned). We tested impulsive-

domain specificity of our results repeating all the analyses

in two new patients’ cohorts created median-splitting the

motor severity according to the UPDRS scale (UPDRS-

and UPDRS+). Data are expressed as Median [Median-

IQR/
ffiffiffiffi

N
p

Median + IQR/
ffiffiffiffi

N
p

]. For accuracy, brackets

report the 95% confidence interval computed by the

Clopper–Pearson method (binofit in Matlab).

Results

Neurons in the ventral part of ICB+ patients are signifi-

cantly more regular and less bursty (as measured by log

(k), see Methods) than those of ICB- patients, while this

difference is not present in the dorsal part, in which neu-

rons display irregular behavior for both conditions

(LMM, factors depth and ICB condition, interaction

p < 0.01). Firing regularity was found to be independent

from motor severity (LMM, factors depth and ICB condi-

tion, interaction p = 0.24). Firing regularity in the ventral

part of STN carried significant information about ICB

condition (0.016 Bits, bootstrap test p < 0.05). No infor-

mation about ICB condition was carried by regularity in

the dorsal part (0.003 Bits, bootstrap test p = 0.63). No

information about UPDRS level was carried by regularity

in the dorsal or the ventral part (0.006 Bits, 0.004 Bits,

bootstrap test p = 0.89).

In the previous analysis, dorsal and ventral parts were

divided with a median split. However, the result is robust

to the selected partition between dorsal and ventral part.

The difference in regularity between ICB+ and ICB- con-

ditions increased when we considered neurons in more

ventral parts and was significant for all depths higher the

median split (Figure 1A, p < 0.01). The way log(k)

depended on depth led to an increase of information con-

tent relatively to condition (Figure 1C, p < 0.05 for all

depth splits >0.4). For no depth the regularity displayed

significant differences between high and low UPDRS

(Figure 1B,D).

We then developed a SVM algorithm (see Methods) to

discriminate between ICB+ and ICB- patients based on

the regularity of neurons recorded during each implant.

Decoding based on dorsal neurons was not significantly

better than chance (accuracy = 0.67 [0.45 0.84]) while

decoding based on ventral neurons achieved a significant

accuracy (accuracy = 0.83 [0.58 0.93]) (Figure 1E). More-

over, the AUC was 0.64 for the first classifier and 0.82 for

the second one. No significant classification of high versus

low UPDRS was achieved (accuracy = 0.63 [0.41 0.81])

(Figure 1F).

Decoding results were also robust to the selected parti-

tion. Indeed, the decoding performance peaked at a

depth-split of 0.6 with an accuracy of 0.91 [0.68 0.97],

while for no depth a significant discrimination between

patients with high and low UPDRS was achieved.

Discussion

In drugs off condition, the ventral neurons of ICB+
patients display a more regular, less bursty activity than

the ventral neurons of ICB- patients. The difference is rel-

evant to the extent that it supports a significant discrimi-

nation of the two conditions patient-wise. We previously

found that firing regularity was among the markers of

ICB+ condition.13 The novel analysis presented in this

manuscript shows that the difference between conditions

is localized in the ventral part.

To compare with previous results indicating a role of

low frequency LFP in impulsivity,5–8 we analyzed these

bands in the background unit activity. We found that the

power associated with these bands was significantly lower

in ICB condition in the ventral part of the STN, but not

in the dorsal part (LMM, interaction p < 0.001). How-

ever, the same difference was found when comparing high

UPDRS and low UPDRS conditions (LMM, interaction

p < 0.01). Hence, we could not conclude that milder ven-

tral low frequencies were specifically related to ICB. This

conclusion can be drawn only for firing regularity as esti-

mated by the shape factor. A larger dataset will be needed

to clarify the role of low frequency components of back-

ground activity.

Our results strongly corroborate the growing body of

evidence showing that impulsivity is specifically affected

by the activity in the ventral part of the STN.16 Further-

more, our result directly associates a specific ventral STN

activity regime with ICB. A higher regularity in STN ven-

tral firing in ICB patients in drugs off condition suggests

a candidate explanation for the role of dopamine agonists

in favoring ICB onset. At the onset of PD, a minority of
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patients might have a particularly preserved ventral part

activity. For this subset of patients, dopamine agonists,

acting non-selectively, might over-compensate in the ven-

tral part, increasing the likelihood of ICB. The methodol-

ogy introduced here might be applied in future studies i)

characterizing the anterior limbic region of the STN by

investigating the functional differences along the anterior–
posterior axis, and ii) investigating the role of electrode

location in post-implant evolution of ICB symptoms.
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