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a b s t r a c t

Background: Obsessive-compulsive disorder (OCD) has consistently been linked to abnormal frontos-
triatal activity. The electrophysiological disruption in this circuit, however, remains to be characterized.
Objective/hypothesis: The primary goal of this study was to investigate the neuronal synchronization in
OCD patients. We predicted aberrant oscillatory activity in frontal regions compared to healthy control
subjects, which would be alleviated by deep brain stimulation (DBS) of the nucleus accumbens (NAc).
Methods: We compared scalp EEG recordings from nine patients with OCD treated with NAc-DBS with
recordings from healthy controls, matched for age and gender. Within the patient group, EEG activity was
compared with DBS turned off vs. stimulation at typical clinical settings (3.5 V, frequency of stimulation
130 Hz, pulse width 60 ms). In addition, intracranial EEG was recorded directly from depth macro-
electrodes in the NAc in four OCD patients.
Results: Cross-frequency coupling between the phase of alpha/low beta oscillations and amplitude of
high gamma was significantly increased over midline frontal and parietal electrodes in patients when
stimulation was turned off, compared to controls. Critically, in patients, beta (16e25 Hz) -gamma (110
e166 Hz) phase amplitude coupling source localized to the ventromedial prefrontal cortex, and was
reduced when NAc-DBS was active. In contrast, intracranial EEG recordings showed no beta-gamma
phase amplitude coupling. The contribution of non-sinusoidal beta waveforms to this coupling are
reported.
Conclusion: We reveal an increased beta-gamma phase amplitude coupling in fronto-central scalp
sensors in patients suffering from OCD, compared to healthy controls, which may derive from ventro-
medial prefrontal regions implicated in OCD and is normalized by DBS of the nucleus accumbens. This
aberrant cross-frequency coupling could represent a biomarker of OCD, as well as a target for novel
therapeutic approaches.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ntracranial EEG; NAc, nucleus
AC, phase amplitude cross-
subthalamic nucleus; VC/VS,
Obsessive-Compulsive Scale.
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Introduction

Obsessive-compulsive disorder (OCD) is a neuropsychiatric
disease characterized by recurrent intrusive thoughts (obsessions)
and/or uncontrollable repetitive actions (compulsions) [1], with a
lifetime prevalence of 2.3% [2]. The pathology of OCD has been
linked to abnormal structure and function within a frontostriatal
network including nucleus accumbens (NAc) and medial frontal
cortex [3e8]. Deep brain stimulation (DBS) targeting the NAc is
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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increasingly used in the treatment of medication-resistant OCD. In
these patients, NAc-DBS normalizes excessive frontostriatal con-
nectivity measured with resting state functional MRI, with this
connectivity reduction shown to correlate with improvement in
obsessions and compulsions [9]. Scalp EEG recordings show that
DBS attenuates delta amplitude (1e4 Hz) [9], but slow oscillations
are similar across off/on states in treatment responders at rest
[8,10]. Indeed, the majority of studies investigating electrophysio-
logical markers of psychiatric disease focus on alterations of oscil-
latory power in different frequency bands.

Recently, however, a range of neurological and psychiatric dis-
eases, including schizophrenia, Parkinson's disease (PD), autism,
and Alzheimer's disease have been linked to pathological syn-
chronization of neuronal activity [11,12]. An initial observation of
increased beta-high gamma phase amplitude cross-frequency
coupling (PAC) in primary motor cortex was made in PD, and
shown to be reduced by DBS of the subthalamic nucleus (STN) [13].
Essential tremor, on the other hand, is associated with increased
alpha-high gamma PAC in the sensorimotor cortex [14]. With
respect to psychiatric conditions, one study in seven OCD patients
treatedwith NAc-DBS reported that PAC between the phase of beta/
low gamma frequencies and the amplitude of broadband gamma
frequencies was suppressed by DBS [15]. However, this study
selectively focused on scalp EEG responses at one mid-occipital
electrode, despite the extant evidence implicating frontostriatal
circuit dysfunction in OCD. Whether the observed occipital PAC is
related with the pathology of OCD cannot be concluded from this
study, since no data from healthy control subjects was recorded.
Moreover, applying the same analysis to scalp EEG resting state
recordings from five patients treated with DBS for major depressive
disorder failed to replicate the finding of suppressed occipital PAC
induced by NAc-DBS [16].

We set out to resolve these discrepant findings by examining
scalp EEG resting state data recorded in 10 OCD patients implanted
for NAc-DBS. In view of evidence for excessive frontostriatal con-
nectivity in OCD and its alleviation by NAc-DBS, we predicted
aberrant PAC in patients compared to healthy control subjects in
frontal regions, which would be modulated under active NAc-DBS.
Critically, we adopted a whole-brain approach, without restricting
our analyses to a specific neuroanatomical region or frequencies of
interest. Lastly, we tested whether this aberrant PAC is also
observed in direct intracranial EEG recordings from the NAc in four
patients.

Methods and materials

Participants

Ten patients with treatment-resistant OCD and nine control
subjects participated in this study after giving written consent ac-
cording to the Declaration of Helsinki. One patient was excluded
due to poor EEG data quality. The remaining nine patients (three
female) were aged 20e52 years (mean: 35). Further patient details
are provided in Table 1. All patients had been implanted with
bilateral DBS electrodes in the NAc 1e60 months before the study
(mean: 35). In all patients except for one, Medtronic (Fridley, MN,
USA) Model 3391 stimulating macroelectrodes were inserted, with
the most distal contacts within the posterior part of the NAc. In
patient 9, the most distal contacts were slightly dorsal to target and
in patient 10, Boston Scientific (Marlborough, MA, USA) DB-2201
electrodes were used. A summary of group electrode locations,
produced with Lead-DBS software [17] is provided in Fig. 1. A
control group of nine neurologically and psychiatrically healthy
volunteers was selected, matched in terms of age and sex. In
addition, intracranial resting state recordings from the NAc were
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recorded in four patients (two female, age range: 30e40, mean:
36), two of them being part of the scalp EEG cohort. The study was
approved by the ethics committee of the Hospital Clinico San Car-
los, Madrid, Spain (study code PI10/1932 10/131).

Scalp EEG resting state recordings

Prior to EEG recording, stimulators were turned off for a “wash-
out” period of 2 h. In five patients, a 64-channel EEG cap was used,
in the remaining subjects EEG activity was recorded with a 96-
channel cap, following the 10/20 EEG International System and
with a sampling frequency of 500 Hz, using average reference.
Spontaneous EEG activity at rest was recorded during the two
conditions “eyes open off” and “eyes open DBS on” for 3 min,
respectively. Bilateral stimulation was bipolar, between the two
most distal contacts and delivered at 3.5 V and 130 Hz (pulse width
60 ms). Patients were blind about the onset of the transient
stimulation.

Scalp EEG data analysis

Preprocessing of the data was performed using Brainstorm
version 3.4 (http://neuroimage.usc.edu/brainstorm) [18]. Baseline
correction was applied, as well as a high-pass filter of 0.5 Hz, a
Butterworth Bandstop filter (þ- 3 Hz) for 50 Hz and 100 Hz line
noise and for the stimulation frequency of 130 Hz. Signals were
inspected visually to remove large artifacts whereas for smaller
artifacts, like eye blinks and movements, an independent compo-
nent analysis procedure with the JADE algorithm [19] was used.
Noisy and flat channels were discarded.

For the analysis of power differences, power spectral densities
(PSD) were calculated using the Welch method (overlap of 50%,
windows of 4 s) and divided by total power for spectrum normal-
ization. A Monte-Carlo cluster-permutation test was then con-
ducted, comparing controls vs. patients, and subsequently off vs. on
DBS in the patient group, performing two-tailed t-tests with a
cluster-level alpha of 0.05 and 1000 randomizations.

Phase amplitude coupling was calculated with phase fre-
quencies from 2 to 30 Hz and amplitude frequencies from 40 to
166 Hz, based on the approach implemented in Brainstorm [20].
These coupling values were exported to Matlab (The MathWorks,
Inc., Natick, Massachusetts, USA) and the FieldTrip toolbox (Nij-
megen, The Netherlands; [21]) was employed to conduct a Monte-
Carlo cluster-permutation test with the two cluster-levels phase
frequency and amplitude frequency. The Monte-Carlo method cor-
rects for multiple comparisons on these levels [22]. For the com-
parison of PAC between the healthy control group and patients off
stimulation, electrodes were then grouped into 10 distinct scalp
portions illustrated in supplementary Fig. S1. PAC values were
averaged within each scalp grouping and independent two-sided t-
tests performed, testing the independent variable patient vs. con-
trol, with a cluster-level alpha of 0.01 and 1000 randomizations,
and the ensuing p-value Bonferroni corrected for the comparison of
10 scalp electrode groups.

Next, to test the hypothesis of reduced PAC during NAc-DBS on
vs. off conditions, patient EEG recordings were analyzed in source
space for improved localization of brain areas contributing to the
signal recorded on scalp level. Patients’ pre-operative MRI T1 im-
ages were used to create a realistic head model. Pial surfaces were
extracted within BrainSuite17a (UCLA Brain Mapping Center, San
Francisco, USA; [23]) and read into Brainstorm. The cortical surface
was down-sampled to 3000 vertices and for each subject a forward
head model was computed using a 3-shell sphere. Signals were
source localized by applying a minimum-norm imaging technique,
with constrained dipole orientations, and finally projected to an

http://neuroimage.usc.edu/brainstorm


Table 1
Patients’ details. * indicate patients with intracranial NAc recordings. NA not applicable. Medication pertains to the time of recording electrophysiological data. ˢ pertains to the
time of surgery for the two patients who did both scalp and iEEG recordings. y At disease onset, this patient presented with cleaning, checking and order compulsions, which
responded to pharmacotherapy. His score on the YaleeBrown Obsessive Compulsive Scale is in the mild range, which reflects the relative insensitivity of this scale to primarily
obsessive symptomatology.

Patient Gender Age at
surgery

Months of chronic
stimulation

Pre-operative
YBOCS

% YBOCS change (Ø
contact 0&1)

Medication (in mg)

1 f 49 41 36 0.41 Lorazepam 7.5, Valproic Acid 1000, Venlafaxine 225
2 f 37 60 32 0.32 Clomipramine 225, Sertraline 75, Eutirox 100
3 f 28 47 29 0.25 Sertralina 75
4 m 28 35 13y 0.2 Clomipramine 150, Sertraline 200
5 m 21 47 24 0.14 Escitalopram 20, Clomipramine 25, Clonazepam 0,5
6 m 50 5 38 0.23 Clomipramina 175, Sertraline 100, Diazepam 5, Enalapril 10
7* m 39 24 37 0.33 Olanzapine 5, Fluvoxamine 300, Clonazepam 3 (4ˢ)
8* m 36 6 36 Venlafaxine 150 (225ˢ), Quetiapine 300 (150ˢ), Aripiprazol 30 (0ˢ), Ketazolam

30 (0ˢ), Clonazepam 6 (0ˢ)
9 m 20 1 40 0.24 Clomipramine 150, Sertraline 200, Olanzapine 20, Lorazepam 4, Reboxetine

4
10* f 40 NA 31 Sertraline 100, Pregabalin 300, Venlafaxine 150, Clorazepate dipotassium 30
11* f 30 NA 30 0.16 Clomipramine 150, Citalopram 40, Pregabalin 45, Lormetazepam 2
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MNI (ICBM152) template. This was then clustered into 50 equally
sized “patches” of cortical surface. For the projected signal corre-
sponding to each patch, PAC was calculated and exported to
Fieldtrip. Two-tailed, paired t-tests were performed for each of the
50 patches, testing the independent variable stimulation off vs. on,
with a cluster-alpha of 0.01 and 1000 randomizations. Given that
this analysis entails testing of 50 cortical patches, the false dis-
covery rate (FDR) method was chosen for a less conservative
correction for multiple comparisons, in contrast to Bonferroni
correction for the scalp cluster comparison.
NAc intracranial EEG resting state recordings

Intracranial EEG (iEEG) activity was acquired from macro-
electrodes during the 4th-5th post-operative day, with externalized
leads, prior to generator implantation. Data were acquired using
Spike2 software (Cambridge Electronic Design, Cambridge, UK), at a
sampling rate of 5000-Hz, amplified with a factor of 30000 and
bandpass filtered between 0.5 and 1.000 Hz. A bipolar montagewas
used in two patients, whereas in the other two patients monopolar
recordings of the eight channels were referenced to the right
mastoid.
Fig. 1. Group DBS electrode localization. Bilateral electrode implantation of all 9 pa-
tients, reconstructed using Lead DBS. Contacts stimulated during the EEG recording are
highlighted in red. NAc (green) and caudate (blue) are derived from the CIT168
Reinforcement Learning Atlas (https://neurovault.org/collections/3145/). The back-
ground template is a 100-mm T1 scan of an ex-vivo human brain, acquired on a 7 T MRI
scanner (https://openneuro.org/datasets/ds002179/versions/1.1.0). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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NAc intracranial EEG data analysis

In all four patients, a bipolar montage between the two most
ventral, NAc contacts was applied. Due to artefactual noise, the
right most ventral contact in two patients had to be rejected, so that
only the left side of these patients was included in the analysis,
which was also carried out using Brainstorm. Preprocessing
included downsampling to 500Hz, detrending, the application of a
high-pass filter of 0.5 Hz and a Butterworth Bandstop filter (þ-
3 Hz) for 50 Hz and 100 Hz line noise. Artifacts were rejected by
visual inspection and PAC and PSDwere calculated in the sameway
as for scalp EEG. Statistics were not performed on these data, due to
the low number of observations.

Beta waveform analysis

Recent studies have revealed that the waveform of neuronal
oscillations frequently deviates from a sinusoidal form [24] and that
artefactual, spurious coupling can be produced by sharp edges in
time series data [25]. To address the possibility that non-
sinusoidality of beta oscillations contributed to our measures of
PAC, and their modulation under DBS, we characterized the wave
morphology of beta oscillations using the sharpness and steepness
indices proposed in Cole et al. [26]. The two measures have been
successfully applied to human beta oscillations in patients suffering
Parkinson using intracranial and scalp recordings [26,27]. In brief,
the sharpness index measures the wave asymmetry relative to the
x-axis. To calculate this index, we first bandpass filtered the raw
voltages of the electrodes of interest within the beta band
(14e35Hz). Peaks and troughs were found in the raw time series as
the positive and negative extrema situated between the zero-
crossing points. Peak and trough sharpness were defined as the
voltage difference between 5 data points before and after the peak/
trough respectively. Finally, Sharpness ratio was defined as the log
of the maximum ratio of either mean peak sharpness to mean
trough sharpness, or vice versa [26]. In a complementary manner,
the steepness ratio measures the wave asymmetry relative to the y-
axis. Rise and decay steepness were defined as themaximum of the
first temporal derivative between the trough and the peak, or the
peak and the trough, respectively [26]. The steepness ratio was
defined in an analogous way as the sharpness ratio but using rise
and decay steepness.

To test whether beta sharpness and/or steepness ratio correlate
with PAC magnitude, we employed the same PAC index defined in
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€Ozkurt et al. 2011 [28], as this is the method used by Cole et al.
Although this PAC calculation differs slightly from the method
implemented in Brainstorm, we note that Cole et al. [26] showed
their results to be similar when applying alternative metrics of
statistical PAC, including that of Canolty et al. [20]. We then
calculated Spearman rho correlation between PAC magnitude and
beta sharpness and/or steepness ratio, and compared these corre-
lations on vs. off DBS.

Finally, peak triggered averages were performed following Cole
et al. [26] (see supplementary Fig. S2B). Peaks previously identified
during the computation of the sharpness index were used as events
to average a ±0.2 s window. Note that we restricted our analysis to
only the top 10% of gamma amplitude.
Results

Scalp EEG

We first tested for group-dependent differences in scalp-
recorded phase amplitude coupling between the OCD patients off
DBS vs. the matched control group. As predicted, patients showed
Fig. 2. Cross-frequency coupling is greater in OCD patients than controls and reduced by NAc
stronger PAC in patients off DBS vs. control subjects. B) Cluster statistic resulting from the t-t
clusters, covering a range of phase frequencies of up to 23 Hz and amplitude frequencies
centroparietal sensor groups. D) Average PAC across the two clusters for control subjects vs. p
control subjects than patients off DBS (t(16) ¼ 5.25) and patients on DBS (t(16) ¼ 4.36)
significantly lower in control subjects than patients off DBS (t(16) ¼ 5.37) and patients on DB
tests: puncorr.<0.05; **independent t-tests: puncorr<0.001.
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higher PAC than controls, with significant clusters ranging between
phase frequencies of 2e23 Hz (most pronounced around 10 Hz) and
amplitude frequencies of 102e166 Hz (Fig. 2A and B). These dif-
ferences were observed over midline frontal (summed t-
values ¼ 664; pcorr<0.025) and centroparietal (summed t-
values ¼ 836; pcorr<0.025) electrodes (highlighted in Fig. 2C). A
separate t-test including only electrode Oz, in an attempt to repli-
cate previous findings [15], did not reach significance. To test for
possible power differences between patients and controls, a
cluster-permutation testing was applied. Significantly increased
beta power in patients was found between 18 and 36 Hz (summed
t-values ¼ 205.46; p < 0.025; Fig. 3A).

We next tested whether NAc stimulation would modulate the
elevated PAC observed in the patient group. To facilitate inference
regarding spatial localization of these effects, scalp recorded po-
tentials were inverted to cortical source space for this analysis.
Based on the difference between patients off vs. the control group,
phase frequencies from 2 to 25 Hz and amplitude frequencies from
100 to 166 Hz were selected for the Monte-Carlo cluster-permu-
tation test on phase amplitude coupling, including all 50 cortical
surface patches. NAc-DBS on vs. off resulted in a significant
-DBS in OCD patients. A) Average across the midline frontal sensors with significantly
est comparing patients off vs. control subjects. Black contours represent the significant
between 102 Hz and 166 Hz. C) Schematic of the two significant frontocentral and
atients (shown here for both off and on DBS). Frontocentral PAC is significantly lower in
, and is significantly reduced by DBS in patients (t(8) ¼ 2.47). Centroparietal PAC is
S (t(16) ¼ 5.15), and is significantly reduced by DBS in patients (t(8) ¼ 2.57). *paired t-



Fig. 3. Power spectrum densities. Power spectral densities (PSD) were calculated using the Welch method (overlap of 50%, windows of 4 s) and divided by total power for spectrum
normalization. Monte-Carlo cluster-permutation tests were applied to compare the power spectra between controls and patients (A) as well as between off vs. on DBS (B). While
beta power was significantly increased in patients vs. controls (summed t-values ¼ 205.46; p < 0.025), with the significant frequency cluster highlighted in gray, no power dif-
ferences were observed between off vs. on conditions in patients at the source level, averaged across both significant patches. Spectral discontinuities are due to bandstop filtering of
line noise.
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reduction of PAC in two patches in ventromedial prefrontal cortex,
extending into orbitofrontal areas (Fig. 4A and B), after FDR
correction. The two clusters (summed t-values ¼ 398.629;
pcorr ¼ 0.05; summed t-values ¼ 347.882; pcorr ¼ 0.05) spanned
frequencies between beta (16e25 Hz) and high gamma
(110e166 Hz), with themost pronounced reduction of PAC between
phase frequencies of 20e24 Hz and amplitude frequencies of
133e143 Hz (Fig. 4C). This observed effect cannot be explained by
NAc-DBS effects on oscillatory power, as the PSDs do not differ
across the two conditions (Fig. 3B).
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To further elucidate whether DBS led to a normalization of
abnormal frontal PAC in patients, we calculated the average of PAC
across the two significant clusters on scalp level for the three
conditions controls, DBS off and DBS on. Pairwise comparisons (two
between-group independent t-tests and one paired t-test for the
within-patient comparison off vs. on) showed, that despite fron-
tocentral and centroparietal PAC being significantly reduced by
NAc-DBS, patient beta-gamma PAC during NAc-DBS still remained
significantly higher than in control subjects (Fig. 2D).



Fig. 4. Ventromedial-orbitofrontal cross-frequency coupling is significantly reduced by NAc-DBS. A) Significant patches in ventromedial prefrontal cortex (left panels), extending into
orbitofrontal cortex (right panels), colored by their cluster t-value and superimposed on an MNI (ICBM152) brain template. B) Average co-modulogram of NAc-DBS off vs. on for the
two significant source patches, respectively. C) Cluster statistics resulting from the t-test comparing NAc-DBS off vs. ons, with black contours highlighting the significant clusters,
encompassing beta phase frequencies from 16 to 25 Hz and high gamma amplitude frequencies (110e166 Hz). Boxplots represent the average and individual patient (B) PAC across
the significant clusters, respectively, for the two DBS states off vs. on. * pcorr ¼ .05.
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Lastly, we tested for a correlation between the reduction of the
patients’ OCD symptoms and reduction of PAC comparing on vs. off
across patients. As reported previously [29], patients were evalu-
ated with the Yale-Brown Obsessive-Compulsive Scale (YBOCS)
prior to surgery and then after threemonths of bilateral stimulation
of each of the four electrode contacts. For one of the patients,
clinical improvement after stimulation of contact 1 was not
assessed. Thus, for each of the remaining eight patients, PAC
reduction was averaged across the two significant surface patches
and correlated with average symptom reduction following
monopolar stimulation of the two NAc contacts following three
months stimulation. We did not find a significant correlation
(Kendall's tau ¼ 0; p ¼ 1).

Beta waveform

Previously, it has been reported in PD patients undergoing DBS
to the subthalamic nucleus that non-sinusoidal, asymmetric
waveform features of beta, i.e., the sharpness ratio between peaks
and troughs, correlate with beta-high gamma phase-amplitude
coupling in the motor cortex and are diminished by DBS [26].
This non-sinusoidal nature of oscillations raises special challenges
in data analysis, but it also provides new and unique insight
regarding the underlying physiology of these rhythms [24,30]. To
test whether the non-sinusoidality of beta may contribute to the
aberrant PAC we observe in OCD patients off stimulation, we
calculated thesewaveform features following the same approach as
applied to PD [26]. We did find a significant correlation between
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beta-gamma cross-frequency coupling (CFC) (14e35Hz/60-166Hz)
and the sharpness and steepness ratio of beta for the DBS off state,
but, critically, this is not modulated by DBS. Wilcoxon signed rank
tests show no significant changes of sharpness (Mdnoff ¼ 0.0296;
Mdnon ¼ 0.0174; T ¼ 31; z ¼ �1; p ¼ 0.3) or steepness
(Mdnoff ¼ 0.0204;Mdnon¼ 0.0171; T¼ 27; z¼�0.53; p¼ 0.6) ratios
induced by DBS. This implies that DBS leads to reduced pathological
phase-amplitude CFC, rather than to a smoothing of the beta
waveform (see supplementary Fig. S2).

NAc intracranial EEG

PAC measures were averaged across the six bipolar recordings
(two bilateral and two on the left side). Localizations of the mac-
roelectrodes and all contacts included in the analysis are presented
in Fig. 5A. By contrast to the scalp EEG results, no PAC between the
phase of beta and high gamma amplitude was observed in the NAc,
where a stronger coupling is present between the phase of delta-
theta and broadband gamma amplitude (Fig. 5B). Thus, the
increased beta-gamma coupling observed on the scalp level cannot
be explained by a conduction effect from the nucleus accumbens.
The power distributionmeasured in the NAc is similar to that on the
scalp level, with pronounced beta activity (Fig. 5C).

Discussion

We demonstrate that PAC between alpha/beta and gamma in
OCD patients is significantly increased in fronto-central scalp



Fig. 5. Intracranial EEG recorded in the nucleus accumbens. A) Localization of iEEG electrodes. Bipolar recordings were analyzed from contacts highlighted in red. Lead DBS software
was used for reconstruction and same background template and atlas as in Fig. 1. B) Within the nucleus accumbens, no phase amplitude coupling was observed between high alpha/
beta and high gamma, as indicated by the white dashed rectangle. Coupling seems to be stronger between the phase of delta-theta and broadband gamma. C) The power dis-
tribution measured in the NAC is similar to the scalp EEG, with a pronounced beta activity. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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sensors, which seem to arise from ventromedial prefrontal sources
implicated in the pathophysiology of OCD. This result advances
previous findings [15,16] by adopting a whole brain approach to
detect anatomically-specific effects in ventromedial prefrontal
cortex, and by directly comparing neural oscillations in patients
with a matched healthy control group. By doing so, we support
suggestions that OCD pathophysiology may involve abnormal
oscillatory coupling. Moreover, we show that deep brain stimula-
tion of the NAc attenuates this abnormality. Intracranial recordings
from the NAc in four patients, did not reveal the same pattern of
coupling between beta phase and gamma amplitude, indicating
that aberrant PAC observed in scalp recordings is unlikely attrib-
utable to conduction from the NAc. Even though we observed
significantly increased beta power in patients, we cannot be certain
whether this reflects disease pathology or medication (pharmaco-
logical regimes for all patients is given in Table 1).

In PD patients, subthalamic DBS was shown to alleviate exces-
sive beta-gamma coupling in the motor cortex [13]. Moreover, the
level of cortical PAC correlated with disease severity and
767
subthalamic DBS-induced PAC reductions were associated with
motor symptom improvements. By contrast, we did not observe a
correlation between PAC reduction and OCD symptom reduction
after 3 months of NAc-DBS in our patients. Although subtle differ-
ences in stimulation parameters between the EEG session and the
clinical evaluation [29] exist, we interpret these results in terms of a
patient-specific effect. That is, reduction of anomalous medial
frontal and orbitofrontal PAC evoked by NAc-DBS may contribute to
symptom reduction in all patients, but reduction in YBOCS also
reflects an additional effect of DBS on certain other frontostriatal
circuits that are specific to each patient [29]. Thus, even though
across patients, the strongest reduction of PAC was found in the
ventromedial regions reported here, depending on the patients'
individual symptomatology, excessive PAC in differing frontal
subregions may also underlie their respective obsessions/compul-
sions. This is supported by the observation that the biggest PAC
differences between off and on NAc-DBS are found in different
frontal patches across subjects (see supplementary Fig. S3). In
support of a key role of medial frontal modulation in the clinical
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benefit of NAc-DBS, including the effects of DBS of all four electrode
contacts in the current cohort and using a normative structural
connectome, we recently reported a positive association between
clinical improvement and structural connectivity to ventromedial
prefrontal areas [31]. Furthermore, tractography studies in patients
from the current cohort show that the primary cortical target of the
stimulated NAc site is the ventromedial PFC [32].

Our results raise a possibility that abnormally elevated PAC may
be a generic pathological feature in different neurological and
psychiatric diseases in which basal ganglia are involved (e.g. PD
and, as described here, OCD). It is relevant in this regard that alpha-
gamma PAC has been observed in the NAc of patients with
treatment-refractory major depression [33]. In PD, accordingly,
elevated beta-high gamma coupling in the STN has been reported
[34]. Notably, in another study on PD patients, elevated low beta-
gamma coupling was higher in the more affected hemisphere
[35], which supports the idea of a pathologically increased PAC
within subcortical structures related to the disease, in addition to
cortical areas, where electrophysiological recordings from healthy
subjects are available. To date, the phenomenon of beta-gamma
coupling has only been studied in detail in PD and the exact
physiological meaning remains uncertain. In general, beta-gamma
coupled oscillations have been considered an important mecha-
nism for integrating different reward and learning processes, which
are known to be maladaptive in OCD [36,37] and which involve an
extended network, including the ventromedial prefrontal cortex
and the ventral striatum [38e40]. Cross-frequency coupling is
thought to be the underlying process for the communication be-
tween local and distant brain structures, with local processing re-
flected by high-frequency oscillations and distant brain activity
synchronized by low-frequency oscillations [41]. In PD, the
observed excessive PAC in the motor cortex was suggested to
hinder the flexible onset of movements [42], which was shown to
rely on a reduction of PAC [43,44]. It is conceivable, that the
observed frontal PAC in OCD similarly disables dynamic neuronal
input from other cortical regions, leading to the rigid and repetitive
behavior, typical for this disease. Consequently, the reduction of
this dysrhythmia could be one mechanism of action of NAc-DBS in
the clinical improvement in these patients. The role of abnormal
beta-gamma rhythms within the frontostriatal network in OCD is
further supported by a recent study demonstrating that obsessive-
compulsive behavior was attenuated by applying alternating cur-
rent over the orbitofrontal cortex in a non-clinical sample.

The fact that excessive beta-gamma coupling is a shared feature
between OCD and PD raises the question of whether there is a
potential overlap in pathophysiology between the two diseases
[45]. A recent meta-analysis identified OCD as a possible risk factor
for subsequently developing PD [46]. While most studies of PAC in
PD patients have exclusively focused on motor cortex oscillations, a
recent scalp EEG study with whole-brain source localization
demonstrated beta-gamma coupling in dorsolateral prefrontal,
premotor cortex, primary motor and somatosensory cortices,
greater in the hemisphere contralateral to the clinically more
affected side [47]. Aberrant mediofrontal synchronization was not
observed in PD [47], pointing to a potential neuroanatomical dif-
ference between OCD and PD for a shared underlying neurophysi-
ological abnormality.

By contrast to observations from subcortical structures in PD
and depression patients, we do not observe abnormal PAC in the
NAc itself in any of the four OCD patients tested. This could point to
a primarily cortical pathology underlying aberrant PAC in OCD.
Relevant to this proposal is the recent suggestion that scalp EEG
recorded PAC in PD could be a manifestation of the activity of two
physiologically distinct oscillators from two spatially distinct
cortical substrates [47]. The interpretation of our intracranial
768
analysis is, however, clearly limited by the small sample size and
further recordings are required to systematically compare the
cortical pattern of PAC to oscillations within the accumbens. We
acknowledge as a further limitation that direct NAc recordingswere
performed in the immediate post-operative period, whereas scalp
EEG recordings were acquired up to several years post-
implantation. In future studies, simultaneous recordings from
electrodes in the NAc and scalp electrodes will inform not only
about local, but also about interregional effects of DBS on PAC [8].

One important, and often overlooked, confound of PAC is the
non-sinusoidal waveform morphology of the phase frequency,
which can produce spurious high-frequency components unrelated
to veridical PAC. This motivated an analysis of beta waveforms,
which indeed demonstrated that beta-gamma PAC correlates
strongly with the sharpness index of the beta waveform as
described previously in PD recordings [26] (Fig. S2A). An additional
phase-locked plot of the averaged gamma peaks further indicates
that at least parts of the gamma activity are not derived from
asymmetrical beta waveform and seem to be locked to the phase of
beta (Fig. S2C). Having said this, neither the sharpness nor the
steepness indexwas significantly altered by DBS. In contrast, we did
find significant beta (16e25 Hz) -high gamma (110e166 Hz) PAC
reduction comparing DBS off vs. on. We propose that the following
two, non-mutually exclusive possibilities could account for this
discrepancy: first, a sizable part of our on vs. off beta-high gamma
PAC is real, given the null effect of sharpness and steepness. Second,
the sharpness index is not sensitive enough to capture the large
number of combinations where high frequencies could yield a
sharp waveform. We further note that at this stage, there is no
methodological approach available to discern spurious coupling
caused by non-sinusoidal wave morphology from actual cross-
frequency coupling.

With respect to the source reconstruction used in the second
part of the analysis, other nearby or contiguous active generators,
such as the anterior cingulate cortex or dorsomedial prefrontal
regions may possibly confound the localization of the observed
effect to the ventromedial prefrontal cortex. Moreover, the signal
may be potentially contaminated by ocular artifacts, especially
considering that no simultaneous electrooculogram was recorded.
However, by using ICA, we were able to identify and remove eye
movement-related artifacts, which produce very clear patterns
with stereotypical scalp distributions. Source reconstruction
crucially improves the spatial resolution of the signals as well as the
problem of infinite source configurations in sensor space [48,49].

Conclusion

Taken together, we provide evidence for abnormally increased
coupling between the phase of beta (16e25 Hz) oscillations and
amplitude of high gamma activity (110e166 Hz) in ventromedial
frontal areas (fronto-central scalp sensors) in OCD patients,
compared to healthy control subjects, akin to dysrhythmias
observed in other neurological and psychiatric disorders. This
pathological synchronization was normalized under DBS of the
nucleus accumbens. Deciphering the mechanisms underlying the
appearance of this aberrant oscillatory pattern could lead to better
understanding of the pathophysiology of OCD as well as to novel
therapeutic approaches, including non-invasive brain stimulation
techniques targeting this dysrhythmia.
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