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Power signatures of habenular neuronal signals in patients with
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The habenula is an epithalamic structure implicated in negative reward mechanisms and plays a downstream modulatory role in
regulation of dopaminergic and serotonergic functions. Human and animal studies show its hyperactivity in depression which is curtailed
by the antidepressant response of ketamine. Deep brain stimulation of habenula (DBS) for major depression have also shown promising
results. However, direct neuronal activity of habenula in human studies have rarely been reported. Here, in a cross-sectional design, we
acquired both spontaneous resting state and emotional task-induced neuronal recordings from habenula from treatment resistant
depressed patients undergoing DBS surgery. We ﬁrst characterise the aperiodic component (1/f slope) of the power spectrum, interpreted
to signify excitation-inhibition balance, in resting and task state. This aperiodicity for left habenula correlated between rest and task and
which was signiﬁcantly positively correlated with depression severity. Time-frequency responses to the emotional picture viewing task
show condition differences in beta and gamma frequencies for left habenula and alpha for right habenula. Notably, alpha activity for right
habenula was negatively correlated with depression severity. Overall, from direct habenular recordings, we thus show ﬁndings convergent
with depression models of aberrant excitatory glutamatergic output of the habenula driving inhibition of monoaminergic systems.
Translational Psychiatry (2022)12:72 ; https://doi.org/10.1038/s41398-022-01830-3

INTRODUCTION
Major depressive disorder is a major public health issue
representing the greatest global burden of disability [1]. Yet,
many remain treatment-refractory [2]. Deep brain stimulation
(DBS) holds promise for treating resistant depression with
potential targeting of brain structures such as the subcallosal
cingulate cortex (scCing), anterior limb of the internal capsule [3]
and medial forebrain bundle [4, 5]. Another brain region, the
habenula, a small evolutionarily conserved epithalamic structure,
is also a plausible DBS target with two previous pilot clinical case
studies demonstrating its therapeutic utility with DBS [6, 7].
The habenula is a key hub connecting the midbrain and the
prefrontal cortex [8–10] and acts as a major node in the reward
signal pathway [10]. It is believed to encode negative reward
mechanisms such as negative prediction error signals or
unexpected aversive or loss events by driving inhibition onto
dopaminergic neurons [11, 12]. It further regulates downstream
serotonergic raphe neurons [13] and relays a powerful inhibitory
inﬂuence on downstream midbrain structures which include both
the dopaminergic and serotonergic systems [14, 15] (Fig. 1a).
Dysfunctional habenular activity has been associated with major
depression [16] with convergent evidence of its hyperactivity in
depression coming from human and animal studies. Its pathological

hyperactivity in rodent models of depression is believed to be
related to increased burst ﬁring [17] and remarkably ketamine, a
rapidly acting antidepressant, blocks this burst ﬁring [17, 18]. Burst
ﬁring refers to the irregular episodes of bursts of neuronal spikes
followed by inactivity [19] and is associated with neuronal noise [20].
Burst ﬁring has been linked to the non-oscillatory or the aperiodic
component—1/f like properties—of the neuronal signal [21]. This
component is the often neglected but has recently garnered
renewed interest. For instance, cognitive and perceptual states alter
this property and it has been shown to be a potential biological
marker in development and aging [22, 23] and in disease states such
as attention-deﬁcit hyperactivity disorder [24] and schizophrenia [25].
Furthermore, aperiodic component has recently been interpreted as
an index of excitation-inhibition balance (E/I) [26]. This is particularly
relevant for habenular activity as it is one of the few structures in the
brain modulating both dopaminergic and serotoninergic activity
with complex upstream and downstream excitatory and inhibitory
effects. As such quantifying this aperiodic component may provide
insights on its role in depression. However, human neuronal
recordings from habenula have rarely been investigated and not
to our knowledge for aperiodic power signatures.
Here, we acquired neuronal recordings from bilateral habenula
of treatment resistant depressed patients undergoing DBS in
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Fig. 1 Habenula circuitry and electrode localisation. a left- simplistic illustration of normal excitatory and inhibitory connections of habenula
and their downstream neurotransmitter proﬁle, right—hyperactive habenula in depression with increased excitation-inhibition (EI) balance
leading to greater downstream effects (shown in thickened arrows). For detailed connections of the habenula see [13, 74–76]. PFC—prefrontal
cortex, LHT—lateral hypothalamus; NAc—nucleus accumbens; RMTG—rostromedial tegmental region; IP—interpeduncular nucleus; SNC—
substantia nigra pars compacta; VTA—ventral tegmental area; DR- dorsal raphe nuclei, MR—medial raphe nuclei b electrode locations
reconstructed using Lead-DBS with habenula represented in blue.

resting state and an emotional picture viewing task. We evaluated
the aperiodic non-oscillatory activity and task evoked activity.
Given habenular hyperactivity reported in depression, we
hypothesised the aperiodic exponent to be associated with
depression severity. Lack of prior habenular neuronal recordings
from humans precluded a speciﬁc hypothesis about the evoked
activity. However, its role in emotional valence led us to
anticipate differences in task evoked responses to positive and
negative affective images [27].
MATERIALS AND METHODS
Participants
This study was registered as a clinical trial (NCT03347487). The patients
underwent DBS surgery for refractory depression targeting the habenula at
Ruijin Hospital, Shanghai Jiao Tong University. All the patients either had
bipolar depression or unipolar depression. Patient demographics, medication use and diagnoses are presented in Table 1. Neuropsychological tests
including Hamilton Depression Rating Scale (HAMD) were administered
one week prior to the surgery. The clinical outcomes of all the patients in
the trial (which also included patients with schizophrenia and chronic pain)
are under preparation in a separate manuscript. The ethics committee of
Ruijin Hospital, Shanghai Jiao Tong University School of Medicine,

approved all procedures used in this study. All patients provided written
informed consent in accordance with the Declaration of Helsinki.

Surgical procedure
Quadripolar DBS electrodes (model 3389; contact: 1.5 mm, distance: 0.5 mm,
diameter: 1.27 mm; Medtronic, Minneapolis, MN, USA) were implanted
under general anaesthesia bilaterally using MRI-guided targeting (3.0 T,
General Electric, The MRI was co-registered with a CT image (General
Electric, 314 Waukesha, WI, USA) with the Leksell stereotactic frame to
obtain the coordinate values [7, 28]. The electrode leads were temporarily
externalised during which physiological recordings were acquired.

Habenula localisation and electrode mapping
A stereotactic frame was used to place the electrodes on the bilateral
habenula. Susceptibility-weighted imaging (SWI) and quantitative susceptibility mapping (QSM) in 3.0-T MRI have been demonstrated to better
localise small subthalamic and epithalamic nuclei [29]. Here, we used SWI
and QSM imaging to localise the habenula which followed identical
procedures established previously [29, 30].
Post-operative CT and pre-operative T1 MRI were used to reconstruct
the electrode trajectories and their locations by employing the LEAD-DBS
toolbox [31] (Fig. 1). Brieﬂy. a two-stage linear registration as implemented
in Using Advanced Normalization Tools (ANT) [32] was used and the post-
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Bipolar Disorder II, Generalised Anxiety
Disorder
y/n

The LFP and electroencephalogram (EEG) data were recorded using a
BrainAmp MR ampliﬁer (Brain Products, Gilching, Germany) with a 500 Hz
sample rate and a notch ﬁlter set at 50 Hz to remove the power line noise
interference. The left mastoid was used as the reference electrode. Scalp
EEG was recorded from 7 frontal electrodes (Fp1, Fp2, F3, F4, F7, F8, Fz)
using the 10-20 placement system. LFP data were collected from all
contacts on both electrodes (L0-L3 and R0-R3).
Using LEAD DBS toolbox we calculated the contacts that either were
within the habenula or the closest contacts and which were visually
conﬁrmed. We used bipolar re-referencing to assign the anode to the
contact within or closest to the habenula and the cathode as the next
closest (e.g. R0-R1, R1-R2, or R2-R3). Bipolar referencing nulliﬁes the volume
conducted activity from regions distal to the contacts of interest thus
providing spatially resolved signal. From the 12 bilateral electrodes (48
contacts), 12 contacts showed clear localisation within the habenula with 8
contacts from 12 electrodes selected as the anode. The other 4 contacts
selected showed close proximity (0.1, 0.5, 1.8, 3 mm).
The pre-processing steps undertaken for the LFP and EEG data were
performed using EEGLAB [35] and custom routines programed in MATLAB
(MathWorks, MA, USA). Speciﬁcally, these included band pass ﬁltering and
visual inspection for trial rejection. For rest data, data was segmented into
5 s windows. After rejecting trials with artefacts, 12 segments corresponding to 60 s were used for analysis. The scalp EEG data was bandpass ﬁltered
from 0.5–45 Hz. An independent components analysis was run on the scalp
EEG recordings to identify and remove the artifacts associated with blinks
and lateral eye-movements. For the task-based analysis, each trial was then
epoched by time-locking activity to the onset of the affective pictures.

Electrode recordings
Electrodes within habenula or closest to it were used for bipolar rereferencing. Local ﬁeld potentials (LFPs) were recorded from bilateral
habenula during both resting state and an emotional task. For the resting
state data acquisition, patients viewed a ﬁxation cross on a computer
screen for approximately 2–3 min. The emotional picture viewing task has
been described in detail in a previous publication [27]. Brieﬂy, 90 different
picture stimuli from the validated International Affective Picture System
[36] were shown (30 in each valence condition-positive, neutral, negative)
for 2 s, with 15 images (5/category) rated for valence and 15 images (5/
category) for arousal using a sliding scale (0–100) (Supplementary Table 1).

Power proﬁle

HAMD Hamilton Depression Rating Scale.

R
48
M
P6
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Data preprocessing

divorced

Duloxetine-60mg, Olanzapine-5mg, Clonazepam-1mg1mg, Tandospirone citrate-20mg

36
y/n
R
F
P5

28

single

Venlafaxine-225mg/d, Mirtazapine-30mg/d, Lithium
Carbonate-0.9 g/d, Pregabalin-225mg/d, Zopiclone7.5 mg/d

Depression (Unipolar) Or Bipolar II

23
y/y
R
M
P4

48

married

Sodium Valproate Sustained-release Tablets-1g/d,
Clonazepam-0.5 mg/d

Bipolar Disorder

21

24
Depression (Unipolar)

Olanzapine-5mg/d, Escitalopram Oxalate-20mg/d,
Mirtazapine-15mg/d, Lithium Carbonate-0.9 g/d

Bipolar Disorder

n/n

y/y

Olanzapine-5mg/d, Mirtazapine-15mg/d

R

single
R

F
P3

30

M
P2

21

single

23
Bipolar Disorder; Substance
Dependence-(Clonazepam, Alcohol);
Gambling Disorder
y/y
Lamotrigine-100mg/d; Seroquel-100mg/d; Magnesium
Valproate-0.75 g/d,; Amfebutamone-0.3 g/d,;
Clonazepam-16-20mg/d
divorced
R
46
M
P1

Handed –ness
R-right
Age (yrs)
Sex
ID

Table 1.

Patient proﬁle.

Marital Status

Diagnosis
Tobacco/ Alcohol
(y-yes n-no)
Medications

HAMD

3
operative CT co-registered to pre-operative MRI and spatially normalised
into MNI_ICBM_2009b_NLIN_ASYM space [33]. Pacers algorithm [34] was
used to localise electrodes in MNI space.

Power spectra for resting state data were computed using pwelch function
in Matlab with a window of 3 s, default overlap (8 segments with 50%
overlap). For task data window of 1.25 s was used with default overlap
(8 segments with 50% overlap). Speciﬁcally, the aperiodic component
quantiﬁes the slope of the power decrease [21] and its quantiﬁcation is
often hampered by variability of the power peaks seen in the data. Here
we used Fitting Oscillations and One-Over-F (FOOOF) algorithm [21] to
accurately (applied to 1–36 Hz power spectra) separate the LFP power
spectral densities into aperiodic (1/f-like component) and periodic
oscillatory components modelled as Gaussian peaks. The model was ﬁtted
for individual subject trials and averaged across trials
The settings for the algorithm were set as: peak_width_limits = [0.5, 12];
min_peak_height = 0; max_n_peaks = 12; peak_threshold = 2;
aperiodic_mode = “ﬁxed”; and verbos = ‘True’. The model ﬁt was assessed
by goodness of ﬁt as estimated by R2 values. For resting data, the group
mean R2 values for left habenula power spectral ﬁt was 0.92 and that for the
right habenula power spectral ﬁt was 0.91. For task data the group mean R2
values for left habenula power spectral ﬁt was 0.90 and that for the right
habenula power spectral ﬁt was 0.93. For task data all clean preprocessed
trials from the three conditions were concatenated for each subject and the
power proﬁle and aperiodic component computed for each subject.

Task evoked activity
Event related spectral perturbation (ERSP) measures variations in amplitude
of the broad band EEG frequency spectrum induced by an experimental
event relative to the baseline [37]. We computed individual trial ERSPs as
they have been demonstrated to be robust to outlier trial activity [38]. We
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Fig. 2 Power proﬁle of habenular recordings. a Power proﬁle for resting state (top) and task (bottom) shown in red. Power ﬁt via fooof
algorithm is shown in blue and aperiodic component shown in black. Shading indicates standard error of mean. Note the overlapping colour
and SEM shading of the power spectrum, the model ﬁt to the power spectrum and the aperiodic component. b The bar plot (left) shows the
aperiodic component with no signiﬁcant differences between left (blue) and right habenula (yellow) with greater left habenula aperiodic
component in task relative to rest (Error bars indicate stand error of mean). The scatter plots of the aperiodic components between rest and
task shows a signiﬁcant positive correlation for left habenula (blue) but not for right habenula (yellow). Bonferroni correction *P < 0.025.
used a 500 millisecond baseline (ﬁxation cross presentation) and poststimulus window of 1500 ms. Fast-fourier transform (fft) was employed to
compute ERSPs using the EEGLAB toolbox [35]. The changes in ERSP may
correspond to a narrow-band of event-related desynchronisation (ERD) or
synchronisation (ERS) or power spectrum reduction or increase respectively.
All the ERSPs for each condition across subjects were concatenated which
were used for further statistical analyses.

Statistical testing

Paired t-tests were used for comparisons of differences. Pearson’s
correlation was used for strength of association between two variables.
Bonferroni correction was employed for multiple comparison wherever
applicable. To compare time frequency maps (ERSPs) between conditions,
we used non-parametric cluster-based permutation [39] to identify
signiﬁcant clusters of power differences (time window and frequency
band) induced by emotional images. 1000 iterations of permutations were
performed, and null distribution generated with suprathreshold-clusters
signiﬁcance detected at P < 0.01. We restricted cluster size >200 to ﬁnd
robust differences and avoiding non-speciﬁc small clusters given the small
sample size. Average power in the determined frequency band for ERSPs
identiﬁed by cluster-based permutation between conditions were further
compared using post-hoc paired t-tests with Bonferroni correction.
Signiﬁcant cluster means were then correlated with depression scores.

RESULTS
Patient demographics
Six patients (2 females, mean age: 36.8 years) with refractory
depression were included. Patient demographics are reported in
Table 1.

Aperiodic component – 1/f
For resting data, the group mean R2 values for left habenula power
spectral ﬁt was 0.92 and that for the right habenula power spectral
ﬁt was 0.91. For task data the group mean R2 values for left habenula
power spectral ﬁt was 0.90 and that for the right habenula power
spectral ﬁt was 0.93. The rest and task data showed similar power
proﬁles for left and right habenula (Fig. 2). Individual patient’s
spectrum are shown in supplementary (Supplementary Fig. 1). On
an exploratory basis, we assessed the relationship between
aperiodic components of rest and task. Left habenula seemed to
show increased aperiodic component in task when compared to rest
(mean = −0.17, SD = 0.81; t(5)=−2.97, P = 0.03) which however did
not survive multiple comparison (Bonferroni signiﬁcance P < 0.013).
Right habenula activity did not show signiﬁcant difference (mean =
0.18, SD = 0.63; t(5)=−1.32, P = 0.24) (Fig. 2b left). The aperiodic
component values were signiﬁcantly correlated between rest and
task data for the left habenula (r = 0.94, P = 0.004) (Bonferroni
signiﬁcance P < 0.025) but not for right habenula (r = 0.54, P = 0.26)
(Fig. 2b, middle and right panel).
Aperiodic component’s relationship with depression severity
In our main hypothesis, we then correlated the aperiodic component
with the depression severity. The left habenula aperiodic component
was signiﬁcantly positively correlated with depression severity (r =
0.88, P = 0.015) (Bonferroni signiﬁcance P < 0.025) (Fig. 3 left) but not
the right habenula (r = 0.20, P = 0.69) (Fig. 3 right). We also replicate
this result when cut-off frequency range for estimation of aperiodic
component was 1–40 Hz (Supplementary Fig. 2).
Translational Psychiatry (2022)12:72
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Fig. 3 Relationship of aperiodic component with depression scores. The aperiodic component of left habenula (Hb) (blue) showed a
positive correlation with baseline depression scores measured using the Hamilton depression rating scale (HAMD) with no signiﬁcant
relationship observed for the right habenula (yellow). Bonferroni correction *P < 0.025.

Task evoked activity
The left and right habenula showed early stimulus locked responses
to the affective images with increased theta and alpha frequency
activity (Supplementary Fig. 3). The left and right habenula across all
conditions showed ERD in alpha and beta frequencies (Supplemenatry Fig. 3). Left habenula showed differences in lower beta and
gamma ERD for negative compared to positive condition (beta:
Positive mean = −0.38, SD = 0.73; Negative mean = −3.73, SD =
1.81, t(5)=6.92, P = 0.0009; gamma: Positive mean = −0.27, SD =
0.21; Negative mean = −1.77, SD = 1.05, t(5)=4.20, P = 0.008). Right
habenula showed alpha ERD at ~1 s which was greater for negative
than positive stimuli (Positive mean = −0.17, SD = 0.27; Negative
mean = −3.30, SD = 0.89, t(5)=8.64, P = 0.0003). Bonferroni signiﬁcance at P < .017.
Alpha ERD relationship with depression severity
Two signiﬁcant clusters n the alpha range were apparent.
However the cluster immediately at the stimulus onset is unlikely
of interest given such an early latency. Hence we focussed only on
the late alpha cluster ~at 1.5 s post stimuli. Furthermore, alpha
ERD during this latency range has also been shown to be
emotionally relevant in STN studies [27, 40, 41]. The signiﬁcant
alpha ERSP cluster for positive stimuli in the right habenula
showed a negative correlation with depression scores (r = −0.96,
P = 0.002) with Bonferroni signiﬁcance P < 0.008 (Fig. 4b). The
alpha ERD for negative stimuli did not show any signiﬁcant
association (r = −0.39, P = 0.44) (Fig. 4b). Beta and gamma ERSP
signiﬁcant clusters in the right and left habenula were unrelated to
depression severity (Supplementary Fig. 4).
DISCUSSION
We characterised the power signatures of human habenular
recordings demonstrating that the non-oscillatory aperiodic
component of the left habenula predicts depression severity.
Emotional task induced responses showed signiﬁcant differences
in alpha ERD in right habenula, late beta ERD and early gamma
ERD for left habenula. Furthermore, the alpha ERD for positive
stimuli in right habenula negatively correlated with depression
severity.
Habenular aperiodic exponent and excitatory-inhibitory (E/I)
balance
The aperiodic exponent has been interpreted as signifying E/I
balance [26, 42]. It has been related to the integration of the
underlying synaptic currents, which gives rise to the 1/f-like nature
of the power spectral density (PSD). Disruptions in the E/I balance
(i.e., greater excitatory relative to inhibitory synaptic currents, or
vice versa) can lead to abnormal downstream effects on a mesoand macroscale network level. E/I balance is also not a static
Translational Psychiatry (2022)12:72

property, but changes depending on behavioural state [43] and
task demands [44] suggesting that this property is under ﬁne
dynamic control. This is consistent with rapid adaptive properties
of the brain structures and their upstream/downstream effects on
global brain networks [45, 46]. Our results from aperiodic
characterisation shows association between rest and task for left
habenula only. Although asymmetry of the habenula structure
and function have been reported [47], further studies are
warranted to uncover the laterality differences in power
signatures.
E/I imbalance is proposed to be underlying the pathophysiology of various neuropsychiatric disorders [48]. Abnormal E/I
balance may be caused by habenular hyperactivity in depression
and its increased burst ﬁring has been reported in human [49]
and animal studies [17]. Critically, in our study, the greater E/I
ratio of left habenula, as indexed by the aperiodic exponent,
correlated with higher baseline depression severity thus presumably reﬂecting the increased excitatory habenular dysfunction in major depression. The lateral habenula projects
glutamatergic excitatory input to the rostromedial tegmentum
which then acts via GABA-ergic inhibitory inputs to dopaminergic
and serotonergic midbrain nuclei [14, 15]. Excessive neuronal
ﬁring can potentially strengthen lateral habenula output in turn
causing greater suppression of dopaminergic and serotonergic
projections leading to depression [50]. Importantly our results are
convergent with evidence from rodent models of depression
which emphasize a bursting mode of ﬁring in the lateral habenula
[17] which was speciﬁcally targeted by the rapid antidepressant
effects of ketamine [17, 18]. Although clinical trials of ketamine in
humans have been undertaken [51, 52], our results give potential
insight on its effect on neuronal properties of aperiodicity thus
indicating further studies.
Habenular efferents play a prominent role in reducing brain
serotonin activity associated with depressive behaviour and have
led to the proposition that functional inactivation of the habenula
by deep brain stimulation may be effective treatment for
refractory depression [6, 53]. It is possible that DBS at clinical
frequency of 130 Hz restores the aperiodic properties of habenular
neurons to normal levels which future studies can investigate.
However, support for this notion comes from animal studies
showing habenular stimulation at non-clinical frequency inhibits
serotonin neurons in the dorsal raphe [54–57]. Furthermore,
enhanced habenula metabolism and reduced brain serotonin
levels have been observed in animal depression models and can
be attenuated by antidepressants [50] or lateral habenular lesions
[17]. Lastly, patients experiencing transient depressive episodes
elicited by tryptophan depletion show increased habenular
cerebral blood correlating with depression scores [49]. DBS of
habenula in major depression is thus grounded on multiple
convergent lines of evidence.
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Fig. 4 Task induced activity and relationship with depression scores. a Event related spectral perturbation (ERSP) maps. Top panel: left
habenula; bottom panel: right habenula. Signiﬁcant cluster bounded by black outline tested with permutation testing. Group mean of the
signiﬁcant ERSP clusters showing signiﬁcant differences between valence conditions on t-tests. Errors bars indicate stand error of mean.
Bonferroni correction *P < .017. Pos—positive, Neg—negative. b Left: signiﬁcant negative correlation of signiﬁcant alpha cluster of right
habenula activity for positive stimuli and Hamilton Depression rating scale (HAMD) i.e., greater depressive symptoms associated with greater
habenula alpha event-related desynchronization (ERD) (or decrease in alpha power) in response to pleasant stimuli; right: no signiﬁcant
relationship was observed between the alpha ERSP signiﬁcant cluster with HAMD scores for negative stimuli. Bonferroni correction at **P <
0.0083 (correlation coefﬁcient of gamma and beta cluster for left habenula activity was also tested and thus multiple correction applied for 6
tests considering beta and gamma clusters for left habenula activity, see Supplementary Fig. 2).

We did not see robust state dependent changes of aperiodic
properties in our data, which other studies have demonstrated
[58, 59]. Further research on investigating the aperiodic component with various modalities will be useful to uncover its
neurobiological underpinnings and its utility. Although the
aperiodic component did not differ signiﬁcantly between rest
and task, overall, power spectrum observed with rest and task
deserve some remarks especially a smoother spectrum observed
with the task data. Resting state is a free behavioural paradigm
reﬂecting spontaneous neuronal activity which may result in a
more complex power spectrum. In contrast task evoked activity
constrains the spontaneous activity by increased attentional
demands. For instance, alpha activity is often reduced when
attentional demands are high [60, 61]. It is also possible that
different parameters for estimating power may result in smoother
power spectrum of task data. However, we show consistent results

of association of aperiodic component with depression severity
with 3 sec epochs (matching that of task data) of resting data
(Supplementary Fig. 5).
Habenular emotional processing and alpha activity
Our results also show frequency modulations in the emotional
viewing task. Speciﬁcally, for the right habenula, alpha ERD was
increased for negative pictures and decreased for positive
pictures. In contrast, beta ERD in the left habenula was greater
for negative than positive stimuli. A decrease in alpha activity to
both positive and negative stimuli is commonly observed with
intracranial recordings from subthalamic nucleus (STN) in patients
with Parkinson’s disease implicated in the subjective evaluation of
emotional valence [27, 62, 63]. Alpha and beta band activity is also
decreased in the subcallosal cingulate to both positive and
negative pictures in depressed patients undergoing DBS [40]. The
Translational Psychiatry (2022)12:72
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time window of the relatively late (750–2500 ms) habenular ERD in
alpha and beta (Fig 5) is similar to the time window reported in
previous M/EEG studies on emotional processing [64, 65]. Kuhn
et al. have also suggested the higher sensitivity of the scCing for
negative stimuli may represent a negativity bias in major
depression [66]. Thus, our results are consistent with the pattern
of responses of mid brain structures in emotional picture
viewing task.
Lastly, we show that patients with greater depressive symptoms
had greater task-induced alpha-ERD response to positive stimuli.
This pattern is opposite to that found in Parkinson’s disease
patients in whom greater depression was associated with reduced
STN alpha-ERD response to positive and greater alpha-ERD
response to negative emotional images [41]. Habenula neurons
have inhibitory effects on dopaminergic neurons [10, 13] encoding
reward prediction error in the opposite direction to that of
dopaminergic neurons [13]. Thus, a plausible explanation of the
differing habenular and STN observations may be that greater
habenula ERD to pleasant stimuli reﬂects a deﬁcit of processing
positive information with greater depression severity characterised
by lower dopaminergic activity. This may resemble the clinical
symptom of anhedonia, which is common in depression and may
also be related to our patient cohort characterised by high severity
of depression. Major depression might result in less variability in
processing of negative stimuli but greater variability for positive
stimuli as a function of depression severity. Alpha ERD may thus be
a potential biomarker tracking depression severity across a range
of neural nodes and monitoring of treatment response.
We have recently shown that stimulation at alpha frequency
targeting the STN can shift subjective negative emotional biases
suggesting a strong link between alpha desynchronization and
subjective emotional processing [27]. Here, we also conﬁrm a
critical role for alpha activity in emotional processing within the
habenula. Furthermore, we show alpha coherence in this
frequency range between left and right habenula and the
prefrontal cortex (Supplementary Fig. 6). As a connecting node
between two major sub-systems, we suggest alpha frequency
band as a key mediator in emotional processing linking habenula
to prefrontal cortical function. The only study which investigated
habenular recordings in emotional task found increased alphatheta activity for negative stimuli and prefrontal connectivity
(assessed with MEG) [28]. Notably, our study only assessed
depressed patients whereas Huang et al. assessed depression,
schizophrenia and pain patients [28] which may account for
differences between the two studies. Nonetheless, further studies
targeting habenular stimulation at lower frequencies may open
newer avenues for modulating emotional behaviours.
Our study is not without limitations. First, our severe resistant
depression cohort may limit generalisability and our sample size is
also limited. However human habenular recordings have only
been investigated once [57]. Second, speciﬁc psychiatric diagnosis
and additional co-morbidities, varied medications and their
interactions may affect E/I ratio and consequently the aperiodic
component. Third, all patients in this study barring one had
bipolar depression and hence it was not possible to investigate if
the aperiodic component can differentiate the depression
subtypes. Fourth, 1/f like properties are commonly reported with
macroscale EEG/MEG recordings [67–71] but which have also
been demonstrated at microscale [72] and mesoscale [73].
However, it is possible that the subtle varied cytoarchitectural
proﬁles of different regions in the cortex and the sub-cortex might
affect 1\f properties. Future studies with recordings at micro, meso
and macroscale can clarify these issues. Finally given the small size
of the habenula and challenges associated with localising smaller
structures, our study is unable to discriminate between the medial
and lateral habenula.
In summary, our data extends current knowledge on habenula
function in depression through direct habenular neuronal
Translational Psychiatry (2022)12:72

recordings. Habenula power signatures and alpha ERD activity in
task may act as potential biomarkers across an emotional neural
network, and a target for neuromodulation.
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