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Metabolic activity in subcallosal cingulate predicts response
to deep brain stimulation for depression

Elliot C. Brown'?3*° Darren L. Clark"*34, Nils D. Forkert@?*>°, Christine P. Molnar®, Zelma H. T. Kiss"*** and

Rajamannar Ramasubbu @"*3*

Subcallosal cingulate (SCC) deep brain stimulation (DBS) is a promising therapy for treatment-resistant depression (TRD), but
response rates in open-label studies were not replicated in a large multicenter trial. Identifying biomarkers of response could
improve patient selection and outcomes. We examined SCC metabolic activity as both a predictor and marker of SCC DBS
treatment response. Brain glucose metabolism (CMRGIu) was measured with [18F] FDG-PET at baseline and 6 months post DBS in
20 TRD patients in a double-blind randomized controlled trial where two stimulation types (long pulse width (LPW) n =9 and short
pulse width (SPW) n = 11) were used. Responders (n = 10) were defined by a 248% reduction in Hamilton Depression Rating Scale
scores after 6 months. The response rates were similar with five responders in each stimulation group: LPW (55.6%) and SPW
(44.5%). First, differences in SCC CMRGIu in responders and non-responders were compared at baseline. Then machine learning
analysis was performed with a leave-one-out cross-validation using a Gaussian naive Bayes classifier to test whether baseline
CMRGlu in SCC could categorize responders. Finally, we compared 6-month change in metabolic activity with change in depression
severity. All analyses were controlled for age. Baseline SCC CMRGIu was significantly higher in responders than non-responders. The
machine learning analysis predicted response with 80% accuracy. Furthermore, reduction in SCC CMRGlu 6 months post DBS
correlated with symptom improvement (r(17) = 0.509; p = 0.031). This is the first evidence of an image-based treatment selection
biomarker that predicts SCC DBS response. Future studies could utilize SCC metabolic activity for prospective patient selection.
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INTRODUCTION
The use of deep brain stimulation (DBS) for treating psychiatric
disorders such as major depressive disorder (MDD) has become a
viable and relatively safe therapeutic option for people with
treatment resistance. The subcallosal cingulate cortex (SCC) is the
most frequent DBS target used for depression in the published
literature, with success rates ranging from 30 to 80% in open-label
trials at 6 months [1-6]. Yet, the only double-blind randomized,
sham-controlled trial of SCC DBS found a relatively low response
rate of 17% in the active stimulation condition, which was not
statistically different to the sham condition [7]. This outcome
implies a great need for optimization of procedures, especially in
terms of the selection of patients most likely to benefit from this
treatment. Previous studies have documented the potential of
brain imaging markers in the prediction of antidepressant
outcome. In fact, the SCC target was developed based on such
an image-based biomarker [1]. However, we are yet to find an
evidence-based method for patient selection that could poten-
tially enhance clinical outcomes and minimize the risks of
exposing likely non-responders to invasive surgery.

The SCC consists of mainly Brodmann area 25, which has
extensive connectivity to cortical and limbic areas involved in
emotional regulation. It plays a crucial role in the currently

accepted neural model of depression [8, 9]. Numerous functional
imaging studies have shown hyperactivation and increased blood
flow within the SCC in MDD [10-13]. Furthermore, activity in the
SCC has emerged as a promising marker for predicting treatment
response across multiple treatment modalities, including pharma-
cological, cognitive, repetitive transcranial magnetic stimulation
(rTMS), electroconvulsive and sleep deprivation therapy [1, 14-21].

The first SCC DBS open-label study used positron emission
tomography (PET) imaging to reveal that after 3 and 6 months of
chronic DBS, three responders exhibited decreases in cerebral
blood flow (CBF) in SCC, hypothalamus, anterior insula, medial
frontal cortex and orbitofrontal cortex (OFC), with increases in
dorsolateral prefrontal and dorsal anterior cingulate cortex [1].
A subsequent study by the same group revealed an increase in
cerebral metabolic rates of glucose in SCC white matter, along
with other areas, and decreases in surrounding grey matter, all
6 months post DBS (n = 8) [17]. Further evidence for DBS-induced
decreases in SCC grey matter activity also came from another
recent study involving a small number of patients receiving SCC
DBS for treating refractory depression [22]. Interestingly, six
patients given SCC DBS for the treatment of anorexia nervosa
also showed a decrease in SCC metabolic activity after 6 and
12 months of stimulation, which was related to the amelioration of
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depressive symptoms [23]. In addition, several other DBS studies
aimed at treating depression and OCD by targeting other brain
areas including nucleus accumbens, ventral capsule/ventral
striatum, bed nucleus of the stria terminalis and subthalamic
nucleus all showed decreases in SCC activity and blood flow
following DBS [24-28]. In summary, the PET findings from DBS
studies targeting SCC have consistently shown DBS-related
inhibition in SCC grey matter and a mixture of inhibition and
activation in distal areas outside of the SCC. Furthermore, DBS-
induced SCC inhibition seems to be specifically related to a
reduction in depressive pathology.

However, previous SCC DBS studies reporting PET findings
have used rather small sample sizes [1, 17, 29]. The unbalanced
distribution of responders and non-responders in some of these
studies may have further limited the possibility of using baseline
brain activity to predict treatment outcome [17]. Given
the paucity of data on response prediction of SCC DBS, we
aimed to investigate metabolic activity, specifically in the SCC,
as a candidate biomarker for predicting DBS treatment outcome
and also as a marker for tracking clinical improvement in a
relatively large sample size (n = 20). Therefore, we measured
metabolic activity using ("®F)Fluorodeoxyglucose PET (FDG-PET)
at the preoperative baseline, and again after 6 months of
chronic DBS stimulation. We hypothesized that baseline SCC
metabolic activity would differentiate responders from non-
responders after 6 months of chronic DBS, and that the level of
baseline SCC metabolic activity would predict the level of
clinical response. Our second hypothesis was that chronic DBS
would decrease SCC metabolic activity, with the degree of
reduction correlating with clinical improvement.

METHODS

Participants

Twenty patients who met the DSM-IV criteria for MDD and
bipolar depression with treatment resistance, and participated
in our SCC DBS clinical trial, were included in this study. More
information on recruitment and inclusion/exclusion criteria is
provided in Supplementary Methods and in our clinical outcome
paper [30]. Two patients from the original study were not
included in this study because one patient died by suicide in the
3rd month so baseline PET imaging was excluded from analysis,
and follow-up PET could not be performed in the second
patient. Clinical response was defined as a 48% reduction in
Hamilton Depression Rating Scale (HDRS) scores from baseline
to 6 months postoperatively following continuous bilateral SCC
DBS. While we had originally defined response as a 50%
reduction in HDRS from baseline, as the study progressed, we
found that this strict cutoff at a single time point could
introduce misclassification in some patients. For example, half

point scores cannot be used in the HDRS. Others have also
highlighted how a 50% response criteria at predefined time
points is misleading in DBS trials for treatment-resistant
depression (TRD) with small samples [31-33]. Furthermore,
depression scores seem to fluctuate between 45 and 55% in the
maintenance phase of DBS treatment for TRD [33]. Specifically in
our study, two subjects were categorized as responders at
6 months with a 48% reduction in HDRS from baseline. One
patient showed a reduction in HDRS from a baseline of 25 to 13
at 6 months and the second subject showed reduction in HDRS
from 27 to 14. Both patients demonstrated gradual progressive
decline in scores over the first 6 months. We therefore decided
to change the response criterion of 48% reduction from baseline
with consistent reduction in HDRS scores over time, could best
differentiate responders. One patient who had a sudden 50%
reduction in HDRS at 6-month visit was identified as spurious by
the patient and spouse as his depression worsened a week later.
Although he was categorized as responder per protocol, he
was clinically considered as non-responder and crossed over to
different stimulation. In this PET study he was classified as non-
responder.

Table 1 shows the demographic and clinical data of responders
and non-responders. Ethical approval was given by the Institu-
tional Review Board of the University of Calgary, the Conjoint
Health Research Ethics Board. All participants provided written
informed consent and the trial was registered with ClinicalTrials.
gov (# NCT01983904).

DBS treatment protocol

Briefly described, DBS electrodes were implanted into SCC white
matter bilaterally using a stereotactic frame, where the target
point and trajectory were defined using stereotactic 1.5 Tesla MR
imaging and guided by the position of target white-matter
pathways, using diffusion-based tractography. Further details
about white-matter targeting, DBS programming, stimulation
optimization and clinical management are provided in our clinical
outcome paper [30]. A shortened CONSORT diagram of this trial is
illustrated in Fig. 1. A more detailed CONSORT diagram is included
in the main clinical paper [30].

Imaging data acquisition and preprocessing

Static FDG-PET scans were acquired from all patients, at baseline
within 1 month preoperatively, and again after 6 months of
continuous stimulation. FDG-PET measures cerebral metabolic rate
of glucose utilization (CMRGIu). For all postoperative PET scans,
DBS remained turned on. All patients also had high-resolution
structural T1-weighted MRI taken preoperatively, which were used
for image preprocessing and as an anatomical reference for the
PET analysis. Details of image data acquisition and preprocessing
can be found in the Supplementary Materials.

Table 1. Demographics and symptom severity scores—means, standard deviations and results of statistical tests.

Responders (n = 10) Non-responders (n = 10) Test p
Age 39.5+13.0 543+£129 t=256 0.020
Male/female 4/6 8/2 xY'=333 0.068
Duration of illness (years) 22.2+16.2 270+174 t=0.64 0.531
Duration of current episode (months) 23.7+226 26.6+229 t=0.29 0.779
HDRS—baseline 23747 22.8+4.2 t=-045 0.658
HDRS—6 months post-op 8.6+4.2 17.8+35 t=>5.31 <0.001
HDRS—% change at 6 months 62.6+18.4 20.0+18.0 t=-5.24 <0.001
Antidepressants at time of implant 21+15 21+1.2 t=0.00 1.000
Bolded p values significant (<0.05).
HDRS Hamilton Rating Scale for Depression.
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Fig. 1 CONSORT diagram. This flow diagram displays the progress
of the participants included in the FDG-PET study through
phases of the Subcallosal Deep Brain Stimulation trial. FDG-PET:
(*® F)Fluorodeoxyglucose-Positron Emission Tomography.

Imaging data analysis

A bilateral SCC region (volume) of interest (ROI) was defined
anatomically using the Harvard-Oxford Atlas [34-37], labelled in
the atlas as the subcallosal cortex. A binary mask of the SCC
anatomical region was created at 100% probability, which made
up a volume that was 91 x 109 x 91 voxels, with each voxel being
2x2x2mm. The SCC ROl binary mask was used for all ROI
analyses; SPM12 software (Statistical Parametric Mapping, Well-
come Centre for Human Neuroimaging, University College,
London, UK) was used for all imaging analyses. Small volume
correction was applied in SPM12 to voxel-wise ROl analyses and
results were only considered to be statistically significant at a
family-wise error (FWE) corrected p < 0.05. In addition to the voxel-
wise ROl analysis, MarsBaR, an ROI toolbox for SPM [38] was used
to extract mean CMRGIu values from the SCC ROI using the same
binary mask in each participant. To determine whether depression
pathology related to metabolic activity in the SCC, we performed a
voxel-wise multiple regression within the SCC ROI using baseline
FDG-PET scans, and baseline HDRS scores as a regressor of
interest.

In order to determine whether baseline FDG-PET could classify
response outcome, voxel-wise contrasts were performed between
responders and non-responders to compare baseline metabolic
activity within the SCC ROI. Age was included as a regressor of no
interest, as age was significantly different between responders
and non-responders at the 6-month time point. We also checked
for grey matter volume group differences in the SCC (voxel-based
morphometry analysis [39]), but did not find any, so we did not
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include grey matter volume in further analyses. To assess whether
baseline metabolic activity could serve as a predictor of change in
symptom severity, a voxel-wise multiple regression within the SCC
ROI was performed with baseline FDG-PET scans from all patients,
using 6-month percentage change in HDRS as a regressor of
interest, and age as a regressor of no interest.

As a secondary analysis, we investigated whether a simple
machine learning model using baseline mean CMRGlu in the SCC
was capable of classifying response in individual patients. More
precisely, a Gaussian naive Bayes classifier was trained and tested
using the average FDG-PET signal intensity in the SCC ROl and
known ground truth data (responder vs. non-responder) for the 20
patient cases. As only one feature was used for training and
testing, the naive Bayes classifier essentially models the two
classes (responders vs. non-responders) as Gaussian distributions,
which are then used to identify the optimal threshold within the
training stage and used for classification. A leave-one-out cross-
validation scheme was used for evaluation. In doing so, 19
patients were used for training of the model and the remaining
patient was used for testing. By iteratively repeating this
procedure for all patients, a classification was generated for each
patient, which was then compared to the ground truth classifica-
tion (responder vs. non-responder). Due to the rather small sample
size, no completely separate validation set was available.

To address the second hypothesis of whether FDG-PET could
serve as a treatment marker, i.e. whether change in symptoms
related to change in SCC metabolism, a partial correlation analysis
was performed between 6-month percentage change in mean
CMRGIlu values in the SCC ROI, and HDRS 6-month percentage
change, controlling for age. As a further exploratory analysis, a
voxel-wise repeated-measures ANCOVA (rmANCOVA) was applied
to baseline preoperative and 6-month postoperative FDG-PET
images within the SCC ROI, with time (baseline, 6 months
postoperative) as the within-subjects factor for responders and
non-responders separately, again using age as a regressor of no
interest.

To investigate potential confounding effects of illness chronicity
on treatment marker results, partial correlations were calculated
between the 6-month percentage change in mean CMRGlu in SCC,
and duration of illness plus duration of current episode, after
controlling for age.

Finally, voxel-wise analyses of the whole brain were used to
identify areas associated with baseline treatment prediction, and
areas that may serve as additional potential treatment markers.
All voxel-wise analyses described above were performed again
investigating the whole brain. Only results at an FWE corrected
p<0.05 at the cluster level were considered statistically signifi-
cant. Given the small sample size, and exploratory nature of this
analysis, we also reported results not corrected for multiple
comparisons but with a minimum cluster size of ten voxels at p <
0.005 (uncorrected) to identify potentially interesting regions for
future research.

RESULTS

Clinical and demographic results

Among 20 patients included in the study, 16 (80%) had the
diagnosis of MDD and 4 (20%) had the diagnosis of bipolar
disorder (BD). Mean age of participants was 46.9 years (SD = 14.7),
ranging from 22 to 69 years. Of the 20 patients, 11 (55%) were
randomized to short pulse width (SPW) and 9 patients (45%) to
long pulse width (LPW) stimulation. Following 6 months of chronic
DBS, 8 of the 20 patients showed a 50% or greater reduction in
HDRS scores compared to baseline and 2 patients had a 48%
reduction in HDRS scores. Among ten responders, nine (90%) had
MDD and one (10%) had BD. Seven (70%) had MDD and three
(30%) had BD of the ten non-responders. The response rates in
the SPW group were 45.5 % (5 out of 11) and LPW were 55.6%

SPRINGER NATURE
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a)

responders > non-responders

—

Fig. 2 Treatment prediction results with baseline FDG-PET. a Contrast showing DBS responders had greater baseline FDG-PET metabolic
activity (CMRGIu) within the SCC ROl compared to non-responders. b Voxel-wise multiple regression showing a greater reduction in symptom
severity was associated with greater baseline CMRGIu. All results thresholded to FWE corrected p < 0.05 after small volume correction with the
SCC RO, and after controlling for age. HDRS Hamilton Rating Scale for Depression.

(5 out of 9). However, the responders (n=10) were equally
distributed between SPW (50%) and LPW (50%) stimulation
groups. Among ten non-responders, six (60%) were from SPW
group and four (40%) were from LPW (Supplementary Table S1).
The mean percentage change in HDRS was 41.3 (SD=28.2).
Table 1 shows the results of statistical tests comparing clinical and
demographic data in responders and non-responders. HDRS
scores were significantly different at 6 months between respon-
ders and non- responders (t=5.31; p <0.001), whereas baseline
scores between groups were not different (t = —0.45; p = 0.66).
We saw a significant difference in age between responders and
non-responders (t (18) = 2.55; p = 0.02), where responders tended
to be younger than non-responders. Importantly, there were no
differences between responders and non-responders in baseline
HDRS scores, duration of illness, duration of current episode
and number of antidepressants taken at time of implantation.
In addition, there were no apparent group differences in co-
morbidities (Supplementary Table S1).

Treatment prediction imaging results

Notably, there was no significant relationship between baseline
CMRGIu and baseline HDRS scores (after p < 0.05 FWE correction)
with both voxel-wise and mean SCC PET values. However, voxel-
wise analyses within the SCC ROl comparing responders and non-
responders showed that responders exhibited significantly greater
baseline SCC CMRGIu than non-responders after controlling for
age (voxels = 36; peak voxel: x = —4, y = 36, z= —4; effect size (T) =
4.69) (Fig. 2a). The voxel-wise multiple regression within the SCC ROI
across all patients showed a significant positive relationship
between HDRS percentage change (i.e, reduction) at 6 months
and baseline SCC CMRGlu, with age included as a regressor of no
interest (voxels = 145; peak voxel: x =4, y =36, z= —12; effect size
(T) = 5.76) (Fig. 2b). A scatterplot showing baseline SCC CMRGlu as a
predictor of treatment response is also presented in the Supple-
mentary Results (Supplementary Fig. S1), where patients diagnosed
with bipolar depression are highlighted. In addition, we compared
SCC CMRGlu between responders and non-responders after

SPRINGERNATURE

excluding the four bipolar patients. Our results showed only little
change when the bipolar patients were excluded (voxels = 38; peak
voxel: x =0, y = 36, z= —4; effect size (T) = 4.93). This demonstrated
that baseline SCC metabolic activity was predictive of clinical
response in this sample regardless of the type of depression.

Using leave-one-out cross-validation with the naive Bayes
classifier, the baseline mean FDG-PET signal intensity from the
SCC ROI could predict which patients responded to treatment
with an accuracy of 80%. More precisely, 16 out of the 20 patients
were correctly classified; whereas, the incorrectly classified cases
were evenly distributed among the two groups with two out of
ten responders and two out of ten non-responders being
incorrectly classified, leading to an overall sensitivity of 80% and
specificity of 80%.

Treatment marker imaging results

Results of the voxel-wise rmANCOVA within the SCC ROl showed
that both responders (voxels =320; peak voxel: x=—6, y =30,
z=-8; effect size (T)=5.07) and non-responders (Cluster 1:
voxels=53; peak voxel: x = —14, y = 14, z= —24; effect size (T) =
6.27; Cluster 2: voxels =38; peak voxel: x=0, y=36, z= —24;
effect size (T) = 5.21) exhibited a significant reduction in metabolic
activity from baseline to 6 months postoperatively (Fig. 3), after
controlling for age. Notably, the cluster size representing the
difference between baseline and 6 months was substantially
larger in responders than non-responders (see Fig. 3). Full-factorial
analysis using time as one factor (baseline and 6 months post DBS
scan) and group (responders/non-responders) as another factor,
including age as a covariate, showed no significant voxels.
Furthermore, t-test, contrasting 6-month scans for responders vs.
non-responders also showed no significant voxels. When control-
ling for age, the partial correlation between HDRS 6-month
percentage change and 6-month percentage change in mean
CMRGIu within the SCC ROl showed a significant positive
relationship (r(17) = 0.509; p =0.031) in which a greater change
in SCC metabolic activity was associated with a greater change in
symptom severity (Fig. 4). Importantly, we saw no significant

Neuropsychopharmacology (2020) 45:1681 - 1688
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b)

baseline > 6 months

Non-responders

Fig. 3 Treatment marker results in responders and non-responders. Metabolic activity at baseline is greater than after 6 months of DBS of
the subcallosal cingulate (SCC) in (a) responders and (b) non-responders. All results thresholded to FWE corrected p < 0.05 after small volume

correction with the SCC ROI.
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Fig. 4 Treatment marker results in entire sample—scatterplot
demonstrating a positive relationship between percentage
change in mean metabolic activity (CMRGIu) in the subcallosal
cingulate (SCC) and percentage change in symptom severity after
6 months of DBS. Here a greater reduction in symptoms is
associated with greater change in SCC CMRGIu (r and p values
corrected for age). HDRS Hamilton Rating Scale for Depression.

correlations between duration of illness and 6-month change in
CMRGIu in SCC, and duration of current episode and 6-month
change in CMRGlu in SCC. Therefore it was unlikely that CMRGlu
differences between response groups were accounted for by
illness chronicity.

Whole-brain imaging results

After correction for multiple comparisons (FWE corrected p < 0.05),
no significant differences were found between responders and
non-responders at the whole-brain level, and no significant
relationship between baseline CMRGIu and symptom change.
Although interestingly, when investigating the uncorrected results
(Puncorrected < 0.05 at the cluster level, puncorrected < 0.001 at the
peak level), a positive relationship between symptom change and
CMRGIu can be seen in the SCC and insula (Supplementary Fig. 1).
Whole-brain treatment marker results, comparing metabolic
activity at baseline and 6 months postoperatively, revealed some
significant differences when comparing responders and non-
responders that survived corrections for multiple comparisons

Neuropsychopharmacology (2020) 45:1681 - 1688

(Supplementary Fig. 2). More precisely, responders demonstrated
more localized decreases in metabolic activity within the SCC,
whereas non-responders showed a decrease in more ventral and
anterior areas including ventromedial prefrontal cortex (VMPFC),
rostral anterior cingulate (rostral ACC) and OFC. More details on
whole-brain results are provided in the Supplementary Results
(Supplementary Figs. S2 and S3).

DISCUSSION

The aim of this study was first to assess whether pre-treatment
metabolic activity in the SCC is predictive of DBS treatment
outcome at 6 months, and second, whether change in metabolic
activity could serve as a treatment marker that tracks clinical
improvement over 6 months of chronic DBS. To our knowledge,
this is the largest PET imaging study in patients receiving SCC DBS
for TRD, and the first to provide evidence for a neuroimaging
biomarker of SCC DBS treatment response prediction. Glucose
utilization in SCC predicted response, where greater baseline SCC
metabolic activity was associated with a greater change in
symptom severity at 6 months postoperatively. Furthermore,
mean CMRGIu in the SCC could correctly classify responders and
non-responders with an accuracy of 80%, providing strong
evidence for the use of SCC CMRGIu as a candidate biomarker
for SCC DBS treatment outcome. Further evidence of this image-
based treatment biomarker was provided by the greater change in
SCC metabolic activity as a result of chronic DBS being associated
with greater clinical improvement. Importantly, these results were
not confounded by age, illness chronicity or volumetric differ-
ences in the SCC. Therefore, SCC CMRGIu has potential for
predicting outcome in future SCC DBS for TRD studies with
relatively high accuracy. Such a method to select patients
prospectively for SCC DBS has substantial clinical significance.
By predicting the probability of response at the individual level
using an objective method, response rates may improve for this
therapy [40].

Studies using FDG-PET to predict pharmacological and psy-
chotherapy treatment outcome have generally reported that
responders exhibited lower pre-treatment activity in the SCC. In
particular, one study showed that responders to both venlafaxine
and cognitive behavioural therapy (CBT) had lower metabolism in
SCC when compared to non-responders [41]. Later McGrath et al.
also demonstrated that patients who remitted to both escitalo-
pram and CBT had lower pre-treatment SCC metabolic activity
than non-responders [42]. Interestingly, our results in SCC DBS
patients showed an opposite pattern, with responders having

SPRINGER NATURE

1685



Metabolic activity in subcallosal cingulate predicts response to deep...
EC Brown et al.

1686

greater pre-treatment metabolic SCC activity. However, when we
look to studies using other somatic treatments, patterns that are
similar to our results are observed. For example, one study using
anterior cingulotomy to treat patients with TRD showed that
higher pre-treatment metabolic SCC rates were correlated with
improvements in depression symptom severity [10]. More
recently, greater response to rTMS treatment was also found to
be associated with higher baseline SCC metabolic activity [43].
One likely explanation for these conflicting results between
antidepressant and somatic treatment studies is the difference
in cohorts. The studies that used rTMS and cingulotomy both
recruited patients that were highly treatment resistant. Likewise,
our patients were highly treatment resistant and may represent a
cohort similar to the non-responders included in previous
medication and psychotherapy studies. Thus our patients, being
non-responders to medication, would exhibit greater SCC meta-
bolic activity relative to responders. In other words, metabolic SCC
activity could relate to resistance to different types of treatment,
as suggested by Dunlop and Mayberg [44], with patients with the
highest levels of SCC metabolism potentially representing a group
that is also highly resistant to medication.

DBS can induce local effects on the target and distant effects on
connected brain regions with the net result of DBS on neuronal
activity being activation, inhibition or both [45]. In this study,
inhibitory effects of chronic DBS on the target (SCC) were found,
consistent with two previous studies that showed decreases in
SCC CBF in TRD patients that received SCC DBS [1, 22]. However,
unlike another SCC DBS study [17], we did not find an increase in
metabolic activity within the SCC white matter. According to
findings that the metabolic activity of white matter is 2-4 times
lower in grey matter [46], changes in metabolism in white matter
may have been masked by signal-to-noise ratio.

The SCC DBS-induced inhibition of the SCC target seen in our
study may reflect an underlying mechanism of the antidepressant
effect, specifically because the decrease in SCC metabolic activity
was related to a reduction in depressive symptoms. Taking into
account that SCC activity can predict as well as monitor clinical
responses to DBS, it therefore has potential not only as an image-
based biomarker for patient selection, but also as a surrogate
marker of clinical improvement. Besides the local effects seen in
responders, we also found a decrease in metabolic activity in
adjacent areas including VMPFC, OFC and rostral ACC in non-
responders, which is similar to previous PET findings in SCC DBS
[1, 17]. The DBS-induced decrease in SCC metabolic activity and
adjacent areas may be explained by activation of afferent and
efferent axons and the inhibition of cell bodies during DBS, as
previous DBS studies have suggested [45]. This is also in line with a
preclinical study showing synaptic depression in motor cortex
with subcortical white-matter DBS [47], although more complex
cellular mechanisms may also be involved in prefrontal regions.

Contrary to some previous SCC DBS studies [1, 17], we did not
find distant effects in hypothalamus, dorsolateral prefrontal cortex,
posterior cingulate or parietal regions even though we used
white-matter-based tractography to target these tracts emanating
from the SCC region. While we do not know the exact reasons for
the lack of distant effects, several reasons are possible. The
differences in methodologies between our study and previous
studies in terms of patient selection, sample size, electrode
placement, PET imaging acquisition, stimulation protocols and
statistical analysis might all have contributed to the discrepancies
in the results. First, depression is a heterogenous condition with
individual variations in symptoms and neural circuit abnormalities
[48]. In addition, our study included patients with bipolar
depression. The variations in neural mechanisms underlying
disease pathology and treatment recovery within the subtypes
of unipolar depression and between unipolar and bipolar
depression [49, 50] might have contributed to the disparity.
Second, it is also important to note that previous PET results were
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derived from small sample sizes and were not statistically
corrected for multiple comparisons, so that the distal effects
observed in previous studies may be representative of smaller
effects. Third, LPW (210-450 us) optimization was used in half of
the patients studied, whereas previous studies used only SPW
optimization [30]. Contrary to short pulses, LPW stimulation may
also affect smaller axons, which often project more locally [51].
Fourth, DBS may induce normalization of a distal network through
the local effects (i.e., inhibition of SCC and adjacent sites) without
apparent increases in the activation of the distal regions, as these
brain regions are well integrated and are interrelated networks
responsible for automatic and voluntary emotional regulation [52].
This is partly supported by a recent SCC DBS discontinuation study
in which stable responders showed decreases in dACC and a
premotor region when DBS was switched off compared to the pre-
DBS baseline, whereas there were no increases in dACC and the
premotor region when DBS was turned on, relative to baseline
[29]. Since our study design did not include on and off stimulation
conditions, we can only speculate about these mechanisms.

The response rate in this sample was comparable to other
open-label trials, but was also considerably higher than a recent
large multicentre sham-controlled trial (17%) [7]. There are several
possible reasons for this, which could include differences in
patient characteristics, the use of aggressive high current density
stimulation, and DTl-based precision targeting in our study. Our
study was conducted in a single centre, whereas the sham-
controlled trial was multicenter. In multicenter studies, it is difficult
to standardize surgical procedures and targeting across the
centres. Results of single centre studies have been shown to be
better than multicenter studies [3, 17]. Furthermore, the impact of
uncertainty in patients and researchers in a sham-controlled study
(i.e., whether they are receiving stimulation or not) would be
different compared to our study, which uses an active control
group, where stimulation is certain (i.e, only uncertainty of
whether treatment results will be different between two stimula-
tion types).

There are limitations of this study that should be discussed. Our
sample size was small, relative to more general neuroimaging
studies, especially for between-group analysis comparing respon-
ders and non-responders. Therefore our findings should be
considered preliminary until replicated or prospectively validated
in a larger sample. As we were only able to collect FDG-PET in the
DBS on state, we cannot fully determine whether the change in
metabolic activity over time was caused by stimulation, or other
variables related to the surgical procedure, such as micro-
lesioning. However, micro-lesioning effects typically wear off after
a few days to weeks [53, 54], and therefore were unlikely to have
had substantial effects after 6 months. Our study design did not
include a sham-control group and therefore it was not possible to
tease out effects of potential placebo-induced recovery. Another
limitation was that we did not have a healthy control group so it
was not possible to determine whether changes in SCC metabolic
activity of the SCC and other regions represented a normalization
of activity. We were also not able to control for possible
confounding effects of medication on metabolic activity, as all
patients were taking various medications at the time of scanning.
However, medications remained mostly unchanged during the
first 6 months of DBS except in one non-responder. There was also
no difference in the number or type of medications between
responders and non-responders. The high cost of PET scanning
may be a barrier for clinical translation. However, future use of PET
guided patient selection for DBS surgery would be more cost
effective overall because resources could be focused on patients
who have a high chance of responding. The heterogeneity in the
sample composition with MDD and BD patients may complicate
the interpretation of our findings. However, only 20% of patients
in our sample had bipolar depression, and therefore our findings
were predominantly driven by MDD patients. To confirm this
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point, we compared SCC CMRGIu between responders and non-
responders after excluding four bipolar patients. Our results
showed little change when the bipolar patients were excluded.
Furthermore, converging evidence from structural and functional
imaging studies suggest that both MDD and BD share a common
underlying aberrant circuitry involving SCC [55] and it is therefore
possible that there may be similarities in SCC DBS treatment
changes in BD and MDD. Due to our small sample size, we could
not perform subgroup analysis. Future SCC DBS studies should
examine the similarities and/or differences in prediction and
treatment changes in SCC between MDD and BD using larger
sample sizes.

In conclusion, we present strong evidence that SCC metabolic
activity could serve as a potential image-based biomarker to predict
treatment outcome of DBS in patients with depression. The change
in metabolic activity following chronic DBS was related to clinical
improvement, implying its potential as an objective surrogate
treatment marker for future DBS trials. Predicting the efficacy of
treatments at the individual level is one of the most important goals
for clinical research that could have the most potential to translate
to the clinic. Here we show that SCC metabolic activity could serve
as a predictor to help select patients most likely to respond to SCC
DBS. Although a prospective study is needed to confirm that this
biomarker is indeed helpful for patient selection. As DBS procedures
are costly, invasive and not without risk, future DBS trials should be
personalized using baseline SCC metabolic activity in addition to
optimizing stimulation of SCC-fibre tracts to ultimately improve
response rates.
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