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Major depressive disorder (MDD) is highly prevalent, af-
fecting approximately 6% of the global population annually 
and one in six adults over their lifetime (1). While first-line 
treatments, including psychotherapy and pharmacotherapy, 
are effective for many, approximately 30% of patients devel-
op treatment-resistant depression (2–4). Deep brain stimula-
tion (DBS), a surgical neuromodulatory therapy, is a poten-
tial strategy for patients who have not improved after several 
treatment approaches. DBS delivers chronic high-frequency 
electrical stimulation to modulate abnormal regional and 
circuit-level brain activity (5–9). Multiple reports and meta-
analyses (5, 10–18) indicate that DBS of the subcallosal cin-
gulate cortex (SCC), first piloted in 2005, has demonstrated 
significant and sustained antidepressant effects, although 
results have been variable across studies. Sources of this vari-
ance include, but are not limited to, patient selection, study 

design, and surgical targeting methods. Methods to accurate-
ly and precisely define the target, as with all DBS indications, 
are a critical and controllable variable, and are the focus of 
this study.

Selection of the target for delivery of DBS is ground-
ed in the premise that depression is a multiregion network 
disorder organized by patterns of functional and structural 
connectivity (11, 19–23). The SCC, an anchor member of the 
limbic network and a primary site of change with various 
antidepressant treatments (10, 11, 24–27), is also notable for 
its direct structural connections to several hub regions in the 
salience (anterior insula, dorsal anterior cingulate), default 
mode (ventral medial prefrontal cortex, posterior cingulate 
cortex, hippocampus), and action mode (mid-cingulate) net-
works via the cingulum bundle (CB), forceps minor (FM), 
uncinate fasciculus, and frontostriatal bundle (25, 28–38). 

Objective: Subcallosal cingulate (SCC) deep brain stim-
ulation (DBS) has shown promise for treatment-resistant 
depression. This study retrospectively evaluated a large 
curated SCC-DBS dataset to identify connectomic factors 
associated with sustained clinical improvement across pa-
tients, focusing on the white matter bundles consistently 
implicated in patient-specific connectome-based targeting.

Methods: A total of 131 patients (mean age=46.67 years, 
SD=9.79; 60.31% female) with treatment-resistant depres-
sion from three independent cohorts received bilateral 
SCC-DBS using site-specific targeting methods. Clinical 
improvements were assessed using the 17-item Hamilton 
Depression Rating Scale (HAM-D). Based on individual DBS 
settings, volumes of tissue activated were reconstructed, 
and voxel-wise stimulation mapping and normative fiber-
wise analyses were performed to assess contributions of 
white matter bundles to therapeutic response.

Results: Responders (patients with ≥50% reduction in 
HAM-D score) exhibited a less variable spatial distribution 

of volumes of tissue activated than nonresponders. Prob-
abilistic stimulation mapping identified a focal cluster as-
sociated with clinical improvement. Fiber-wise analyses 
showed that stimulation of predefined white matter tracts 
targeted by connectome-based SCC-DBS contributed to 
clinical efficacy. Notably, failure to activate the left cingu-
lum bundle and medial uncinate fasciculus decreased the 
therapeutic effects of SCC-DBS.

Conclusions: This study highlights the significance of stim-
ulating critical white matter bundles for effective SCC-DBS. 
Available evidence supports the idea that precisely targeting 
the lateralized cingulum bundle and medial uncinate fascic-
ulus is essential for sustained clinical improvement. These 
findings suggest potential advantages of connectome-
based targeting for SCC-DBS over targeting based solely on 
anatomical landmarks or normative atlases, using a method 
that is precise, reliable, and scalable for future use in indi-
vidual patients.
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This understanding has driven a shift from anatomical land-
mark–based to connectome-based SCC-DBS targeting, with 
the aim of modulating white matter (WM) bundles and their 
projections to cortical and subcortical regions and associat-
ed networks implicated in the pathophysiology of depression 
(6, 11, 34, 35, 39, 40). Notably, a patient-specific connectom-
ic approach has enhanced clinical outcomes of SCC-DBS in 
open-label studies, suggesting the importance of precise WM 
recruitment in alleviating symptoms in treatment-resistant 
depression (34, 35, 40–42).

The connectome-based targeting method for SCC-DBS, 
which has evolved and subsequently been refined with the 
addition of individual tractography profiles of new respond-
ers (34), aims to maximize the stimulation of the critical WM 
bundles connected to the SCC (34, 43). However, the role of 
specific WM recruitment in SCC-DBS efficacy is incomplete-
ly understood. Small sample sizes and qualitative analyses 
have limited the existing evidence supporting WM activation 
in SCC-DBS (29–31, 34, 41). Furthermore, the differential 
contributions of specific WM bundles to clinical outcomes 
and their relationship to long-term efficacy remain underex-
plored (44).

To address these gaps, we analyzed a large, combined data-
set from three distinct cohorts of comparably recruited pa-
tients with treatment-resistant depression who were treated 
with SCC-DBS. We assessed the critical role of WM recruit-
ment in long-term therapeutic efficacy and thus the impor-
tance of precise connectome-based targeting for SCC-DBS. 
We employed voxel-level probabilistic stimulation mapping 
to retrospectively identify optimal stimulation zones for SCC-
DBS. Based on individual stimulation modeling, we assessed 
the engagement of the predefined WM pathways used in 
tractography-based surgical planning, focusing on their con-
tributions to sustained clinical improvements.

METHODS

Participants and Clinical Assessments 
This study included 152 patients with treatment-resistant 
MDD for whom long-term follow-up data were available 
across three cohorts who received DBS implantation be-
tween 2003 and 2018 (12, 14, 18, 29, 34, 35, 39, 45–47). All par-
ticipants provided written informed consent to participate in 
clinical trials. In cohort 1 (C1; University of Toronto; N=60) 
and cohort 2 (C2; BROADEN trial; N=55), anatomical land-
mark–based targeting was used. In cohort 3 (C3; Emory Uni-
versity; N=37) anatomical landmark– or connectome-based 
targeting was used. For C3 participants who underwent an-
atomical landmark–based targeting, DBS parameters were 
also adjusted using patient-specific connectivity data 6 
months after the operation. C1 and C3 were from single-site 
studies; C2 was from a multisite industry-sponsored clinical 
trial. Data were shared in a de-identified manner. All pro-
tocols adhered to the Declaration of Helsinki and were ap-
proved by the institutional review boards at the respective 
institutions.

Across cohorts, patient selection criteria were similar but 
not identical. All studies required a diagnosis of MDD with a 
current episode lasting at least 2 years, a minimum score of 20 
on the 17-item Hamilton Depression Rating Scale (HAM-D) 
(48), absence of psychiatric comorbidity, and failure of four 
different antidepressant treatments. In C2, although electro-
convulsive therapy failure or intolerance was not a formal 
requirement, more than 80% of participants met this crite-
rion (39).

All patients underwent bilateral SCC-DBS implantation 
using either Medtronic 3387 or St. Jude ActiveTip 6142-6145 
electrodes targeting the SCC. Single surgeons implanted DBS 
electrodes in C1 and C3, and multiple surgeons performed im-
plantations in C2. Inclusion criteria required 1) high-quality 
preoperative T1-weighted MRI and postoperative structural 
MRI or CT scans, 2) available DBS settings at 1- or 2-year post-
operative time points, and 3) clinical symptom severity scores 
at both preoperative and postoperative stages correspond-
ing to DBS settings. Depression severity was assessed using 
the HAM-D, which was consistently administered across all 
participants. Postoperative HAM-D scores were acquired at 
2 years in C2 and C3, and at 1 year in C1, due to its limited 
2-year follow-up. Clinical improvement was calculated as the 
percentage reduction in HAM-D scores from the preopera-
tive baseline to the postoperative stage. A HAM-D score re-
duction threshold of ≥50% was used to define response. An 
exploratory linear regression analysis was performed before 
primary neuroimaging analyses to assess potential effects 
of covariates (age, sex, baseline severity, surgical targeting 
strategy, and electrode type) on clinical outcome. Since the 
surgical targeting strategy had inherent collinearity with the 
cohort and postoperative time point, these variables were not 
included in the regression analysis simultaneously.

Image Acquisition and Preprocessing 
Preoperative T1-weighted structural MRI datasets were ac-
quired (for C1, 1.5-T with complete brain coverage; for C2 and 
C3, 3-T with a 3-D magnetization-prepared rapid gradient-
echo sequence). Postoperative structural MRI scans (for C1) 
and CT scans (for all three cohorts) were used for electrode 
localization. Postoperative scans were coregistered to pre-
operative T1-weighted images using Statistical Parametric 
Mapping (SPM12: https://www.fil.ion.ucl.ac.uk/spm/soft-
ware/spm12; MRI to MRI) or Advanced Normalization Tools 
(ANTs: https://github.com/ANTsX/ANTs; CT to MRI). The 
coregistered images were normalized to the Montreal Neu-
rological Institute (MNI) ICBM 2009b NLIN Asymmetric 
template space using ANTs (49, 50). Brain shift was corrected 
using a coarse mask (51). Bilateral DBS electrodes were local-
ized in native space using TRAC/CORE and PaCER toolboxes 
(52, 53), and lead positions were transformed into template 
space using the warp fields from normalization. In the quality 
control process, 21 patients (12 from C1, seven from C2, two 
from C3) were excluded due to image noise that interfered 
with precise coregistration, normalization, or lead recon-
struction. Bilateral volumes of tissue activated (VTAs) were 

https://www.fil.ion.ucl.ac.uk/spm/software/spm12
https://www.fil.ion.ucl.ac.uk/spm/software/spm12
https://github.com/ANTsX/ANTs
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estimated in template space using individual postoperative 
DBS settings (active contact configuration and amplitude) via 
the FieldTrip-SimBio finite element method pipeline, apply-
ing a 0.2 V/mm threshold for electric field binarization (54, 
55). All preprocessing was performed using the Lead-DBS 
toolbox (56), which incorporates these tools.

Voxel-Wise Comparison of Tissue Activation 
Spatial (voxel-level) information of binary VTAs was retro-
spectively assessed to evaluate spatial stimulation patterns. 
Patients were divided into two groups: responders (HAM-D 
improvement ≥50%) and nonresponders. VTA center loca-
tions were analyzed to calculate spatial variance within and 
between groups. First, for within-group spatial variation, av-
erage distances between individuals within the group were 
calculated, and logistic regression was used with covariates 
of age, sex, cohort, and baseline severity. Additionally, linear 
regression (using clinical improvement as a continuous vari-
able instead of a categorical responder/nonresponder vari-
able) was used to test the robustness of findings. Second, for 
between-group spatial variance, the coordinates of VTA cen-
ters were compared between responders and nonresponders 
using Hotelling’s t-squared test. Both analyses were conduct-
ed for each hemisphere, and Bonferroni correction was ap-
plied by adjusting p values for two comparisons correspond-
ing to the two hemispheres. In an exploratory manner, both 
analyses were conducted for each cohort, with cohort exclud-
ed from the covariates.

Next, probabilistic stimulation mapping (PSM) was per-
formed to identify anatomical regions where stimulation 
correlated with clinical improvement (57). As validated in 
prior work (58), the procedure involved 1) weighting indi-
vidual VTAs by corresponding HAM-D improvements, 2) 
calculating voxel-wise t statistics to compare clinical im-
provements of subjects whose VTAs included a given voxel 
versus those whose VTAs did not, and 3) excluding voxels 
with <0.1 or >0.9 VTA overlap to reduce sample size imbal-
ance in the t test. For an exploratory analysis, the distance 
between the peak PSM value and gray matter–white matter 
(GM-WM) boundary was calculated using a tissue probabil-
ity map (59).

The PSM model’s internal performance was evaluated 
using 10-fold and leave-one-cohort-out cross-validation (57, 
58, 60). PSM was performed using only the VTAs of subjects 
in the training set. The t values (t statistics) of PSM vox-
els overlapping with the VTAs of each testing subject were 
summed to produce a VTA-PSM score. Importantly, the 
clinical improvements of testing subjects were not included 
in the calculation of their VTA-PSM scores. The VTA-PSM 
score quantifies the clinical importance of the spatial infor-
mation of each VTA based on the training datasets. A linear 
association between VTA-PSM scores and clinical improve-
ments was assessed using Pearson correlation and linear re-
gression with covariates of age, sex, cohort, and baseline se-
verity. Additionally, predictive performance on held-out data 
was quantified using Pearson’s correlation coefficient (r); R2, 

computed using the sum-of-squares formulation relative to 
a mean-only baseline; and root mean squared error (RMSE). 
Statistical significance for Pearson’s correlation coefficients 
was assessed using 5,000-permutation tests. For contextual 
comparison, a mean-only (zeroR) baseline RMSE was com-
puted within each training fold and evaluated on the held-out 
data. For 10-fold cross-validation, fold-wise r, R2, and RMSE 
were summarized as means with standard deviations. For 
leave-one-cohort-out cross-validation, model performance 
was evaluated separately in each held-out cohort to assess 
cohort-specific generalization.

Fiber-Wise Analysis of White Matter Recruitment 
Normative connectome data were used to assess the clinical 
role of WM fiber activation. This approach allows the analysis 
of SCC-DBS patients without individual diffusion MRI data, 
as normative streamlines (fibers) represent standardized 
WM structures shared across subjects (46). Normative WM 
fibers included in the left and right CBs, the FM, and the left 
and right medial uncinate fasciculus (mUF; also referred to 
as the ventral amygdala-fugal pathway) were selected using 
brain masks for surgical planning of connectome-based SCC-
DBS (43, 61–63). The prior frontostriatal fiber is now con-
sidered together with the mUF in current surgical planning, 
where two different anatomical masks (seed and target) for 
each WM bundle capture the specific pathway. These mask 
pairs, which had been derived from individual tractography 
profiles of responders (34, 43), specified the CB with masks 
on the SCC and ventral anterior cingulate cortex, the FM with 
masks on the SCC and left and right ventromedial prefrontal 
cortices, and the mUF with masks on the SCC and diagonal 
band of Broca. Among all these fibers, those passing through 
individual VTAs were selected, representing activated fibers 
for each subject (64, 65).

Three methods were used to analyze WM activation. First, 
for common fiber activation, WM fibers activated in ≥90% of 
responders and nonresponders were identified separately to 
assess group differences. A conservative threshold of 100%, 
used in previous smaller-sample studies (29, 34, 35), rejected 
all fibers in this larger study, making it not feasible. After con-
ducting iterative trials ranging from 80% to 100%, we selected 
90% as a practical and conservative threshold that yielded re-
liable fiber activation.

Second, for fiber count comparison, the number of fi-
bers from individual VTAs was compared between re-
sponders and nonresponders within each predefined 
WM bundle using logistic regression with covariates of 
age, sex, cohort, and baseline severity. Additionally, lin-
ear regression (with clinical improvement as a continuous 
outcome) was used to test the robustness of the findings. 
Bonferroni correction was applied by adjusting p values 
for five comparisons across the WM bundles. For explor-
atory analyses, the number of fibers was compared with 
clinical improvement within each cohort, and it was also 
compared between targeting strategies, using logistic and 
linear regression.
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Third, for probabilistic fiber scoring, each WM fiber was 
scored based on its spatial overlap with PSM to quantify 
its contribution to clinical improvement. Specifically, the 
values of PSM voxels through which a given fiber passed 
were summed to produce a fiber-PSM score (fiber level). 
The distribution of fiber-PSM scores was visualized using 
histograms.

The fiber-PSM model’s internal performance was 
evaluated using 10-fold and leave-one-cohort-out cross-
validation. Again, PSM was performed using only the 
VTAs of subjects in the training set, and fiber-PSM scores 
were calculated for all fibers. Then, the fiber-PSM scores 
of activated fibers in each testing subject were summed to 
produce a summed fiber-PSM score (subject level). Impor-
tantly, the clinical improvements of testing subjects were 
not included in the calculation of their summed fiber-PSM 
scores. This score quantifies the clinical importance of ac-
tivated fibers based on the training datasets. A linear as-
sociation between summed fiber-PSM scores and clinical 
improvements was assessed using Pearson correlation and 
linear regression with covariates of age, sex, cohort, and 
baseline severity. Additionally, predictive performance 
on held-out data was quantified using r, R2 computed us-
ing the sum-of-squares formulation relative to a mean-
only baseline, and RMSE. The statistical significance 
of Pearson’s correlation coefficients was assessed using 
5,000-permutation tests. For contextual comparison, a 
mean-only (zeroR) baseline RMSE was computed with-
in each training fold and evaluated on the held-out data. 
For 10-fold cross-validation, fold-wise r, R2, and RMSE 
were summarized as means and standard deviations. For 
leave-one-cohort-out cross-validation, model perfor-
mance was evaluated separately in each held-out cohort 
to assess cohort-specific generalization. In this procedure, 
different combinations of WM bundles were included in 
the model (left CB [CBL], right CB [CBR], FM, left mUF 
[mUFL], right mUF [mUFR], CBL+mUFL, CBR+mUFR, 
CBL+CBR+mUFL+mUFR, and CBL+CBR+FM+mUFL+ 
mUFR), and Bonferroni correction was applied by adjust-
ing p values for nine evaluations.

RESULTS

The analyses included 131 patients with treatment-resistant 
depression who underwent bilateral SCC-DBS (mean 
age=46.67 years, SD=9.79; 79 females). The patients exhib-
ited an average improvement in HAM-D scores of 49.96% 
(SD=32.50) at 1- or 2-year postoperative time points, with 
69 patients (52.67%) classified as responders (clinical im-
provement ≥50%) (Table 1; see also Table S1 in the online 
supplement). DBS targeting strategies varied by cohort, with 
anatomical landmark–based targeting used in C1 and C2, and 
either anatomical landmark–based (N=15) or connectome-
based (N=20) targeting used in C3. An exploratory analysis 
using linear regression showed that surgical targeting strat-
egy (0=anatomical landmark–based; 1=connectome-based) 
and baseline severity (preoperative HAM-D score) were 
significantly associated with clinical improvement (target-
ing strategy: β=20.93, 95% CI=4.67, 37.18; p=0.012; baseline 
severity: β=2.03, 95% CI=0.60, 3.46; p=0.006). Age, sex, and 
electrode type were not significantly associated with clinical 
improvement (age: β=−0.29, 95% CI=−0.85, 0.28; p=0.319; sex: 
β=4.52, 95% CI=−6.93, 15.97; p=0.436; electrode: β=−4.63, 95% 
CI=−24.51, 15.24; p=0.645).

A spatial (voxel-level) information analysis using logistic 
regression showed a significantly stronger within-group spa-
tial concentration of target locations in responders compared 
to nonresponders after adjustment for age, sex, cohort, and 
baseline severity in both hemispheres (Figure 1A,B) (left: odds 
ratio=0.23, 95% CI=0.13, 0.39; corrected p<0.001; right: odds 
ratio=0.41, 95% CI=0.28, 0.61; corrected p<0.001). Additional-
ly, linear regression showed consistent results (left: β=−11.09, 
95% CI=−13.86, −8.33; corrected p<0.001; right: β=−8.82, 95% 
CI=−12.90, −4.75; corrected p<0.001). A cohort-specific anal-
ysis found a consistent pattern in the left hemisphere (see 
Figure S1 and Table S2 in the online supplement). When the 
coordinates of target locations were compared, no significant 
differences were observed between responders and nonre-
sponders (left: T2=3.31, df=3, 129, p=0.357; right: T2=1.82, df=3, 
129, p=0.618) (for cohort-specific results, see Table S3 in the 
online supplement).

TABLE 1.  Clinical characteristics of subcallosal cingulate deep brain stimulation across cohortsa

Cohort 1 (N=48) Cohort 2 (N=48) Cohort 3 (N=35)

Targeting strategy Anatomical landmark Anatomical landmark
Anatomical landmark, 

connectome

N % N % N %

Female 30 62.50 28 58.33 21 60.00
Respondersb 25 52.08 20 41.67 24 68.57
Nonresponders 23 47.92 28 58.33 11 31.43

Mean SD Mean SD Mean SD

Age (years) 46.25 8.15 47.25 11.27 46.45 9.93
Preoperative HAM-D score 25.85 3.14 20.79 4.18 23.00 2.42
Postoperative HAM-D score 12.75 7.62 12.13 7.52 8.31 5.18
a	

HAM-D, 17-item Hamilton Depression Rating Scale.
b	

Response was defined as reduction ≥50% in HAM-D score.

https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250449/suppl_file/appi.ajp.20250449.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250449/suppl_file/appi.ajp.20250449.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250449/suppl_file/appi.ajp.20250449.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250449/suppl_file/appi.ajp.20250449.ds001.pdf
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In the left hemisphere, PSM covered 2,193 mm3, with 
values ranging from 5.69 (peak voxel: x=−11.0, y=25.0, 
z=−9.0) to −2.39 (x=−1.0, y=26.5, z=−12.0). In the right hemi-
sphere, PSM covered 2,151 mm3, with values ranging from 
3.15 (x=3.5, y=23.5, z=−9.5) to −3.77 (x=7.5, y=23.5, z=−2.0). 
Based on a tissue probability map, each PSM peak was lo-
cated within 2 mm of the GM-WM boundary (left: 1.58 mm; 
right: 1.00 mm). The VTA-PSM score showed a significant 
linear association with clinical improvement (Figure 1C,D) 
(10-fold cross-validated Pearson’s r=0.48, SD=0.12, p<0.001). 
This association remained statistically significant after ad-
justment for age, sex, cohort, and baseline severity (β=0.004, 
95% CI=0.002, 0.005; p<0.001) (for cross-validated predic-
tion performance metrics, see Figure S2A in the online 
supplement). When the VTA-PSM score in one cohort was 
generated from the other cohorts (leave-one-cohort-out), 
C1 and C2 showed a significant association with clinical 
improvement (see Figure S2B in the online supplement; C1: 
10-fold cross-validation r=0.33, p=0.010; C2: 10-fold cross-
validation r=0.49, p=0.001), whereas C3 did not (C3: 10-fold 
cross-validation r=0.20, p=0.121).

The common fiber activation analysis showed that fi-
bers in the three hypothesized bundles (CB, FM, and mUF) 

were all activated in more than 90% of responders (Figure 
2A) (number of fibers in CBL, 676; in CBR, 63; in FM, 24; 
in mUFL, 352; in mUFR, 35), whereas few or none of these 
were activated in nonresponders (number of fibers in CBL, 
9; in CBR, 2; in FM, 0; in mUFL, 1; in mUFR, 3). Missing 
fibers in nonresponders were more pronounced in C1 and 
C2, with anatomical landmark–based targeting, compared 
to C3, where connectome-based targeting was used and 
group differences were less apparent (Figure 2B,C). Indi-
vidual fiber count comparisons using logistic regression 
showed that responders had a greater number of activat-
ed fibers in the CBL and mUFL than nonresponders af-
ter adjustment for age, sex, cohort, and baseline severity 
(Figure 2D) (CBL: odds ratio=1.001, 95% CI=1.000, 1.002; 
corrected p<0.001; mUFL: odds ratio=1.010, 95% CI=1.005, 
1.015; corrected p<0.001). Additional linear regression 
identified consistent results (CBL: β=0.02, 95% CI=0.01, 
0.02; corrected p<0.001; mUFL: β=0.12, 95% CI=0.08, 0.15; 
corrected p<0.001). A cohort-specific analysis indicated 
that this pattern was underpowered in C3 specifically (see 
Figure S3 and Table S4 in the online supplement). An ex-
ploratory analysis found that connectome-based targeting 
resulted in a greater number of activated fibers compared 
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FIGURE 1.  Voxel-wise comparison of brain tissue activationa

a �Panel A shows the distribution of deep brain stimulation target (VTA center) locations for responders and nonresponders. Panel B shows within-
group spatial distance of deep brain stimulation target locations in the left and right hemispheres. Responders exhibit stronger spatial clustering 
compared to nonresponders. Asterisks indicate significant differences between responders and nonresponders. Panel C shows a linear association 
between clinical improvement and VTA-PSM score estimated by a 10-fold out-of-sample procedure. Panel D shows PSM (t statistic map) in the left 
and right hemispheres. A, anterior; CV, cross-validation; L, left; NON, nonresponder; P, posterior; PSM, probabilistic stimulation mapping; R, right; 
RES, responder; VTA, volume of tissue activated.

https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250449/suppl_file/appi.ajp.20250449.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250449/suppl_file/appi.ajp.20250449.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250449/suppl_file/appi.ajp.20250449.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250449/suppl_file/appi.ajp.20250449.ds001.pdf
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to anatomical landmark–based targeting (β=860.88, 95% 
CI=409.22, 1,312.55; p<0.001).

At the fiber level, the distribution of the fiber-PSM 
score showed that, although the FM had a greater num-
ber of activated fibers than the other bundles, the CB and 
mUF had activated fibers that contributed more to clinical 
improvement (Figure 3A,B) (fiber-PSM scores: CB=59.70, 
SD=1.02; FM=9.69, SD=0.17; mUF=78.32, SD=2.52). At the 
subject level, the summed fiber-PSM score showed a sig-
nificant linear association with clinical improvement 
(Figure 3C) (10-fold cross-validated Pearson’s r=0.54, 
SD=0.13, p<0.001). This association remained statistically 
significant after adjustment for age, sex, cohort, and base-
line severity (β=0.0003, 95% CI=0.0002, 0.0004; p<0.001) 
(for cross-validated prediction performance metrics, see 
Figure S4A in the online supplement). When the summed 
fiber-PSM score in one cohort was generated from the 
other cohorts (leave-one-cohort-out), C1 and C2 showed 
a significant association with clinical improvement (Fig-
ure 3D; see also Figure S4B in the online supplement) (C1: 
10-fold cross-validation r=0.42, p=0.002; C2: 10-fold cross-
validation r=0.59, p<0.001), whereas C3 did not (C3: 10-fold 

cross-validation r=0.26, p=0.064). Across different combi-
nations of WM bundles, models including the left CB and/
or mUF showed statistically significant cross-validated 
correlations (Figure 3E).

For held-out prediction performance in 10-fold cross-
validation, cross-validated correlations between empirical 
and predicted clinical improvement derived from both VTA-
PSM and fiber-PSM models were statistically significant 
(see Figures S2A and S4A in the online supplement). Mod-
els based on the VTA-PSM score, together with covariates 
(age, sex, cohort, and baseline severity), yielded positive 
out-of-sample R2 values and lower RMSE compared with 
a mean-only (zeroR) baseline (12% reduction in RMSE; see 
Figure S2A in the online supplement). Models based on the 
summed fiber-PSM score also yielded positive out-of-sample 
R2 values and lower RMSE relative to the mean-only base-
line (16% reduction; see Figure S4A and Table S5 in the on-
line supplement). In leave-one-cohort-out cross-validation, 
significant cross-validated correlations between empirical 
and predicted clinical improvement were observed in held-
out cohorts C1 and C2 but not in C3 (see Figures S2B and 
S4B in the online supplement). Across analyses, inclusion of 
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covariates (age, sex, and baseline severity) did not materially 
alter cross-validated correlation patterns.

DISCUSSION

Using a combined dataset from three cohorts of patients with 
treatment-resistant depression who were treated with SCC-
DBS, we investigated connectomic factors associated with 
long-term clinical improvement. These voxel- and fiber-level 
analyses suggest that stimulation of specific locations, partic-
ularly in the left hemisphere, was linked to sustained HAM-D 
score reductions at 1- or 2-year follow-up. Our findings further 
suggest that the absence of activation in the left CB or uncinate 
fasciculus may reduce the clinical benefits of SCC-DBS.

Connectomic Factors Underlying SCC-DBS 
This study examined the distribution of 131 target locations 
in each hemisphere and found that the spatial concentration 

of VTAs in responders 
formed a focal cluster on 
PSM, without a significant 
difference in the central ana-
tomical coordinates between 
responders and nonrespond-
ers. This cluster, located 
within 2 mm of the GM-WM 
boundary, suggests that devi-
ations toward either GM or 
WM may limit therapeutic 
effects, indicating the impor-
tance of balancing potential 
DBS effects across both tis-
sue types. This implies that 
both the initial rationale 
for SCC-DBS, namely, con-
trolling hyperactivity of GM, 
and more recent evidence 
emphasizing the necessity of 
WM modulation of the con-
nected regions and associat-
ed networks may converge 
for ideal clinical outcomes 
(6, 10, 29, 43).

This spatial cluster on PSM 
was spatially aligned with 
commonly activated fibers. 
Previous studies have sug-
gested the importance of re-
cruiting WM bundles in SCC-
DBS outcomes and proposed 
a prospective tractography- 
based targeting strategy (29, 
34, 35). This targeting strate-
gy has evolved, and our study 
focused on specific WM path-
ways (CB, FM, and mUF) that 

are routinely targeted by our group for current surgical plan-
ning of patient-specific connectome-based SCC-DBS (34, 43), 
in contrast to other studies that used normative connectome 
data to identify clinically relevant WM tracts retrospectively 
(66). Our observation of qualitative differences in commonly 
activated fibers between responders and nonresponders sup-
ports the potential relevance of engaging specific WM path-
ways for optimal clinical efficacy (29).

In the fiber count and scoring analyses, statistical signif-
icance was observed for the left CB and mUF. Bilateral DBS 
has been the standard approach for achieving stable and 
sustained clinical response, yet previous studies have noted 
a stronger contribution of left-sided DBS to both acute behav-
ioral and physiological effects (29, 35, 42, 44, 67–69) as well as 
overall clinical improvement (35, 66, 70). However, no stud-
ies demonstrate that response can be reliably achieved with 
left-sided DBS alone (70), and a single case shows the opposite 
to be true (71). Further, in more recent electrophysiological 
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studies, there are independent contributions of both right 
and left hemisphere stimulation, and a delay in one over the 
other is associated with delayed response times and nonre-
sponse (43).

Cohort-Level Variability and Connectome-Based 
Targeting 
The importance of WM activation for SCC-DBS has become 
increasingly recognized. Individual diffusion MRI data were 
available for the more recent cohort (C3) (6, 34, 35) but not 
the others, which limited direct comparisons. In this study, 
the use of normative connectome data allowed comparable 
within- and between-cohort analyses.

Although the BROADEN industry-sponsored ran-
domized controlled trial (C2) relied on anatomical land-
mark–based targeting without diffusion MRI and did not 
demonstrate clinical efficacy 6 months after surgery (39), 
approximately 50% of participants who continued treat-
ment achieved a response by 18 months (18). Our findings 
suggest that those who showed no response despite ongoing 
DBS and adjustments may have had insufficient activation 
of critical WM bundles. These results support the impor-
tance of tractography-based precision targeting and DBS 
parameter programming to maximize connectome-based 
target engagement.

In PSM-based analyses (both VTA-PSM and fiber-PSM) 
using a leave-one-cohort-out approach, linear associations 
with clinical improvement identified in the remaining co-
horts generalized to held-out cohorts C1 and C2. In contrast, 
these associations did not generalize to C3, a cohort in which 
connectome-based targeting was applied. Exploratory anal-
ysis suggested that connectome-based targeting increased 
the overall number of activated fibers, which may have re-
sulted in less distinct connectomic patterns across clinical 
improvements in C3 compared with the other cohorts. While 
this likely reflects improved consistency of surgical targeting, 
it also limits discrimination across clinical outcomes when 
normative connectome data are used. These findings suggest 
that WM engagement may be necessary but not sufficient for 
antidepressant response. However, considering the macro-
scale WM estimation in this study and the potentially limit-
ed sensitivity of normative connectome data, further work is 
warranted, such as analyzing WM subdivisions, and/or using 
patient-specific diffusion MRI datasets that incorporate WM 
integrity measures (43).

Individual Variability and Limitations 
Normative connectome data have been proposed as a way to 
facilitate wider access to DBS for neuropsychiatric disorders 
(46, 65, 72, 73). Indeed, the use of normative connectome data 
for retrospective analyses offers high-quality WM informa-
tion (56, 65, 74–76), may reduce false positives, and allows 
for fiber-level analyses without requiring individual diffu-
sion MRI data analyses, which are not part of routine clinical 
DBS implantation procedures (77–80). However, normative 
data cannot capture individual variability, such as differences 

in structural connectivity or WM abnormalities, which may 
affect SCC-DBS outcomes (43, 81, 82). Moreover, normative 
connectome data are inherently constrained by anatomical 
standardization: Without individual variability in connec-
tivity profiles, a putative ideal target derived from normative 
connectome data would appear uniformly identical across 
subjects.

These limitations may partially explain deviations from 
prior studies that used patient-specific diffusion MRI data 
(29, 34, 35, 44). In our study, right-sided bundles and the FM 
did not reach statistical significance, suggesting that their 
contribution may be less consistent across methodologies 
and warranting further exploration using individual diffusion 
MRI data (43). In particular, when connectome-based tar-
geting and stimulation parameter adjustment were applied 
in C3, normative streamlines alone were not sufficient to ful-
ly identify the source of nonresponse. Even though VTAs in 
responders did not converge on a single anatomical location, 
they may have shared common structural connectivity pat-
terns, such as consistently high activation of the CB, which 
normative data alone may not capture. This was suggested by 
previous studies where small differences in target location 
produced distinctive effects on patient-specific tractography 
and stimulation-induced physiological responses, highlight-
ing the necessity of patient-specific neuroimaging measures 
and their reproducibility (41, 83–85).

In addition, advanced cable and electric field models us-
ing individual diffusion MRI data would allow more accurate 
and detailed estimation of WM engagement by SCC-DBS, 
incorporating patient-specific WM integrity and electrode/
axon orientation (41, 44, 83, 86). A prior study using these ap-
proaches (44) reported differences in estimated WM engage-
ment compared with normative connectome-based analyses, 
highlighting the clinical relevance of the CB and FM rather 
than the uncinate fasciculus. Together, these findings moti-
vate further validation of the present results using accurate, 
patient-specific WM modeling.

While this study integrated SCC-DBS data from three 
cohorts to identify common connectomic factors associat-
ed with long-term clinical improvement, there was limited 
availability of 2-year follow-up data in C1, so the 1-year time 
point data were used, which may introduce minor variability. 
However, the 1-year data still provide meaningful insight into 
longer-term clinical trajectories. Additionally, while our anal-
yses adjusted for the cohort-specific factor, it was not possible 
to fully disentangle the effects of cohorts, targeting strategies, 
and time points, because of their inherent collinearity. Sup-
plementary analyses restricted to single-site cohorts exam-
ined potential temporal or surgery-sequence effects and did 
not suggest a strong influence of implantation sequence on 
observed outcomes (see Figure S5 in the online supplement). 
Furthermore, a single DBS setting may not represent the pa-
tient’s long-term stimulation settings. In most cases, changes 
in contact placement and in dose of current administered are 
typically made in the first year to improve outcomes in non-
responders or to recapture response in unstable responders. 
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In general, once a stable response is achieved, it is maintained 
long-term.

There are also factors beyond surgical targeting that con-
tribute to DBS nonresponse, most notably patient-specific 
clinical characteristics that might favor an alternative DBS 
target (5, 87), as well as potentially other sources of clinical 
variability, including masked comorbidity at the time of en-
rollment, such as anxiety, inflammation (43, 88, 89), or other 
sources of variance in network dysfunction (90). In addition, 
cohort-specific contextual and psychosocial factors, such as 
differences in referral pathways, motivation, and social sup-
port, may further influence outcomes and differ meaning-
fully across study designs. While beyond the scope of this 
study or DBS work to date, as with other treatments, match-
ing patients to their brain type rather than symptom profile 
holds great promise (91, 92). Together, these considerations 
highlight the multifactorial nature of therapeutic response 
to SCC-DBS and underscore the need for measured inter-
pretation of the results. Further studies will be needed to 
evaluate these influences as this surgical treatment is re-
fined, optimized, and scaled for clinical use (27, 43, 93–95).

Despite these limitations, we anticipate that our 
hypothesis-driven approach, or one like it focusing on con-
sistent targeting of these three WM bundles, can help guide 
the design of clinical trials of SCC-DBS. In addition to demon-
strating robust clinical outcomes, a systematic targeting strat-
egy based on patient-specific connectomic factors may be an 
important consideration for regulatory approval and broader 
clinical implementation of SCC-DBS. However, simplifica-
tion of the multistep diffusion MRI data analysis procedure 
will be needed for its adoption and routine use.

Over the past two decades of SCC-DBS, targeting refine-
ment for treatment-resistant depression has continued to 
evolve, sustained by patients who have achieved long-term 
recovery with ongoing stimulation (12, 14). Scalable methods 
to improve accuracy and precision may be further enhanced 
by applying connectome-based targeting, which prioritizes 
circuits over anatomical landmarks and aims to ensure nec-
essary WM pathway activation in each subject. This study of 
both early and recent SCC-DBS cohorts uniquely investigat-
ed sustained clinical improvement with ongoing chronic DBS 
treatment and provides evidence supporting the efficacy of 
connectome-based targeting.
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Data supplement for Song et al., Connectomic Determinants of Subcallosal Cingulate Deep 
Brain Stimulation for Depression. Am J Psychiatry (doi: 10.1176/appi.ajp.20250449) 

 

 

 

 

 

TABLE S1. DBS amplitude in each cohort 
 

 
 

 

 

 

 

TABLE S2. Comparison of within-group spatial concentration of DBS target locations in 

each cohort 

RES: Responder; NON: Non-responder. 
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TABLE S3. Comparison of coordinates of DBS target locations in each cohort 

RES: Responder; NON: Non-responder. 

 

 

 

 

TABLE S4. Comparison of individual fiber activation in each cohort 

CBL: Left cingulum bundle; CBR: Right cingulum bundle; FM: Forceps minor; mUFL: Left 

medial uncinate fasciculus; mUFR: Right medial uncinate fasciculus. 

 



Page 3 of 5 

TABLE S5. Comparison of 10-fold cross-validated performance metrics across different 

combinations of WM bundles included in fiber-PSM regression models 

 

 

 

 

 

FIGURE S1. Cohort-specific comparison of DBS target locations 

A. Distributions of DBS target locations for responders and non-responders. B. Within-group 

spatial distance (mm) of DBS target locations in the bilateral hemispheres. 

 
Alt text: Two-panel figure showing cohort-specific distributions of DBS target locations for responders 

and non-responders, along with comparisons of within-group spatial distances across hemispheres. 
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FIGURE S2. Cross-validation analyses based on the VTA-PSM score 

A. In 10-fold cross-validation, linear associations between empirical and predicted clinical 

improvement in held-out data, with corresponding cross-validated performance metrics. B. In 

leave-one-cohort-out cross-validation, linear associations between empirical clinical 

improvement and VTA-PSM score in held-out cohorts (top), and between empirical and 

predicted clinical improvements in held-out cohorts (bottom). 

 
Alt text: Two-panel figure showing cross-validation analyses based on the VTA-PSM score, including 

associations between empirical and predicted clinical improvement in 10-fold and LOCO analyses and 

associations between empirical clinical improvement and VTA-PSM score in LOCO analyses. 

 
 
 
 
FIGURE S3. Linear associations between clinical improvement and the number of 

activated fibers 

Dots are colored according to cohort. Red fitted lines indicate significant linear associations. 

 
Alt text: Scatter plots showing linear relationships between clinical improvement and the number of 

activated WM fibers, with data points colored by cohort and fitted lines. 
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FIGURE S4. Cross-validation analyses based on the summed fiber-PSM score 

Linear associations between empirical and predicted clinical improvements in held-out data, with 

corresponding cross-validated performance metrics, shown for 10-fold cross-validation (A) and 

LOCO cross-validation (B). 

 
Alt text: Two-panel figure showing cross-validation analyses based on the summed fiber-PSM score, 

including scatter plots of empirical versus predicted clinical improvement in held-out data for 10-fold and 

LOCO cross-validation analyses, with fitted lines. 

 
 
 
 
FIGURE S5. Temporal effects on clinical improvement in single-site cohorts (C1 and C3) 

 
A. Clinical improvement plotted across the temporal sequence of DBS implantation in C1 (left) 

and C3 (right). B. AIC and BIC comparisons for models with and without a temporal sequence 

regressor in each cohort. In both C1 and C3, inclusion of the sequence regressor did not indicate 

improved model fit. 

 
Alt text: Two-panel figure showing clinical improvement plotted by implantation sequence in single-site 

cohorts C1 and C3, and model comparison results using AIC and BIC for models with and without a 

temporal sequence regressor. 
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