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Abstract:  

Background: Deep brain stimulation for obsessive-compulsive disorder is a rapidly developing 

treatment strategy for treatment-refractory patients. Both the exact target and impact on distributed brain 

networks remain a matter of debate. Here, we investigated which regions connected to stimulation sites 

contribute to clinical improvement effects and whether connectivity is able to predict outcomes. 

Methods: We analyzed 22 patients (13 females) with treatment-refractory obsessive-compulsive 

disorder undergoing deep brain stimulation targeting the anterior limb of the internal capsule/nucleus 

accumbens. We calculated stimulation-dependent optimal connectivity separately for patient-specific 

connectivity data of 10 patients and for 12 additional patients using normative connectivity. Models of 

optimal connectivity were subsequently used to predict outcome in both an out-of-sample and in a leave-

one-out cross-validation across the whole group. 

Results: The resulting models successfully cross-predicted clinical outcomes of the respective other 

sample, and a leave-one-out cross-validation across the whole group further demonstrated robustness of 

our findings (r = 0.630; p < 0.001). Specifically, the degree of connectivity between stimulation sites 

and medial and lateral prefrontal cortices significantly predicted clinical improvement. Finally, we 

delineated a fronto-thalamic pathway that is crucial to be modulated for beneficial outcome. 

Conclusion: Specific connectivity profiles, encompassing fronto-thalamic streamlines, can predict 

clinical outcome of deep brain stimulation for obsessive-compulsive disorder. After further validation, 

our findings may be used to guide both deep brain stimulation targeting and programming and inform 

non-invasive neuromodulation targets for obsessive-compulsive disorder.  
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Introduction 

Obsessive-compulsive disorder (OCD) is amongst the most common neuropsychiatric disorders with a 

lifetime prevalence of 2.3% (1). The involvement of altered cortico-striato-thalamo-cortical (CSTC) 

loops along with a fronto-striatal dysfunction is a generally accepted concept in the pathophysiology of 

OCD (2, 3). Despite increasing knowledge about network impairments, there is very limited information 

about modulating which networks may help to improve symptoms in OCD.  

Deep brain stimulation (DBS) has been successfully employed to alleviate symptoms in severe 

treatment-resistant OCD (4). Based on the aforementioned fronto-striatal dysfunction model, the ventral 

striatum (VS) with the nucleus accumbens (NAC) and the nearby anterior limb of the internal capsule 

(ALIC), have become the most common targets (see (5) for a review). Response rates show a high 

variability and to date, reliable predictors for the intervention have not been identified (4). Although the 

exact mechanism of DBS for OCD remains vague, there is increasing evidence that the stimulation 

exerts both local and distributed effects on functional brain networks (6). A study based on 11 subjects 

found that DBS induced a reduction in functional connectivity between the NAC and both medial and 

lateral prefrontal cortices and that this effect correlated positively with outcome (7). Structural 

connectivity to the right MFG was also identified to be associated with a better clinical response in a 

sample of six patients, whereas connectivity to the orbitofrontal cortex (OFC) was associated with non-

response (8). Of note, studies assessing networks associated with DBS for OCD reveal wide-spread 

prefrontal structures and are based on small sample sizes. The heterogeneity in identifying cortico-

striatal pathways that carry out beneficial effects in neuromodulatory treatment for OCD is also reflected 

by the different cortical targets used for transcranial magnetic stimulation (TMS), which include the 

dorsolateral prefrontal cortex (DLPFC), supplementary motor area (SMA) and OFC (see (9) for meta-

analysis and overview). 

In summary, although it seems certain that DBS has effects on distributed brain networks, it remains 

highly unclear which networks are associated with clinical improvement. It is however vitally important 

to characterize such therapeutic networks as they may serve to guide targeting for both invasive and 

noninvasive brain stimulation (10). In Parkinson‘s Disease (PD), recently, a study defined connectivity 

profiles of effective DBS electrodes (11). Moreover, these profiles were able to robustly predict 
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treatment outcome across cohorts and DBS centers. With similar knowledge in OCD, current 

neuromodulative treatment could be improved and new stimulation protocols developed, thereby 

increasing effectivity and possibly reducing adverse events.  

Here, we aimed at assessing stimulation-dependent connectivity profiles that are associated with and 

predictive of outcome in DBS for OCD. First, we hypothesized that beneficial effects of DBS are 

associated with stimulation of a prefronto-striatal networks. Second, we hypothesized that stimulation-

dependent connectivity profiles would predict individual outcomes of DBS for OCD in out-of-sample 

data.  

Methods and Materials 

Subjects and clinical assessments 

Twenty-two patients (thirteen females) were recruited from the outpatient clinic of the psychiatric 

department for obsessive-compulsive spectrum disorders at the University Hospital of Cologne. All 

patients were diagnosed with severe treatment-refractory OCD, qualifying them for DBS surgery. 

Definition of severity and treatment-refractoriness are given in the supplemental data. Included patients 

underwent DBS surgery to the ALIC/NAC, receiving 2 quadripolar DBS electrodes (models 3389 (n = 

19) or 3387 (n = 3), Medtronic, Minneapolis, MN). Preoperative clinical assessments included 

demographic data and evaluation of symptom severity using the Y-BOCS. Final assessment of symptom 

severity took place 12 months (± 1 months) after surgery when stimulation settings remained stable. All 

subjects provided written informed consent and the study was approved by the Ethics committee of the 

University of Cologne. 

Imaging acquisition and preprocessing 

For each patient, structural high-resolution T1-weighted images were acquired on a 3.0-Tesla Philips 

Healthcare MRI-scanner (Philips Medical Systems, Hamburg, Germany) at the University Hospital of 

Cologne before surgery. Postoperative computer tomography (CT) was obtained for each patient after 

surgery to verify correct electrode placement. A subgroup of ten patients (eight females) received 

preoperative diffusion magnetic resonance imaging (dMRI) using echo planar imaging (TR 16800 ms; 

TE 82 ms; FOV 220mm; voxel-size 1.7 × 1.7 × 1.7 mm; 90 sampling directions; b-value 3000s/mm²) 
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on a 3.0-Tesla Siemens Magnetom PRISMA (Siemens Medical System, Erlangen, Germany). A detailed 

description of dMRI data analysis is given in the supplemental.  

DBS Lead Localization and Volume of Tissue Activated Estimation 

DBS electrodes were localized using Lead-DBS software (www.lead-dbs.org) as described elsewhere 

(11). Briefly, postoperative CT scans were linearly coregistered to preoperative MRI using Advanced 

Normalization Tools (12) (http://stnava.github.io/ANTs/). A subcortical refinement step was added to 

adjust for brain shift that may have occurred during surgery (brainshift correction-module in Lead-

DBS). Images were then normalized into ICBM 2009b Nlin asymmetric space using the SyN approach 

implemented in Advanced Normalization Tools. An additional subcortical refinement step was applied 

to attain a most precise subcortical alignment between patient and template space. Results were visually 

reviewed to confirm accuracy. Volumes of tissue activated (VTA) were modelled following the 

approach described in (11). Briefly, the E-Field was estimated using a finite element method on a four-

compartment mesh describing local grey and white matter, as well as electrode contact and insulating 

material (see Figure 1 for schematic display of methods and Figure 2 for visualization of individual 

electrode localization).  

Connectivity Estimation  

For the patient-specific connectivity, a dMRI diffusion scheme implemented in DSI-Studio was used 

analogue to the assessment of the normative group connectome (see below). Specifically, diffusion data 

were reconstructed using generalized q-sampling imaging (13) with a diffusion sampling length ratio of 

1.25. The restricted diffusion was quantified using restricted diffusion processing (14). A deterministic 

fiber tracking algorithm (14) was used, the angular threshold was 60 degrees. The step size was 0.86 

mm. The anisotropy threshold was determined automatically by DSI Studio. Tracks with length below 

10 mm were discarded. A total of 200000 tracts were calculated per subject. The whole-brain fiber set 

was then normalized into standard-stereotactic space following the approach described in (15, 16) as 

implemented in Lead-DBS. For normative structural connectivity, a publicly available group 

connectome was used that is based on multishell diffusion-weighted and T2-weighted imaging data from 
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32 subjects of the Human Connectome Project at Massachusetts General Hospital (ida.loni.usc.edu/ 

(17)) as described elsewhere (15). 

Creating and validating a data-driven profile of “optimal DBS connectivity” 

A data-driven approach to identify networks correlating with the clinical outcome across the sample was 

applied that has been introduced in the context of PD before (11). Briefly, from the whole-brain 

connectome estimated for each subject (or the normative HCP connectome), fibers running through the 

VTA were selected and projected to the brain in a weighted fashion. Weighting was performed on a 

normalized version of the E-Field gradient strength estimated during VTA calculation. Thus, fibers 

running through VTA regions where the E-Field was high received a higher score than fibers in the 

peripheral zones of the VTA. Connectivity strength was then expressed as (weighted) numbers of fiber 

tracts between stimulation sites and each brain voxel. In a second step, across the group of patients, each 

voxel on the resulting connectivity maps is then correlated with clinical improvement on the YBOCS 

score using Spearman’s rank correlation coefficients, leading to R-maps. High R-values on these maps 

identify regions to which strong connectivity is associated with good clinical outcome. As described 

before (11), since tractography maps are generally not normally distributed, they were transformed into 

a Gaussian distribution following the approach of van Albada (18) and lightly smoothed before 

calculating the R-maps across the group. Due to the unnormal distribution of dMRI data, displays of 

cortical R-maps were restricted to positive correlations with outcome. A further subcortical tract-based 

analysis was performed to show fibertracts associated with negative outcome as described below. 

Crucially, the R-map may be seen as a model for “optimal” connectivity from the DBS electrode to the 

rest of the brain, denoting high values for “good” regions (i.e. regions a connectivity to which is 

associated with good outcome) and low values for the opposite. To be able to make true predictions on 

a subset of our cohort, the approach (R-map calculation) was performed separately on the 10 patients 

with patient-specific dMRI available and the 12 patients for which the high definition HCP normative 

connectome was used as in prior work (11, 15, 19, 20). The resulting R-map10 and R-map12 was thus 

created on ~half of the cohort using either patient-specific connectivity data or normative connectivity 

data. To test its validity, the R-map10 was used to cross-predict outcome of the remaining 12 patients 

with normative connectivity data and vice versa. To do so, similarity between individual connectivity 
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profiles in one sample and the respective R-map of the other sample was assessed by calculating Fisher 

z-transformed spatial Spearman correlations fitted to the empirical outcomes using a general linear 

model (11). This analysis shows how similar each VTAs connectivity profile within one sample is to 

the data-driven “optimal” connectivity profile of the other sample (defined by the R-map10 and R-map12) 

and demonstrates the predictive power of the R-map for out-of-sample data. 

After this analysis, an additional R-map22 was calculated across the whole group of subjects (with 

normative connectivity data) to estimate a final optimal connectivity profile informed by as many 

patients as possible. To validate this map, a leave-one-out cross-validation was applied, where in each 

step, one patient was taken out of the model and the empirical outcome was correlated with the predicted 

outcome derived from the remaining sample. 

To further explore whether connectivity to specific cortical regions would be able to explain clinical 

improvement, we added a region of interest (ROI) analysis. This investigated the explanatory value of 

connectivity estimates from stimulation sites to specific ROI using the same normative connectivity 

analysis as on the R-map22. ROIs were chosen from prior literature (7, 8) informed hypotheses, 

indicating that effective DBS is associated with involvement of the right MFG and left ACC.  Thus, 

connectivity between each pair of VTA and right MFG and left ACC (derived from the automated 

anatomical labeling (AAL) atlas (21)) was correlated with clinical outcome using Spearman correlation. 

Finally, to extract subcortical streamlines predictive of outcome, fibertracts connected to VTAs 

across the group of patients were isolated from the normative connectome and a two-sample 

t-test was fitted for each tract between the Y-BOCS improvement scores corresponding to 

connected vs. unconnected VTAs. Fibers were then colored by t-values. For the latter analysis, 

we added a supplementary analysis of fibertracts associated with improvement of depressive 

symptoms as assessed by the Beck Depression Inventory (22) (see supplemental for further 

description). Ultimately, we verified the fibertract predictive of positive outcome in the YBOCS 

in a focal VTA-based analysis (see supplemental for further description).  

Results 
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The overall sample included 22 patients (13 females, age 41.7 ± 12.3 years). Mean Y-BOCS before 

surgery was 31.3 ± 4.3. After 12 months, YBOCS scores decreased significantly by a mean of 30.4 ± 

20.1 % (p < 0.001). There was no significant correlation between age at surgery (r = 0.127; p = 0.574) 

or preoperative baseline symptom severity (r = -0.152; p = 0.499) with clinical outcome.  

DBS connectivity analysis  

In the data-driven analysis, resulting maps denoted correlation coefficients between connectivity and 

clinical outcome across the group (R-maps). Such a map was calculated on two independent subsets of 

patients using patient-specific dMRI data (n = 10; R-map10) and normative connectivity data (n = 12; R-

map12) and used to cross-predict outcome in the respectively remaining patients. Based on the R-map10 

we were able to significantly predict outcomes of the normative connectivity sample (r = 0.545; p = 

0.024). Inversely, we were able to significantly predict outcomes of patient-specific connectivity profiles 

using the normative R-map12 model (r = 0.685; p = 0.011) (Figure 3). 

To define a final model of “optimal connectivity” informed by as many patients as possible, the same 

analysis was repeated across the full cohort (all using normative data; R-map22; figure 4). Similarly, to 

the cohort-specific maps, a positive correlation between connectivity and clinical outcome resulted for 

areas involving the medial prefrontal cortex as well as the bilateral lateral prefrontal cortex. Verifying 

the validity of the model, individual outcomes were significantly predicted in a leave-on-out cross-

validation (r = 0.630), p < 0.001).  

A ROI-analysis of normative connectome data of the whole sample revealed, congruent to the R-map22, 

significant correlations between clinical improvement and connectivity to the right MFG (r = 0.602; p 

= 0.002) (Figure 5). Connectivity to left ACC did not show a significant relationship with outcome (r = 

0.001; p = 0.996).  

In a final step, fibers predictive of effective DBS connected to VTAs across the whole sample were 

visualized in a color-coded fashion (Figure 6). This analysis highlighted a clear-cut fibertract within the 

ventral ALIC that passes by the ventral striatum, bordering the bed nucleus of the stria terminalis 

(BNST) and connects middle prefrontal cortex with the thalamus. Fibers associated with negative 

outcome encompassed streamlines to medial forebrain bundle (MFB), the posterior limb of the 

anterior commissure (AC) and fibers within the inferior lateral fascicle (ILF). In the VTA-based 
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analysis, the specific fiber bundle within the ALIC was confirmed, showing that VTAs reaching 

outlined white matter areas apical and posterior of the NAC displayed the highest mean 

improvement rates (sFigure 1). 

A secondary analysis revealed that fibers encompassing the cingulum, ventromedial prefrontal 

cortex and the fornix were associated with improvement of depressive scores (sFigure 2). Of 

note, this additional analysis has to be interpret with caution as the intervention was not 

intended to improve depressive symptoms and was only performed in 17 patients with 

depression scores available. 

 

Discussion 

Based on our results, we were able to characterize networks that are associated with and predict 

reduction of symptoms of severe OCD by ALIC/NAC neuromodulation. We validated the applicability 

of normative connectome data by significantly cross-predicting outcome of DBS for OCD in two 

independent data sets consisting of patient-specific and normative connectome data. Further, we 

calculated a model of optimal stimulation connectivity encompassing the lateral and medial prefrontal 

cortex that was able to significantly predict outcome in the overall sample. Within the prefrontal cortex, 

our analysis underlined the pivotal role of the right MFG for successful DBS. Finally, we delineated a 

tractographic target predictive of clinical outcome within the fronto-thalamic radiation. 

Connectivity of effective neuromodulation for OCD 

We identified a structural network model originating from the stimulation site using both patient-specific 

(R-map10) and normative connectomes (R-map12) that is associated with symptom improvement after 

one year of DBS to the ALIC/NAC. Of note, with these models of effective stimulation we were able to 

cross-predict outcome in two independent samples based on both patient-specific and normative 

connectomes. Both networks of beneficial response revealed connectivity to the medial and lateral 

prefrontal cortex. In a subsequent analysis, we pooled patients to compute a more powered model of 

effective DBS. The resulting R-map22 showed a positive correlation between connectivity to bilateral 

dorsolateral prefrontal cortices and the medial prefrontal wall including the cingulate cortex.  
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This data-driven approach was complemented with a ROI based approach. Specifically, we wanted to 

show that connectivity between stimulation sites and literature defined cortical regions could explain 

clinical improvement. This has the potential of using these cortical ROI in future analyses or studies to 

e.g. define optimal contacts, surgical targets or also DBS-unrelated analyses. Here, we found a 

significant positive correlation of outcomes and connectivity to the right MFG. This finding is congruent 

to the, to our knowledge, only study assessing tractography from DBS stimulation sites in OCD patients, 

which found responders to be connected to the right MFG, though this study comprised only six patients 

(8). It is also in line with results of Figee et al. (7), who found that changes in functional connectivity 

between stimulation sites and right lateral prefrontal cortex after DBS of the NAC to be significantly 

correlated with improvement. 

In a further analysis of subcortical pathways capable of predicting positive outcome, we identified a 

clear-cut fiber bundle that channels through the ventral ALIC, connects the middle prefrontal cortex 

with the thalamus. This tract was highly discriminative between electrodes that led to optimal vs. 

suboptimal outcomes. The resulting white matter bundle predictive of DBS outcome formed a 

bottleneck within the ALIC and traversed dorsally to the NAC. Thus, we conclude that the ALIC was a 

more effective target in our sample, a finding that was shown very recently in Sapap3 mutant mice, the 

currently predominant OCD animal model (23). This tract is also in line a study that successfully 

targeted the BNST with DBS (24) and highlights the importance of this structure for research on OCD 

(25). Very interestingly, the extracted fiber bundle bordered the BNST, entered the ventral part of the 

thalamus at the border of the anterior and inferior thalamic peduncle with fibers reaching the medial 

dorsal nucleus and nucleus subthalamicus (sFigure 3). Thus, this fiber bundle comprises different targets 

that have been successfully employed for DBS for OCD, suggesting that these different targets form a 

common network (24, 26, 27). While connectivity of VTAs with fronto-thalamic radiation was 

predictive of response to DBS for OCD, non-response was associated with more caudally located VTAs 

connected to the medial forebrain bundle and anterior commissure. The notion that the ideal target may 

be located further away from the currently employed electrode positioning is also supported by the 

clinical experience that stimulation amplitudes applied in patients with OCD (in our sample median of 

4.7 V) tend to be higher than those applied in patients with PD or tremor. Hence, adjusting stimulation 
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parameters modulating as many as possible tracts that were associated with good and as few as possible 

associated with poor outcome may improve response and reduce side effects. Regarding our sample, 

results advise stimulation of more apical and dorsal contacts with the goal of modulating the fronto-

thalamic radiation within the ALIC. Still, given the small sample size, it is difficult to extract clear 

clinical recommendations before prospective validation. It may however conceivable that implanted 

patients that did not respond to DBS may still profit after readjustment of stimulation parameters aiming 

at capturing the identified specific fiber bundle.  

The connectomic approach for predicting DBS outcome for OCD 

In our analysis, we were able to significantly predict outcomes of stimulation-dependent structural 

connectivity profiles using both a patient-specific and a normative model of effective connectivity across 

independent cohorts. Although this cross-validation has been performed in a small sample and has to be 

interpreted with caution, the same approach could explain 40% of the variance in the whole sample (r = 

0.63; n = 22) in a leave-one-out design. The predictive character of this analysis is all the more of 

relevance, as to date there are no robust and conclusive predictors for outcomes of DBS for OCD and 

around 40% of patients do not respond to this invasive and costly procedure (4).  

The predictive value of connectivity informed brain stimulation for DBS has already been shown for 

patients with PD (11). With our results, which comprises the largest OCD sample investigated with such 

an approach, we add evidence and advocate to investigate the clinical usefulness of such analysis. After 

careful further validation of our results, it could be worthwhile to determine a patient-specific surgical 

target based on connectomic analyses based on preoperative tractography. A similar approach is already 

practiced in specialized centers for the case of depression (29). Moreover, the technique may be used to 

guide DBS programming. Based on the patient-specific tractogram of novel patients, suitable 

stimulation contacts could be proposed by a computer model to facilitate this tedious trial-and-error 

process. 

By validating the patient-specific connectivity models using a normative connectome we further 

highlight the utility of such publicly available data. This approach can be helpful in cases where dMRI 

is not available for a patient or if hyperkinetic disorders render it impossible to acquire a high quality 

dMRI scan due to motion artifacts. As mentioned in (11) , normative connectomes from healthy subjects 
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have the advantage of large subject numbers, excellent signal to noise ratio, and acquisition using 

specialized MRI hardware designed for connectivity imaging. Such normative connectome data have 

proven valuable in predicting stroke symptoms from patient-specific lesions (20, 30, 31) or treatment 

improvement after TMS (32). Another advantage of the normative data is the lack of vulnerability to 

the low test-retest reliability (33) in dMRI processing pipelines which may form an obstacle to compare 

results across centers. In contrast, patient-specific fibertracts may be advantageous for individual 

preoperative target selection, bearing in mind individual variances in white matter bundles in the ALIC 

(34). Our analysis shows that results derived from normative connectomes may be used to predict 

patients with individualized connectivity data in a split-half design. This does not mean that the 

information is interchangeable but indirectly validates the potential of normative data. The present study 

would be highly underpowered to estimate if normative or patient-specific connectivity is better suited 

to make accurate predictions. We emphasize that both approaches have their advantages and 

disadvantages for individual patients. Potentially, a combination of both approaches will be a future 

direction (34). More future work is needed to determine how to best combine the strengths of normative 

connectomes, patient-based connectomes, and connectivity data from individual patients. Of note, OCD 

specific alterations of white matter architecture does not necessarily influence the cross-validation of 

patient-specific and normative data, as our approach does not directly compare structural connectivity 

strength values but rather correlates clinical outcomes with connectivity profiles in each group, thereby 

blotting out evenly distributed OCD pathologies of quantitative structural connectivity.  

A different approach beside the tractographic approach could be to focus at local effects, e.g. on 

subcortical nuclei, in a purely VTA or electrode placement based analysis. Ultimately, both approaches 

are linked to each other and should reveal complementary results due to the neuroanatomical 

implications. This is also supported by our supplemental VTA-based analysis which highlights a specific 

white matter area within the ALIC that matched the fiber bundle in the tractographic analysis.  

In the present work, fibers of passage through the stimulation volume were selected and analyzed, a 

practice that was recently termed activation volume tractography (AVT; (35)). A more elaborate 

competing method, pathway-activation modeling (PAM) has been introduced in the same paper. This 

method exclusively considers known fibertracts and estimates activation of those tracts based on the 
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electrode location and stimulation parameters. This analysis is not prone to including false positive tracts 

(while potentially introducing false negatives). However, a direct transfer from subthalamic DBS to 

ALIC-DBS is not straight-forward given here, the tracts with pathophysiological roles have been much 

less studied as they have been in the subthalamic region for PD. Still, the potential danger of including 

false positive tracts is specifically relevant because a recent study concluded that the average 

tractography algorithm results more false positive than true positive tracts (36). However, we note that 

precisely in this open competition, the algorithm used in the present study achieved the highest "valid 

connection" score among 96 methods. This comparably good ratio of true and false positives could thus 

be seen as a “conservative” tractography algorithm that is suitable for clinical connectomics such as the 

present one.   

Conclusion 

In conclusion, we were able to identify a network that is associated with and predictive of 

beneficial effects in DBS for OCD. This network comprised both medial and lateral frontal 

cortices, in particular the right MFG, merging to an outlined (pre)fronto-thalamic fiber bundle 

that passes the striatum within the ventral ALIC. In our sample increased connectivity of 

stimulation sites to this fronto-striato-thalamic pathway predicted a large amount of variance in 

clinical symptom alleviation after one year. After further validation, these beneficial 

connectivity patterns may help to guide both stereotactic surgery and DBS programming, in the 

future. Furthermore, our results may have implications for both cortical and subcortical – and 

both invasive and noninvasive – neuromodulation protocols.  
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Figures 
 

 
Figure 1: Schematic display of methods applied for identifying deep brain stimulation connectivity. 

Processing steps included fusion of pre-/postoperative imaging (A), localizing DBS leads in standard 
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space (B), modelling volumes of tissue activated (VTA) based on individually applied stimulation 

parameters (C), calculating both normative and (if available) individual structural (D) connectivity from 

the VTA to the whole brain, and isolating and weighting fibertracts passing VTA model, resulting in 

stimulation-dependent connectivity maps (E). 

 
Figure 2: Localization of individual leads: All patients underwent DBS surgery to the anterior 

limb of the internal capsule with the tip of the electrodes located at the posterior border of the 

Nucleus Accumbens, receiving 2 quadripolar DBS electrodes. Blue leads represent patients 

were individual diffusion imaging was available (n = 10), yellow leads correspond to the 

remaining patients (n = 12). 
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Figure 3: Maps of effective stimulation-dependent connectivity and clinical outcome derived from 

patient-specific (blue group, upper row, R-map10, n=10) and normative connectomes (yellow group, 

bottom row, R-map12, n=12) in two independent samples. R-values for connectivity to peak voxels were 

higher than displayed, since the maps were lightly smoothed for visualization (FWHM = isotropic 6 

mm). To test validity, we successfully predicted outcome (indicated as % change in the Yale-Brown 

Obsessive Compulsive Scale) of the respective other sample using the R-map10 model (p = 0.024) and 

the R-map12 model (p = 0.011). 
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Figure 4: Model of stimulation-dependent connectivity and clinical outcome derived normative 

connectomes of the whole sample (R-Map22, n = 22). To test validity of the resulting model of ideal 

connectivity, we successfully predicted outcomes of individual patients using a leave-one-out design (r 

= 0.630; p < 0.001), explaining ~40 % of the variance in clinical improvement (indicated as % change 

in the Yale-Brown Obsessive Compulsive Scale). 
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Figure 5: Correlation of outcome and connectivity to region of interest. Connectivity of stimulation sites 

to the right middle frontal gyrus (MFG) correlated significantly with the outcome of deep brain 

stimulation after one year (indicated as % change in the Yale-Brown Obsessive Compulsive Scale). On 

the right side, two exemplary patients are displayed. Patient #6, who did not respond sufficiently to the 

intervention and showed relatively sparse connectivity between stimulation site and MFG, whereas 

patient #4 exhibited enhanced connectivity to the caudal part of the MFG region, accompanied by a 

marked improvement in the Yale-Brown Obsessive Compulsive Scale (Y-BOCS). 

 
Figure 6: Fibertracts predictive of positive (red) or negative (blue) clinical outcome when connected to 

volumes of tissue activated (VTA) across the group of patients (n = 22). For each fibertract of the 

normative connectome, a two-sample t-test was fitted between the Y-BOCS improvements 

corresponding to connected vs. unconnected VTAs. Fibers were then colored by t-values. Left panels 

show a lateral view, right panels display a close-up view with labelling, highlighting a strong 
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association between connectivity with the anterior fronto-thalamic radiation (FTR) and clinical 

response. This effective fiber bundle borders the bed nucleus of the stria terminalis (BNST) and enters 

the ventral part of the thalamus (cyan) that is connected to the prefrontal cortex (pf-THA). 

Additionally, negative association with more ventrally situated VTAs connected to medial forebrain 

bundle (MFB) or anterior commissure (AC), whose posterior limb traverses to the temporal cortex, as 

well as inferior lateral fascicle (ILF) and Fornix (FX) becomes evident. (CG: Cingulum; CA: Nucleus 

Caudatus; NAC: Nucleus accumbens). 

 
 

 
 
 
 
 
 
 
 
 
 
 

  



Baldermann et al. 

25 

Supplemental 
 
Supplemental methods 
Subjects and clinical assessments 
Severity was defined by a score of 25 or higher on the Yale-Brown Obsessive Compulsive 
Scale (Y-BOCS) (12) and a high impairment in functioning as indicated by a Global 
Assessment of Functioning (GAF) (13) score under 40. Treatment-resistance had to include at 
least one trial of cognitive behavioral therapy with exposure and response management over 
more than 45 sessions, at least two treatment trials with selective serotonin reuptake inhibitors 
(SSRI) over at least ten weeks in maximum dosage, one trial with clomipramine over ten 
weeks also in maximum dosage, and an augmentation approach with either antipsychotic 
medication, lithium, or buspirone. 
 
Imaging acquisition and preprocessing 
dMRI data was acquired for 90 gradient directions uniformly distributed on a sphere. This 
measurement was initialized with a volume without any diffusion-weighting (B=0) and then 
obtained in 10 blocks, each including one B0, followed by 9 diffusion-weighted volumes. At 
the end of this measure an additional B0 was acquired. This set of volumes was completely 
acquired with an anterior to posterior phase encoding direction. Additionally, a set of 8 non-
diffusion-weighted MRI volumes was acquired with reverse phase encoding direction (post. 
to ant.), for later correction of susceptibility induced distortions. For estimating the distortion 
parameters, all non-diffusion-weighted volumes of the whole dMRI measurement (12 AP, 8 
PA) were extracted and merged to perform FSL-Topup in FSL (version 5.0.8; 
http://fsl.fmrib.ox.ac.uk/fsl). The resulting parameters were then passed to FSL-eddy for 
applying distortion correction to the dMRI data, and correct for eddy currents and volume-
wise motion. 
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sFigure 1: VTA-based analysis. For this analysis, we overlapped individual VTAs and 
calculated for each voxel the mean percentage improvement rates of corresponding patients 
according to the YBOCS. To control for outliers, voxels that were covered by less than 20 % 
of patients were discarded. Best results were observed for VTAs located in a specific apical 
and posterior white matter area of the ALIC. This region corresponded to the fiber bundle 
predictive of positive outcome of DBS for OCD in the subcortical tractography analysis. 
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sFigure 2: Fibertracts associated with improvement of depressive Symptoms connected to 
volumes of tissue activated (VTA) across the group of patients with depression scores 
available (n = 17). For this additional analysis, we used absolute changes in the Beck 
Depression Inventory (BDI) from baseline to twelve months, because only a part of the 
patients had a clinically relevant depression at surgery. Mean preoperative scores (20.0 ± 
10.0) indicated a moderate manifestation of depressive symptoms across the group that did 
not change significantly after twelve months (18.6 ± 12.4). Thus, percentage changes would 
have distorted the analysis significantly towards the less depressed patients. Antidepressant 
effects were found to be associated with fibers encompassing the cingulum and the fornix and 
partly fibers connecting the left ventromedial prefrontal cortex. Due to the methodological 
issues of this analysis, in particular the fact that the intervention was not intended to treat 
major depression, this results have to be interpret with all necessary caution. 
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sFigure 3: Visualization of the identified fibertracts associated with outcome of DBS for OCD 
after twelve months and further nuclei relevant for OCD. The red fiber bundle predictive of a 
positive outcome carried fibertracts connecting the prefrontal fibers with the medial dorsal 
nucleus (MD) of the thalamus. Furthermore, we observed that parts of the specific fronto-
thalamic fiber bundle descended directly ventrally of the STN, another successfully employed 
target for OCD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CLUSTER REGION VOXEL HEMISPHERE X Y Z R 

1 Superior Medial Gyrus 116522 L -5 48 42 0.67 
 Middle Frontal Gyrus  L -32 2 57 0.49 
 Middle Frontal Gyrus  R 37 26 43 0.40 
2 Superior Temporal Gyrus 12255 L -63 -42 15 0.62 
 Middle Temporal Gyrus  L -66 -17 -15 0.47 
3 Parahippocampal Gyrus 8533 R 20 -4 -27 0.50 
4 Parahippocampal Gyrus 5566 L -20 -4 -29 0.59 
5 Inferior Temporal Gyrus 4234 R 50 -57 -21 0.41 

sTable 1: Local maxima of cortical areas showing a positive correlation of connectivity with outcome of deep brain 
stimulation after one year according to the R-Map10. Given are clusters with a R-Values ≥ 0.4 and a voxel extend ≥ 100. 
Coordinates are reported in Montreal Neurological Institute (MNI) space. 
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CLUSTER REGION VOXEL HEMISPHERE X Y Z R 

1 Middle Frontal Gyrus 190173 R 42 39 27 0.68 
 Anterior Cingulate Cortex  L -6 36 20 0.59 
 Postcentral Gyrus  L -58 -14 37 0.59 
 Middle Frontal Gyrus  L -25 -4 50 0.59 
 Superior temporal Gyrus  L -50 -32 12 0.59 
 Anterior cingulate Cortex  R 7 42 16 0.57 
 Precentral Gyrus  L -32 -19 53 0.57 
2 Parahippocampal Gyrus 1605 L -16 -13 -22 0.45 
3 Medial Temporal Pole 1196 L -28 7 -30 0.42 
4 Insula 604 L -40 9 -11 0.46 
5 Inferior Occipital Gyrus 365 L -43 -87 -2 0.44 
6 Superior Frontal Gyrus 320 R 16 40 54 0.45 
7 Inferior Frontal gyrus 228 R 44 8 9 0.41 
8 Insula 222 L -31 19 9 0.42 

sTable 2: Local maxima of cortical areas showing a positive correlation of connectivity with outcome of deep brain 
stimulation after one year according to the R-Map12. Given are clusters with a R-Values ≥ 0.4 and a voxel extend ≥ 100. 
Coordinates are reported in Montreal Neurological Institute (MNI) space. 

 
CLUSTER REGION VOXEL HEMISPHERE X Y Z R 

1 Middle Frontal Gyrus 10664 R 44 39 27 0.54 
 Superior Frontal Gyrus  R 17 45 51 0.50 
 Middle Frontal Gyrus  R 24 40 33 0.49 
2 Middle Frontal Gyrus 4913 L -29 2 55 0.51 
 Precentral Gyrus  L -40 2 42 0.47 
 Precentral Gyrus  L -47 4 47 0.47 
3 Middle Frontal Gyrus 1452 L -43 25 41 0.52 
4 Middle Temporal Gyrus 1439 L -60 -44 2 0.43 
 Middle Temporal Gyrus  L -52 -33 6 0.43 
 Middle Temporal Gyrus  L -53 -34 5 0.43 
5 Middle Frontal Gyrus 1049 L -22 42 35 0.48 
6 Supplementary Motor Area 330 L -7 24 62 0.48 
7 Supplementary Motor Area 219 R 6 2 47 0.43 
8 Middle frontal Gyrus 206 R 51 25 37 0.42 
9 Supplementary motor area 100 L 9 22 46 0.41 

sTable 3: Local maxima of cortical areas showing a positive correlation of connectivity with outcome of deep brain 
stimulation after one year according to the R-Map22. Given are clusters with a R-Values ≥ 0.4 and a voxel extend ≥ 100. 
Coordinates are reported in Montreal Neurological Institute (MNI) space. 

 
 


