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            Abstract
Antidepressants are widely prescribed, but their efficacy relative to placebo is modest, in part because the clinical diagnosis of major depression encompasses biologically heterogeneous conditions. Here, we sought to identify a neurobiological signature of response to antidepressant treatment as compared to placebo. We designed a latent-space machine-learning algorithm tailored for resting-state electroencephalography (EEG) and applied it to data from the largest imaging-coupled, placebo-controlled antidepressant study (nâ€‰=â€‰309). Symptom improvement was robustly predicted in a manner both specific for the antidepressant sertraline (versus placebo) and generalizable across different study sites and EEG equipment. This sertraline-predictive EEG signature generalized to two depression samples, wherein it reflected general antidepressant medication responsivity and related differentially to a repetitive transcranial magnetic stimulation treatment outcome. Furthermore, we found that the sertraline resting-state EEG signature indexed prefrontal neural responsivity, as measured by concurrent transcranial magnetic stimulation and EEG. Our findings advance the neurobiological understanding of antidepressant treatment through an EEG-tailored computational model and provide a clinical avenue for personalized treatment of depression.
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                    Fig. 1: End-to-end prediction of the treatment outcome with a latent-space model.[image: ]


Fig. 2: Prediction of outcome specific to sertraline using SELSER on REO Î±-frequency range data.[image: ]


Fig. 3: Prediction of outcome specific to placebo using SELSER on Î±-frequency range data.[image: ]


Fig. 4: Prediction of treatment outcome by the EMBARC-trained sertraline rsEEG model, applying to baseline eyes open rsEEG of the second depression study cohort.[image: ]


Fig. 5: Alignment of predicted HAMD17 change calculated by the rsEEG model and predicted HAMD17 change calculated by a machine-learning model trained on task-based fMRI activation from a separate analysis on EMBARC data, as well as neural responsivity assessed through concurrent spTMS and EEG.[image: ]


Fig. 6: Prediction of treatment outcome with right DLPFC 1-Hz rTMS treatment by the EMBARC-trained sertraline rsEEG model, applying to pre-rTMS eyes open rsEEG.[image: ]
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Integrated supplementary information

Supplementary Figure 1 EMBARC CONSORT Flow Diagram for the patients included in the treatment prediction analyses.
For this analysis, patients were included (1) regardless of their HAMD17 score, and (2) if they had resting-state EEG data of sufficient quality.


Supplementary Figure 2 Illustration of SERLSER training and evaluation using 10-fold stratified cross-validation.
Study sites were Columbia University (CU), University of Texas Southwestern Medical Center (TX), University of Michigan (UM) and Massachusetts General Hospital (MG). Data were randomly partitioned into 10 subsets, such that each subset containing an approximately equal number of subjects from each of the four study sites. A subset was left out as the test data, and the remaining 9 subsets were used as the training data. The process was then repeated 10 times, where each of the 10 subsets was used exactly once as the test data. As a result, each subject had a predicted HAMD17 score change. The prediction performance was then quantified by the Pearsonâ€™s correlation coefficient and root mean square error (r.m.s.e.) between the cross-validated prediction of the HAMD17 score change and the true HAMD17 score change.


Supplementary Figure 3 Singular values associated with alpha SELSER latent signals for the sertraline arm of EMBARC.
From left to right, the latent signals are sorted according to decreasing singular values (note that the singular values are the absolute values of the eigenvalues for a symmetric matrix). The alpha rsEEG data from all the participants in the sertraline arm were used to train the SELSER model.


Supplementary Figure 4 Prediction of outcome specific to sertraline (n = 109) using SELSER trained on resting eyes open alpha-frequency range data of different lengths.
Prediction performance was assessed with 10â€‰Ã—â€‰10 stratified cross-validation prediction. (a) 1.5 minutes/block. Pearsonâ€™s r = 0.58, p = 3.1â€‰Ã—â€‰10âˆ’11 based on the one-sided test against the alternative hypothesis that r > 0. (b) 1 minute/block. Pearsonâ€™s r = 0.44, p = 1.06 Ã— 10âˆ’6 based on the one-sided test against the alternative hypothesis that r > 0. (c) 30 seconds/block. Pearsonâ€™s r = 0.34, p = 1.42 Ã— 10âˆ’4 based on the one-sided test against the alternative hypothesis that r > 0.


Supplementary Figure 5 Prediction of outcome specific to sertraline (n = 109) using SELSER trained on resting eyes open alpha-frequency range data of different blocks.
Prediction performance was assessed with 10â€‰Ã—â€‰10 stratified cross-validation prediction. (a) Block 1. Pearsonâ€™s r = 0.47, p = 1.07â€‰Ã—â€‰10âˆ’7 based on the one-sided test against the alternative hypothesis that r > 0. (b) Block 2. Pearsonâ€™s r = 0.35, p = 1.14 Ã— 10âˆ’4 based on the one-sided test against the alternative hypothesis that r > 0. (c) Block 1 prediction vs. block 2 prediction. Pearsonâ€™s r = 0.58, p = 5.23â€‰Ã—â€‰10âˆ’11 based on the one-sided test against the alternative hypothesis that r > 0.


Supplementary Figure 6 Scalp and cortical spatial patterns of the placebo (PBO) alpha SELSER latent signals (n = 119).
(a, c) Spatial patterns of the SELSER latent signals for the resting eyes open (REO) condition, with the most positive (Î² = 556.50.31; left) and negative (Î² = -773.49; right) regression weights, respectively. (b, d) Spatial patterns of the SELSER latent signals for the resting eyes closed (REC) condition, with the most positive (Î² = 840.85; left) and negative (Î² = -801.23; right) regression weights, respectively.


Supplementary Figure 7 Treatment stratification using the rsEEG predictive signature.
Patients in each arm were partitioned into the low and high groups by applying a median split on the cross-validated predicted HAMD17 score changes for sertraline response. n = 109 for the sertraline arm, and 119 for the placebo arm. Each dot represents one patient. For each box, the central line depicts the median, the box extends vertically between the 25th and 75th percentiles, and the whiskers extend to the most extreme date that are not considered outliers. Dashed line indicates 50% change in the true HAMD17 score. SER = sertraline, PBO = placebo.


Supplementary Figure 8 Influence of site correction on leave-study-site-out cross-validation performance (n = 109).
Study sites were Columbia University (CU), University of Texas Southwestern Medical Center (TX), University of Michigan (UM) and Massachusetts General Hospital (MG). Treatment prediction across study sites was assessed by a leave-study-site-out cross-validation on the alpha REO sertraline model. (a) Treatment prediction when site effect was not accounted for. Pearsonâ€™s r = 0.34, Bonferroni-corrected p = 2.6 Ã— 10âˆ’3 based on the one-sided test against the alternative hypothesis that r > 0. (b) Comparison of root mean square error (r.m.s.e.) without and with site correction.


Supplementary Figure 9 Machine learning prediction of treatment outcome using previously-suggested predictive metrics (alpha power, theta power, and theta cordance) and conventional latent space modeling approaches (PCA and ICA) on eyes open rsEEG data of the sertraline arm (n = 109).
10â€‰Ã—â€‰10 stratified cross-validation prediction using the relevance vector machine (RVM) on channel-level alpha power (a; Pearsonâ€™s r = -0.07, p = 0.75 based on the one-sided test against the alternative hypothesis that r > 0), theta power (b; Pearsonâ€™s r = -0.23, p = 0.99 based on the one-sided test against the alternative hypothesis that r > 0), theta cordance (c; Pearsonâ€™s r = -0.16, p = 0.95 based on the one-sided test against the alternative hypothesis that r > 0), alpha power of the PCA-extracted latent signals (d; Pearsonâ€™s r = 0.14, p = 0.1 based on the one-sided test against the alternative hypothesis that r > 0), or alpha power of the ICA-extracted latent signals (e; Pearsonâ€™s r = -0.04, p = 0.6 based on the one-sided test against the alternative hypothesis that r > 0) do not significantly predict outcome for sertraline.


Supplementary Figure 10 Comparison of different band-power based treatment prediction approaches.
(a) End-to-end prediction with SELSER. All the unknown parameters (spatial filters and linear regression weight coefficients) are optimized in conjunction under a unified objective function via convex optimization. (b) Prediction with ICA/PCA. Spatial filters are optimized via ICA/PCA, and linear regression weight coefficients are optimized via RVM with a linear kernel. (c) Prediction with channel-level band power. EEG band power of each channel is fed directly into the linear regression model, which is optimized via RVM with a linear kernel. S1, S2, and SN refer to Subject 1, Subject 2, and the Nth Subject, respectively. C1, C2, F1, F2 and Pz refer to electrode locations according to the 10/10 international system. (Â·)2 denotes the square operator, and âˆ«t denotes the average of a time series over time.


Supplementary Figure 11 Machine learning prediction of treatment outcome from symptoms.
Prediction performance was assessed with 10â€‰Ã—â€‰10 cross-validation prediction using the relevance vector machine (RVM). Included symptom measures were the Spielberger State-Trait Anxiety Inventory, the Quick Inventory of Depressive Symptoms, the Mood and Anxiety Questionnaire, the Childhood Trauma Questionnaire, age, and education. (a) Sertraline arm (n = 109). Pearsonâ€™s r = 0.26, p = 3 Ã— 10âˆ’3 based on the one-sided test against the alternative hypothesis that r > 0. (b) Placebo arm (n = 119). Pearsonâ€™s r = 0.16, p = 0.05 based on the one-sided test against the alternative hypothesis that r > 0.


Supplementary Figure 12 Prediction of outcome specific to sertraline using SELSER trained on resting eyes open alpha-frequency range data of posterior channels (n = 109).
A total of 16 posterior electrodes were included: P1, P2, P3, P4, P5, P6, P7, P8, PO3, PO4, PO7, PO8, POz, O1, O2, and Oz. Prediction performance was assessed with 10â€‰Ã—â€‰10 stratified cross-validation prediction. Pearsonâ€™s r = 0.40, p = 8.22â€‰Ã—â€‰10âˆ’6 based on the one-sided test against the alternative hypothesis that r > 0. The most positive regression weight is 759.31 and the most negative regression weight is âˆ’853.13.
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