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Introduction: Deep brain stimulation (DBS) is a promising treatment for
refractory depression, utilizing surgically implanted electrodes to stimulate
specific anatomical targets within the brain. However, limitations of patient-
reported and clinician-administered mood assessments pose obstacles in
evaluating DBS treatment efficacy. In this study, we investigated whether an
affective bias task, which leverages the inherent negative interpretation bias seen
in individuals with depression, could serve as a reliable measure of mood changes
during DBS therapy in patients with treatment-resistant depression.

Methods: Two cohorts of patients (n = 8, n = 2) undergoing DBS for
treatment-resistant depression at different academic medical centers completed
an affective bias task at multiple time points before and after DBS implantation.
The affective bias task involved rating the emotional content of a series of
static photographic stimuli of facial expressions throughout their DBS treatment.
Patients’ ratings were compared with those of non-depressed controls to
calculate affective bias scores. Linear mixed-effects modeling was used to assess
changes in bias scores over time and their relationship with depression severity
measured by the Hamilton Depression Rating Scale (HDRS-17).

Results: We observed significant improvements in total affective bias scores
over the course of DBS treatment in both cohorts. Pre-DBS, patients
exhibited a negative affective bias, which was nearly eliminated post-
DBS, with total bias scores approaching those of non-depressed controls.
Positive valence trials showed significant improvement post-DBS, while
negative valence trials showed no notable change. A control analysis
indicated that stimulation status did not significantly affect bias scores,
and thus stimulation status was excluded from further modeling. Linear
mixed-effects modeling revealed that more negative bias scores were
associated with higher HDRS-17 scores, particularly for positive valence stimuli.
Additionally, greater time elapsed since DBS implantation was associated with
a decrease in HDRS-17 scores, indicating clinical improvement over time.
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Discussion:
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Our findings demonstrate that the affective bias task leverages

the inherent negative interpretation bias seen in individuals with depression,
providing a standardized measure of how these biases change over time.
Unlike traditional mood assessments, which rely on subjective introspection, the
affective bias task consistently measures changes in mood, offering potential as
a tool to monitor mood changes and evaluate the candidacy of DBS treatment
in refractory depression.

KEYWORDS

affective bias, facial emotion, mood proxy, deep brain stimulation, subcallosal cingulate,
ventral capsule striatum, treatment-resistant depression

1 Introduction

Treatment-resistant depression (TRD) is a form of major
depressive disorder that does not respond to traditional treatments
such as pharmacological intervention or cognitive behavioral
therapy (Sackeim, 2001; Mayberg et al., 2005; Nemeroff, 2007).
Those with TRD suffer from debilitating symptoms such as
prolonged periods of depressed mood, low self-esteem, suicidal
thoughts, and changes in sleep and appetite (Sackeim, 2001;
Tonescu et al., 2015; Touloumis, 2021). With 2.8 million cases of
TRD in the U.S. alone resulting in a total annual burden of $43.8
billion, there is an urgent need for new therapies that can treat TRD
effectively (Zhdanava et al., 2021). Deep brain stimulation (DBS)
is a relatively new method of treating TRD in which surgically
implanted electrodes are used to chronically stimulate specific
anatomical white matter targets within the brain and is thought
to normalize activity across the circuit implicated in depressive
disorders (Mayberg et al., 2005; Surguladze et al.,, 2005; Lozano
et al., 2008; Malone et al., 2009; Harmer et al., 2009a; Heller et al.,
2009; Crowell et al., 2019; Godlewska and Harmer, 2021). Although
not consistent, DBS applied to the subcallosal cingulate (SCC) or
the ventral capsule/ventral striatum (VCVS) has shown promising
results in reducing depression severity in those with TRD (Mayberg
et al,, 2005; Lozano et al., 2008; Malone et al., 2009; Crowell et al.,
2019; Drobisz and Damborska, 2019).

Quantifying the effects of DBS on mood has been a challenge
(Daneshzand et al., 2018; Roet et al., 2020; Funkiewiez et al.,
2004; Burn and Troster, 2004; Temel et al, 2006; Campbell
et al, 2012), in part related to limitations inherent to self-
report measures. A major confounding hallmark of the self-
report assessments for this disorder is the common occurrence
of alexithymia in which patients cannot accurately quantify their
emotional state in MDD (Taylor, 1984; Hemming et al, 2019).
Effects of depression symptomatology are also compounded by
demand characteristics and cost invasiveness in clinical studies,
which can often influence patients to consciously alter their scores
in order to suit the goals of the study (Davidson et al., 2020).
Measures such as the Hamilton Depression Rating Scale [HDRS-
17] or Montgomery-Asberg Depression Rating Scale [MADRS]
are the current gold standard used to guide DBS programming
(Hamilton, 1960; Wideman et al., 2013; Drobisz and Damborska,
2019; Davidson et al., 2020). While these assessments are accurate
in assessing mood, they, and the clinical DBS trials that employ
them, are limited by their reliance on a patient’s insight into
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their own emotional state, which is often compromised in mood
disorders such as depression (Davidson et al., 2020; Talarowska
et al., 2016). In addition, as the field moves further in the direction
of therapeutic settings tailored to the individual patient, there will
be a need for metrics that can be assessed more frequently than
the typical measurement window for clinician-administered scales
which track changes in depression on the order of weeks to months
(Harmer et al., 2009a; Lozano et al., 2019). Thus, the identification
of an implicit measure of depression could allow for faster and
more accurate identification of successful treatment paradigms and
reduce variation in patient outcomes (Davidson et al., 2020; Fenoy,
2020; Dorz et al., 2004).

One promising measure of mood state is the construct of
affective bias, the phenomenon whereby external emotional stimuli
are interpreted in a manner consistent with one’s own emotional
state (Surguladze et al., 2005; Heller et al., 2009; Roiser et al., 2012;
Harmer, 2013). Seminal work in the psychological sciences has
demonstrated the association between affective bias and depressive
symptoms such that those with depression interpret emotional
stimuli more negatively compared to non-depressed controls (Gur
et al, 1992; Mathews and MacLeod, 2005; Surguladze et al,
2005; Beck, 2008; Harmer et al., 2009b; Gotlib and Joormann,
2010; Disner et al, 2011; Bijanki et al, 2014; Rutter et al,
2020). Previous studies have shown that in depressed patients
taking antidepressant medication, behavioral ratings of emotionally
valence facial expression stimuli can predict both, future changes
in mood and antidepressant response to the medication given
(Harmer et al., 2009b,a, 2004; Roiser et al., 2012; Harmer, 2013).

2 Materials and methods

2.1 Study overview

2.1.1 Emory cohort

This study was approved by the Emory University Institutional
Review Board (clinicaltrials.gov NCT00367003) and the FDA (IDE:
G060028). Data was collected from 2015 to 2018. In this clinical
trial, eight participants with TRD underwent surgical implantation
of DBS electrodes, followed by open-label programming of deep
brain stimulation (DBS) over 6 months, with the primary clinical
outcome measure being the change in depression symptom severity
from the beginning of this period, as measured through the
Hamilton Depression Rating Scale (HDRS-17) and other clinical
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FIGURE 1
Deep brain stimulation (DBS) timeline. (A) Emory E001. (B) Baylor BOO1 (COVID-19 disruptions). (C) Baylor BOO2 (patient paused research activities).
Example Emory (A) and Baylor (B, C) patient deep brain stimulation timelines. BOO1 timeline (B) Depicts impact of COVID-19 disruptions on the study.
B002 timeline (C) Depicts impact of study disruptions resulting from patient pausing research activities.

assessments. These participants are referred to as E001-E008. In
addition to their clinical depression rating scales, participants also
completed the Affective Bias Task (ABT) at each out-patient visit to
the psychiatry clinic, approximately once per month (Figure 1A).

2.1.2 Baylor cohort

This study was approved by the Baylor College of Medicine
Institutional Review Board (clinicaltrials.gov NCT03437928) and
the FDA (IDE: G180300). Data were collected from 2020 to
2022. In this clinical trial, participants with TRD underwent DBS
implantation and intracranial monitoring, followed by open label
programming of DBS over 8 months, with the primary clinical
outcome measure being the change in depression severity as
measured by the HDRS-17 and MADRS. These participants are
referred to as BOO1 and B002. BOOI received DBS over 10 months
due to a prolonged pause in the study (177 days) required by
COVID-19 restrictions during 2020. B002 received DBS over 18
months due to a prolonged pause in the study (244 days) resulting
from a temporary disruption in research activities (Figures 1B, C;
Sheth et al., 2022).

2.2 Participants

2.2.1 Emory cohort

Key inclusion criteria consisted of: age between 18 and 70
years with a diagnosis of major depressive disorder (confirmed
with the Structured Clinical Interview for DSM-IV) and by the
study psychiatrists (PRP, ALC); a current depressive episode of
at least 12 months without significant response to at least four
adequate antidepressant treatments (scoring three or higher on
the Antidepressant Treatment History Form and verified through
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medical records); lifetime failure or intolerance of electroconvulsive
therapy or inability to receive electroconvulsive therapy; average
score >20 on the HDRS-17 averaged over the 4 weeks prior to
surgical implant; Global Assessment of Function (GAF) of 50
or less; capacity to provide informed consent; and being able to
relocate to the Atlanta area for 7 months (American Psychiatric
Association, 2013). Participants joining the study were notified
of the study’s purpose, participant commitment, potential risks
and benefits, and all patients provided written informed consent.
Additional demographic and clinical characteristics of the patients
can be found in Table 1.

2.2.2 Baylor cohort

Participants at the BCM site included one male and one female
with a mean age of 46.5. Key inclusion criteria consisted of: age of
22-70 years with a DSM-V diagnosis of a current major depressive
episode (MDE) > 24 months duration without significant response
to at least four adequate antidepressant treatments from at
least two different treatment categories (scoring three or higher
on the Antidepressant Treatment History Form and verified
through medical records); previous trial of electroconvulsive
therapy; average score >20 on the HDRS-17 on two separate
assessments (at initial screening and 1 week before surgery); normal
brain MRI within 3 months of surgery; stable antidepressant
medication regimen for the month preceding surgery; capacity to
provide informed consent; and ability and willingness to attend
regular clinic visits for at least 12 months (American Psychiatric
Association, 2013). Participants joining the study were notified
of the study’s purpose, participant commitment, potential risks
and benefits, and all patients provided written informed consent.
Additional demographic and clinical characteristics of the two
patients can be found in Table 2.
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TABLE 1 Emory cohort (n = 7) demographic and clinical characteristics of study participants receiving subcallosal cingulate deep brain stimulation for
treatment-resistant depression.

Subject ID Gender Age Race Psychiatric Current depressive Baseline MDD age
comorbidities episode chronicity HDRS-17 onset
(months)

E001 Female 70 Non-hispanic white | None 36 21 36

E002 Male 64 Non-hispanic white 22

E003 Female 62 Non-hispanic white 25

E004 Male 57 Non-hispanic white | None 24 17 27
E005 Male 38 Non-hispanic white | GAD 60 18 32

E006 Female 45 Non-hispanic white | None 13 27 16
E007 Male 28 Non-hispanic white 22

TABLE 2 Baylor cohort (n = 2) demographic and clinical characteristics of study participants receiving subcallosal cingulate and ventral capsule/ventral
striatum deep brain stimulation for treatment-resistant depression.

Subject ID Gender Age Race Psychiatric Current depressive Baseline MDD age
comorbidities episode chronicity HDRS-17 onset
(years)
B0O1 Male 37 Hispanic white OCD 10 24 27
B002 Female 56 Non-hispanic white | None 30 22 26

2.3 Deep brain stimulation

2.3.1 Emory cohort

DBS electrodes were surgically implanted in the subcallosal
cingulate (SCC; Figure 2A). During the outpatient therapeutic
phase of the study, patients received continuous stimulation to
the SCC in the electrode contact combinations shown through
diffusion weighted imaging (DWI) tractography and intraoperative
behavioral testing to be most likely to generate a therapeutic
response (Riva-Posse et al., 2018; Sendi et al., 2021). Participants’
stimulation was consistently administered at 130 Hz using the
Lilly pulse waveform with passive recharge as generated by the
Medtronic PC+S implantable pulse generators. Amplitude ranged
from 4 to 8 mA per lead, and pulse width ranged from 87 to 91
microseconds as indicated clinically.

2.3.2 Baylor cohort

DBS electrodes were surgically implanted in the subcallosal
cingulate (SCC) and the ventral capsule/ventral striatum (VCVS;
Figure 2B). During the outpatient therapeutic phase of the
study, patients received multi-lead combinations of stimulation
to the SCC and VCVS in contact combinations guided by
DWI tractography and intracranial electrophysiology to be
most likely to generate a therapeutic response (Sheth et al,
2022). Participants’ stimulation was consistently administered at
130Hz using the Lilly-pulse waveform with passive recharge
as generated by the Boston Scientific Gevia Implantable
Pulse Generator. Amplitude ranged from 4 to 8 mA per lead,
and pulse width ranged from 120 to 180 microseconds as
determined clinically.
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2.4 Affective bias task

2.4.1 Emory cohort

After the administration of the HDRS-17 at the beginning
of each out-patient visit, participants completed the affective bias
task. Participants rated the emotional content of static, colorized
photographs of adult human faces presented to a display monitor
(Viewsonic VP150, 1,920 x 1,080) positioned at a distance of 57 cm.
Faces consisted of emotional and neutral faces adapted from the
NimStim Face Stimulus Set (Tottenham et al., 2009). Happy, sad,
and neutral face exemplars (six identities each; three male, three
female) were morphed using a Delaunay tessellation matrix to
generate subtle facial expressions ranging in emotional intensity
from neutral to maximally expressive in steps of 10, 30, 50, and
100% for happy and sad faces alike (Figure 3A). The final stimulus
set consisted of 54 stimulus exemplars [six identities x nine levels
of intensity (100% sad, 50% sad, 30% sad, 10% sad, neutral, 10%
happy, 30% happy, 50% happy, and 100% happy); Bijanki et al.,
2014].

Trials began with the presentation of a white fixation cross
presented on a black background for 1,000 ms (jittered 4+/- 100 ms)
followed by the simultaneous appearance of a face and a rating
prompt (appearing on the left and right sides of the display,
respectively; Figure 3B). The rating prompt consisted of an active
analog slider placed below text instructing patients to “Please rate
the emotion” (Figure 3B). Participants used a computer mouse
to indicate their rating by clicking a location on the slider bar.
Ratings were recorded using a continuous scale ranging from
0 (“Very Sad”) to 0.5 (“Neutral”) to 1 (“Very Happy”). Stimuli
were presented in a blocked design in which all happy faces
(including neutral) appeared in one block while all sad faces (plus
neutral) appeared in a separate block, from here on referred to
as the positive block and the negative block, respectively. Blocks
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(A)
Sagittal view Coronal view
FIGURE 2

Deep brain stimulation electrode placement. (A) Emory. (B) Baylor. Sagittal and coronal views of DBS electrodes and regions of interest for Emory
and Baylor patients. Emory patients (A) received DBS to the SCC. Baylor patients (B) received DBS to the SCC and VCVS. DBS, deep brain stimulation;

SCC, subcallosal cingulate; VCVS, ventral capsule/ventral striatum.

consisted of one presentation of each image for a total of 30
randomized trials per block which vary in intensity across the
block (six identities x five levels of intensity). A recording session
consisted of two blocks each of happy and sad faces, alternating
between positive and negative blocks. The order of the blocks
was not counterbalanced across participants; the negative block
was presented first for each administration of the ABT. The ABT
was administered approximately once each month during the 6
months of open-label programming. ABT blocks were collected
twice per participant per visit (two blocks each of happy and sad
faces), with one administration before transient discontinuation
of stimulation, and another following acute discontinuation of
stimulation (Figure 3C). Data collected from the ABT with and
without stimulation were combined into a single dataset after a
linear mixed-effects model confirmed the non-significant effects
of transient discontinuation of stimulation on ratings of faces
(for further information, see Results: Stimulation Status Effect on
Bias Ratings). All stimuli were presented using the Psychtoolbox
extensions for MATLAB (Brainard, 1997).

2.4.2 Baylor cohort

The HDRS-17 and ABT were administered to the TRD patients
using the same protocol as the Emory cohort except for the
following differences. The ABT was administered three times per
participant per visit (three blocks each of happy and sad faces), with
all administrations of the ABT performed under active stimulation
except for one visit at which the ABT is administered without
stimulation prior to surgery (Figure 3D). In addition, the order of
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the positive and negative blocks of the ABT was counterbalanced
across participants. We intended to administer the ABT once
every 2 weeks for the first 5 months of open-label programming.
However, due to COVID-19 complications, we were not able to
collect data at our intended frequency. Data were collected at
variable intervals for both B001 (7-177 days between visits) and
B002 (14-28 days between visits; Figure 1). Data was collected
at variable intervals for B001 and B002 (Figures 1B, C for a
detailed timeline).

2.5 Normative data collection for affective
bias task

To obtain a normalized measure of ABT performance when
performed by healthy controls, we used Amazon’s Mechanical Turk
(MTurk) platform to administer the ABT to healthy, non-depressed
individuals. The stimuli and experimental design were identical
to the task administered to TRD patients with a few exceptions.
Given the nature of the task, we were unable to control the distance
from or the size of the screen. We were also unable to add jitter
between trials. Images were the same as the TRD studies and were
presented in pseudo-random order in blocked design (i.e., neutral
plus sad faces in one block, neutral plus happy faces in a separated
block) in the same way as in the TRD studies. Four hundred MTurk
participants were initially screened for depression symptoms, and
the face rating task was administered to the participants exhibiting
no initial symptoms via Qualtrics (n = 86, Mean Age = 39.3, M:F
ratio = 47:39). Averaged “norm” values were calculated for each
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©

- ABT DBS Programming
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ABT DBS Programming
FIGURE 3

Aective bias task information and visit structure. (A) Morphed faces. (B) Task slide. (C) Outpatient visit structure (Emory). (D) Outpatient visit structure
(Baylor). Visualization of valence and intensity parameters for faces shown in the aective bias task (A). Faces were morphed from neutral to sad, and
neutral to happy in steps of 10, 30, 50, and 100%. Faces were presented on a black background (B). Participants used a slider bar to rate the emotion
of the face. Outpatient visit structure shows order of behavioral inventory tasks, and changes to stimulation parameters over the 1 h visit (C,D).
Original images were taken from the NimStim facial expression stimulus set (Tottenham et al., 2009).

face after administration of the task to the healthy controls through ~ number of ratings that were more than two standard deviations
MTurk (the “expected score”). To control for outliers and address  outside the mean for each image. Those values were then subtracted
the possibility of poor task performance, we excluded the small ~ from the TRD patients’ ratings of the same faces (the “observed
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score”) to determine each patient’s deviance from the norm value
for each face. This measure is referred to as the bias score, which we
use as an operationalized measure of negative affective bias.

2.6 Statistical approach

2.6.1 Pre-DBS to post-DBS affective bias scores

The affective bias score change between pre-DBS and post-DBS
timepoints was identified at the group level (i.e., all trials from
all patients) using MATLAB 2023b. Pre-DBS scores were defined
as those taken at the first out-patient visit before stimulation was
turned on. Two subjects did not have an ABT score from that
appointment, so the score collected closest in time to the first
outpatient visit but before stimulation was turned on was used.
Post-DBS scores were defined as scores taken on the final outpatient
visit. Student’s two-sample ¢-tests (¢-test 2, MathWorks 2023b) were
used to identify if there were differences between pre- and post-
DBS ABT scores for total bias (positive and negative valences across
all intensities except neutral), positive bias (all positive trials at
all intensities except neutral), and negative bias (all negative trials
at all intensities except neutral). Permutation testing was used to
assess the robustness of the group level comparisons, where ABT
scores were shuffled between the pre- and post- conditions, and
the new pseudo pre- and post-DBS distributions were compared
using a students two-sample t-test for 5,000 iterations, and a
permutation p-value was computed by dividing the number of
pseudo comparison t-statistics that were more extreme than the
true t-statistic by the total number of iterations [permutation p-
value = (# pseudo t-statistics <= true t-statistic)/5,000].

2.6.2 Linear modeling

Data analysis was performed using RStudio (RStudio Team,
2020). Linear modeling was done at the group level (i.e., data
from all 10 patients across both clinical sites were entered into the
same model). The final dataset, which included bias scores matched
with same-day longitudinal HDRS-17 scores for all 10 participants,
was entered into two iterations of an “HDRS~Bias” linear mixed-
effects model (Bates et al., 2015). For the first iteration of the
linear mixed-effects model, the dependent variable was the HDRS-
17 score, with fixed effects of “weeks since surgical implantation
of DBS electrodes,” bias score, valence (happy and sad), intensity
(subtle and overt), and “initial HDRS-17 score just after surgical
implantation of DBS electrodes,” and a random intercept by
participant. Previous studies have reported differential processing
between emotionally positive and negative stimuli. Thus, we fitted
an interaction between the bias score and valence fixed effects
(Levens and Gotlib, 2010; Rottenberg et al., 2005). Of note, the
data set for participant E005 was missing the initial HDRS-17 score
and was excluded from this first iteration of the model. The “initial
HDRS-17 score just after surgical implantation of DBS electrodes”
yielded a non-significant result (p = 0.52), so a second linear mixed-
effects model was run which included data from all 10 participants
and, aside from the exclusion of “initial HDRS-17 score just after

»
>

surgical implantation of DBS electrodes,” included the same fixed

effects, interactions, and random effects. Each iteration of the
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TABLE 3 Type Il Wald chi-square ANOVA test results for combined cohort
linear mixed-effects model.

Fixed effect c? Df Pr (>c?)
Bias score 10.49 1 0.0012
Valence 0.03 1 0.8711
Bias score™ Valence 8.47 1 0.0036
Week 489.65 1 <0.0001
Intensity 0.02 1 0.9022

Week, weeks since surgical implantation of deep brain stimulation electrodes. The * denotes
an interaction of fixed effects.

TABLE 4 Type Il Wald chi-square ANOVA test results for Baylor-only
linear mixed-effects model.

Fixed effect c? Df Pr (>c?)
Bias score 32.64 1 <0.0001
Valence 1.38 1 0.2405
Bias score® Valence 0.0005 1 0.9830
Week 64.1889 1 <0.0001
Intensity 0.5228 1 0.4697

Week, weeks since surgical implantation of deep brain stimulation electrodes. The * denotes
an interaction of fixed effects.

TABLE 5 Type Il Wald chi-square ANOVA test results for Emory-only
linear mixed-effects model.

Fixed effect c? Df Pr (>c?)
Bias score 6.06 1 0.0138
Valence 0.0195 1 0.8889
Bias score™ Valence 2.6278 1 0.1050
Week 1653.82 1 <0.0001
Intensity 0.1589 1 0.6902

Week, weeks since surgical implantation of deep brain stimulation electrodes. The * denotes
an interaction of fixed effects.

model initially included a random intercept effect by cohort, but the
random effect was removed due to a singular fit within the model.
A Type II Wald chi-square ANOVA test was then performed on
the final iteration of the linear mixed-effects model (Table 3). The
same linear modeling analyses were applied to each cohort (Baylor,
Emory) separately (Tables 4, 5).

2.6.3 Leave-one-out cross-validation (LOOCV)

LOOCV was performed at the patient level using the same
model structure as is reported in the linear mixed-effects
analyses. We held out one patient at a time, refit the LME,
and used this model to predict HDRS-17 scores per subject.
We then computed the R? between the predicted and actual
HDRS scores at each week per subject, and performed a single-
sample students t-test to compare the R? values across patients
to zero.

frontiersin.org


https://doi.org/10.3389/fnhum.2025.1539857
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org

Cui et al.

2.6.4 Control analysis: stimulation status effect on
bias scores

For the Emory cohort, ABT blocks (n = 146) were collected
both with (n = 73) and without (n = 73) active deep brain
stimulation. For the Baylor cohort, stimulation was chronically
active except for one administration of the ABT from the first visit.
A separate linear mixed-effects model was performed to determine
if stimulation status could be excluded from the fixed effects of the
initial HDRS~Bias linear model described in the previous section.
Due to the limited sample of Baylor cohort ABT administrations
performed without stimulation, a control analysis was performed
using data from the Emory cohort to determine if stimulation status
had a significant effect on bias ratings from the ABT. A Bias~Stim
linear mixed-effects model predicting bias scores was fitted with
fixed effects of stimulation status, “days since surgical implant of
DBS electrodes,” valence, and intensity, with a random intercept
for participant.

3 Results

We first sought to examine if ABT scores changed between the
longitudinal pre- and post-DBS timepoints (see methods for pre-
and post- timepoint definitions). To do so, we examined average
ABT scores across all trials and all subjects for total, positive,
and negative bias conditions. The total average ABT score across
both valences (positive, negative) and all intensities showed a
positive change between pre- and post-DBS timepoints, such that
the average negative affective bias seen before the onset of chronic
DBS was almost entirely extinguished, with a final total bias score
approaching zero [t 33g) = —3.4456, p = 5.80e-04; Figure 4A].
This result was further qualified by a permutation test showing
the t-statistic of our true distributions was statistically significant
compared to randomly shuffled pre- and post- distributions (p
< 0.0001; Figure 4B). When positive and negative trials were
separated, we found that the negative valence condition showed no
change between pre- and post-DBS timepoints [t(; 165y = —0.8699,
p = 0.3845; Figure 4C]. Positive valence trials on the other hand,
showed a significant positive change in ABT scores, such that an
initial negative bias seen before chronic DBS was ameliorated, and
even became positively biased, after DBS [t(; 165y = —4.2128, p
= 2.716e-05; Figure 4C], which was recapitulated by permutation
testing (p < 0.0001, Supplementary Table S1).

Our next objective across both cohorts was to determine
whether affective bias scores vary as a function of HDRS-17 scores
at the group level. We assessed the potential relationship between
HDRS-17 scores and bias scores using a group-level HDRS~Bias
mixed-effects linear model with the following covariates: weeks
since surgical implantation of DBS electrodes, bias score, valence
(happy and sad), intensity (subtle and overt), an interaction
term between bias score and valence, and a random intercept
by participant (Supplementary Table S2). The model reveals a
significant interaction of bias rating by valence, indicating a
statistically robust relationship between bias scores and HDRS-17
scores, while statistically controlling for the effects of time, patient
variation, and initial depression severity. Type II Wald chi square
ANOVA revealed a significant fixed-effect for the bias score [fixed-
effect estimate = —0.26, Chi square = 10.49, Pr (>X2) = 0.0012;
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Table 3] such that more negative bias scores were associated with
higher HDRS-17 scores. The Type II Wald chi-square ANOVA test
also resulted in a significant interaction between bias scores and
valence [fixed-effect estimate = —2.88, Chi square = 8.47, Pr (> x?2)
= 0.0036; Table 3] such that bias scores collected from positive
blocks of the ABT were stronger predictors of HDRS-17 scores
than bias scores collected from negative blocks of the ABT. Lastly,
the Type II Wald chi square ANOVA test resulted in a significant
fixed-effect for weeks since surgical implantation of DBS electrodes
[fixed-effect estimate = —0.06, Chi square = 489.65, Pr (>x?)
<0.0001; Table 3] such that greater time elapsed in the study was
associated with a decrease in HDRS-17 scores.

A parallel analysis was applied to each cohort (Emory, Baylor),
separately to examine the robustness of the results across clinical
sites. The type II Wald chi square ANOVA for the Baylor cohort
revealed a significant effect for bias score [fixed-effect estimate =
—3.05, Chi square = 32.64, Pr (>)(2) < 0.0001; Table 4], such
that more negative bias scores were associated with higher HDRS-
17 scores, and with weeks since surgical implantation [fixed-effect
estimate = —1.47, Chi square = 64.19, Pr (>X2) <0.0001; Table 4],
such that greater time elapsed in the study was associated with
a decrease in HDRS-17 scores. This finding was echoed in the
Emory cohort for both bias score [fixed-effect estimate = —0.70,
Chi square = 6.06, Pr (>x2) < 0.014; Table 5] and weeks since
implantation [fixed-effect estimate = —0.32, Chi square = 1653.82,
Pr (> x?2) < 0.0001; Table 5].

To further validate our findings, we conducted a leave-one-
(patient)-out cross-validation (LOOCV) analysis to predict HDRS-
17 scores from bias scores while incorporating the effects of valence,
intensity, and week as in the aforementioned linear model for the
combined cohort dataset (see methods). Results suggest that the
mixed effects of bias score, valence and intensity explain a moderate
amount of the variability in HDRS scores per week within each
subject [Mp_squared (SD) = 0.46(0.28); T(9) = 5.04, p < 0.001].

3.1 Control analysis: stimulation status
effect on bias ratings

To determine if stimulation status could be excluded from the
fixed effects of the HDRS~Bias linear model, a separate linear
mixed-effects model was fitted to determine if stimulation status
had a significant effect on bias scores (Bias~Stim). This resulted in
the following linear mixed-effects model: [Bias Score ~ Stimulation
Status + “Days Since Surgical Implant of DBS Electrodes” +
Valence + Intensity + (1|Subject ID); Supplementary Table S1].
There was not a significant effect of stimulation status on bias scores
(p = 0.53), so the fixed effect of stimulation status was excluded
from our linear mixed-effects model predicting HDRS-17 scores
(for further information, see Methods: Linear Modeling).

4 Discussion

Previous studies have demonstrated modulation of affective
bias in depressed patients undergoing oral antidepressant treatment
(Harmer et al, 2004, 2009a,b; Roiser et al, 2012; Harmer,
2013). Here we report the first instance in which this effect is
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FIGURE 4
Pre- to post- DBS change in affective bias score. (A) Trial-level total bias change. (B) Permutation test distribution. (C) Trial-level bias change by
valence. Total bias (across positive and negative trials and all intensities) becomes less negative on average after DBS compared to before DBS onset
(A). Permutation tests demonstrate the robustness of total bias shift between pre- to post-DBS timepoints, where the true distribution difference is
more extreme than shuffled pre- and post-DBS distribution differences (B). Total bias distributions are separated by valence (positive, negative),
which shows a significant pre- to post-DBS bias change for the positive but not negative stimulus condition (C).

observed in patients with treatment-resistant depression, and those
undergoing deep brain stimulation. Specifically, we show that
affective bias scores track with clinical depression evaluations over
the longitudinal time course of DBS therapy in patients studied
at two academic medical centers. Furthermore, we demonstrate
the applicability of affective bias as a read-out of long-term
DBS therapy.

The efficacy of DBS has been difficult to establish in clinical
trials: reports show highly-variable patient response (20-60%)
and remission rates (9-50%) over a wide range of time periods
(3 months - several years) in chronic stimulation targeting the
SCC or VC/VS, with some studies showing comparable “response
rates” between active and sham stimulation groups (Lozano et al.,
2008; Delaloye and Holtzheimer, 2014). We believe a substantial
portion of this variability could be ameliorated by shifting the
focus away from self-reported mood inventories which rely on
a patients insight into their own emotional state, which is often
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impaired in mood disorders such as depression and can be easily
influenced by external factors relating to the study. For example,
depressed patients are more likely to suffer from alexithymia, a
condition associated with difficulty describing one’s own emotional
experiences (Taylor, 1984; Hemming et al., 2019). Even healthy
non-depressed patients are known to have difficulty remembering
their affective experiences accurately over time, an effect which
is exaggerated MDD populations (Kohler et al., 2015; Talarowska
et al., 2016). Furthermore, in clinical DBS trials for TRD, factors
such as the greater cost or invasiveness of DBS can lead to changes
in self-reports of mood that result from placebo effects and do
not necessarily reflect the patients’ true emotional states (Davidson
etal., 2020). Demand characteristics inherent to a voluntary clinical
DBS trial for treatment-resistant depression can also result in
changes in a patient’s self-report of mood to fit the goals of the
study, and a patient’s own expectations and optimism about the
DBS treatment can result in subconscious changes in self-reports
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of mood that do not reflect true changes in their emotional state
(Davidson et al., 2020). These inherent limitations have given
rise to a search for biomarkers of treatment response, including
electrophysiological signatures (Alagapan et al., 2023), peripheral
nervous system markers (Riva-Posse et al., 2018), and as in the
current report, cognitive proxies (Hilimire et al., 2015).

Given the limitations of the patient-reported depression scales,
there exists a need for a measurement of mood that can exceed
the reliability of symptom reports of mood and move closer to the
cognitive or perceptual substrates underlying depressed mood. As
a subconscious account of mood biases that can be administered
in minutes, the ABT meets the first criterion for an effective
cognitive marker of mood. Further, the findings from this study
provide proof-of-concept for using the ABT behavioral assessment
as a proxy of longitudinal changes in depression for evaluation of
therapeutic effects. These findings support the future goal of using
the affective bias task as a means of quantifying changes not only
in fine grained fluctuations in instantaneous mood, but also in the
larger construct of depressive disease state.

Using the ABT in two separate cohorts of TRD patients
undergoing DBS, we show a significant relationship between the
progression of HDRS-17 scores throughout the DBS treatment
and affective bias, such that rating emotional facial expressions
as sadder than healthy controls’ ratings (negative affective bias) is
associated with more severe depressive symptoms as measured on
the HDRS-17. This relationship was detected longitudinally with
the antidepressant effects of DBS therapy and stands robustly in two
separate cohorts of patients across two clinical trials taking place
at separate clinical sites, regardless of stimulation target location
(SCC-only or SCC + VCVS) and clinical team. Even further, cross-
validation modeling suggested that the combined effects of bias
score, valence, and intensity explained a moderate and significant
proportion of the variability in HDRS scores at each week within
each subject.

To further characterize the nature of this relationship, we also
assessed if this relationship was modulated by other factors such
as the valence (happy vs. sad) and intensity (subtle vs. overt)
of the faces from which bias scores were collected. Although
we observed no consistent pattern that suggests the relationship
between bias scores and HDRS-17 scores is modulated by intensity,
we observed a significant interaction between bias scores and
valence such that bias scores collected from positive blocks of
the ABT were more strongly correlated with depressive severity.
This finding suggests that it may be more effective to track long-
term mood changes in depressed populations undergoing DBS
by using positive stimuli rather than negative stimuli, which is
in line with previous studies suggesting that normative positive
rather than negative affective processing is essential for optimal
emotional processing (Fredrickson, 2004; Schwartz and Caramoni,
1989), and that focusing on positive emotional stimuli during
neuromodulation can attenuate negative affective biases (Young
et al., 2017). Importantly, the difference in effect seen between
positive and negative affective processing in this study may also
clue to the distinct circuits underlying affective dysregulation in
depression, and subsequently, which circuits are most affected
during stimulation-based therapeutics. While positive and negative
affective circuits largely overlap, the top-down activation in
prefrontal cortices is most strongly associated with the generation
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of positive affect toward desired goals through the approach system,
and particularly in the left hemisphere, whereas the bottom-up
activation of the amygdala is proposed to organize negative affective
processing in response to threatening or aversive cues (Davidson,
2001; Ochsner et al.,, 2009). Another recent study by our group
found that deep-brain stimulation to the SCC restored normal
amygdalar response profiles to positive facial stimuli but not to
negative facial stimuli, and postulated that DBS works to release
the top-down inhibition of this circuit by the prefrontal cortex to
improve response to positive stimuli mediated by the top-down
circuit (Fan et al., 2024). While the previous study by Fan et al.
(2024) did not report behavioral effects of DBS on affective bias
scores, the physiological findings from this study, and the proposed
underlying mechanism of affective biases in treatment-resistant
depression, align with the behavioral effects seen in the current
longitudinal study. Overall, the results presented here may suggest
that DBS specifically acts upon the top-down affective circuit which
is most heavily implicated in positive affective processing, but not
the bottom-up affective circuit which is more often associated with
negative affective processing. Future studies should also examine
potential differences in affective valence biases on a more acute time
scale and in a larger cohort of subjects.

4.1 Limitations and future directions

The findings of this study suggest that our ABT is a robust
cognitive proxy of mood that can be tracked longitudinally.
However, this study is limited in both temporal resolution of data
collection and patient sample size. Identifying an index for mood
that is independent of self- and clinician- reported assessments is
an essential need of a successful treatment biomarker—one that
this study suggests is filled by the ABT. The second essential
component of a successful treatment biomarker is increased
temporal specificity for tracking the effects of treatments like DBS.
While the ABT has the potential to fill this need, the task data was
collected at the same interval as the clinician-administered HDRS-
17 scores. Thus, while we can resolve that ABT tracks mood as
effectively as the HDRS-17, we cannot examine if changes in ABT
due to different stimulation parameters occur on a faster time scale
than the robust changes in HDRS-17 score. Future studies should
investigate if ABT can track mood similarly to other depression
inventories that can be collected at shorter time intervals such as
the Computerized Adaptive Test-Depression Inventory (CAT-DI;
Gibbons et al., 2012), or if ABT scores change on a faster time scale
than HDRS-17. One way to identify the response latency of ABT is
sampling at a greater number of time points throughout the course
of treatment, perhaps by using an app-based collection of the ABT
data which would be more accessible to patients for day-to-day
screening than commuting to an office for behavioral monitoring.

Ideally, changes in ABT would occur on the order of minutes
following changes in stimulation parameters or when effective
stimulation is turned off, in which case there is no need to
collect ABT scores more frequently than the HDRS-17 scores.
Unfortunately, this was not reflected in the current dataset, as
an analysis of the effect of stimulation status on bias scores for
the Emory cohort yielded a non-significant result, indicating that
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ABT score did not change after turning off stimulation during the
Emory outpatient visits. For this reason, stimulation status was
excluded from the final iteration of the linear mixed-effect model. It
is possible that this relationship between bias score and stimulation
status, as well as the relationship between HDRS-17 score and bias
intensity (subtle vs. overt) went undetected because the study was
not adequately powered to identify these effects with a sample size
of 10 DBS patients. Still, it is also possible that the brief wash-
out duration allotted between stimulation parameter change and
ABT data collection (15min) within an outpatient session was
insufficient for the ABT score to change and for that change to
be detected. The true duration of stimulation effect wash-out is
not known, though some evidence suggests a slower wash-out with
SCC stimulation than for VCVS (Holtzheimer et al., 2017).

In any case, these effects warrant further psychometric
investigation in larger normative populations and at an increased
number of time points allowing for a longer wash-out period
throughout the course of treatment before implications can be
fully explored in the disease population. Future studies with higher
power can further explore moderating factors of the predictive
relationship between bias scores from the ABT and HDRS-17
scores, as well as the extent to which the ABT can show content
validity beyond convergence with canonical scales. Additional
routes of exploration include studying the effect of different
stimulation parameters—such as amplitude and DBS contact
locations—on bias scores and depression severity, or by examining
the effects of demographic factors on the reported effect. For
example, age is positively associated with a fading negative affective
bias, where younger patients typically show a negative affective bias,
and older adults show a bias toward positive information which
is hypothesized to be driven by increased emotional regulation
in later life (Marsh and Crawford, 2024). The small sample size
of the current study was accompanied by a disproportionate age
distribution between the DBS cohorts [M(13.63) = 50.89] and the
non-clinical MTurk cohort [M(13.5) = 39.3], where the MTurk
cohort was significantly younger than the DBS cohorts [tg3) = 2.31,
p = 0.023]. Given that the MTurk cohort was utilized to identify
a normalized measure of affective bias for comparison to the DBS
cohorts, it is possible that the reported age difference affected our
results. However, given that the older DBS cohort may have been
pre-disposed to a higher positive score at baseline compared to
our control dataset, this may suggest that the movement toward
positive affect after stimulation that is detected in the current study
is likely much smaller in magnitude than it would be for a younger
cohort which may start at a more negative affective baseline value.
Future investigation in a larger cohort which also controls for age
may, in fact, find a stronger and more robust difference in affective
bias with stimulation, or may allow for the detection within the
shorter washout period after stimulation for which the current
study was unable to detect any change. These future studies should
also account for other factors that influence patient performance on
the ABT including sex, ethnicity, and socioeconomic status.

5 Conclusion

In this study, we report a significant relationship between
HDRS-17 scores and bias scores from our ABT in two separate
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cohorts of patients undergoing DBS for TRD. When these patients
rated emotional faces shown in our ABT more negatively than
non-depressed controls performing the same task, it was associated
with greater depression severity. Although a similar effect has
been shown with depressed patients taking oral antidepressants,
to our knowledge, we report the first instance in which this
effect is observed in patients undergoing DBS for TRD. Our
findings represent a proof-of-concept for the potential use of our
ABT as a cognitive proxy of mood that can be used to quickly
evaluate the efficacy of different stimulation parameters within
the growing field of neuromodulation for the purpose of treating
mood disorders.
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