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Background: Repetitive transcranial magnetic stimulation (rTMS) can elicit 45–55 % response rates and may
alleviate suicidality symptoms in treatment resistant depression (TRD). Blunted anticipatory reward sensitivity
and negatively biased self-referential processing may predict trajectories of depressive and suicidality symptoms
in rTMS for TRD and be modulated during treatment.
Methods: Fifty-five individuals with TRD received four weeks of low-frequency rTMS applied to the right
dorsolateral prefrontal cortex (LFR-rTMS) and were followed until 17 weeks post-baseline. Participants
completed behavioral measures of anticipatory reward sensitivity and self-referential processing at baseline and
five weeks post-baseline (approximately one-week post-treatment). We examined whether baseline anticipatory
reward sensitivity and self-referential processing predicted trajectories of depressive and suicidality symptoms
from baseline to follow-up and whether these cognitive-affective variables showed change from baseline to week
five.
Results: Anticipatory reward sensitivity and negative self-referential encoding at baseline were associated with
higher overall depressive symptoms and suicidality from baseline to 17 weeks post-baseline. At week five,
participants self-attributed a higher number of positive traits and a lower number of negative traits and had a
lesser tendency to remember negative relative to positive traits they had self-attributed, compared to baseline.
Limitations: The specificity of these results to LFR-rTMS is unknown in the absence of a comparison group, and
our relatively small sample size precluded the interpretation of null results.
Conclusions: Baseline blunted anticipatory reward sensitivity and negative biases in self-referential processing
may be risk factors for higher depressive symptoms and suicidality during and after LFR-rTMS, and LFR-rTMS
may modulate self-referential processing.

1. Introduction
Fewer than half of individuals diagnosed with Major Depressive
Disorder (MDD) will recover after their first treatment (Connolly and
Thase, 2011; Holtzheimer and Mayberg, 2011). Furthermore, 20–30 %
of individuals with MDD suffer from treatment-resistant depression
(TRD), defined as failure to respond to one or more adequate trials of
antidepressant medication treatment (Rizvi et al., 2014; Trevino et al.,
2014; Zhdanava et al., 2021). Repetitive transcranial magnetic stimu
lation (rTMS), which involves repeated stimulation of the cortex using a

magnetic coil, typically targeting dorsolateral prefrontal cortex (DLPFC;
Brunoni et al., 2017), is a safe and non-invasive first-line treatment for
TRD that demonstrates 45–55 % response rates (Chen et al., 2013; Milev
et al., 2016). Stimulation with rTMS not only activates DLPFC neurons
locally but also propagates through functional pathways to influence
more distant regions and can alleviate mood and anxiety symptoms
(Eshel et al., 2020; Ge et al., 2020; Ge et al., 2022; Li et al., 2004).
Importantly, suicidality is highly prevalent among individuals with TRD
(Bergfeld et al., 2018), and there is preliminary evidence suggesting that
rTMS may alleviate suicidality symptoms, although findings are mixed
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(Bozzay et al., 2020; Chen et al., 2022; Cui et al., 2021; Mehta et al.,
2022a; Mehta et al., 2022b; Weissman et al., 2018).
Challenges assigning appropriate treatments for individuals with
MDD has prompted research examining cognitive-affective processes
altered by various depression treatments as well as clinical, behavioral,
and neuroimaging predictors of response. Relevant research to date has
focused primarily on pharmacological and psychological interventions
(Clark et al., 2009; Harmer et al., 2017; Holmes et al., 2018; Roiser et al.,
2012), but there is a growing need for predictors of response to rTMS
and a greater understanding of the specific cognitive-affective processes
it may modulate.
MDD is associated with important differences in cognitive-affective
processes, such as blunted anticipatory reward sensitivity, referring to
the tendency to experience approach motivation in response to poten
tially rewarding stimuli, situations, and events (Husain and Roiser,
2018). In addition, there is aberrance in self-referential processing, a
broad construct capturing cognitive processes involving evaluations of
the self and predominantly studied in terms of self-referential encoding
(the tendency to attribute positive or negative characteristics to oneself)
and self-referential memory bias (the tendency to recall characteristics
about oneself that are either positive or negative), both found to be
negatively biased in MDD (Dainer-Best et al., 2018; Northoff et al.,
2006). These cognitive-affective processes are also associated with sui
cidality (Bulteau et al., 2021; Hutchinson et al., 2021; Stewart et al.,
2019; Tsypes et al., 2019, 2021). Both blunted anticipatory reward
sensitivity and negatively biased self-referential processing not only
change in response to pharmacological and psychological interventions,
but have also been useful in predicting changes in depressive symptoms
(Allen et al., 2019; Burkhouse et al., 2016; Dichter et al., 2009; Dunlop
et al., 2020; Fisher et al., 2022; Whitton et al., 2020). However, little is
known about cognitive-affective changes associated with rTMS or
whether individual differences in cognitive-affective processing prior to
LFR-rTMS may be associated with changes in depressive and suicidality
symptoms in response to treatment.
Limited research to date suggests that low-frequency rTMS, which is
thought to have an inhibitory effect on cortical excitability (Riedel et al.,
2019; Watanabe et al., 2014), may alter reward sensitivity and selfreferential processing in healthy individuals. Non-clinical studies have
shown changes in reward-related valuations and decision making
following a single session of low-frequency rTMS applied to the right
DLPFC (LFR-rTMS; Camus et al., 2009; Tulviste and Bachmann, 2019).
There is also evidence suggesting low-frequency rTMS applied to the
medial prefrontal cortex may alter processing of negative personality
attributes (De Pisapia et al., 2019). However, no previous studies have
examined how low-frequency rTMS may influence reward sensitivity
and self-referential processing in MDD, despite the fact that LFR-rTMS
has good evidence of treatment efficacy for TRD (Miron et al., 2020).
To address these gaps, the objectives of this study were to examine in
a sample of participants with TRD who received a course of LFR-rTMS
whether (1) baseline anticipatory reward sensitivity and selfreferential processing was associated with trajectories of depressive
and suicidality symptom change over the course of treatment and up to
17 weeks post-baseline and (2) anticipatory reward sensitivity and selfreferential processing changed from baseline to five weeks post baseline
(approximately one week post-treatment). While we consider the
research questions addressed in this study exploratory given the limited
related research to date, we formulated tentative hypotheses based on
existing literature. Informed by previous findings that blunted reward
sensitivity and negatively biased self-referential processing may be
associated with trajectories of depressive and suicidality symptoms, we
hypothesized that these cognitive-affective processes at baseline would
also be associated with changes in depressive and suicidality symptoms
in response to LFR-rTMS. We also predicted that anticipatory reward
sensitivity would increase and negative biases in self-referential pro
cessing would decrease from baseline to week five, particularly for
treatment responders (defined as a ≥ 50 % decrease in depressive

symptoms at five weeks compared to baseline), consistent with research
showing changes in these cognitive-affective processes in response to
psychological and pharmacological treatments for depression.
2. Methods
2.1. Participants and procedures
This study was part of an open-label clinical trial of LFR-rTMS in TRD
(NCT03642522) approved by the University of British Columbia and
Vancouver Coastal Health Research Institute Clinical Research Ethics
Boards. Participants were adult psychiatric outpatients recruited from
November 1, 2018, to March 30, 2020, in British Columbia, Canada.
Eligible participants had a Mini-International Neuropsychiatric Inter
view (MINI; Sheehan et al., 1998) confirmed diagnosis of MDD and were
in an acute depressive episode at study enrollment (defined as a score of
22 or greater on the Inventory of Depressive Symptomatology; Rush
et al., 1986), were between 18 and 80 years old, and had a history of
treatment-resistance to antidepressant medication (i.e., had failed to
achieve a clinical response to at least one adequate dose of an antide
pressant based on an Antidepressant Treatment History Form [ATHF;
Oquendo et al., 2003] score of ≥3 in the current episode or had been
unable to tolerate at least two separate trials of antidepressants of
inadequate dose and duration [ATHF 1 or 2]). Exclusion criteria were
major medical comorbidities, a psychiatric diagnosis causing greater
impairment than MDD, alcohol and substance dependence or abuse
within the three months prior to recruitment, active suicidal intent, and
prescribed anticonvulsants or high-dose benzodiazepines. Written
informed consent was obtained from all participants. The Supplemen
tary Material includes additional details regarding inclusion and
exclusion criteria.
Computer-based behavioral tasks were administered at baseline and
five weeks post-baseline to measure anticipatory reward sensitivity and
self-referential processing. Of 73 patients screened, 55 were eligible and
enrolled in the study. All participants completed the behavioral tasks at
baseline and 48 at baseline and week five. Of the seven participants who
did not complete the tasks at week five, three participants withdrew
from the study, three missed their week five assessment, and one
completed the week five assessment online due to in-person visit re
strictions associated with the COVID-19 pandemic.
2.2. Repetitive transcranial magnetic stimulation treatment
Participants underwent low-frequency (1 Hz) rTMS applied to the
right DLPFC for 30 min five days per week for four weeks. The right
DLPFC was localized using an MRI-guided Neuronavigation system
(Visor 2.0, ANT Neuro, Enschede, Netherlands) based on Montreal
Neurological Institute coordinates (x = 36; y = 44; z = 26). rTMS was
delivered at 120 % RMT for a total of 1800 pulses per 30-min session.
2.3. Measures
2.3.1. Mini International Neuropsychiatric Interview (MINI; Sheehan et al.,
1998)
The MINI is a clinician-administered structured diagnostic interview
that assesses for current and past neuropsychiatric disorders based on
DSM-IV criteria. In this study, the MINI was used to determine eligi
bility. We also report frequencies of recurrent MDD diagnoses and any
co-morbid anxiety disorder (i.e., Panic Disorder, Social Anxiety Disor
der, Agoraphobia, or Generalized Anxiety Disorder). The MINI was
designed as a brief and highly sensitive measure of common neuropsy
chiatric disorders compatible with both the DSM-IV and International
Classification of Diseases (ICD-10) suitable for use in clinical and
research settings (Sheehan et al., 1998). The validity and reliability of
the MINI as a diagnostic screening tool have been established (Sheehan
et al., 1998; Sheehan et al., 1997).
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2.3.2. Montgomery-Åsberg Depression Rating Scale (MADRS; Montgomery
and Åsberg, 1977)
The MADRS is a 10-item clinician-rated scale measuring depressive
symptoms. Symptoms assessed include ‘apparent sadness’, ‘reported
sadness’, ‘inner tension’, ‘reduced sleep’, ‘reduced appetite’, ‘concen
tration difficulties’, ‘lassitude’, ‘inability to feel’, ‘pessimistic thoughts’,
and ‘suicidal thoughts.’ Items are rated as 0, 2, 4, or 6 based on severity.
The MADRS has demonstrated excellent internal consistency, construct
validity, and convergent validity (Carmody et al., 2006; Müller et al.,
2003). Treatment response was defined as ≥50 % reduction in MADRS
score, and non-response as a < 50 % reduction in MADRS score, from
baseline to week five. In the current study, the MADRS was administered
at baseline and weeks 2, 4, 5, 9, and 17.

included in the Supplementary Material (Supplementary Fig. S1).
2.3.4.2. Self-referential encoding and memory task (SRET). The SRET is a
computer-based task in which participants were presented with a series
of personal attributes (e.g., ‘attractive’, ‘lazy’) and asked to indicate
whether each of the words described them (yes or no response to, ‘De
scribes me?’). After the task, participants were spontaneously asked to
recall as many words as they could remember from the task. The SRET
has been used in numerous studies to capture emotional biases in the
encoding and memory of information attributed to the self in depression
(Dainer-Best et al., 2018; Dainer-Best et al., 2017). Three variables were
derived from the task: positive self-referential encoding, negative selfreferential encoding, and negative self-referential memory bias. Posi
tive and negative self-referential encoding were operationalized as the
total number of positive or negative words that participants indicated as
describing them, respectively. Negative self-referential memory bias
was calculated as the number of negative traits endorsed and recalled
divided by the total number of traits endorsed and recalled, resulting in
a proportion ranging from 0 (none of the negative traits the participant
endorsed were recalled) to 1 (only negative traits that the participant
endorsed were recalled). A schematic of the SRET is presented in the
Supplementary Material (Supplementary Fig. S2).

2.3.3. Concise Health Risk Tracking (CHRT; Trivedi et al., 2011)
The CHRT scale is a 14-item measure of suicidality with three sub
scales: suicide propensity (e.g., “I feel that there is no reason to live”),
impulsivity (e.g., “I find myself saying or doing things without
thinking”), and suicide risk (e.g., “I have a plan to kill myself”). The
internal consistency of the total and subscale scores have been found to
be good to excellent and its construct validity and sensitivity to change
have also been established (Mayes et al., 2018). In this study, the CHRT
was administered at baseline as well as weeks 2, 4, 5, and 17.
2.3.4. Behavioral tasks

2.4. Data analysis

2.3.4.1. Monetary incentive delay (MID) task. We administered a
behavioral MID task to measure anticipatory reward sensitivity. This
measure was chosen because anticipation of potential financial reward
can invoke incentive reward motivation, i.e., reward ‘wanting’ (Novak
and Foti, 2015), shown to be blunted in MDD (Whitton et al., 2015). The
task included eight rounds (i.e., trials) during which participants were
presented with a cue and instructed to respond as quickly as possible to
win between 1 and 4 tickets towards a $100 prize draw. Outcomes were
fixed, such that all participants won every time when playing for one or
two tickets, half the time when playing for three tickets, and not at all
when playing for four tickets. At the beginning of each round, partici
pants were presented with the number of tickets they were playing for
and were subsequently prompted to rate on a scale from 0 to 100, “How
excited do you feel?”. After each round, they were asked to rate how
excited, disappointed, and frustrated they felt, also on a scale from 0 to
100.1 For the current study, only anticipatory reward sensitivity,
measured as the average of participants' excitement ratings made before
each round, was used in our analyses, based on the well-established
association between blunted anticipatory reward sensitivity and
depressive symptoms (Rizvi et al., 2016; Sherdell et al., 2012). We
previously examined the construct validity and test-retest reliability of a
nearly identical task. In a non-clinical sample of 438 undergraduate
students, average anticipatory excitement ratings were significantly
associated with self-reported approach motivation (r = 0.22) on the
Behavioral Activation Scale (Carver and White, 1994), anhedonia
symptoms (r = 0.18) on the Dimensional Anhedonia Rating Scale (Rizvi
et al., 2015), and hypomania symptoms (r = 0.15) on the Hypomania
Symptoms Checklist-32 (Angst et al., 2005). In a separate non-clinical
sample of undergraduate participants who completed the task at base
line, 24 h, and one week, the measure was found to have good test-retest
reliability after 24 h (n = 30, ICC2,1 = 0.87) and one week (n = 25,
ICC2,1 = 0.86). A detailed description and schematic of the MID task are

Data analyses were performed using IBM SPSS Version 28 and R
4.2.1 (Bates et al., 2014; Makowski, 2018; R Core Team, 2022) through
RStudio (RStudio Team, 2022). For all analyses, an alpha of 0.05 (twotailed) was employed. We did not control for multiple comparisons with
the implication that the results of our study are hypothesis-generating
and will require further investigation and replication.
We calculated descriptive statistics for baseline demographic and
clinical characteristics of the total sample and treatment response status
subgroups. We also compared the treatment response subgroups' de
mographic and clinical characteristics using independent-samples t-tests
and chi-square analyses and examined the correlation between age and
CHRT scores to assess for age-related differences in suicidality levels.
Our first research question explored whether baseline anticipatory
reward sensitivity and self-referential processing scores were associated
with trajectories of depressive and suicidality symptoms from baseline
to week 17. Here we used repeated-measures linear mixed models
(LMMs) to examine whether baseline reward sensitivity and selfreferential processing scores were significant predictors of overall
MADRS and CHRT scores as well as their change trajectories from
baseline to follow-up. LMMs were used to allow for modeling the
random effects of subject-baseline scores, correlations between time
points, unevenly spaced measurement periods, potential non-linear
change in symptoms across time, and sporadically missing data. Mea
surement periods included baseline and weeks 2, 4, 5, 9, and 17 for the
MADRS, and baseline plus weeks 2, 4, 5, and 17 for the CHRT scale. To
assess for systematic differences between participants with complete vs.
incomplete MADRS and CHRT data, we compared their baseline de
mographic and clinical characteristics. Maximum likelihood estimation
was used to handle sporadically missing MADRS and CHRT data and to
allow for model comparisons.
We tested unconditional mean models to examine whether there
were inter-individual differences in grand mean MADRS, CHRT total,
and CHRT subscale scores, unconditional linear and quadratic growth
models incorporating only subject intercepts as a random effect, un
conditional linear or quadratic growth models incorporating intercepts
and slopes as random effects, and models incorporating cognitiveaffective predictors and their interactions with time as fixed effects.
These included separate models for baseline anticipatory reward sensi
tivity, positive self-referential encoding, negative self-referential
encoding, and negative self-referential memory bias. Cognitive-

1
Note that for the majority of task administrations, the anticipatory excite
ment rating scale was labelled 0 ‘Neutral’ to 100 ‘Very excited’. However, for
some administrations, the scale was labelled 0 ‘Not at all excited’ to 100 ‘Very
excited’. We compared ratings depending on the anchor label used (‘Neutral’ or
‘Not at all excited’) and there were no significant differences (Supplementary
Table S1).
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affective predictors were converted to z-scores for these analyses to aid
in the interpretation of results and facilitate model convergence
(Meteyard and Davies, 2020). A first-order autoregressive covariance
structure with heterogeneous variances was specified for all models as
correlations in symptom scores between time points were expected to be
higher for adjacent time points than for those further apart. In cases of
non-convergence or if the final Hessian matrix was not positive definite,
a first-order autoregressive covariance structure without heterogeneous
variances was used to reduce the number of parameters being estimated.
A scaled identity covariance structure was specified for the estimation of
random effects when only subjects were included as a random effect. For
models with additional random effects, an unstructured covariance was
specified. Model comparisons were carried out using Likelihood Ratio
Tests. Marginal and conditional R2 were computed for the final models.
Marginal R2 provides an estimate of the variance in the outcome vari
able accounted for by the fixed effects alone, whereas conditional R2
provides an estimate of the variance accounted for by fixed and random
effects included in the model (Nakagawa et al., 2017; Nakagawa and
Schielzeth, 2013). Therefore, marginal R2 can be used to estimate dif
ferences in the proportion of variance explained depending on the pre
dictors included in a model as fixed effects.
To address our second research question, we examined whether
anticipatory reward sensitivity and self-referential processing changed
from baseline to week five. We ran repeated measures analyses of
variance (ANOVAs) examining the main effect of time (baseline vs. week
five) and a time ✕ treatment response status (responders vs. nonresponders) interaction effect in separate models including average
anticipatory excitement ratings during the MID task, numbers of positive
and negative traits endorsed, and negative self-referential memory bias
as dependent variables. We included treatment response status as a
factor to assess whether changes in cognitive-affective variable scores
corresponded to whether participants responded to treatment.

Table 1
Sample characteristics.
N

Total
Sample

n

Respondersa

n

NonResponders

Age M (SD),
Range

55

20

43.7 (14.1),
22–71

27

41.7 (17.5),
19–78

Years of
Education M
(SD), Range
n Female (%)
Baseline Body
Mass Index M
(SD), Range
n Taking
Antidepressant
Medication (%)
EscitalopramEquivalent
Dose (mg) M
(SD), Range
n Recurrent
Major
Depressive
Disorder (%)
n Comorbid
Anxiety
Disorder (%)

55

42.4
(15.5),
19–78
15.4 (2.2),
10–20

20

15.5 (2.4),
10–20

27

15.3 (2.0),
12–20

55
53

39 (71 %)
27.0 (7.3),
18.4–53.6

20
20

11 (55 %)
28.2 (8.1),
19.4–48.0

27
25

23 (85 %)
26.7 (7.4),
18.4–53.6

55

47 (86 %)

20

16 (80 %)

27

24 (89 %)

55

23.3
(20.3),
0–80

20

20.9 (17.0),
0–50

27

26.2 (23.0),
0–80

55

35 (64 %)

20

16 (80 %)

27

14 (52 %)

55

22 (40 %)

20

5 (25 %)

27

14 (52 %)

54

29.9 (6.3),
18–45
19.7
(10.9),
2–40

20

29.9 (5.7),
18–39
9.8 (3.9),
2–17

27

29.4 (7.1),
19–45
26.5 (8.4),
12–40

28.8 (8.5),
9–48
19.8
(10.6),
0–42

20

25.4 (7.2),
9–40
14.2 (9.4),
0–40

27

MADRSb
Baseline M (SD),
Range
Week 5 M (SD),
Range

CHRT
Baseline M (SD),
Range
Week 5 M (SD),
Range

3. Results
Demographic and clinical characteristics for the total sample and
treatment response status subgroups are presented in Table 1. Results of
independent samples t-tests and Chi-square analyses showed that
treatment responders did not differ significantly from non-responders in
age, education, or MADRS scores at baseline compared to nonresponders (all p values >.05). The non-responder subgroup had a
significantly greater proportion of females (X2[1, N = 47] = 5.23, p =
.022), participants with recurrent MDD (X2[1, N = 47] = 3.94, p = .047),
and benzodiazepine use (X2[1,N = 47] = 6.52, p = .011), as well as
higher baseline CHRT total scores (t[45] = 2.28, p = .028) compared to
the responder subgroup. (See Supplementary Tables S2 and S3 in for
results of the subgroup comparisons.) Age and CHRT scores at baseline
were not significantly correlated, r(53) = 0.01, p = .950. Cognitiveaffective variable scores for the total sample and treatment response
status subgroups are presented in Table 2.

48

55
48

20

15

27

27

30.8 (8.6),
14–48
22.5 (9.9),
6–42

Note. M, mean; SD, standard deviation; MADRS, Montgomery Äsberg Depres
sion Rating Scale; CHRT, Concise Health Risk Tracking Scale.
a
Treatment response was defined as a ≥ 50 % reduction in MADRS score from
baseline to week five.
b
Forty-seven participants had MADRS data at both baseline and week five (of
eight participants without treatment response status data, seven had MADRS
scores at baseline only and one had a MADRS score at week five only).

trajectories from baseline to weeks 2, 4, 5, 9, and 17, and finally models
that included the predictor variables of interest (main effects and in
teractions with linear and/or quadratic time variables; see Supplemen
tary Tables S6 and S7). In an unconditional growth curve model
including linear and quadratic time variables as fixed effects, the mean
estimated initial MADRS score for the sample was 29.00 (95 % CI =
26.57, 31.43) and decreased significantly from baseline to week 17 (β =
− 2.18, SE = 0.28, p < .001). The quadratic time variable was statisti
cally significant (β = 0.09, SE = 0.01, p < .001), suggesting that de
creases in MADRS scores became less rapid with time. The model
including linear and quadratic time variables as fixed effects and
participant intercepts as a random effect had a marginal R2 value of
0.15.
Subsequent models included baseline anticipatory reward sensi
tivity, number of positive and negative words endorsed, and negative
self-referential memory bias as fixed effects, followed by models incor
porating interactions between time and the predictors of interest as fixed
effects. Results of the final models revealed that lower average antici
patory excitement ratings (β = − 1.96, SE = 0.94, p = .042; marginal R2
= 0.19), and a higher number of negative traits endorsed (β = 2.24, SE
= 0.95, p = .021; marginal R2 = 0.19), at baseline were associated with

3.1. Cognitive-affective predictors of depressive symptom score
trajectories
We conducted repeated-measures LMMs to examine baseline pre
dictors of MADRS score trajectories from baseline to weeks 2, 4, 5, 9, and
17. All 55 participants were included in the LMMs except those used to
examine self-referential memory bias as a potential significant predictor,
which included only the 51 participants with a self-referential memory
bias score at baseline. Of the 55 participants, 39 had MADRS scores at all
six time points. Baseline demographic and clinical characteristics did not
differ between participants with complete vs. incomplete MADRS data
(Supplementary Table S4).
We first tested an unconditional mean model to determine whether
there was significant variability in overall MADRS scores between par
ticipants, followed by models examining linear and quadratic growth
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decreased significantly from baseline to week 17, and these decreases
became less rapid with time. In contrast, CHRT Impulsivity scores did
not change significantly with time. The mean estimated initial scores for
the total sample were 28.16 (95 % CI = 25.44, 30.87) for CHRT Total,
21.25 (95 % CI = 19.22, 23.28) for Propensity, 3.72 (95 % CI = 3.34,
4.11) for Impulsivity, and 3.10 (95 % CI = 2.30, 3.89) for Risk scores.
There were also significant associations between the linear and
quadratic time variables and CHRT Total (time: β = − 1.95, SE = 0.32, p
< .001; time2: β = 0.09, SE = 0.02, p < .001; marginal R2 = 0.09),
Propensity (time: β = − 1.63, SE = 0.26, p < .001; time2: β = 0.08, SE =
0.01, p < .001; marginal R2 = 0.10), and Risk (time: β = − 0.30, SE =
0.10, p = .004; time2: β = 0.02, SE = 0.01, p = .003; marginal R2 = 0.03).
Subsequent models included fixed effects of baseline anticipatory
reward sensitivity, number of positive and negative words endorsed, and
negative self-referential memory bias scores and their interactions with
the linear and quadratic time variables. In the final models, baseline
average anticipatory excitement ratings during the MID task were
negatively associated with grand mean CHRT Total (β = − 2.61, SE =
1.12, p = .024; marginal R2 = 0.14), Propensity (β = − 1.80, SE = 0.83, p
= .035; marginal R2 = 0.14), and Risk (β = − 0.65, SE = 0.31, p = .039;
marginal R2 = 0.08) scores. In addition, a greater number of negative
traits endorsed at baseline was associated with grand mean CHRT Total
(β = 4.16, SE = 1.05, p <0.001; marginal R2 = 0.23), Propensity (β =
2.94, SE = 0.78, p < .001; marginal R2 = 0.21) and Risk (β = 0.77, SE =
0.31, p = .016; marginal R2 = 0.11) scores (see Supplementary
Tables S17-S20). No other significant main effects or interactions were
observed. Marginal R2 values for the final models suggested that average
anticipatory excitement ratings explained an additional 4–8 % of the
variance in CHRT Total, Propensity, and Risk scores and number of
negative traits endorsed explained an additional 8–14 %. A visualization
of these results is presented in Fig. 1.

Table 2
Cognitive-affective variable scores at baseline and week five for the total sample
and treatment response status subgroups.
N

Total
Sample

Respondersa

n

NonResponders

25.6 (18.5),
1–63

27

19.2 (21.3),
0–65

27.7 (20.4),
1–71

27

19.7 (25.4),
0–100

20

6.6 (4.7),
1–20

27

8.1 (4.5),
2–18

19

9.8 (4.8),
1–20

27

8.2 (5.2),
0–18

20

8.9 (4.6),
2–19

27

11.5 (4.2),
4–20

19

6.6 (4.1),
0–17

27

11 (4.9),
2–20

0.6 (0.3), 0–1

25

0.6 (0.2), 0–1

0.3 (0.3), 0–1

25

0.5 (0.3), 0–1

n

Average Anticipatory Excitement Rating
Baseline M
55
22.6
20
(SD),
(20.9),
Range
0–65
Week 5 M
48
23.3
19
(SD),
(23.7),
Range
0–100
Number of Positive Traits Endorsed
Baseline M
55
7.7 (4.6),
(SD),
1–20
Range
Week 5 M
48
9.1 (5.1),
(SD),
0–20
Range
Number of Negative Traits Endorsed
Baseline M
55
10.3 (4.5),
(SD),
2–20
Range
Week 5 M
48
9.2 (5),
(SD),
0–20
Range

Negative Self-Referential Memory Bias
Baseline M
51
0.5 (0.3),
18
(SD),
0–1
Range
Week 5 M
46
0.4 (0.3),
19
(SD),
0–1
Range

3.3. Changes in anticipatory reward sensitivity and self-referential
processing from baseline to week five by treatment response status

Note. M, mean; SD, standard deviation.
a
Treatment response was defined as a ≥ 50 % reduction in Montgomery
Äsberg Depression Rating Scale score from baseline to week five.

Table 3 shows the results of the repeated measures ANOVAs exam
ining the within-subjects main effect of time (baseline vs. week five) and
within-between interaction of time ✕ treatment response status for each
cognitive-affective variable of interest. We found significant main effects
of time on the number of positive and negative traits participants
endorsed as well as participants' negative self-referential memory bias.
There was also a significant interaction of time ✕ treatment response
status for the number of positive traits endorsed. There were no signif
icant main effects or interactions observed for participants' average
anticipatory excitement ratings during the MID task. Plots showing
baseline and week five scores for the cognitive-affective variables of
interest are presented in Fig. 2.

2

higher grand mean MADRS scores. Based on the marginal R values for
the final models, average anticipatory excitement ratings and number of
negative traits endorsed each explained an additional 4 % of the vari
ance in MADRS scores. No other significant main effects or interactions
were observed (Supplementary Table S16).
3.2. Cognitive-affective predictors of suicidality score trajectories
We tested a series of LMMs to examine whether average anticipatory
excitement ratings during the MID, number of positive and negative
traits endorsed, and negative self-referential memory bias at baseline
were associated with CHRT total and subscale scores from baseline to
week 17. As above, 55 participants were included in all models except
those used for testing baseline self-referential memory bias as a potential
significant predictor, which included only the 51 participants who had
self-referential memory bias scores at baseline. Thirty-seven of the 55
participants had CHRT scores at all five time points. Baseline de
mographic and clinical characteristics did not differ between partici
pants with complete vs. incomplete CHRT data (Supplementary
Table S5).
We first tested unconditional mean models to determine whether
there was significant variability in overall CHRT Total, Propensity,
Impulsivity, and Risk scores between participants. We next tested
models examining growth trajectories from baseline to weeks 2, 4, 5,
and 17, and finally models that included the baseline cognitive-affective
variables of interest alone and in interaction with the linear and
quadratic time variables, where applicable (Supplementary Tables S8S15).
Our results revealed that CHRT Total, Propensity, and Risk scores

4. Discussion
This is the first study to explore potential cognitive-affective pro
cesses associated with response to, and modulated by, LFR-rTMS for
TRD. We found that lower anticipatory reward sensitivity and higher
negative self-referential encoding scores at baseline were associated
with greater depressive symptoms, total suicidality, suicide propensity,
and suicide risk from baseline to 17 weeks post-baseline. From baseline
to week five, positive self-referential encoding increased, and negative
self-referential encoding and memory bias decreased. These findings
highlight the potential roles of blunted anticipatory reward sensitivity
and negatively biased self-referential processing in risk for depressive
symptoms and suicidality, as well as specific cognitive-affective pro
cesses that may be modulated by LFR-rTMS for TRD.
Our reported changes in self-referential processing may be explained
in part by evidence suggesting that LFR-rTMS may alleviate treatmentresistant depressive symptoms by modulating activity in several brain
regions comprising the default mode network (Kito et al., 2008; Kito
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Fig. 1. Suicidality Symptom Trajectories from Baseline to 17 Weeks for Participants with Above versus Below Average Negative Self-Referential Encoding and
Anticipatory Reward Sensitivity Scores at Baseline
Note. CHRT, Concise Health Risk Tracking Scale. For visualization only, participants were categorized as ‘Above Average’ or ‘Below Average’ in anticipatory reward
sensitivity/negative self-referential encoding bias relative in the overall sample. Plots depict statistically significant results only. Participants who endorsed a higherthan-average number of negative traits at baseline had higher CHRT Total (A), Propensity (B), and Risk (C) scores from baseline to week 17. Participants with higherthan-average anticipatory excitement ratings during the monetary incentive delay task at baseline had higher CHRT Total (D), Propensity (E), and Risk (F) scores
from baseline to week 17.
Table 3
Results of repeated measures analyses of variance examining changes in anticipatory reward sensitivity and self-referential processing from baseline to week five by
treatment response status.

Time
Time×Response
Error

Average Anticipatory Excitement
Rating (N = 46)

Number of Positive Traits Endorsed
(N = 46)

Number of Negative Traits Endorsed
(N = 46)

Negative Self-Referent Memory Bias
(N = 41)

SS

df

F

p

SS

df

F

p

SS

df

F

p

SS

df

F

p

69.97
32.96
8495.36

1
1
44

0.36
0.171

0.550
0.681

56.92
54.31
180.75

1
1
44

13.86
13.22

<0.001
<0.001

31.49
11.14
277.27

1
1
44

5.00
1.77

0.031
0.191

0.53
0.12
1.31

1
1
39

15.76
3.65

<0.001
0.063

Note. P values <.05 are presented in bold.

et al., 2011), which has also been associated with self-referential pro
cessing in MDD (Sheline et al., 2009). Modulating default mode network
connectivity using LFR-rTMS may therefore also reduce negatively
biased self-referential processing. Whether changes in self-referential
biases with treatment may simply reflect lower levels of depression
arising from treatment rather than a mechanistic process is a question
that our study cannot resolve but it merits further research. In contrast to
the observed changes in self-referential processing scores, we did not
find a significant change in anticipatory reward sensitivity from baseline
to five weeks post baseline, despite some evidence suggesting that LFRrTMS may influence reward valuations (Camus et al., 2009).
Greater negative self-referential encoding was associated with higher
total and subscale (except Impulsivity) suicidality scores. Baseline pos
itive self-referential encoding and negative self-referential memory bias
were however not found to be significantly related to any aspect of
suicidality. The association between negative self-referential encoding
and suicidality algins with previous research demonstrating a relation
ship between these features of MDD (Bulteau et al., 2021; Burke et al.,
2016). An interesting research question following from these findings is
whether higher suicidality may be associated with a greater tendency to
self-attribute negative traits, but not a lesser tendency to self-attribute
positive traits.
Our finding that blunted subjective anticipatory reward sensitivity
during a MID task was associated with higher suicidality over the course
of rTMS treatment represents a novel contribution to the literature.
Consistent with our results, previous studies have demonstrated

associations between neural responsiveness to monetary reward and
suicidal ideation (Tsypes et al., 2019) and a history of suicide attempts
(Dombrovski et al., 2013). Discounting of delayed rewards may explain
why individuals with higher suicidal ideation in our study showed lower
baseline excitement ratings for tickets towards a future reward (Dom
brovski et al., 2012; Dombrovski et al., 2011). However, the influence of
anticipatory reward sensitivity on suicidality should also be considered.
For example, blunted anticipatory reward sensitivity may increase sui
cide risk by impairing an individual's ability to generate positive future
events (van Heeringen et al., 2011).
Although LFR-rTMS did not appear to influence anticipatory reward
sensitivity in this study, it is noteworthy that a diminished response of
the left DLPFC to reward value differences has been associated with
greater suicidality (Vanyukov et al., 2016). It may follow that excitation
of the left DLPFC could increase its responsiveness to rewards and in
turn reduce suicidality. By altering functional connectivity between the
DLPFC and orbitofrontal cortex (OFC), high frequency rTMS applied to
the left DLPFC (HFL-rTMS) for TRD could enhance inputs to the OFC,
alter the computed values of anticipated rewards, and in turn reduce
suicidality – questions that may be worth exploring in future studies of
HFL-rTMS.
There are limitations of this study that should be noted. First, there
were no comparison groups included in this study, which precluded an
examination of how anticipatory reward sensitivity and self-referential
processing may have changed over the five-week period for in
dividuals with TRD who were undergoing a different rTMS treatment
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Fig. 2. Anticipatory Reward Sensitivity and Self-Referential Processing Variable Scores at Baseline and Week Five by Treatment Response Status
Note. This figure shows data for participants who completed the behavioral tasks at baseline and week five. From baseline to week five, there was a significant
increase in the number of positive traits participants endorsed (B) and significant decreases in the number of negative traits endorsed (C) and negative self-referential
memory bias (D). There was a significant interaction of time × treatment response status for the number of positive traits endorsed, where treatment responders
showed a greater increase. We did not observe significant main effects or interactions for participants' average anticipatory excitement ratings during the monetary
incentive delay task (A).

protocol or depression treatment, or individuals without a mental health
diagnosis. The specificity of these effects to LFR-rTMS also remains
unknown. Another limitation of this study was our sample size, which
may not have provided sufficient power for establishing the validity of
our null results. As such, the null findings in this study should not be
interpreted as establishing the lack of an association between the rele
vant variables. Finally, since potential participants with active suicidal
intent were excluded from this study, the results of our analyses exam
ining suicidality symptoms may not be generalizable to TRD patients
experiencing the highest levels of suicidality.
In sum, this is the first study to examine the roles of anticipatory
reward sensitivity and self-referential processing in response to rTMS
treatment for TRD. The results of this study suggest that blunted antic
ipatory reward sensitivity and negatively biased self-referential encod
ing may be associated with higher depressive and suicidality symptoms
over the course of LFR-rTMS for TRD and up to 17 weeks post-baseline.
Moreover, LFR-rTMS may increase positive self-referential encoding and
reduce negative self-referential encoding and biases in self-referential
memory in TRD. Further research is needed to establish whether LFRrTMS influences unique aspects of self-referential processing relative
to other rTMS treatment protocols (e.g., HFL-rTMS) and other antide
pressant treatments. This study provides a starting point for research
examining specific cognitive-affective features of TRD that may be
associated with response to, and altered by, LFR-rTMS.
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