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ARTICLE INFO ABSTRACT

Keywords: Background: Depressive disorders are associated with alterations in brain function, affecting processes such as

fMRI affective and reward processing and emotion regulation. However, the influence of Cognitive Behavioral Therapy

PDSyChOtherapy (CBT) on the neuronal patterns remains inadequately understood. Therefore, this review systematically sum-
cepression . marizes longitudinal fMRI brain activity changes in depressive patients treated with CBT and their association
Cognitive behavioral therapy . L.
S with symptom remission.
Neuroimaging

Methods: This systematic review was conducted according to the PRISMA statement. Out of 2149 results of the
literature search, N = 14 studies met the inclusion criteria (e.g., diagnosis of a current depressive disorder,
assessment of longitudinal task-based fMRI, and the analysis of functional changes before and after CBT).
Results: The findings reveal (1) diminished limbic reactivity following CBT across various tasks, (2) increased
striatal activity during reward processing, but decreased activity during affective processing and future thinking,
and (3) alterations in cingulate and prefrontal cortex activity across tasks. Partially, these results are associated
with symptom remission, especially in the subgenual anterior cingulate cortex.

Limitations: There are heterogenous results especially in cortical areas that might partially be due to methodo-
logical issues like differences across the studies in terms of task content, statistical evaluation, and interventions.
Thus, future research should focus on the standardization of methodologies.

Conclusions: The results indicate that CBT partially normalizes the neural patterns of depressive patients,
particularly within regions involved in affective and reward processing and the development of negative
cognitive biases. Overall, potential neural mechanisms underlying CBT were identified, underscoring its effec-
tiveness on an objective neurobiological basis.

Brain function

negative view of themselves, the world, and their future and, therefore,
have a mood-congruent negative bias. Consequently, this results in im-

1. Introduction

Major depressive disorder (MDD) is one of the most prevalent psy-
chiatric disorders globally, accounting for the largest proportion of
mental disorder disability-adjusted life-years (DALYs) in 2019 (GBD
2019 Mental Disorders Collaborators, 2022). In light of this data and the
high risk of relapse, suicide rates, and substantial economic costs caused
by this disease (American Psychiatric Association, 2013; GBD 2019
Mental Disorders Collaborators, 2022), further investigation of the
mechanisms of MDD and especially its effective treatments is necessary.

Following Beck’s (1967) cognitive theory of depression, patients
with depressive disorders suffer from the so-called cognitive triad of a

pairments in information and emotion processing and regulation
(Joormann and Quinn, 2014). Over the last decades, the conceptuali-
zation of MDD has progressively added a more biological framework:
animal models (e.g., Deussing, 2006) and neurobiological models of
depression emerged (Mayberg, 2003; Phillips et al., 2003; Willner et al.,
2013), accompanied by supportive evidence from imaging studies
(Beck, 2008; for reviews, see: Borsini et al., 2020 (reward processing);
Krause et al., 2021 (facial emotion processing); Villalobos et al., 2021
(cognitive control/emotion regulation)). Disner et al. (2011) postulate
an integrated cognitive neurobiological model of depression, explaining
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the negative cognitive biases in depressive patients assumed by Beck
(1967) (comprising biased attention, processing, memory, and rumina-
tion) by dual-process-models of bottom-up limbic hyperactivity in
combination with decreased top-down cognitive control, thereby
resulting in functional alterations in predominantly limbic, striatal,
cingulate and prefrontal areas.

Treatment guidelines for MDD recommend either pharmacotherapy,
psychotherapy, or a combination of both treatments (American
Psychological Association, 2019). It is argued that the neural mechanisms
engaged in both modalities may differ (DeRubeis et al., 2008; Quidé et al.,
2012). Additionally, Kalsi et al. (2017) empirically demonstrated different
neurobiological outcomes between both treatments in patients with
anxiety and depressive disorders in a meta-analysis. While the efficacy of
both treatments is well established and candidate neural mechanisms of
action of pharmacotherapy have been widely studied (e.g., alteration of
neurotransmitter systems and long-term stimulation of neurogenesis;
Willner et al., 2013), the examination of the effects of psychotherapy has
often been limited to behavioral markers and self-report (Sankar et al.,
2018). However, effective psychotherapy should also manifest neuro-
biologically (Kandel, 1998). CBT, as one of the most common forms of
psychotherapy and in the context of mood disorders mainly influenced by
Hollon and Beck (1979), is based on the interplay of dysfunctional
behavior and cognitions and aims to identify and modify these (cognitive
restructuring and behavioral activation) by skill acquisition and
subsequent learning processes. Consistent with the dual-process models,
DeRubeis et al. (2008) postulated that effective CBT for MDD may
normalize emotion regulation by increasing prefrontal cortex activity,
indicative of increased cognitive control exerting a top-down influence on
reducing limbic hyperactivity.

However, neurobiological studies examining the effects of psycho-
therapy have yielded highly inconsistent results (Barsaglini et al., 2014),
and the neurobiological mechanisms underlying CBT still remain un-
clear, which may in part be due to the wide heterogeneity of imaging
methods used (e.g., SPECT, PET, sMRI, fMRI, task-based or resting-state
approaches). Among these techniques, fMRI is the most widely used
non-invasive method for investigating neural activity. By detecting
changes in deoxyhemoglobin, the blood oxygen level-dependent (BOLD)
contrast, fMRI delineates local alterations in the demand for oxygenated
blood, thereby inferring changes in brain activity (Villringer and Dir-
nagl, 1995) during rest (resting-state fMRI) or task completion (task-
based fMRI).

Prior reviews have often compared different imaging methods
(Chalah and Ayache, 2018; Franklin et al., 2016). In order to reduce this
heterogeneity and answer the question whether disparate results are
merely a methodological artifact (Barsaglini et al., 2014), the present
review will exclusively compare longitudinal task-based fMRI studies
with samples of patients diagnosed with MDD or dysthymia (objective
1). However, in research about neurobiological mechanisms, treatment
response emerges as a variable that could influence outcomes. Hence,
the second objective of this review is to explore the relationship between
longitudinal alterations in brain activity and improvements in clinical
symptoms. Thus, the aim of this review is to provide a systematic
overview of

(1) the effects of CBT in depressed patients on brain activity and
(2) the association of these neural changes with symptom

improvement

in order to contribute to a better understanding of the neurobiological
mechanisms of CBT in depressive disorders.

2. Methods
2.1. Search strategy

Studies investigating CBT effects on brain activity with task-based
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fMRI were identified through systematic database research on PubMed
using the terms (‘depressive disorder’ OR ‘depression’) AND (‘‘MRI’ OR
‘functional MRI’ OR ‘functional magnetic resonance imaging’) AND
(‘psychotherapy’” OR ‘psychotherapeutic’ OR ‘cognitive-behavioral
therapy’ OR ‘cognitive-behavioural therapy’ OR ‘CBT’). The research
focused on articles published before 8 February 2023. Furthermore,
reference lists of included studies and retrieved reviews and meta-
analyses were examined to identify additional relevant studies.

This systematic review was conducted and reported following the
PRISMA guidelines (Page et al., 2021). The study selection process is
illustrated in Fig. 1.

2.2. Eligibility criteria

Following the PICO framework (Page et al., 2021), studies meeting
the following criteria were included in this review:

2.2.1. Participants

Only studies with participants suffering from an acute major
depressive episode or acute dysthymia as primary diagnosis assessed by
a clinical interview were included. Comorbidity was accepted except for
bipolar disorder, psychosis, or substance dependency. Studies including
samples with patients with other psychiatric disorders were included if
the depressed sample was investigated separately. Studies were included
if patients fell into the age range between 13 and 69, while studies only
investigating late-life depression were excluded because neurobiological
correlates of late-life depression seem to differ from those of early-onset
depression (Bora et al., 2012). Single-case-studies were excluded.
Different studies investigating overlapping samples were included if
different tasks were used.

2.2.2. Intervention

Studies describing treatment with CBT between baseline- and follow-
up-MRI-assessment were included. All types of CBT were possible,
including sub-forms like Cognitive Behavioral Analysis System of Psy-
chotherapy (CBASP; McCullough, 2003) or Behavioral Activation
Therapy (BAT; Sturmey, 2009). Studies investigating group CBT or
computerized CBT were included as well. Randomization to treatment
was not necessary for inclusion. Additional treatment with antidepres-
sants was allowed because the treatment guidelines for depression of
moderate severity and above recommend a combination of psycho-
therapy and pharmacotherapy, and combination treatment thus more
closely reflects the clinical practice under naturalistic conditions
(Gelenberg et al., 2010; National Institute for Health and Care Excel-
lence, 2022).

2.2.3. Comparison
Comparison groups were not required for inclusion because longi-
tudinal changes within the depressed patients were investigated.

2.2.4. Outcome

For the first objective, studies were included if brain activity changes
in the whole brain or region of interest (ROI) were assessed using task-
based fMRI pre and post treatment with CBT. Regarding the second
objective, inclusion criteria were an assessment of brain activity changes
using task-based fMRI pre and post CBT treatment and, in addition, the
measurement of clinical symptom severity pre and post intervention.
Studies were included if they reported the association of brain activity
changes and clinical symptom severity changes pre and post therapy.

Only task-based fMRI studies were included, and resting state studies
were excluded to reduce heterogeneity because brain activity deriving
from unconstrained thinking during resting state is assumed to differ
from activity during instructed tasks (Rayner et al., 2016).
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources
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Fig. 1. PRISMA 2020 flow diagram for new systematic reviews.

2.3. Study selection and data collection procedure

The search results were screened by the first author by titles and
abstracts. The first author then checked potentially relevant full-text
articles for eligibility criteria. To test the reliability of the eligibility
process, the third author rated the potentially relevant studies. Interrater
reliability was very good with x = 0.94, and differing judgment was
resolved by consensus. Demographic and clinical characteristics of the
samples, forms of CBT, fMRI-tasks, scan intervals, parameters of MRI
assessment, and investigated ROIs were extracted.

3. Results
3.1. Characteristics of included studies

The request revealed 2148 results, and one additional article was
identified through manual screening of reference lists from included
studies and existing reviews and meta-analyses. After screening by title
and abstract, 35 full-text articles were checked for eligibility, and 14
studies met the criteria for inclusion in this review. Among these, 12
studies examined longitudinal changes in brain activity (objective 1),
while 7 studies additionally investigated these changes in relation to
symptom improvement during CBT, and two studies solely explored
neural changes associated with symptom improvement, resulting in 9
studies for objective 2.

For details regarding sample and treatment characteristics and fMRI
assessment of included articles, see Table 1. All studies investigated
patient groups meeting criteria for an acute major depressive episode or
dysthymia assessed by a structured clinical interview (Structured clin-
ical interview for DSM-IV (SCID-IV; n = 11), First et al., 1996; Clinical
Interview Schedule-Revised (CIS-R; n = 1), Lewis et al., 1992; Schedule
for Affective Disorders and Schizophrenia for School-Age Children-
Present and Lifetime Version (K-SADS-PL; n = 2), Kaufman et al., 1997)
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as the primary diagnosis. Depression severity at baseline and follow-up
was either assessed by the Beck Depression Inventory (BDI; Beck and
Steer, 1978 or BDI-II; Beck et al., 1996), Hamilton Depression Rating
Scale (HDRS-17; Hamilton, 1960), Children’s Depression Rating Scale
(CDRS; Poznanski and Mokros, 1996), Short Mood and Feelings Ques-
tionnaire (SMFQ; Angold et al., 1995) or Snaith-Hamilton Pleasure Scale
(SHAPS; Snaith et al., 1995)). Treatment response was defined as a
reduction of at least 50 % in depression severity scales post-CBT
compared to baseline by the study’s authors. n = 7 studies investi-
gated classical CBT treatment, n = 2 examined group CBT, n = 2
computerized CBT, n = 2 studies BAT and n = 1 studied treatment with
CBASP. Treatment durations ranged from 5 to 49 weeks. N = 11 studies
included a sample of healthy controls, n = 3 studies investigated a
depressed comparison sample (waiting list or control treatment), and
one study lacked a comparison group. The fMRI tasks were mainly af-
fective processing tasks (n = 7; Chuang et al., 2016; Dichter et al., 2010;
Fu et al., 2008; Klein et al., 2014; Ritchey et al., 2011; Rubin-Falcone
et al.,, 2018, 2020) primarily using emotional stimuli extracted from
established databases or frequently used monetary reward processing
tasks that have shown to elicit reward circuit activation (n = 4; Dichter
et al., 2009; Hanuka et al., 2022; Queirazza et al., 2019; Straub et al.,
2015). The remaining tasks contained statements assessing dysfunc-
tional attitudes (Sankar et al., 2015), self-referential material
(Yoshimura et al., 2014), and a future-thinking task (Katayama et al.,
2021).

Methodologically, most studies (n = 8) calculated group-by-time
interactions (followed by post-hoc tests), and n = 4 studies calculated
t-tests to detect longitudinal activity changes. Regression analyses (n =
3), correlations (n = 8), or both were conducted for the investigation of
objective 2. Most a priori ROIs were limbic areas such as the amygdala
(n = 5) and hippocampus (n = 2), components of the striatum (nucleus
accumbens (NAcc), putamen, caudate; n = 3), and parts of the cingulate
(n = 6) and prefrontal cortex (PFC; n = 5). n = 9 studies performed
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Table 1

Sample characteristics, study design and MRI assessment of included studies.

Reference Sample characteristics Study design and MRI assessment
MDD Diagnosis® Comparison Agein Sex® Clinical Mood Comorbidity® Medication® CBT Number Pre- Therapy Field Task Paradigm Contrasts Atlas/ Whole ROIs
group years® (m/ interview® scale® form  of post- response strength domain templates brain
M (SD) f) M (SD) sessions scan scanner
interval T
in
weeks
Chuang 13  Moderate 20 HC 15.56 0/33 K-SADS- SMFQ  Possible Possible CBT 5-21; M 243.15 * 3 Affective Affective go/no- Sad/happy vs. MNI No All activated/
et al. or severe (1.28) PL =18.15 =12.85 days processing go task (happy/ sad/neutral; deactivated
(2016) MDD (4.81) (4.49) (49.81) sad/neutral happy/sad vs. regions
words) happy/neutral identified via
whole brain
analysis using
whole sample
(left OFC)
Dichter 12° MDDor 15HC 39.0 6/6 SCIDIV HDRS- None None BAT 8-14; M 15 9/12 4 Monetary Wheel of fortune Selection and FSLView Yes -
et al. dysthymia (10.4) 17 = =114 reward task anticipation: v3.0
(2009) 23.8 (2.0) processing monetary vs.
(2.3); control; feedback:
BDI = win vs. control,
27.1 loss vs. control
5.1
Dichter 12° MDDor 15HC 39.0 6/6 SCIDIV HDRS- None None BAT 8-14; M 15 9/12 4 Affective Forced-choice Targets in sad FSLView Yes
et al. dysthymia (10.4) 17 = =114 processing reaction time blocks vs. targets  v3.0
(2010) 23.8 (2.0) target detection in neutral blocks
(2.3); task (sad/neutral
BDI = pictures)
27.1
(5.1)
Fu et al. 16° MDD 16 HC 40.0 3/13 SCIDIV HDRS- None (Axis1) None CBT 16 16 13/16 1.5 Affective Implicit sad facial Mean overall Talairach Yes Amygdala
(2008) 9.4) 17 = processing affect recognition activity: baseline
20.9 task vs. facial; load-
(1.9); response: response
BDI = elicited by linear
38.0 trend between
(11.7) intensities of
sadness at facial
trials
Hanuka 26  Mild or 42 HC; 26  30.42 10/ SCIDIV SHAPS No None iCBT 6 10 ! 3 Monetary Monetary Reward MNI Yes NAcc,
et al. moderate MDD with  (8.30) 16 = 29.76 significant reward incentive delay  anticipation and putamen,
(2022) MDD attention (5.96)  suicidal processing task reward feedback caudate,
control ideation vs. baseline sgACC
Katayama 16 MDD with 15 MDD a a SCIDIV  HDRS- 3 patients Possible CBT 16 16 a 3 Other Future-thinking  Conditions: distant MNI Yes Frontopolar
et al. CBT with talking 17 = with anxiety task future; near future; cortex (distant
(2021) control 20.2 disorders distant past; near future)
(1.1 past,
Kleinetal. 10 CD 10 HC 38.2 4/6 SCIDIV HDRS- NoBPS,no 1 patient CBASP M= 12 6/10 1.5 Affective Implicit and Implicit/explicit; Talairach No Amygdala,
(2014) (13.2) 17 = suicidal (stable) 15.8 processing explicit emotion (fearful, cingulate
16.6 ideation (3.6) emotional sad, happy,
(2.2); processing task  neutral)
BDI-II =
29.1
(10.2)

(continued on next page)
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Table 1 (continued)

Reference Sample characteristics

Study design and MRI assessment

MDD Diagnosis® Comparison Age in Sex® Clinical Mood Comorbidity® Medication® CBT Number Pre- Therapy Field Task Paradigm Contrasts Atlas/ Whole ROIs
group years® (m/ interview® scale® form  of post- response strength domain templates brain
M (SD) f) M (SD) sessions scan scanner
interval (T)
in
weeks
Queirazza 25 MDD - ! ! CIS-R BDI > None None cCBT * 6-10 18/7 3 Monetary Probabilistic Win/loose MNI No Amygdala,
et al. 14 weeks reward reversal-learning striatum
(2019) cCBT + processing task
2
months
waiting
before
scan 2
Ritchey 11  Moderate 14/7 HC a 3/8 SCIDIV * Anxiety None CBT 10-35; 10-49, ° 1.5 Affective Emotion Overall: all trials  MNI No ROIs with
et al. or severe (pre/post, disorders = M= processing evaluation task  vs. baseline; significant
(2011) MDD post was 20.7 30.3 arousal: differences in
excluded) (7.6) negative-+positive activity
vs. neutral; compared to
valence: negative HC at baseline’
vs. positive
Rubin- 23 MDD 12 HC ! “ sCIDIvV  *° Anxiety and None CBT 14 12 14/23 3 (2 Affective Voluntary Feel vs. analyze ~ MNI Yes Lingual G.,
Falcone personality different processing emotion sgACC, medial
et al. disorders scanners, regulation task PFC
(2018) possible as while recalling
covariate negative
in autobiographical
analyses) memories
Rubin- 23Y MDD 11 HC 4 ! sCIDIv  *° Anxiety and None CBT 14 12 14/23 3 (2 Affective Image-based Look negative >  MNI Yes Emotional
Falcone personality different processing reappraisal task look neutral; reactivity:
et al. disorders scanners, distance negative amygdala,
(2020) possible as > look negative; sgACC;
covariate look negative > emotion
in distance negative regulation:
analyses) right angular
G., right mid-
frontal cortex,
left temporal
cortex, left
occipital
cortex, left
inferior frontal
G., sgACC,
right frontal
cortex
Sankar 16° MDD 16 HC 40.00 3/13 SCIDIV  HDRS- None (Axis I) None CBT 16 16 13/16 1.5 Other Dysfunctional Regular Talairach Yes -
et al. (9.27) 17 = attitudes task attributions vs.
(2015) 20.9 control statements;
(1.9) extreme
attributions vs.
control statements
Straub 10/ MDD 12 MDD 16.39 2/8 K-SADS- CDRS = Anxiety None CBT 5 5 ! 3 Monetary Monetary Win vs. loss MNI No sgACC,
et al. 18° (waiting (1.58)/ / 3/ PL 56.70  disorders (2/ (group) reward incentive task hippocampus,
(2015) list) 16.66 15 (11.28)/ 5), ADD (1), processing amygdala,
(1.37) conduct NAcc

(continued on next page)
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Table 1 (continued)

Reference Sample characteristics Study design and MRI assessment
MDD Diagnosis® Comparison Agein Sex® Clinical Mood Comorbidity® Medication® CBT Number Pre- Therapy Field Task Paradigm Contrasts Atlas/ Whole ROIs
group years® (m/ interview® scale® form  of post- response strength domain templates brain
M (SD) f) M (SD) sessions scan scanner
interval (T)
in
weeks

56.11  disorder (0/

9.11) 1
Yoshimura 23 MDD 15 HC 37.3 16/7 SCIDIV HDRS- No All patients CBT 12 ~12 N 1.5 Other Self-referential ~ Self-reference vs. MNI Yes -
et al. (7.2) 17 = significant  (stable) (group) task using control for positive
(2014) 11.0 suicidal emotional trait  and negative
(4.8); ideation words words
BDI =
21.4
(8.5)

MDD, major depressive disorder; CD, chronic depression; HC, healthy controls; ROI, region of interest; SCID-IV, Structured Clinical Interview for DSM-IV; CIS-R, Clinical Interview Schedule-Revised; K-SADS-PL, Kiddie-
Schedule for Affective Disorders and Schizophrenia Present and Lifetime; BDI, Beck Depression Inventory; HDRS, Hamilton Depression Rating Scale; SMFQ, Short Mood and Feelings Questionnaire; SHAPS, Snaith-
Hamilton Pleasure Scale; CDRS, Children’s Depression Rating Scale — Revised; BPS, Borderline Personality disorder; CBT, cognitive behavioral therapy; iCBT, internet-based CBT; cCBT, computerized CBT; BAT,
Behavioral Activation Therapy; CBASP, Cognitive Behavioral Analysis System of Psychotherapy; MNI, Montreal Neurological Institute and Hospital; NAcc, Nucleus Accumbens; sgACC, subgenual anterior cingulate cortex;
PFC, prefrontal cortex. Analyzes were conducted in both samples.

# Not reported (for final sample).

b Overlapping samples of Dichter et al. (2009) and Dichter et al. (2010).

¢ Overlapping samples of Fu et al. (2008) and Sankar et al. (2015).

d Overlapping samples of Rubin-Falcone et al. (2018) and Rubin-Falcone et al. (2020).

¢ Patient sample.

f Overall activity: ventromedial PFC, superior frontal G., fusiform G., superior parietal lobule, lingual G., cuneus; arousal-related activity: amygdala, caudate, hippocampus, dorsolateral PFC, mid-cingulate G., superior
temporal G., paracentral lobule, superior parietal lobule; valence-related activity: anterior temporal lobe/ventrolateral PFC, dorsolateral PFC, insula, dorsal ACC, superior frontal sulcus, medial frontal G., ventrolateral
PFC, precentral G., hippocampus, superior temporal G., inferior temporal G., inferior parietal lobule, precuneus, middle occipital G., fusiform G.

& Initially N = 10 patients, due to ethical reasons, N = 8 patients of the waiting group received treatment after the waiting period, extending the complete sample size to N = 18.
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whole brain analyses. All reported significant results of the studies are
summarized in the supplemental material and Table 2 shows the sig-
nificant differences within patient samples.

3.2. Synthesis of longitudinal brain activity changes

Due to theoretically assumed alterations in brain function among
depressive patients (Disner et al., 2011) and the congruent selection of a
priori ROIs in the included studies, evidence of longitudinal brain ac-
tivity changes in limbic, cingulate, striatal, and prefrontal areas among
the MDD patients is further synthesized and provided in Table 3, sub-
sequently summarized in the following.

3.2.1. Limbic system

Six out of seven studies that investigated effects in limbic areas such
as the amygdala and (para)hippocampus found significant alterations in
activity during various tasks, including emotion and reward processing,
as well as dysfunctional attitudes. After CBT, reduced activity was pri-
marily observed: during tasks involving the attribution of dysfunctional
attitudes (Sankar et al., 2015), affective processing (Fu et al., 2008;
Ritchey et al., 2011 (valence: negative and neutral stimuli)) and reward
processing (Dichter et al., 2009 (monetary selection); Straub et al.,
2015). However, Dichter et al. (2009) also noted increased activity in
monetary anticipation following therapy, as did Klein et al. (2014)
during affective processing. Ritchey et al. (2011) found no significant
changes in the valence contrast in the hippocampus, and Rubin-Falcone
et al. (2020) in the amygdala during emotion regulation. Among the two
studies examining effects relative to symptom improvement, one
observed a negative correlation between amygdalar activity and BDI
score change (Queirazza et al., 2019). In contrast, Rubin-Falcone et al.
(2020) found no correlation.

3.2.2. Cingulate

Among the nine studies investigating effects within the cingulate, six
demonstrated differently directed significant changes: Increased activity
in the anterior cingulate cortex (ACC) and decreased activity in the
posterior cingulate cortex (PCC) during affective processing (Fu et al.,
2008), heightened ventral ACC (vACC) activity following therapy when
exposed to positive self-referential stimuli (Yoshimura et al., 2014), as
well as decreased activity in response to such negative stimuli
(Yoshimura et al., 2014) and dysfunctional attitudes (Sankar et al.,
2015), and mixed findings in the ACC for reward stimuli (Straub et al.,
2015: decrease; Hanuka et al., 2022: increase for monetary feedback, no
significant results for monetary anticipation). Conversely, three studies
did not observe significant changes in this area during affective pro-
cessing (Klein et al., 2014; Ritchey et al., 2011; Rubin-Falcone et al.,
2020) and monetary anticipation (Hanuka et al., 2022). Four out of five
studies that examined effects related to symptom improvement revealed
significant positive associations: Hanuka et al. (2022; monetary reward)
and Yoshimura et al. (2014; negative self-referential stimuli) where a
greater increase in activity was linked with fewer symptoms, while
Straub et al. (2015; monetary reward) and Rubin-Falcone et al. (2018;
affective processing) reported greater decreases in activity associated
with fewer symptoms. Rubin-Falcone et al. (2020; affective processing)
did not find these associations.

3.2.3. (Pre)frontal cortex

Seven out of eight studies investigating differences in (pre)frontal
areas found significant activity changes. During affective processing,
Chuang et al. (2016) observed decreased activity in the orbitofrontal
cortex (OFC) following psychotherapy, Dichter et al. (2010) revealed
reduced activity in the OFC, alongside increased activity in the right
frontal pole and right inferior frontal gyrus (FG) after BATD, Fu et al.
(2008) showed increased activity after CBT in the superior FG, while
Ritchey et al. (2011) showed decreased activity in the ventrolateral PFC
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(vIPEC) following therapy. Katayama et al. (2021) reported decreased
frontopolar cortex activity during future thinking after therapy. Yoshi-
mura et al. (2014) revealed increased medial PFC (mPFC) activity dur-
ing the presentation of positive and decreased BOLD-activity during
negative self-referential material after psychotherapy. Dichter et al.
(2009) reported diminished activity following psychotherapy during
monetary selection in the superior FG and monetary feedback in the
OFC, alongside increased activation during monetary anticipation in the
FG. Conversely, two studies did not find significant changes in PFC
structures during affective processing tasks (ROIs ventromedial PFC,
dorsolateral PFC, FG, superior frontal sulcus: Ritchey et al., 2011; ROIs
FG, mid-frontal cortex, frontal cortex: Rubin-Falcone et al., 2020).
Considering symptom improvement, two out of four studies investi-
gating effects revealed significant results: during affective processing,
Rubin-Falcone et al. (2018) revealed a positive association between
greater reduction of activity in the mPFC-ROI and medial frontal pole on
whole brain level and lower BDI-scores after therapy as well as Rubin-
Falcone et al. (2020) in the dorsolateral PFC on whole brain level.
Contrary, no associations were found in certain studies (ROI OFC during
affective processing: Chuang et al., 2016; ROI frontopolar cortex during
future thinking: Katayama et al., 2021; ROIs FG, mid-frontal cortex,
frontal cortex during affective processing: Rubin-Falcone et al., 2020).

3.2.4. Striatum

Four out of five studies reported significant effects in the NAcc,
caudate, and putamen. There were consistent findings of increased
BOLD-activity in response to rewards after CBT (Dichter et al., 2009
(monetary selection and monetary anticipation); Hanuka et al., 2022
(monetary feedback)) and decreased activity in the caudate during
future thinking (Katayama et al., 2021) and emotion processing (Ritchey
et al., 2011). A contradictory result was significantly decreased activity
in the caudate during monetary feedback (Dichter et al., 2009), while
Straub et al. (2015) did not observe significant changes in the NAcc-ROI
as well as Hanuka et al. (2022) in the ROIs of the putamen and caudate
during monetary reward and in the NAcc during monetary anticipation.
Among the two studies investigating associations between signal change
and symptom improvement, significant changes were observed in one:
During monetary anticipation, Hanuka et al. (2022) revealed a signifi-
cant positive association between NAcc activity increase and symptom
decrease, while this association was not evident for the putamen and
caudate ROIs or in the study by Queirazza et al. (2019) in the striatum-
ROL

4. Discussion

This review aimed to summarize alterations in brain activity
observed in patients diagnosed with MDD or dysthymia pre and post
CBT employing task-based fMRI and the association of these neural
changes with symptom improvement. The most consistent findings were
BOLD-activity changes in structures of cortico-limbic brain loops and the
reward system, including limbic areas, striatal structures, and the PFC
and cingulate. Especially with regard to the first objective of this review,
there is evidence for (1) reduced limbic reactivity in MDD patients after
CBT during affective and reward processing and the processing of
dysfunctional attitudes, (2) increased activity of striatal structures dur-
ing reward processing and decreased activity during affective processing
and future thinking and (3) altered activity in the cingulate and PFC
across different tasks, as it is visualized in Fig. 2. This indicates improved
neural emotion processing and regulation abilities in depressed patients
after therapy and increased neural reward receptiveness. Thus, the
reduction of negative cognitive biases after CBT is also visible on a
neural level. Regarding the second objective, the most consistent find-
ings are relationships between the activity change in the subgenual ACC
(sgACC) and symptom improvement, as well as between prefrontal areas
and symptom improvement during affective processing.
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Contrast

Table 2
Significant results of included studies.
Reference Field of
view

Effects of CBT

Association with symptom improvement

Analyses

Significant results in MDD patients

Analyses

Significant results

Chuangetal.  ROI
(2016)

Dichter et al. Whole
(2009) brain
Dichter et al. Whole
(2010) brain

Fu et al. ROI
(2008) whole
brain

Hanuka et al. ROI
(2022)

Katayama Whole
et al. brain
(2021)

ROI

Klein et al. ROI
(2014)

Sad/happy vs. sad/
neutral

Monetary selection
(monetary vs. control)

Monetary anticipation
(monetary vs. control)

Monetary feedback
(win vs. control)

Monetary feedback
(non-win vs. control)

Sad - neutral

Mean overall activity
(baseline vs. sad faces)

Linear load response
activity (low vs.
medium vs. high
intensity of sadness)
Reward feedback vs.
baseline

Distant future
Near future

Distant past
Near past

Distant future

Implicit; implicit and
explicit

ANCOVA 2 (group) x 2
(time) (covariate: age)

2 (group) x 2 (time);
two-tailed within-
group t-tests (« = 0.05)
in clusters with
significant interactions

2 (group) x 2 (time);
two-tailed within-
group t-tests (« = 0.05)
in clusters with
significant interactions

ANOVA 2 (group) x 2
(time)

ANOVA 3 (group) x 2
(time), for significant
regions additional 3
(group) x 2 (time)
ANOVA for feedback
type (reward/neutral)
Within-group t-tests

ANOVA 2 (group) x 2
(time)

| left orbitofrontal cortex

1 left putamen, right
supramarginal G., left posterior
temporal fusiform G.

| left amygdala, left superior
frontal G., left superior lateral
occipital cortex, left occipital pole,
left postcentral G., left precentral
G., left supramarginal G., right
inferior temporal G.

1 left caudate, left cingulate G., left
frontal G., left hippocampus, right
insular cortex, left lingual G.,
occipital cortex, left
parahippocampal G., precentral G.,
right precuneus, right subcallosal
cortex, right temporal fusiform
cortex, left temporal pole

| right precuneus, left inferior
temporal G.

1 right superior occipital cortex,
left planum temporale, right
posterior temporal fusiform cortex
| left caudate, left posterior
cingulate G., right paracingulate
G., left postcentral G., superior
anterior temporal G.

1 left angular G., left orbitofrontal
cortex, left lingual G., right
posterior planum polare

| left superior occipital cortex, left
precentral G., left anterior
supramarginal G.

1 right frontal pole, right inferior
frontal G. (pars triangularis), left
precentral G.

| right orbitofrontal cortex, left
Heschl’s G., left occipital pole,
right pallidum, left paracingulate
G., postcentral G., precentral G.,
left temporal G., right temporal G.,
right supramarginal G.

| right amygdala, hippocampus

1 ACC, superior frontal G.,
posterior cingulate G., inferior
parietal cortex, precuneus

| fusiform and lingual G., left
lateral temporal cortex, inferior
parietal cortex, posterior cingulate
cortex, precuneus

1 NAcc and sgACC to reward (not
neutral) feedback: 1 sgACC

| frontopolar cortex (BA10)

| right caudate

1 right precentral G.

| right precuneus (BA7)

1 insula

| left precuneus (BA7)

| medial frontopolar cortex (BA10)

1 left amygdala

879

Partial correlation
(covariate: age) pre-post
signal changes and
SMFQ-improvement,
normalized by baseline-
SMFQ-score

Regression of pre-post
signal changes on SHAPS-
improvement (reward
feedback, controlling for
neutral feedback)

Correlation pre-post
signal changes in BA10
and HDRS-changes

NAcc and subgenual ACC: 1
activation pre-post = 1
SHAPS-improvement

(continued on next page)
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Reference Field of  Contrast Effects of CBT Association with symptom improvement
view Analyses Significant results in MDD patients ~ Analyses Significant results
Queirazza ROI Parameter estimates - Correlation pre-post Right amygdala: r = —0.60
et al. responder > non- signal changes in the (p =.001)
(2019) responder right striatum and right
amygdala and symptom
change
Ritchey etal.  ROI Arousal (emotional vs. ~ Within-group t-tests Negative and neutral: |, positive: 1 —
(2011) neutral) right amygdala, right caudate, left
hippocampus (larger differences
post vs. pre)
Valence (negative vs. | left anterior temporal lobe/
positive) ventrolateral PFC
Rubin- Whole Feel vs. analyze - Regression of post-BDI 1 deactivation pre-post in
Falcone brain and -HDRS (covariate: lingual G./cerebellum, left
et al. pre-BDI/-HDRS) on pre- precentral G./putamen, left
(2018) post signal changes (F- medial frontal pole/sgACC,
tests) left supramarginal G. - 1
BDI-improvement
1 deactivation pre-post in
lingual G. = 1 HDRS-
improvement
ROI correlation pre-post medial PFC: r = —0.44 (p =
signal changes and post- .034)
BDI (covariate: baseline-
BDI)
Rubin- Whole Emotional reactivity Within-group t-tests - Regression of pre-post -
Falcone brain (negative > neutral) signal changes on post-
et al. Emotion regulation - BDI and - HDRS 1 deactivation pre-post in
(2020) activity (regulate (covariate: pre-BDI/pre- right dorsolateral PFC,
negative > look HDRS) precuneus, lateral occipital
negative), emotion cortex = 1 BDI-improvement
ROI Regulation Between-groups t-tests - Correlation pre-post -
deactivation (inverse) signal changes and post-
BDI/HDRS
D (covariate: pre-BDI/-
HDRS)
Sankar et al. Whole Extreme attributions ANOVA 2 (group) x 2 | left parahippocampal G. (BA37), Correlation pre-post r = 0.74 (pcorr = 0.004)
(2015) brain vs. control sentences (time) right posterior cingulate G. (BA30)  signal changes in left
precentral G. and HDRS-
improvement
Straub et al. ROIL Win-loss Within-group t-tests | amygdala, hippocampus, Correlation pre-post BDL left: r = 0.57 (p = .01);
(2015) one-tailed between- subgenual ACC signal changes in right: r = 0.54 (p = .02)
groups t-tests in areas | left amygdala, left hippocampus,  subgenual ACC and BDI-
with significant win- right subgenual ACC and CDRS-R-
loss-differences improvement
Yoshimura Whole Self-reference vs. ANOVA 2 (group) x 2 For self/positive condition 1, for Correlation pre-post Ventral ACC-changes in self/
et al. brain control (time) x 2 (valence) self/negative condition | left signal changes and negative condition: r = 0.49

(2014)

(covariate: sex)

ventral ACC, left superior temporal
cortex, left medial PFC

rumination-improvement

(p < .05); 2 = 0.24 (p < .05)

1, activity-increase after CBT; |, activity-decrease after CBT; G., gyrus; ROI, region of interest; BDI, Beck Depression Inventory; HDRS, Hamilton Depression Rating
Scale; SMFQ, Short Mood and Feelings Questionnaire; SHAPS, Snaith-Hamilton Pleasure Scale; CDRS, Children’s Depression Rating Scale — Revised; NAcc, Nucleus
Accumbens; ACC, anterior cingulate cortex; PFC, prefrontal cortex.

4.1. Discussion of longitudinal brain activity changes

between amygdala-activity-change

and

symptom

improvement,

4.1.1. Limbic system

With six out of seven studies revealing effects, the amygdala-
hippocampus-complex could clearly be identified as a core region
where longitudinal changes after CBT occur. According to the cognitive
neurobiological model of depression from Disner et al. (2011), increased
amygdala activity is a key component of the neurobiological architec-
ture of negative cognitive biases and, additionally, hippocampal over-
activity is assumed to be involved in biased memory and rumination.
Given this hyperactivity during depressive state, theoretically, an ac-
tivity reduction would be expected after successful therapy, normalizing
the neuronal patterns.

In line with this, most studies reported decreased amygdala activity
after therapy during different tasks, including affective processing (Fu
et al., 2008; Ritchey et al., 2011), monetary reward (Dichter et al., 2009;
Straub et al., 2015) and dysfunctional attitudes (Sankar et al., 2015).
Moreover, Queirazza et al. (2019) could also show an association
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showing that patients with greater activity decrease had a greater
symptom improvement during monetary reward. The only contrary re-
sults were found by Klein et al. (2014) and Rubin-Falcone et al. (2020),
which might be explained due to methodological issues (e.g., no baseline
differences between patients and HCs). For the hippocampus, also pre-
dominantly decreased activity after therapy occurred during affective
processing (Fu et al., 2008; Ritchey et al., 2011) and monetary reward
(Straub et al., 2015), as well as for the parahippocampal gyrus during
the presentation of dysfunctional attitudes (Sankar et al., 2015). How-
ever, Dichter et al. (2009) revealed contrarily increased activity during
monetary anticipation.

Taken together, the functional adjustment of the amygdala-
hippocampus-complex could be identified as a potential neurobiolog-
ical mechanism of CBT. These findings are in line with the implications
of other reviews (Chalah and Ayache, 2018; Franklin et al., 2016). The
results suggest reduced limbic reactivity after CBT not only for affective
processing but also for stimuli like dysfunctional attitudes or rewards.
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Table 3

Qualitative synthesis of results in limbic, cingulate, prefrontal and striatal areas.

Investigated
brain region

Effects of psychotherapy

Association with symptom improvement

N Significant Direction Domain Analysis Nonsignificant Domain Analysis N Significant Direction Domain Analysis Nonsignificant Domain Analysis
results results results results
Limbic 6/ Dichter Monetary Whole brain Ritchey et al. Affective ROI 1/ Queirazza | —| Monetary ROI Rubin-Falcone  Affective ~ ROI
system 7 etal reward amygdala (2011) processing hippocampus 2 etal. reward amygdala et al. (2020) processing amygdala
(2009) (selection) (valence) (2019)
Dichter Monetary Whole brain Rubin-Falcone  Affective ROI amygdala
et al. reward hippocampus, et al. (2020) processing
(2009) (anticipation)  parahippocampal
G.
Fu et al. Affective ROI amygdala,
(2008) processing hippocampus
Klein et al. Affective ROI amygdala
(2014) processing
Ritchey Affective ROI amygdala,
et al. processing hippocampus
(2011) (arousal:
negative/
neutral)
Sankar Other Whole brain
et al. (dysfunctional ~ parahippocampal
(2015) attitudes) G.
Straub Monetary ROI amygdala,
et al. reward hippocampus
(2015)
Cingulate 6/ Dichter Monetary Whole brain Hanuka et al. ~ Monetary ROI subgenual 4/ Hanuka =1 Monetary ROI Rubin-Falcone  Affective ~ ROI
9 etal reward cingulate G. (2022) reward ACC 5 etal reward subgenual et al. (2018) processing subgenual
(2009) (anticipation) (anticipation) (2022) ACC ACC
Dichter Monetary Whole brain Klein et al. Affective ROI cingulate Rubin- ) Affective Whole brain  Rubin-Falcone  Affective ~ ROI
et al. reward posterior cingulate (2014) processing Falcone processing subgenual et al. (2020) processing subgenual
(2009) (anticipation)  G., paracingulate et al. ACC ACC
G. (2018)
Fu et al. Affective Whole brain ACC, Ritchey et al. Affective ROI dorsal Straub =1 Monetary ROI
(2008) processing posterior cingulate (2011) processing ACC, mid- et al. reward subgenual
G. cingulate G. (2015) ACC
Fu et al. Affective Whole brain Rubin-Falcone  Affective ROI subgenual Yoshimura | — | Other (self- Whole brain
(2008) processing posterior cingulate et al. (2020) processing ACC et al. referential) ventral ACC
cortex (2014)
Hanuka Monetary ROI sgACC
et al. reward
(2022) (feedback)
Sankar Other Whole brain
et al. (dysfunctional  posterior cingulate
(2015) attitudes) G.
Straub Monetary ROI subgenual
et al. reward ACC
(2015)
Yoshimura Other (positive Whole brain
et al. self-referential) ventral ACC
(2014)
Yoshimura Other (negative Whole brain
et al. self-referential) ventral ACC
(2014)

(continued on next page)
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Table 3 (continued)

Investigated
brain region

Effects of psychotherapy

Association with symptom improvement

N Significant Direction Domain Analysis Nonsignificant Domain Analysis N Significant Direction Domain Analysis Nonsignificant Domain Analysis
results results results results
PFC 7/ Chuang Affective ROI OFC Ritchey et al.  Affective ROI 2/ Rubin- ) Affective ROI medial ~ Chuangetal.  Affective =~ ROI OFC
8 etal processing (2011) processing ventromedial 4  Falcone processing PFC, whole  (2016) processing
(2016) PEC, et al. brain medial
dorsolateral (2018) frontal pole
PFC, frontal G.,
superior
frontal sulcus
Dichter Monetary Whole brain Rubin-Falcone  Affective ROI frontal G., Rubin- =1 Affective Whole brain Katayama et al. Other ROI
et al. reward frontal G. et al. (2020) processing mid-frontal Falcone processing dorsolateral  (2021) (future frontopolar
(2009) (anticipation) cortex, frontal et al. PFC thinking)  cortex
cortex (2020)
Dichter Monetary Whole brain Rubin-Falcone  Affective ~ ROI frontal
et al. reward superior frontal G. et al. (2020) processing  G., mid-
(2009) (selection) frontal/
frontal
cortex
Dichter Monetary Whole brain OFC
et al. reward
(2009) (feedback non-
win)
Dichter Affective Whole brain OFC,
et al. processing right frontal pole
(2010)
Dichter Affective Whole brain right
et al. processing inferior frontal G.
(2010)
Fu et al. Affective Whole brain
(2008) processing superior frontal G.
Katayama Other (future ROI frontopolar
et al. thinking) cortex, whole
(2021) brain frontopolar
cortex
Ritchey Affective ROI ventrolateral
etal. processing PEC
(2011)
Yoshimura Other (negative Whole brain
et al. self-referential) medial PFC
(2014)
Yoshimura Other (positive Whole brain
et al. self-referential) medial PFC
(2014)
Striatum 4/ Dichter Monetary Whole brain Hanuka et al. ~ Monetary ROI NAcc 1/ Hanuka 1= Monetary ROI NAcc Hanuka et al.  Monetary ROI
5 etal reward putamen (2022) reward 2 etal reward (2022) reward putamen,
(2009) (selection) (anticipation) (2022) (anticipation) caudate
Dichter Monetary Whole brain Hanuka et al. ~ Monetary ROI putamen, Queirazza et al. ROI
et al. reward caudate (2022) reward caudate (2019) striatum
(2009) (anticipation)
Dichter Monetary Whole brain Straub et al. Monetary ROI NAcc
et al. reward caudate (2015) reward
(2009) (feedback)
Hanuka Monetary ROI NAcc
et al. reward
(2022) (feedback)

(continued on next page)
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Table 3 (continued)

Association with symptom improvement

Effects of psychotherapy

Investigated
brain region

Domain Analysis

Nonsignificant

results

N Significant Direction Domain Analysis

Analysis

Domain

Nonsignificant

results

Analysis

Direction Domain

N Significant

results

results

Whole brain
caudate

l Other (future
thinking)

Katayama
etal.

(2021)

ROI caudate

Affective

1

Ritchey
etal.

processing

(2011)

N, number of studies reporting significant results/number of studies investigating effect; 1, activity-increase after CBT; |, activity-decrease after CBT; | — |, greater activity-decrease associated with greater symptom-

score-decrease; T — |, greater activity-increase associated with greater symptom-score-decrease; ROI, region of interest; G., gyrus; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex; PFC, prefrontal cortex; NAcc,

nucleus accumbens. Nonsignificant whole brain analyses not shown in this table due to visual reasons.
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A) Affective Processing Tasks L % R
B) Monetary Reward Tasks L & R
C) Other Tasks @

increased activity after CBT
decreased activity after CBT
valence-dependent activity changes after CBT

increased and decreased activity after CBT

Fig. 2. Regions with revealed activity changes pre to post CBT depending on
fMRI task domain.

This could reflect a diminished negative bias and improvements in
emotion perception, it’s appraisal, and processing. Partially, these al-
terations also seem associated with the (clinical) symptom
improvement.

4.1.2. Cingulate

Evidence regarding cingulate cortex activity presents a mixed pic-
ture: six out of nine studies that investigated cingulate activity reported
significant changes. Their direction was dependent on the task and
location (ACC vs. PCC). During affective processing, heightened activity
in the ACC occurred, whereas activity was decreased in the PCC (Fu
et al., 2008), and an association between greater activity decreases and
greater symptom improvement was revealed (Rubin-Falcone et al.,
2018). The latter finding suggests a normalization of elevated ACC ac-
tivity observed in MDD patients (Disner et al., 2011; Pilmeyer et al.,
2022), contrasting Fu et al.’s (2008) result. During the processing of
dysfunctional attitudes, activity decreases in the PCC were evident
(Sankar et al., 2015), supporting the assumption that increased PCC
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activity in MDD patients reflects ruminative thinking (Lin et al., 2021).
Consequently, findings (Fu et al., 2008; Sankar et al., 2015) indicate that
CBT might reduce ruminative thinking with observable neural
correlates.

A meta-analysis by Groenewold et al. (2013) revealed heightened ACC
activity toward negative stimuli and diminished activity toward positive
stimuli in MDD patients. The results of Yoshimura et al. (2014), showing
increased vACC activity after therapy during positive self-referential
stimuli processing and decreased activity during negative stimuli
processing, could be interpreted as a normalization of these patterns
following CBT and a diminished negative bias resulting in more neural
response to positive stimuli, better emotion regulation abilities and less
rumination about negative stimuli, consistent with symptom reduction
associations with activity changes in this region (Yoshimura et al., 2014).

In response to reward processing tasks, a pattern of activity increases
in sgACC (Hanuka et al., 2022) and cingulate (Dichter et al., 2009) was
observed, which is linked to improved symptomatology (Hanuka et al.,
2022). The sgACC’s involvement in reward circuits suggests enhance-
ments in reward responsiveness post-CBT. Straub et al. (2015) reported
decreased ACC activity differences between win and loss tasks following
CBT, additionally linked to symptom-scale reduction, potentially indi-
cating reduced loss aversion given ACC’s involvement in error avoid-
ance (Magno et al., 2009).

However, null results were reported in some studies (Klein et al.,
2014; Ritchey et al., 2011; Rubin-Falcone et al., 2020), possibly due to
methodological limitations (e.g., response rate, sample size, see limita-
tions section). On the other hand, these inconsistencies may also reflect
the multifunctional roles of the cingulate cortex (e.g., reward and
emotion processing and regulation, self-referential processing, episodic
memory, action-outcome learning processes) as discussed in the litera-
ture (Disner et al., 2011; Northoff and Bermpohl, 2004; Ochsner and
Gross, 2005; Phillips et al., 2003; Rayner et al., 2016).

In summary, evidence suggests that CBT induces differential changes
in task-induced activity within cingulate regions implicated in various
impaired brain processes in MDD patients. Particularly, CBT modulates
neural processing of self-referential, emotional, and reward-related
stimuli, potentially reducing the negative bias toward more balanced
regulation processes. Importantly, the sgACC emerges as the region with
the most evidence regarding the second objective of this review: greater
activity changes in this area seem to be related to greater symptom
improvement in all except one study. Although some reviews and meta-
analyses (Franklin et al., 2016; Sankar et al., 2018) revealed ACC ac-
tivity changes as the most consistently reported neurobiological effects
of psychotherapy, given the present results, however, this can only
partly be agreed on.

4.1.3. (Pre)frontal cortex

Seven out of eight studies investigating differences in (pre)frontal
regions found significant BOLD signal response changes following CBT.
Key regions of MDD-associated dysregulations, such as negative bias,
blunted reward sensitivity, and heightened rumination/self-referential
negative thinking, are located within the prefrontal cortex (Disner
et al., 2011; Ng et al., 2019; Northoff et al., 2006; Northoff and Berm-
pohl, 2004; Phillips et al., 2003).

Among studies investigating changes in affective processing after
CBT, three noted significantly decreased BOLD signal response to
negative stimuli (OFC: Dichter et al., 2010; frontal pole: Dichter et al.,
2010; vIPFC: Ritchey et al., 2011). These results align with the
assumption that decreased activity to negative stimuli might reflect
neurobiological correlates of reduced negative bias in depressive pa-
tients following CBT (Phillips et al., 2003; Zhang et al., 2024).
Contrarily, one study found decreased activity in response to positive
affective stimuli in the right OFC post-CBT (Chuang et al., 2016),
aligning with meta-analytic evidence of increased OFC activity toward
positive stimuli in MDD patients (Groenewold et al., 2013). Accordingly,
uncertainties persist regarding the role of the OFC in depressed patients,
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although CBT appears to modulate these activity patterns. Increased
activity following CBT was observed in the superior FG (Fu et al., 2008),
supporting a therapy-induced normalization of a hypoactive dorsal
system and increased cognitive control according to neurobiological
models of MDD (Disner et al., 2011; Phillips et al., 2003). Contradictory
to Phillips et al.’s (2003) model, Dichter et al. (2010) revealed activity
increases in the (ventral) inferior FG, and Rubin-Falcone et al. (2018,
2020) linked greater activity decreases in the mPFC, dIPFC and medial
frontal pole with greater symptom improvement. This is in contrast to
the assumption of DeRubeis et al. (2008) that CBT might increase
neuronal cognitive control. Additionally, there were also null results in
prefrontal areas during affective processing regarding objective 1
(Ritchey et al., 2011; Rubin-Falcone et al., 2020), possibly due to
methodological issues and also regarding objective 2 (Chuang et al.,
2016; Rubin-Falcone et al., 2020).

Prefrontal areas are also involved in reward processing: For example,
dysfunctions in the OFC in MDD patients are broadly discussed (for re-
view, see Zhang et al., 2024). Thus, theoretical assumptions would
predict increased activity after successful CBT, contrasting the results of
Dichter et al. (2009). However, the authors additionally revealed ac-
tivity increases in the FG during monetary anticipation, potentially
signifying the normalization of previously decreased activity observed
in depressive episodes (Smoski et al., 2009).

The frontopolar cortex has been associated with pessimistic future
thinking and increased activation in MDD patients (Katayama et al.,
2019). Thus, Katayama et al.’s (2019) result of decreased frontopolar
cortex activity following CBT is in line with this, indicating normaliza-
tion of this activity pattern. During self-referential processing, mPFC
activity is shown (Northoff et al., 2006), and greater activity is associ-
ated with heightened negative affectivity (Lemogne et al.,, 2011).
Therefore, Yoshimura et al.”s (2014) finding of decreased mPFC activity
toward negative self-referential material and increases toward positive
self-referential stimuli post-therapy might be interpreted as reductions
in this negativity, reflecting improved cognitive-emotional processing
with diminished negative bias and a more balanced cognitive style after
CBT, correcting the aspect of the negative view on the self of Beck’s
(1967) cognitive triad. However, frontopolar activity changes were not
linked to symptom improvement.

Inconsistencies in results examining task-induced BOLD signal re-
sponses following CBT in MDD patients especially in the PFC arise from
methodological and sample differences but also from the large hetero-
geneity of the PFC and its involvement in a multitude of functions.
Furthermore, the distinction to other areas, such as the cingulate, can be
challenging in some cases. Despite this, the assumption of DeRubeis
et al. (2008) that CBT increases cognitive control and, therefore, PFC
activity appears too simplistic in light of the current results. Rather than
solely increasing cognitive control, successful CBT outcomes may also
involve reduced ruminative thinking and subsequently decreased brain
activity. The heterogeneous results speak against a generalized view of
frontal areas and underscore that a more differentiated perspective is
necessary in this context. One neural mechanism of CBT appears to be
the alteration in frontal cortical activity, but there are inconsistent
findings regarding the direction of the change in activity, as it is depicted
in Fig. 2, which is in line with the findings of similar previous reviews
(Chalah and Ayache, 2018; Franklin et al., 2016). With regard to
symptom-improvement-related changes in activity, there is some evi-
dence during affective processing, although findings remain
inconsistent.

4.1.4. Striatum

Four out of five studies reported significant effects in the NAcc,
caudate, and putamen, indicating that CBT also alters brain function in
striatal areas. There were findings of increased activity in response to
rewards after CBT (Dichter et al., 2009; Hanuka et al., 2022), with an
association between these changes and reduced scores in an anhedonia
scale (Hanuka et al.,, 2022). Evidence suggests hypoactivity during



P. Konig et al.

reward processing in striatal areas in MDD patients compared to HC
(meta-analysis: Ng et al., 2019), and the improvement of these impair-
ments through CBT is now supported by imaging studies. The increased
reactivity to rewards might reflect a diminished negative bias and
reduced anhedonia after CBT (Der-Avakian and Markou, 2012; Keller
et al., 2013; Takamura et al., 2017). In contrast to that, there are also
null results (Straub et al., 2015; Hanuka et al., 2022; Queirazza et al.,
2019) and Dichter et al. (2009) reported an unexpected decrease in
caudate activity during monetary feedback, attributing it partially due
to methodological issues with the paradigm (see Section 4.2).

Moreover, findings in striatal regions extend beyond reward pro-
cessing tasks. In line with the cognitive neurobiological model of
depression (Disner et al., 2011), Ritchey et al. (2011) revealed decreased
activity after CBT toward negative and neutral emotional stimuli and
increased activity toward positive stimuli in the caudate. This aligns
with Disner et al.’s (2011) model of negatively biased memory and
rumination, suggesting normalization of striatal neural response
following CBT. Similarly, Katayama et al.’s (2021) result of decreased
caudate activity during future thinking post-CBT could be interpreted in
this context, directly referring to the future component of the cognitive
triad (Beck, 1967).

In sum, there is evidence for enhanced neural responsiveness to re-
wards after CBT in MDD patients, a novel finding considering that cur-
rent reviews on similar topics primarily report changes during affective
processing (Chalah and Ayache, 2018; Franklin et al., 2016). Notably,
caudate activity decreased post-therapy during future thinking and af-
fective processing as a potential neural mechanism of CBT, reflecting a
diminished negative bias and, therefore, correlates of effective therapy.
The second objective was only investigated during reward processing,
with one study revealing neural activity alterations associated with a
symptom scale and one study not finding these associations, making
conclusions hard to draw.

4.2. Limitations

Nevertheless, there are some methodological issues within the
included studies and also in the review technique that warrant mention:
First, most studies did not establish a randomized controlled trial design
and investigate a waiting group due to ethical considerations. Conse-
quently, it is not possible to conclude that observed effects were solely
due to CBT, and the potential for regression-to-the-mean effects should
be acknowledged. Notably, co-therapy with antidepressants might be a
confounding factor, considering that the studies did not control for
medication load, although only four studies incorporated medication,
with stability observed in two of these studies throughout the inter-
vention period. Additionally, variations in treatment durations, fre-
quencies, and scan intervals were observed among the studies, and
psychotherapy is a rather long intervention that bears challenges con-
trolling for concurrent changes in patients’ lives that could influence
outcomes. Also, because a HC group was not necessary, conclusions
about normalization are challenging. However, the majority of studies
(N = 11) had a HC group and conducted group-by-time-interactions
with additional post-hoc-tests. Consequently, in some instances, there
is suggestive evidence of a convergence of activity patterns toward those
of HC following CBT.

Second, the sample sizes in all studies were rather small, and espe-
cially given the many potentially confounding factors, this raises ques-
tions about the appropriateness of employing whole brain analyses.

Third, although all studies used CBT or sub-forms, for example, BAT
focuses more on behavioral activation (Sturmey, 2009), whereas CBASP
prioritizes enhancing empathy and interpersonal aspects (McCullough,
2003), it could be argued that these interventions might use distinct
mechanisms of action. Additionally, learning processes and their inter-
nalization take time, suggesting that the intervals between pre- and post-
scan sessions, often just a few weeks, may be insufficient to detect
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effects.

Fourth, there were many differences between the assessed tasks (e.g.,
used stimuli, their valence, and evaluated contrasts) in the studies. This
variation clearly allows for the investigation of different effects, even
under the assumption that psychotherapy fundamentally alters brain
function and information processing. Although most of the tasks are
well-established and the stimuli within categories are at least similar,
the question remains as to how comparable they truly are. This review
attempted to categorize the tasks into clusters; however, this categori-
zation is not clear-cut, and cross-study comparisons remain challenging.

Fifth, only few studies investigated the association of activity
changes and symptom improvement, thereby posing challenges in
addressing the second objective of this review. Further research is
necessary, especially investigating distinct symptoms rather than gen-
eral MDD symptom scales to disentangle the role of neural changes and
clinical symptoms. Considering the heterogeneous nature of MDD with
its diverse symptom profiles (Fried and Nesse, 2015) and evidence
indicating clinical phenotypes are linked to different structural brain
alterations (Yu et al., 2021), this might be a promising approach.

In sum, despite the aim of reducing heterogeneity, substantial dif-
ferences persist across the studies in terms of task content, statistical
evaluation (limits for cluster sizes, corrections, whole brain vs. ROI
approach), and interventions. Thus, in our view, it is not yet possible to
summarize the results in a meta-analysis. Above all, agreement on
research standards and the employment of standardized tasks, scan- and
intervention-intervals, and analysis of the results, for example, would be
an important starting point toward enhancing comprehension of the
neuronal mechanisms underlying CBT.

5. Conclusion

Taken together, the results suggest that CBT may modulate brain
function in individuals with MDD, thereby partially normalizing neural
processing, particularly negative biases. The results, for the most part,
are in line with the findings of related reviews (Chalah and Ayache,
2018; Franklin et al., 2016). In particular, evidence suggests reduced
limbic activity during task-based fMRI, increased striatal activity in
response to reward tasks, decreased striatal activity in response to af-
fective processing and future thinking tasks, and altered activity in the
cingulum and PFC during different tasks. Especially in the sgACC, these
changes are also associated with symptom reduction.

However, the results also provide mixed evidence for the dual-
process models: reduced limbic activity does not necessarily seem to
be accompanied by increased prefrontal cortical control. Yet, it remains
open if contrary results are due to methodological issues like the com-
parison of different fMRI tasks, clinically visible differences in the
symptom patterns of patients with MDD (Fried and Nesse, 2015), or a
combination of both. In order to investigate this, future research should
focus on standardizing methods and transdiagnostic research on the
symptom level. In summary, while greater standardization in research
methodologies is necessary, findings underscore the efficacy of CBT as a
treatment modality for MDD through neurobiological insights.
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