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Abstract
Rumination refers to individuals’involuntary and repetitive contemplation of
the causes, process, and outcomes of negative life events following their occur-
rence, characterized by negative self-referential processing, negative emotion-
ality, and persistence. Employing brain functional network analysis methods,
researchers have found that these three characteristics of rumination are re-
spectively associated with abnormal activity patterns within the default mode
network, alterations in functional connectivity of the salience network, and ab-
normal coupling patterns between attention-related networks. Future research
should further clarify the causal relationships between rumination and relevant
brain network activities, investigate the structural basis of brain functional net-
works in rumination, also attend to the aging characteristics of rumination and
its brain networks, and dedicate efforts to the exploration of neuromodulation
techniques for effective intervention.
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Abstract
Rumination refers to the involuntary, repetitive thinking about the causes,
course, and consequences of negative life events, characterized by negative self-
referential processing, negative emotionality, and persistence. Using brain func-
tional network analysis, researchers have found that these three features of rumi-
nation are associated with abnormal activity patterns within the default mode
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network, altered functional connectivity of the salience network, and abnormal
coupling patterns between attention-related networks, respectively. Future re-
search should further clarify the causal relationship between rumination and
related brain network activity, explore the structural basis of rumination’s
brain functional networks, examine aging-related characteristics of rumination
and its brain networks, and develop effective neuromodulation techniques for
rumination intervention.

Keywords: rumination, brain network, default mode network, functional con-
nectivity

Rumination is the tendency for individuals to repeatedly and uncontrollably
think about the causes, course, and consequences of negative life events (such
as academic failure, relationship setbacks, or work difficulties) after experienc-
ing them (Nolen-Hoeksema, 1991; Nolen-Hoeksema et al., 2008). Individuals in
a ruminative state typically exhibit the following cognitive and emotional char-
acteristics (Morrow & Nolen-Hoeksema, 1990). First, rumination predisposes
individuals to associate negative information with self-concept, engaging in neg-
ative self-referential processing (Santa et al., 2012; Yang & Liu, 2016). Second,
this negative self-referential processing leads individuals to over-attend to neg-
ative information, resulting in negative emotions and information processing
biases that impair problem-solving (Constantin et al., 2017; Nolen-Hoeksema,
2000; Kertz et al., 2019). Third, rumination is persistent; once individuals enter
a ruminative state, they tend to dwell on the same event for extended periods
(Joorman & D’Avanzato, 2010). In short, the negative self-referential processing,
negative emotionality, and persistence of rumination impair individuals’problem-
solving and emotion regulation capacities, representing a maladaptive cognitive
style (Ando et al., 2020; Nolen-Hoeksema, 2000). Research has demonstrated
that rumination is closely associated with various mental disorders, including
depression, anxiety, bipolar disorder, and post-traumatic stress disorder (Con-
stantin et al., 2017; Dodd et al., 2019; Kraus et al., 2020; Kertz et al., 2019;
Mihailova & Jobson, 2020; Smith et al., 2018; Topper et al., 2017). Given rumi-
nation’s significant impact on mental health, this article aims to review previous
research on the neural mechanisms of maladaptive rumination to understand its
brain functional network basis and provide theoretical support for rumination
intervention.

Received: 20210513
*Corresponding author: GUAN Qing, Email: guanqing@szu.edu.cn
Funding: National Natural Science Foundation of China (32071100), Shen-
zhen Basic Research Program (Natural Science Foundation) General Project
(JCYJ20190808121415365), Guangdong Provincial Natural Science Founda-
tion (2020A1515011394), Guangdong Provincial Natural Science Foundation
(2021SHIBS0003)

In recent years, numerous studies have used functional magnetic resonance imag-
ing (fMRI) to investigate the large-scale brain network mechanisms of rumina-
tion. Brain network analysis can reveal important brain regions involved in
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cognitive processes and the correlations between these regions (Xu, 2021), and
has been widely applied in cognitive neuroscience research (Delaveau et al., 2017;
Kuhn et al., 2012; Menon, 2011; Sanchez et al., 2016; Sporns, 2014; Sin et al.,
2018). Major large-scale brain networks identified in previous research include
the default mode network, salience network, frontoparietal network, and atten-
tion network (Menon, 2011; Petersen & Sporns, 2015; Yeo et al., 2011). Studies
have shown that the negative self-referential processing in rumination is associ-
ated with the default mode network, which is primarily involved in internally-
directed mental activity (Berman et al., 2011; Chen et al., 2020; Rosenbaum
et al., 2017; Zhou et al., 2020); the negative emotionality of rumination is re-
lated to alterations in the salience network; and its persistence is associated
with abnormal connectivity between attention networks (Hamilton et al., 2011;
Kaiser, Andrews-Hanna, Wager, et al., 2015; Li et al., 2018; Lydon-Staley et
al., 2019; Price et al., 2017). The following sections will elaborate on the brain
network mechanisms underlying the negative self-referential processing, nega-
tive emotionality, and persistence of rumination, and propose future research
directions.

2. Negative Self-Referential Processing in Rumination
Individuals in a ruminative state tend to connect negative information with the
self and engage in excessive interpretation of it (Santa et al., 2012; Martin &
Tesser, 1989). Specifically, when negative events occur, high ruminators are
more likely to engage in self-reflective thinking such as “Why did I perform so
poorly?”or “Why did this happen to me?”rather than objectively analyzing
“Why did this event occur?”(Watkins et al., 2008). Research indicates that
the self-referential processing in rumination is associated with altered activity
patterns in the default mode network.

The default mode network (DMN) shows decreased activity during tasks re-
quiring attention to external information, but increased activity during rest
or internally-directed mental activities such as self-related abstract thinking,
episodic memory, and future imagination (Li & Shu, 2014; Buckner et al., 2008;
Smallwood et al., 2021). Alterations in the DMN play a crucial role in the
development of rumination (Andrews-Hanna et al., 2014; Hamilton et al., 2015;
Kaiser, Andrews-Hanna, Wager et al., 2015; Zhou et al., 2020). Research has
identified three functionally distinct subsystems within the DMN: (1) the core
subsystem, comprising the anterior medial prefrontal cortex and posterior cingu-
late cortex, which participates in self-referential processing and facilitates inter-
actions between the other two subsystems; (2) the dorsomedial prefrontal sub-
system, including the dorsomedial prefrontal cortex, temporoparietal junction,
lateral temporal cortex, and temporal pole, which plays an important role in
theory of mind and metacognitive processing (Andrews-Hanna, 2012; Andrews-
Hanna et al., 2014); and (3) the medial temporal lobe subsystem, composed
of the ventromedial prefrontal cortex, posterior inferior parietal lobule, retro-
splenial cortex, parahippocampal cortex, and hippocampus, which is involved
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in autobiographical memory processing and the formation of future situational
expectations based on this memory (Andrews-Hanna et al., 2010; Spreng et al.,
2009). During rumination, both the activity and functional connectivity of these
three subsystems undergo corresponding changes (Andrews-Hanna et al., 2010;
Tozzi et al., 2021).

First, the three subsystems show different levels of activation during rumination.
Multiple studies have induced rumination by asking participants to judge trait
adjectives, recall negative personal events, or think about others’evaluations of
themselves, followed by fMRI scanning. Results show that compared to distrac-
tion states, rumination states exhibit increased activity in the core subsystem
(responsible for self-referential processing) and the dorsomedial prefrontal sub-
system (responsible for theory of mind processing). However, most regions of
the medial temporal lobe subsystem (which facilitates goal-directed behavior)
remain inactive during rumination (Apazoglou et al., 2019; Burkhouse et al.,
2017; Cooney et al., 2010; Steinfurth et al., 2017; Vecchio et al., 2017; Zhou et
al., 2020). The hyperactivity of the DMN core subsystem during rumination
suggests that when external stimuli trigger rumination, individuals excessively
process self-related information. The dorsomedial prefrontal subsystem reflects
mental states triggered by external stimuli: when facing negative life events, ru-
mination leads individuals to engage in excessive self-reflection and self-criticism,
projecting these thoughts onto how others might view them (e.g., after a compe-
tition loss, individuals in a ruminative state may believe they performed poorly
and that others share this view). The medial temporal lobe subsystem forms
future expectations based on autobiographical memory, so its reduced activity
during rumination can be understood as difficulty retrieving positive past expe-
riences and a belief that one will likely fail in future goals (e.g., believing one
will never perform well in future competitions after a single loss).

Second, functional connectivity between the three DMN subsystems changes
during rumination. Chen et al. (2020) used a continuous mental state paradigm
to examine the DMN during rumination and obtained highly consistent results
across three different MRI scanners. Compared to a distraction state (imagining
self-unrelated matters), rumination states (repeatedly thinking about negative
events and their potential consequences) showed abnormal functional connectiv-
ity between the three DMN subsystems (Chen et al., 2020). Specifically, during
rumination, functional connectivity decreased between the core subsystem and
dorsomedial prefrontal subsystem, while it increased between the core subsys-
tem and medial temporal lobe subsystem (Bartova et al., 2015; Christoff et al.,
2016; Chen et al., 2020; Provenzano et al., 2021; Zhu et al., 2017). The core sub-
system is responsible for integrating other subsystems, while the dorsomedial
prefrontal subsystem handles metacognitive processing. Decreased connectivity
between them suggests reduced constraint of the core subsystem over the dorso-
medial prefrontal cortex (Christoff et al., 2016), leading individuals to expend
more cognitive resources on negative self-examination. Enhanced connectivity
between the core and medial temporal lobe subsystems suggests over-constraint
of the latter by the former, making it difficult for individuals to retrieve positive
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autobiographical memories and form adaptive mental activities. Furthermore,
graph-theoretical analysis of brain networks shows that higher rumination scores
are associated with higher entropy levels within the DMN in both healthy par-
ticipants and depressed patients (Jacob et al., 2020). Entropy reflects a system’
s orderliness, and increased entropy indicates greater system disorder (Jacob et
al., 2016). These findings suggest that rumination levels can be characterized
by the degree of internal order within the DMN.

The DMN plays an important adaptive role in supporting internally-directed
mental activity, and rumination is associated with abnormal DMN activity.
This helps explain why rumination manifests as excessive self-referential process-
ing. However, the causal relationship between rumination and abnormal DMN
activity remains unclear, and future research should employ directed functional
connectivity or neuromodulation methods to clarify their interaction patterns.

3. Negative Emotionality of Rumination
Nolen-Hoeksema (1987) proposed that rumination represents a response style
to depressive mood. After experiencing negative life events, individuals high in
rumination pay more attention to their own negative emotions, excessively pro-
cessing event details and their emotional states. The cognitive biases triggered
by negative emotions hinder objective problem-solving (Nolen-Hoeksema et al.,
2008). Research indicates that alterations in the salience network can explain
the generation of negative emotions during rumination.

The salience network (SN) has two key functions: monitoring the external en-
vironment and acquiring corresponding cognitive resources based on this mon-
itoring. The SN primarily includes the amygdala, fronto-insular cortex, and
anterior cingulate cortex (Lydon et al., 2019; Peters et al., 2016). Studies us-
ing the Stroop task have found that, compared to healthy controls, depressed
patients show more negative self-referential processing, suggesting a strong as-
sociation between depression and rumination (Wagner et al., 2013). During
the task, the anterior cortical midline structure, composed of the anterior cin-
gulate cortex (a key SN node) and the medial prefrontal cortex (part of the
DMN), showed hyperactivation and enhanced functional connectivity. Nejad et
al. (2013) systematically reviewed brain network studies of rumination in depres-
sion and found that hyperactivation of the anterior cortical midline structure
reduced functional connectivity between the dorsolateral prefrontal cortex and
amygdala. Since the dorsolateral prefrontal cortex is responsible for cognitive
control (Nejati et al., 2021) and the amygdala is involved in emotional processing
(Bordi & LeDoux, 1992), reduced connectivity between them during rumination
suggests that individuals have difficulty encoding and representing information
accurately and forming constructive emotion regulation strategies, resulting in
negative emotional responses. This is supported by graph-theoretical analysis
results. Node centrality, a common graph-theoretical metric, characterizes a
node’s role and position in a network, with higher values indicating greater in-
formation transmission function (Liang et al., 2010; Sun et al., 2010; Gao et al.,
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2018). Research has shown that after inducing rumination through emotional
instructions, depressed patients with high rumination traits exhibit reduced
amygdala node centrality compared to healthy controls (Zhang et al., 2020).
This indicates that when depressed patients enter a ruminative state, the amyg-
dala cannot fully perform its emotion regulation function, and emotional states
cannot be properly adjusted.

The fronto-insular cortex in the SN participates in sensory and emotional pro-
cessing (Li et al., 2018). Studies have shown that enhanced resting-state func-
tional connectivity of the right fronto-insular cortex is associated with negative,
persistent introspective tendencies (Kaiser et al., 2016), reflecting rumination
levels in depressed patients. Additionally, individuals with high rumination
traits (high scores on rumination scales) show attentional bias toward negative
self-descriptive information, and this bias is modulated by dynamic functional
connectivity of the fronto-insular cortex. Specifically, greater changes in fronto-
insular dynamic functional connectivity correlate with stronger tendencies to
attend to negative self-information among high ruminators (Kaiser et al., 2018;
Kaiser et al., 2019). Fronto-insular activity reflects differences in somatic states
when subjective expectations conflict with reality (Craig, 2009; Sridharan et
al., 2008). Therefore, hyperactivity of the fronto-insular cortex indicates that
high ruminators are more likely to experience intense negative emotions when
reality fails to meet their subjective expectations. Since goal pursuit is highly
subjective, larger discrepancies between failed and expected goals increase the
likelihood of negative rumination.

In summary, the salience network, which monitors internal and external envi-
ronments, undergoes alterations during rumination, causing individuals to focus
attention on negative emotional experiences—neither beneficial for mental health
nor problem-solving. Negative emotionality also explains why rumination is as-
sociated with mental disorders such as depression and anxiety. These findings
suggest that rumination interventions could focus on cultivating emotional insen-
sitivity to self-related negative emotions in high ruminators to reduce excessive
mental exhaustion.

4. Persistence of Rumination
Rumination is a maladaptive cognitive style characterized by repetitive, sus-
tained thinking about negative events (Grafton et al., 2016; Nolen-Hoeksema
et al., 2008). Why is rumination difficult to stop once initiated? The impaired
attention disengagement theory proposes that rumination arises from difficulty
disengaging attention from negative stimuli, leading to repetitive, sustained
processing of self-related negative information (Grafton et al., 2016; Hur et al.,
2019; Koster, 2011; Nejad et al., 2019; Valenas et al., 2017). Research indi-
cates that the persistence of rumination is associated with abnormal functional
connectivity between attention-related networks.

The frontoparietal network (FPN), comprising the dorsolateral prefrontal cor-
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tex and posterior parietal cortex, is primarily involved in attentional control,
response selection, and response inhibition (Chang, Liu, et al., 2013; Lydon et
al., 2019). The dorsal attention network (DAN), composed of the frontal eye
fields and intraparietal sulcus, helps focus and maintain attention on external
stimuli, and its activation is negatively correlated with rumination (Buckner
& Krienen, 2013; Rosenbaum, Thomas, et al., 2018; Rosenbaum, Maier, et al.,
2018). Studies have shown that compared to healthy controls, depressed patients
with high rumination levels exhibit weakened functional connectivity between
the FPN and DAN, and enhanced connectivity between the FPN and DMN
(Kaiser, Andrews-Hanna, Wager, et al., 2015; Kaiser, 2017). Specifically, the
FPN participates in both top-down attentional and emotional regulation and
manages cognitive resource allocation to the DAN and DMN. When connectiv-
ity between the FPN and externally-directed DAN weakens while connectivity
between the FPN and internally-directed DMN strengthens, cognitive resources
intended for attending to and acquiring information from the external world
are consumed by internally-directed mental activities. Excessive cognitive re-
sources are allocated to self-referential and autobiographical memory processing
systems, causing individuals to over-focus on the self.

Dynamic brain network studies also provide evidence for the impaired atten-
tion disengagement hypothesis of rumination. Dynamic brain network analysis
can describe the stability of functional connectivity over time and reflect brain
network flexibility (i.e., more stable functional connectivity indicates lower net-
work flexibility) (Gonzalez-Castillo & Bandettini, 2018; Li, Lu et al., 2020).
Research has found that compared to a distraction control group (imagining
non-emotional scenes), rumination groups show increased stability of FPN func-
tional connectivity and decreased stability of DMN connectivity during self-
reflection (Chen & Yan, 2021). This suggests that during rumination, individ-
uals exhibit rigid thinking patterns and abnormally prominent self-referential
processing (Christoff et al., 2016; Kaiser et al., 2016). Chen and Yan (2021) pro-
pose that decreased DMN stability relates to overly dense interactions among its
internal regions, though this requires future verification. Overall, abnormal dy-
namic activity patterns in the FPN and DMN may reflect individuals’difficulty
disengaging attention from self-related information during rumination.

However, some scholars propose alternative explanations for rumination persis-
tence. Yang et al. (2017) found through meta-analysis that high ruminators
show decreased cognitive control ability, making it difficult to inhibit negative
information. However, few brain network analyses have examined the relation-
ship between inhibitory ability and rumination persistence, leaving its neural
mechanisms unclear. Whether rumination persistence stems from difficulty shift-
ing attention away from negative self-information or from difficulty inhibiting
negative stimuli remains an open question for future research.
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5. Summary and Outlook
In summary, rumination is a maladaptive response following negative life events,
characterized by negative self-referential processing, negative emotionality, and
persistence. The negative self-referential processing of rumination can be ex-
plained by abnormal activity patterns in the DMN’s core subsystem, dorsome-
dial prefrontal subsystem, and medial temporal lobe subsystem. The negative
emotions generated by rumination relate to abnormal functional connectivity of
the anterior cingulate cortex and amygdala in the salience network. Frequent
dynamic functional connectivity changes in the fronto-insular cortex reflect how
conflicts between real situations and expected goals easily produce intense neg-
ative emotional experiences in high ruminators. Finally, individuals’inability
to actively stop persistent rumination relates to abnormal coupling patterns
among the frontoparietal network, dorsal attention network, and default mode
network. Although research on the brain network mechanisms of rumination
has made progress, future studies should deepen our understanding in several
ways.

First, the vast majority of previous studies have demonstrated correlations be-
tween rumination and brain network activity, but correlation does not establish
causality. Future research should employ neuromodulation techniques to exam-
ine causal relationships between rumination and altered brain functional con-
nectivity, thereby deepening our understanding of rumination’s brain network
mechanisms.

Second, does the altered brain functional network in rumination have a struc-
tural basis? Existing research has confirmed significant functional network alter-
ations in rumination, but functional connectivity changes alone are insufficient
to infer structural connectivity changes (Koch et al., 2002). Currently, few stud-
ies have specifically explored the relationship between functional and structural
networks in rumination, representing an important direction for future research.

Third, aging-related characteristics of rumination. Previous rumination research
has primarily focused on young and middle-aged adults. However, the brain
changes continuously with age (Gu et al., 2015), making it inappropriate to
generalize these findings directly to older adults. Studies show that compared
to younger individuals, older adults are more likely to use distraction strategies
and less likely to engage in rumination when facing negative emotions (Ricarte
Trives et al., 2016). This may be due to the positivity effect in older adults,
who tend to focus more on positive than negative stimuli (Reed et al., 2014).
Whether abnormal brain network connectivity in rumination improves with this
emotional positivity effect requires verification in future research.

Finally, the clinical value of large-scale brain networks. The impact of rumina-
tion on mental disorders such as depression and anxiety is receiving increasing
attention. Currently, few studies have applied existing brain network findings
to clinical intervention and treatment of rumination. Future research should de-
velop brain network-based neuromodulation techniques for effective rumination
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intervention.
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