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Abstract

BACKGROUND: Repetitive negative thinking (RNT) is a symptom dimension of depression that 

is associated with a poorer prognosis in terms of higher recurrence, treatment resistance, residual 

symptoms, and disability. This investigation examined whether RNT is associated with aberrant 

reward processing and fear learning.

METHODS: Very high RNT (VH-RNT) (n = 60) and high RNT (H-RNT) (n = 60) propensity-

matched individuals with depression (age, sex, race/ethnicity, income/employment, body mass 

index, depressive and anxiety symptom severity) participated in this study along with matched 

healthy comparison volunteers (n = 30). This propensity-matched sample was selected from 

the larger Tulsa 1000 study. Participants performed two functional magnetic resonance imaging 

tasks: the monetary incentive delay task probing reward processing and the fear conditioning task 

probing aversive learning and extinction.
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RESULTS: Both VH-RNT and H-RNT groups showed lower neural activity than healthy 

comparison subjects in reward circuitry, including the inferior frontal gyrus (VH-RNT: β = −1.24, 

H-RNT: β = −1.28) and the cerebellum (VH-RNT: β = −0.93, H-RNT: β = −1.14). However, 

individuals with VH-RNT exhibited lower activation than those with H-RNT in central autonomic 

network components during fear conditioning (β = −0.84) and continued conditioned responses 

during early extinction in the postcentral cortex (β = 0.71).

CONCLUSIONS: VH-RNT showed aberrant processing in fear conditioning during both 

learning and extinction phases compared with H-RNT. These findings demonstrate that 

dysfunctions of negative valence associated with RNT may be domain specific, which should 

be taken into account for identifying potential specific targets of intervention.

Major depressive disorder (MDD) is a substantial public health concern, considering that it 

affects approximately 16% of people in their lifetime and that it is the cause for direct and 

indirect losses of more than $50 billion per year in the United States alone (1). About 1 in 

3 individuals who receive treatment for depression fail to respond to first-line treatments, 

including various antidepressant medications and psychotherapies (2). Focusing on each 

clinical component of MDD, subserved by a well-defined brain circuit, may allow us a better 

understanding of MDD and potentially a more successful approach to clinical improvement 

based on selective modulation of the affected circuit. Ideally, this kind of single clinical 

manifestation (and its specific modification) should result in robust clinical effects in the 

full syndrome. This approach necessitates a better understanding of the underlying circuit 

neurobiology mechanism of a symptom dimension satisfying this criterion (3).

Repetitive negative thinking (RNT), a persistent, passive, and/or relatively uncontrollable 

and negative thought process (4–9), is a symptom dimension that can be explored as a 

targetable process important for depression. At the same time, RNT can be viewed as a 

transdiagnostic symptom, commonly referred to as rumination in the depression literature, 

worry in the anxiety literature, and obsessional thinking in the obsessive-compulsive 

disorder (OCD) literature. While it is a mental-behavioral construct that cuts across different 

diagnoses with a series of important adverse clinical and prognostic implications (6), its 

generation is still not well understood. RNT is associated with poorer outcomes, more 

negative affect, worse clinical course, suicidal ideation, poor response to treatment, and 

persisting disability even in individuals who respond to antidepressants (7,10,11). Therefore, 

it is imperative to have a better understanding of neural substrates critical to RNT generation 

and maintenance.

The dimensional construct of anhedonia-reward deficits has been considered of paramount 

importance in the depression literature (12,13). Mostly with obsessional thinking, a type of 

RNT, aberrant reward processing is presumed to play a role in the maintenance of RNT, 

as evidenced in functional neuroimaging (14) and neuromodulation studies focusing on the 

ventral striatum and, in particular, the nucleus accumbens (12,15,16). Alternatively, aberrant 

reward processing in obsessional thinking disturbances could be related to the rewarding 

quality of compulsive behavior and habit learning rather than obsessional thinking (17). 

Moreover, previous findings suggested that neural response to loss was correlated with RNT 

in healthy control subjects but not in individuals with depression (5). RNT has also been 
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suggested to relate with dopamine receptor genetic variants, indicating the involvement 

of the neurochemistry characteristically involved in reward processing (8). Taken together, 

these studies suggest that the exact nature of the relationship between RNT and reward 

processing is still largely unsettled. Given the critical importance of mapping dysfunctional 

reward processing onto discrete symptoms of depression to identify modifiable disease 

processes at the neural level, it is vital to understand the association between RNT and 

reward/punishment processing in the MDD population (12).

In addition, prior studies have demonstrated that individuals with depression and anxiety 

also exhibit altered fear conditioning (18–21), in which a neutral stimulus is repeatedly 

associated with an aversive stimulus so that the neutral stimulus alone can trigger the fear 

response through associative learning. In this regard, it has been recently proposed that 

rapid-acting treatments for resistant depression might act via interference with fear learning, 

if RNT is conceptualized as a persisting cycle of retrieval of fearful thoughts and memories, 

followed by nighttime reconsolidation during sleep. In this view, disparate methods such 

as electroconvulsive therapy, ketamine, and sleep deprivation might owe their well-known 

efficacy in part to interference with different phases of this cycle of retrieval, lability, and 

reconsolidation of emotional memories (22).

Furthermore, significant evidence indicates fear circuit disruption in response to innately 

aversive stimuli, such as fearful/angry faces, in depression (23–27). Based on these findings, 

it is important to examine the association between RNT and fear conditioning, including 

both learning and extinction, to see if RNT is related to fear learning or its extinction of fear 

learning.

Ultimately, appropriately responding to a positive outcome and avoiding a negative 

outcome and emotionally negatively laden stimuli, modeled in reward- and fear-conditioning 

paradigms, respectively, provide the bases of normal adaptive behavior. The disruption 

of such approach-avoidance learning can offer insight into the mechanism accounting for 

several manifestations of depression. Because the severity of RNT may be clinically difficult 

to separate from the severity of depression (6) and individuals with depression differ in 

many ways from healthy comparison (HC) volunteers, case-control designs may not be 

suitable for examining the neural underpinnings of RNT in depression.

To investigate neural signatures specifically associated with RNT in depression, we studied 

two groups of individuals with depression who were propensity matched on the severity 

of current depression and other potential confounders but different regarding the severity 

of RNT. In this propensity-matched sample of patients with MDD with very high RNT 

(VH-RNT) and high RNT (H-RNT) and matched HC subjects, we put to test the following 

predictions based on previous findings. First, we hypothesized that depression, regardless 

of RNT levels, would be associated with attenuated reward processing, thus predicting no 

effect of RNT in reward processing (12). Second, we expected that RNT would play a 

role in fear conditioning during fear acquisition and fear extinction, in the light of previous 

literature showing persistent fear responses associated with a high level of RNT (20,22).
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METHODS AND MATERIALS

Participants

The participants were drawn from the Tulsa 1000 cohort, a naturalistic study that aimed 

to longitudinally follow 1000 individuals with mood, anxiety, substance use, and/or eating 

disorders, and HC subjects (28). The eligibility criteria for the study are described in the 

Supplement. All procedures were approved by the Western Institutional Review Board. 

Participants provided written informed consent and received financial compensation for their 

participation.

This study included only individuals with MDD and healthy volunteers. For diagnosing 

MDD, the DSM diagnosis based on the Mini-International Neuropsychiatric Interview was 

used, followed by a clinical case conference. The original 22-item Ruminative Response 

Scale was also used to quantify the intensity of RNT (29). Individuals with MDD (n 
= 120) were propensity matched in age, depressive symptom severity (Patient Health 

Questionnaire-9), anxiety symptom severity (Overall Anxiety Severity and Impairment 

Scale), sex, body mass index, education, race and ethnicity, employment, and income. These 

propensity-matched individuals with depression were median-split by their Ruminative 

Response Scale scores, resulting in VH-RNT and H-RNT groups, with 30 matched HC 

volunteers (Figure S2). All participants completed self-report measures including the 

Ruminative Response Scale and the World Health Organization Disability Assessment 

Schedule for measuring RNT and functional disability, respectively. After excluding those 

who did not have complete magnetic resonance imaging data (n = 14), this study was based 

on 136 participants (55 VH-RNT MDD, 52 H-RNT MDD, and 29 HC subjects) for the 

monetary incentive delay (MID) task and 130 participants (54 VH-RNT MDD, 50 H-RNT 

MDD, and 26 HC subjects) for the fear conditioning task (see the Supplement for task 

descriptions). Demographic and clinical information of participants is provided in Table 1.

Data Analysis

Preprocessing of imaging data is described in the Supplement.

Monetary Incentive Delay.—A two-level general linear model was used to analyze 

functional images for neural responses to incentive cues during delay by RNT. Six events 

were constructed on a subject to model the response for an upcoming incentive: high gain 

(+$5), low gain (+$1), no gain (+$0), high loss (−$5), low loss (−$1), and no loss (−$0). 

The blood oxygen level–dependent response to an incentive cue was convolved with a delta 

function for 4 seconds spanning from the presentation of the cue. The contrasts of incentive 

valences were constructed by comparing high-incentive to no-incentive trials: gain (+$5 > 

+$0) and loss (−$5 > −$0) to examine the effect of valence clearly, as previously described 

(30).

At the group level, the effect of RNT in anticipatory reward processing was examined using 

a three-dimensional multivariate analysis of covariance model with age and sex covariates 

(within-subjects: gain, loss; between-subjects: RNT, age, sex). A cluster-extent threshold of 

α < 0.01 (k > 153) was set based on the estimated autocorrelation function parameters of 
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the group-level error terms with a voxelwise threshold of p < .005. Significant cluster effects 

were further examined for probing RNT effects. Tukey honestly significant difference test 

was used for post hoc tests.

Fear Conditioning.—A generalized linear model was used for the analysis of neural 

responses to fear conditioning (conditioned stimulus [CS]+ vs. CS−) by RNT. To examine 

learning difference in fear conditioning in detail, acquisition and extinction phases were 

split into the first half and the second half of each phase. Consequently, 10 events were 

constructed on a subject to model responses to the CS: CS+/CS− during familiarization, 

CS+/CS− during the first half phase of acquisition, CS+/CS− during the second half phase 

of acquisition, CS+/CS− during the first half phase of extinction, and CS+/CS− during the 

second half phase of extinction. Blood oxygen level–dependent response to each CS image 

was convolved with a gamma function from the onset of the CS image. At the subject level, 

contrasts representing fear conditioning (CS+ vs. CS−) were constructed as within-subjects. 

A three-dimensional multivariate analysis of covariance model was constructed with age and 

sex covariates to examine fear conditioning with RNT.

A cluster-extent threshold of α < 0.01 (k > 140) was used with a voxelwise threshold of p 
< .005, and between-group effects from significant clusters were followed up by comparing 

extracted beta coefficients. Tukey honestly significant difference test was also used for post 

hoc tests.

RESULTS

Participant characteristics and behavioral results are described in the Supplement.

Monetary Incentive Delay

Group main effects across valence were found in the right middle/inferior frontal gyrus, 

left parieto-occipital sulcus to the thalamus, and middle frontal regions in decreased neural 

responses in VH-RNT and H-RNT groups compared with the HC group (Supplemental 

Results; Figure 1). In Figure 1, VH-RNT showed reduced neural responses to gain cues (+$5 

> $0) compared with HC subjects in the cerebellum, midbrain, and frontal areas (Table 2). 

Post hoc tests on these clusters revealed that H-RNT, in addition to VH-RNT, also exhibited 

diminished anticipatory activity to gain: mid to right cerebellum (β = −1.03, 95% CI = −1.46 

to −0.61, Cohen’s d = −1.08), ventral tegmental area (VTA) (β = −0.90, 95% CI = −1.36 to 

−0.45, Cohen’s d = −0.88), anterior cingulate cortex (β = −1.01, 95% CI = −1.42 to −0.60, 

Cohen’s d = −1.10), mid cerebellum (β = −0.76, 95% CI = −1.11 to −0.42, Cohen’s d = 

−0.98), and right inferior frontal gyrus (β = −0.89, 95% CI = −1.28 to −0.49, Cohen’s d = 

−1.0).

For loss (−$5 > $0), VH-RNT revealed decreased activity compared with HC subjects in the 

right superior frontal gyrus and basal ganglia extended from the right anterior caudate to left 

anterior horn area. Again, follow-up tests showed that H-RNT also showed attenuated loss 

activity in these clusters (right superior frontal gyrus, β = −1.30, 95% CI = −1.72 to −0.87, 

Cohen’s d = −1.37; basal ganglia, β = −0.97, 95% CI = −1.43 to −0.51, Cohen’s d = −0.94).
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Similarly, two cerebellum clusters showed reduced gain activity in H-RNT (Table 2). In 

these clusters, VH-RNT also exhibited attenuated neural responses to gain cues (β1 = −1.09, 

95% CI = −1.51 to −0.68, Cohen’s d = −1.14; β2 = −0.85, 95% CI = −1.20 to −0.50, 

Cohen’s d = −1.07). Table 2 shows diminished loss activity in H-RNT in frontal regions. 

Again, VH-RNT exhibited attenuated loss anticipatory processing (right superior frontal 

gyrus: β = −1.10, 95% CI = −1.55 to −0.66, Cohen’s d = −1.08; left inferior horn: β = −0.93, 

95% CI = −1.32 to −0.55, Cohen’s d = −1.06; right anterior cingulate cortex, β = −0.83, 

95% CI = −1.25 to −0.42, Cohen’s d = −0.87). Nonetheless, no cluster showed significant 

differences between VH-RNT and H-RNT either for gains or losses.

Figure 2 illustrates the change of neural responses to the anticipated magnitude of reward for 

both gain and loss. HC subjects demonstrated graded brain activations by reward magnitude 

for both gain or loss. In sharp contrast, individuals with MDD, both VH-RNT and H-RNT, 

did not show such changes in neural responses as a function of the incentive magnitude.

Fear Learning and Extinction

Figure 3 shows the brain regions showing RNT differences in fear conditioning. While 

no RNT difference was found in the first acquisition, VH-RNT showed attenuated neural 

activity for fear conditioning (CS+ vs. CS−) in the left putamen extended to the caudate 

body and the thalamus (−21, −7, 13, 186 voxels) during the second acquisition phase 

compared with H-RNT (β = −0.82, 95% CI = −1.19 to −0.46, Cohen’s d = −0.88) (Figure 

3A). In addition, elevated neural activity associated with fear conditioning (CS+ > CS−) was 

found in VH-RNT compared with H-RNT during the first extinction phase in the postcentral 

area (−31, −31, 33, 147 voxels) involving the somatosensory cortex extended to the posterior 

parietal cortex (β = 1.02, 95% CI = 0.62 to 1.43, Cohen’s d = −0.99) (Figure 3B). Post hoc 

tests showed that VH-RNT’s activation in response to CS+ was significantly greater than 

activity of H-RNT (β = 0.71, 95% CI = 0.35 to 1.07, Cohen’s d = −0.77) or HC subjects (β = 

0.92, 95% CI = 0.48 to 1.35, Cohen’s d = −0.94), without a difference between H-RNT and 

HC subjects. During the second phase of extinction, no difference was found among groups.

DISCUSSION

This study examined whether individuals with depression and VH-RNT relative to 

propensity-matched depressed individuals with H-RNT differed in reward processing and 

fear conditioning. There were three main findings. First, there were no differences between 

VH-RNT and H-RNT in reward processing. Instead, both RNT groups revealed significantly 

diminished activation in anticipation of monetary gains or losses in the areas known as the 

reward network (12), including the striatum and VTA, along with limbic structures, such as 

the dorsolateral prefrontal cortex, anterior thalamus, anterodorsal cingulum, and cerebellar 

cortex. Yet, there were no associations between RNT intensity and reward-related processing 

on MID. Second, individuals with VH-RNT exhibited prolonged fear conditioning activity 

in the left somatosensory cortex and adjacent parietal cortex during the early phase of 

fear extinction. These are brain areas where fear conditioning–related activity was found 

in normal samples (19). Third, VH-RNT was associated with longer reaction times and 

noticeably reduced activity in subcortical limbic structures during the acquisition of fear 

Park et al. Page 6

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conditioning. The results from the MID task are consistent with deficits of gain and loss 

processing in depression without differential effects of RNT in gain or loss processing. In 

contrast, individuals with VH-RNT exhibited attenuated limbic activity for fear conditioning 

during fear acquisition but prolonged fear conditioning responses until the early phase of 

fear extinction.

RNT and Reward

Our results on MID are in agreement with previous findings that demonstrate deficits of 

processing reward in individuals with depression (12,31). Furthermore, in alignment with 

extant depression literature (32–37), these results denote the importance of the cerebellum 

in reward processing associated with depression (12,15). Traditionally, cerebellar physiology 

has been considered central to skeletal motor system functioning (38). This large portion of 

the encephalon has been deemed a learning machine and comparator, permitting adjustments 

at all levels of motor planning, output, and execution (39). In fact, the cerebellum has 

indirect connections with all areas of the cerebral cortex, and the areas of the cerebellum 

related to motor cortical regions actually account for a relatively small proportion of its 

surface (32,37).

Of the diverse cognitive functions of the cerebellum, a recently added one is its role as a 

controller of reward signal processing (37). As in motor control, reward signaling seems 

to rely on complementary afferent and efferent information, mostly through granule cell 

and climbing fiber reward signaling. A subgroup of granule cells has been termed reward 

anticipation neurons because they become active selectively while awaiting an expected 

reward; however, they do not activate when an unexpected reward is delivered (37,40). 

Climbing fibers are thought to be critical to cerebellar learning mechanisms because 

their input informs Purkinje cells, to which granule cell input is relevant (41,42). In this 

general framework of cerebellar functioning, burgeoning evidence suggests that climbing 

fibers carry critical information regarding reward prediction error, which is fundamental for 

reward-mediated behavioral learning (43–45). Our results suggest that cerebellar processing 

deficits represent a critical aspect of aberrant reward processing in MDD, in line with the 

recent notion of incorporating the cerebellum into the reward brain circuitry (37).

The studies of cerebellar functions in reward processing emphasize the role of dopamine 

neurons in the VTA and two of its major innervation targets, namely the ventral striatum 

and prefrontal cortical regions (46–48). While the precise connections of the cerebellar 

cortex with these areas are not fully understood, the connection with indirect input from the 

association neocortex is well documented, as well as the pathway of cerebellar output to the 

striatum and prefrontal cortex via thalamic relays (49,50). Cerebellum areas are known to 

provide monosynaptic innervation to the VTA (51,52). In these areas, we found attenuated 

neural activities in patients with MDD. Therefore, these findings potentially open a new 

avenue for studying reward processing in MDD regardless of the intensity of RNT.

Whereas we confirmed altered reward processing associated with depression in extensive 

reward circuits, the level of RNT was not related to reward processing. However, individuals 

with OCD who are also known for RNT showed treatment effects after neuromodulation 

targeting the ventral striatum, a structure critical to reward processing (14,53). These 
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different results may be related to the characteristics of study populations, despite the 

transdiagnostic nature of RNT (17,54). For example, save for the most severe forms of 

the disease, obsessions in OCD have a distinctly egodystonic quality, whereas in major 

depression, negative thoughts subjected to perseverative repetition are usually egosyntonic. 

In fact, insight into illness (as implied by egodystonic obsessional thoughts) has been 

considered the only significant predictor of individual response to stimulation of the anterior 

limb of the internal capsule in OCD, which is known to modulate reward circuits (55).

RNT and Fear Learning/Extinction

VH-RNT, in contrast to H-RNT, was associated with reduced activation in the thalamus 

and striatum, subcortical regions known for their role in the acquisition of fear conditioning 

(CS+ > CS−)(19). This neuroimaging finding was accompanied by a behavioral difference 

of longer reaction times in fear acquisition among depressed individuals with VH-RNT. 

A pathogenic role for abnormalities in these subcortical regions (56) has been proposed 

in anxiety (19), but not yet in depression. This finding of the association between RNT 

and aberrant processing of fear learning raises the possibility that RNT may be a mediator 

of aversive conditioning processing in depression. Given that RNT is a transdiagnostic 

manifestation of internalizing psychiatric syndromes, RNT-associated alterations in fear 

conditioning deserve further studies with transdiagnostic samples followed by its exploration 

as interventional targets. We will further discuss the implications of this finding, along with 

that of aberrant activity for fear extinction.

During the early extinction, fear conditioning activity was found as lingering, prolonged 

activation to CS+ in the left somatosensory and posterior parietal cortex during early 

extinction. After a recent meta-analysis (19), this area has been consistently linked to fear 

acquisition in humans, apart from widespread activations in the central autonomic network 

(19,57). Given that the posterior parietal cortex was critical in a contextual renewal of 

fear responses (58), it is conceivable that individuals with VH-RNT have impairments in 

disengaging neural fear responses after the change of contexts. Swift response modifications 

after the current contextual cues, both behaviorally and neurally, may signal how well 

contextual learning occurs. Faulty responses despite changes in the association between 

CS and unconditioned stimuli may reflect impaired contextual learning in individuals with 

VH-RNT.

RNT is a characteristic symptom dimension of depressive disorders with poor prognosis, 

less dependency on adverse environmental factors, and treatment resistance (59,60). In 

this regard, we recently proposed that RNT exerts in part its deleterious effect in the 

natural history of depression by inducing a repetitive cycle of negative emotional learning, 

persistently retrieved and reconsolidated, and that treatments that are well recognized to 

alleviate treatment-resistant depression might owe in part their efficacy to the interruption 

of this fear learning cycle, despite their disparate mechanisms of action (22). In a simplified 

view, if RNT in depression was conceptualized as a continuous process of disease-relevant 

negative emotional learning strengthened with retrieval and reconsolidation, the symptom 

might render the individual with depression partially refractory to the learning of disease-

Park et al. Page 8

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



irrelevant stimuli, such as what was presented in this study. This is also in line with the 

proposal that RNT impairs executive function operations via resource depletion (61,62).

In this framework, RNT would not be limited to impairing fear conditioning, because RNT 

may be linked to poor operation of new negative emotion information due to persistent 

occupation of resources by repetitively experiencing negative emotion through retrieval and 

reconsolidation (22). In this view, VH-RNT does not just set the stage for fear conditioning 

deficits but would also overburden the emotional memory system. Such a model would 

explain the attenuated activation in the brain areas involved in fear acquisition and the longer 

reaction times in depressed individuals with VH-RNT. Alternatively, considering that RNT 

emerges at a similar developmental stage as some anxiety disorders, it might also represent 

an initially adaptive strategy during adolescence (to cope with a series of adverse social 

scenarios), which becomes maladaptive in later life and thus facilitates the formation of 

depression symptoms. A causal inference could in theory be made by examining the effect 

of disrupting nodes of the fear conditioning circuit (19) on the intensity of RNT in the 

clinical setting. In this regard, novel noninvasive methods of neuromodulation could be used 

to safely explore this possibility without resorting to invasive neurosurgical techniques such 

as deep brain stimulation (63).

This study has several limitations. First, the case-control design limits the causal inferences 

that can be drawn from these associative results. Second, although the cohorts were closely 

matched on a number of confounding variables, the differences observed between VH-RNT 

and H-RNT participants could still be due to unobserved confounders. Third, the study 

sample was obtained from a single community cohort, which may limit the generalizability 

of its results; moreover, the propensity-matching process used herein could have been 

improved by additional selection of cases to improve the matching of the different groups. 

Whereas we did not use this additional procedure so that observer bias was avoided as 

much as possible and there were no statistical differences between groups, a better matching 

might have yielded different results. Fourth, interpretations about the effect of RNT on the 

function of reward and fear learning circuits are restricted to the clinical setting of major 

depression. A study focusing on interindividual variability in RNT in a sample of healthy 

individuals would be necessary to make general inferences about this relationship in normal 

conditions. Moreover, while statistically nonsignificant, the proportion of females in the HC 

group was lower than in the clinical samples, which mandates caution in the interpretation 

of results in this group. Finally, while outside the purview of this study, which used a 

categorical treatment of RNT, the dimensional characteristics of the associations described 

herein remain to be determined.

In conclusion, we observed abnormal neural signatures of both fear learning (decreased 

activation in subcortical components of the circuit involved in fear conditioning) and fear 

extinction (prolonged activation in the cortical component associated with fear learning 

during the early phase of extinction) in association with intensity of RNT in depression. In 

addition, widespread activation deficits in a well-defined reward circuit were found in MDD 

regardless of RNT level. We also highlighted the involvement of cerebellar components in 

reward processing in depression, previously not described in detail in clinical settings, to the 

extent of our knowledge. Based on these findings, we suggest that the causal relationship 
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between disease process and circuit abnormalities could be discerned with the application 

of neuromodulation techniques targeting some critical nodes described herein. In addition, 

the confirmation of the transdiagnostic nature of RNT-related abnormalities described herein 

would necessitate a similar study carried out in patients with OCD who have RNT as a 

defining clinical manifestation; replication of these study results in a second subsample 

of the Tulsa 1000 database would also be desirable. Whether neuromodulation techniques 

can ultimately result in specific amelioration of RNT as an important clinical dimension of 

MDD with high recurrence, treatment resistance, and poor prognosis remains open to further 

investigations.

Supplementary Material
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Figure 1. 
Brain regions showing significant intergroup differences in blood oxygen level–dependent 

(BOLD) signal response to reward (Gain: +$5, No-Gain: $0, Loss: −$5, No-Loss: $0) in 

individuals with RNT. Shown are the left cerebellar hemisphere (A), midbrain (B), cingulate 

cortex (C), cerebellar vermis (D), and dorsolateral prefrontal cortex (E). BOLD signals 

(arbitrary unit) were standardized (mean = 1 and SD = 1). HC, healthy comparison; H-RNT, 

high repetitive negative thinking; VH-RNT, very high RNT.
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Figure 2. 
Blood oxygen level–dependent (BOLD) signal changes as a function of reward magnitude 

for gain (+$5, +$1, +$0) and loss (−$5,−$1,−$0) in individuals with repetitive negative 

thinking (RNT). $1 conditions are included for display purposes only. HC, healthy 

comparison; H-RNT, high RNT; VH-RNT, very high RNT.
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Figure 3. 
Blood oxygen level–dependent (BOLD) signals for conditioned stimuli (CS+, CS−) in 

individuals with repetitive negative thinking (RNT) during acquisition (A) and extinction 

(B). BOLD signals (arbitrary unit) were standardized (mean = 1 and SD = 1). HC, healthy 

comparison; H-RNT, high RNT; VH-RNT, very high RNT.
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