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Objective: Impairments in emotion regulation, and more specifically in cognitive reappraisal, 

are thought to play a key role in the pathogenesis of anxiety disorders. However, the available 

evidence on such deficits is inconsistent. To further illustrate the neurobiological underpinnings 

of anxiety disorder, the present meta-analysis summarizes functional magnetic resonance imaging 

(fMRI) findings for cognitive reappraisal tasks and investigates related brain areas.

Methods: We performed a comprehensive series of meta-analyses of cognitive reappraisal 

fMRI studies contrasting patients with anxiety disorder with healthy control (HC) subjects, 

employing an anisotropic effect-size signed differential mapping approach. We also conducted 

a subgroup analysis of medication status, anxiety disorder subtype, data-processing software, 

and MRI field strengths. Meta-regression was used to explore the effects of demographics and 

clinical characteristics. Eight studies, with 11 datasets including 219 patients with anxiety 

disorder and 227 HC, were identified.

Results: Compared with HC, patients with anxiety disorder showed relatively decreased activa-

tion of the bilateral dorsomedial prefrontal cortex (dmPFC), bilateral dorsal anterior cingulate 

cortex (dACC), bilateral supplementary motor area (SMA), left ventromedial prefrontal cortex 

(vmPFC), bilateral parietal cortex, and left fusiform gyrus during cognitive reappraisal. The 

subgroup analysis, jackknife sensitivity analysis, heterogeneity analysis, and Egger’s tests 

further confirmed these findings. 

Conclusions: Impaired cognitive reappraisal in anxiety disorder may be the consequence of 

hypo-activation of the prefrontoparietal network, consistent with insufficient top-down control. 

Our findings provide robust evidence that functional impairment in prefrontoparietal neuronal 

circuits may have a significant role in the pathogenesis of anxiety disorder.

Keywords: anxiety disorder, emotion regulation, cognitive reappraisal, fMRI, prefrontoparietal 

network, signed differential mapping

Introduction
Anxiety disorders are globally a very common and disabling group of mental 

disorders,1,2 the cause of particularly high economic burden and clinically significant 

personal distress.3 Many studies have sought to understand the neural basis of how 

pathological anxiety is triggered and maintained. Using emotion regulation question-

naires, psychological studies have indicated that anxiety disorders may entail impaired 

emotion regulation.4,5 Models of anxiety have highlighted that impaired regulation of 

negative affectivity plays a significant role in the pathogenesis of anxiety disorders,6,7 

explaining the onset and maintenance of anxiety.7
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Consequently, a clear understanding of the neural systems 

underlying emotion dysregulation in anxiety disorders is 

important for identifying biological targets to improve 

the specificity and efficacy of diagnostic and therapeutic 

interventions for anxiety disorder.

Emotion regulation has been conceptualized as the 

process by which individuals modify the expression, expe-

rience, and physiology of their emotions.8 According to 

models of emotion regulation, the most studied strategy is 

cognitive reappraisal, a type of antecedent-focused emo-

tion regulation strategy that is achieved by altering one’s 

interpretation or appraisal of affective events.9,10 Cognitive 

reappraisal has been proven to be a high-efficiency way of 

regulating affect and physiological arousal,11 costing less 

in terms of cognitive resource12,13 compared with response-

focused strategies (eg, expressive suppression) and having 

longer-lasting effects than attention-focused strategies (eg, 

distraction).14,15 First-line intervention approaches to mental 

disorder (eg, cognitive behavioral therapy) are closely related 

to cognitive reappraisal.16 Therefore, a better understanding 

of the brain mechanisms underlying cognitive reappraisal is 

crucial for translating basic and translational advances into 

clinical application.

In the past decades, the rapid growth of literature on fMRI 

neuroimaging studies has focused on neural correlates of cog-

nitive reappraisal.3,10,17 A well-known behavior and fMRI study 

demonstrated that cognitive reappraisal resulted in prefrontal 

cortex responses and decreased negative emotion ratings in 

healthy control (HC).18 Recently, three meta-analyses showed 

that implementing cognitive reappraisal consistently activates 

a large regulatory network, including the high activated dor-

solateral prefrontal cortex (dlPFC), dmPFC, dACC, vmPFC, 

SMA, and inferior/superior parietal cortex, as well as the 

hypo-activated amygdala and insula, during emotion down-

regulation.10,15,17,19 This demonstrates that conscious cognitive 

reappraisal recruits a classic frontoparietal control network 

to modulate emotional responding in the amygdala.10,17,19 

Although most previous cognitive reappraisal studies of 

healthy individuals describe a consistent neural regulatory 

network, whether and how these substrates differ in individuals 

with anxiety disorders remains poorly understood.

Recent investigations have begun to fill in these gaps, 

finding that impaired cognitive reappraisal of emotion is 

observable across anxiety disorders.3 Compared with healthy 

individuals, patients with social anxiety disorder (SAD) 

and generalized anxiety disorder (GAD) have been found 

to show less consistent activation of the dmPFC and dACC 

when down-regulating negative images using reappraisal.20–22 

Elsewhere, a study of post-traumatic stress disorder (PTSD) 

found less dlPFC activation in patients compared with HC 

during cognitive reappraisal.23 Such findings show impaired 

top-down control of the prefrontal cortex during emotion 

regulation in patients with anxiety disorder. However, not 

all are entirely consistent. For example, one study using a 

similar task paradigm for SAD conversely showed increased 

activation of the dlPFC.20 Furthermore, another recent study 

found no significant differences in frontoparietal activity 

during reappraisal between groups of SAD patients and 

healthy participants.5 As this demonstrates, while there is 

some understanding of the neural mechanisms underlying 

anxiety disorders it has become increasingly difficult to 

aggregate and synthesize neuroimaging findings to reach 

conclusive agreement. Instead, further brain regions have 

been found to be associated with anxiety disorders (eg, the 

SMA and parietal cortex).3 One the one hand, anxiety dis-

order is often accompanied by multiple psychological and 

physical symptoms whose neural mechanisms cannot be 

explained by abnormalities in a single brain region.24 On the 

other, small and heterogeneous samples and substantial 

methodological differences between studies are likely to 

generate false positive results,25 while consistent results 

obtained by independent studies from different research 

groups are relatively robust. A comprehensive quantitative 

analysis (meta-analysis) of the results of multiple studies to 

obtain convergent experimental evidence could therefore 

be hugely beneficial.26 Hence, this study attempts to locate 

the core cognitive neuropsychology mechanisms that are 

specific to anxiety disorder, based on a meta-analysis of 

the extant literature.

To our knowledge, only one study has previously per-

formed a meta-analysis of cognitive reappraisal fMRI studies 

in populations of patients with mood and anxiety disorders.27 

However, in that study, only four studies of patients with 

anxiety disorder were investigated. Other subtypes of anxiety 

disorder, such as GAD or panic disorder (PD), were not 

included. Thus, the findings cannot be generalized to other 

anxiety disorders. Moreover, major depressive disorders and 

anxiety disorders were combined in the sample of Picó-Pérez 

et al.27 Two recent reviews have shown major depressive 

disorders and anxiety disorders to have different disorder-

specific deficits in the neural mechanisms of emotion 

regulation28 involving cognitive reappraisal.3 For example, a 

malfunction of the dlPFC is more predictive of and specific 

to depression disorder (relative to anxiety disorders) with 

an inability to down-regulate emotion reactions,28 while 

reduced activity of the dACC is specific to anxiety disorders 
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during down-regulation of negative emotion.3 Further, other 

potentially influential factors, such as anxiety disorder sub-

type, data-processing software, and MRI field strengths, 

were not considered in the prior meta-analysis. Therefore, 

the core neural mechanisms of cognitive reappraisal underly-

ing anxiety disorders remain unclear. Since further original 

cognitive reappraisal studies of anxiety disorders have been 

published in recent years, it is worthwhile performing an 

updated fMRI meta-analysis to investigate the abnormal brain 

activity underlying reappraisal and to explore other clinical 

profiles of alterations in brain function.

Thus, the goals of this study were threefold. First, we 

conducted a pooled meta-analysis to identify the most 

prominent and replicable brain regions of impaired cogni-

tive reappraisal in patients with anxiety disorders. To do this 

we used anisotropic effect-size signed differential mapping 

(AES-SDM) software – a newly developed meta-analytic 

method with increased specificity, sensitivity, and reliability 

of analyses – taking reported peak coordinates, statistical 

parametric maps, or both from original articles to reconstruct 

effect-size maps of the differences between patients and 

controls.29 With this method, unlike other coordinate-based 

meta-analytic approaches such as ALE,30 both positive and 

negative coordinates are recreated on the same map, which 

is a significant feature that prevents a particular voxel from 

erroneously appearing to be positive and negative at the same 

time.31 Second, subgroup meta-analyses were conducted 

to explore the heterogeneity and robustness of the main 

results. Specifically, we performed subgroup meta-analyses 

to compare treatment-naive/medicine-free anxiety disorder 

patients with HC. A stratified meta-analysis of the subtype of 

anxiety disorders was subsequently conducted. We also con-

ducted subgroup meta-analyses on data-processing software 

(Analysis of Functional NeuroImages [AFNI]) and MRI field 

strengths (3.0 T). Third, meta-regression analyses assessed 

the effects of gender and other relevant clinical profiles, such 

as age and comorbidity.

Methods
Search strategies
A comprehensive systematic literature search was conducted 

using PubMed, the Cochrane Library, Web of Science, and 

Embase databases to identify functional magnetic resonance 

imaging literature on anxiety disorders, published before 

September 2017 and including “in press” articles. The 

search keywords were “panic disorder,” “agoraphobia,” 

“specific phobia,” “social phobia,” “social anxiety disorder,” 

“SAD,” “posttraumatic stress disorder,” “post-traumatic 

stress disorder,” “PTSD,” “obsessive compulsive disorder,” 

“obsessive-compulsive disorder,” “OCD,” “acute stress 

disorder,” “generalized anxiety disorder,” “generalized 

anxiety,” “GAD,” and “anxiety,” plus “functional magnetic 

resonance imaging,” “fMRI,” and “functional MRI,” as well 

as “reappraisal” and “cognitive reappraisal.” The reference 

lists of the identified trials and review articles were also 

manually checked to identify any other relevant papers.

Study eligibility criteria
We considered studies that compared the blood oxygen level 

dependent responses of patients with anxiety disorder with 

those of HC, when performing a reappraisal task. In this 

kind of task, participants undergo fMRI during a cognitive 

reappraisal task that requires them to reappraise (ie, reduce) 

or maintain emotional responses to affective pictures (eg, 

a negative picture). The affective pictures come from the 

International Affective Picture System (IAPS)32 or other 

databases. The contrasts of interest are the comparison of 

two conditions (reappraise and maintain) between clinical 

and healthy participants. Articles were included in the meta-

analysis if they also met the following criteria: (1) patients 

in the studies had an anxiety disorder that met the criteria of 

the fourth edition of the Diagnostic and Statistical Manual of 

Mental Disorders (DSM-IV);33 (2) the articles were published 

in a peer-reviewed journal; (3) whole-brain analyses were 

applied to both patients and HC; (4) the results of whole-brain 

analyses were reported; (5) significant thresholds for data 

were used that were corrected for multiple comparisons. The 

corresponding authors of the studies qualifying for inclusion 

were contacted by email for additional information.

Articles were excluded if they met the following criteria: 

(1) anxiety disorder patients were not compared with HC; 

(2) they were conference abstracts or reviews; (3) they 

only reported region of interest results instead of whole-

brain findings; (4) task activation analyses using the fMRI 

method were not used; (5) either the patient or HC group 

included #10 patients; and (6) where the same patient group 

was used in different publications, only the study with the 

largest sample was included.

Quality assessment and data extraction
We performed the literature searches, reviewed the retrieved 

articles, and extracted and cross-checked data. All the 

studies included were quality-assessed using a 12-point 

checklist (Table S1) that focused on both the clinical and 

demographic characteristics of the study samples and the 

imaging-specific methodology used. This checklist was 
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based on a prior meta-analytic study34,35 that looked at 

structural MRI measures, but its critical variables are also 

significant for assessing task-based fMRI studies. Where 

inconsistent results were obtained, they were discussed and 

resolved by consensus review. For all studies entered into 

the meta-analysis, name of first author, publication year, 

basic demographic information (sample size, age, gender, 

and percentage of females), patient data (symptom severity, 

percentage of comorbidity, medication status), task stimulus 

material, data-processing method, MRI parameters, and 

three-dimensional coordinates, were extracted according to 

the AES-SDM method.36

Voxel-wise meta-analysis
Regional differences in activation between patients and HC 

during fMRI tasks were identified in the selected studies 

using AES-SDM software in a standard process. Systematic 

whole-brain jackknife sensitivity analysis was performed to 

examine the robustness (specifically the sensitivity) of the 

results. Using this method, where a previously significant 

brain region remains significant in all or most of the com-

binations of studies, it can be concluded that the finding is 

highly replicable.31 Recognizing the possible influence of 

medication status, subtype of anxiety disorder, and meth-

odological differences between studies, we then performed 

several subgroup meta-analyses including medicine-naive 

patients, patients with SAD, patients with GAD and SAD, 

data processing software (AFNI), and MRI field strengths 

(3.0 T). Given the variability that exists in treatment status, 

we defined the sample of medicine-naive patients as partici-

pants who had been free of psychotropic medication for at 

least two months before the scan.37

All the above analytical processes were performed on 

the selected studies using AES-SDM software,38,39 which 

has previously been used with psychiatric patients31,40 and is 

described in detail elsewhere.29,31 Briefly, we used a relatively 

wide full-width at half-maximum (FWHM; 20 mm) to assign 

indicators of proximity to the reported three-dimensional 

coordinates, as this can optimally balance sensitivity and 

specificity in the AES-SDM.41 We employed the standard 

threshold (p,0.005 with peak Z.1, extent threshold of 

clusters .10 voxels) as recommended by the AES-SDM 

software developers. This is proposed to optimally bal-

ance the sensitivity and specificity of results and to be an 

approximate equivalent to corrected p-value=0.05 (indeed 

0.025) in AES-SDM for the effect-size used. This method 

showed adequate sensitivity and excellent control of false 

positive results (~2.5%) compared with other meta-analytical 

procedures.29 Significant clusters obtained from AES-SDM 

analysis were overlaid on an MRIcron high-resolution brain 

template for display purposes.31 Publication bias was assessed 

using Egger’s test, as implemented in the AES-SDM software 

(version 5.141).

Heterogeneity and publication bias analysis
We examined the statistical (between-studies) heterogeneity 

of clusters using a random effects model with Q statistics 

(chi-square distribution converted to z values and tested 

with both permutations, p,0.005, cluster extent=10 voxels). 

Moreover, the possibility of publication bias associated with 

brain regions activated differently during reappraisal between 

patients and HC was examined using Egger’s test.

Meta-regression analysis
Some basic demographic and clinical information, such as the 

percentage of female patients, the percentage of comorbidity, 

sample size, mean age, race (white), and symptom severity 

(Liebowitz Social Anxiety Scale-Self Rated and Spielberger 

State-Trait Anxiety Inventory) were entered into the regres-

sion analysis to investigate their association with regional 

differences in activation between patients and HC during 

cognitive reappraisal. The main output for each variable 

above was the map of the regression slope. As described in 

previous meta-analytic studies, we set a more conservative 

probability threshold (p,0.0005) in order to reduce detection 

of spurious relationships as much as possible.

Results
Included studies and sample characteristics
The search strategy described in the methods section yielded 

a total of 47 studies. Of these, eight studies,5,20–23,42–44 with 

11 relevant patients vs HC comparisons, ultimately met the 

inclusion criteria. In total they included 219 patients with 

anxiety disorder (70 GAD, 36 PD, 14 PTSD, 82 SAD, 17 

comorbid SAD/GAD), and 227 HC. In eight studies, one 

study contained a down-regulate negative and positive 

affect,22 other studies only included a down-regulate nega-

tive affect. One study5 that found no significant differences 

between SAD patients and HC during a cognitive reappraisal 

task was also included – in this case we used a textfile 

named “Gaebler.no_peaks” in order to report no activation 

peaks for a given contrast, as described in the meta-analysis 

tutorial.29,31,36 Patients with anxiety disorder and HC in the 

studies included were generally comparable in terms of 

age and gender. Regarding medication status, four studies 
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with five relevant patients vs HC comparisons included 

patients undergoing treatment or who had undergone a 

“washout” less than two months before the scan. Figure 1 

presents a flow diagram showing how we identified relevant 

studies. Table 1 summarizes the clinical and demographic 

data from all the enrolled studies.

Meta-analysis of functional brain 
abnormalities during reappraisal 
in anxiety disorder
The results from the AES-SDM analysis are summarized 

in Figure 2 and Table 2. After correcting for multiple 

comparisons, compared with HC, patients with anxiety 

disorder showed significantly decreased activity during 

cognitive reappraisal in (1) the bilateral dmPFC (bilateral 

superior frontal gyrus, Brodmann area [BA] 9/32) and 

extending into the bilateral dACC (bilateral dorsal anterior 

cingulate, dorsal BA 24/32) and bilateral SMA (bilateral 

supplementary motor area, medial BA 6); (2) the left 

inferior parietal; (3) the right superior parietal gyrus; (4) 

the left amygdala; (5) the left fusiform gyrus; and (6) the 

left vmPFC (middle frontal gyrus, medial BA 11). Defini-

tions of the dmPFC and dACC can be found in previous 

reviews.3,45 However, we detected no significantly enhanced 

activity during reappraisal in patients with anxiety disorder 

compared with HC.

•  
•  
•  
•  
•  

•  
•  
•  

•  
•  

•  
•  

•  
•  
•  
•  

Figure 1 Search strategy used for the inclusion of the studies considered in the meta-analysis.
Abbreviations: ASL, arterial spin labeling; re-fMRI, resting-state functional magnetic resonance imaging; ROI, region of interest.
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Jackknife sensitivity analysis
A whole-brain jackknife sensitivity analysis was performed 

to examine the replicability of the findings of the pooled 

meta-analysis. As shown in Table 2, the results indicate that 

the decreased activation in the dmPFC, dACC, SMA and left 

inferior parietal was highly replicable, preserved as it was 

throughout all 11 combinations of studies. Results for the left 

amygdala, left fusiform gyrus, and left middle frontal gyrus 

remained significant in all but one combination, while those 

for the right superior parietal gyrus were significant in all but 

two combinations. Detailed results are listed in Table S2.

Subgroup meta-analyses
Given the possible influence of medication status, subtype 

of anxiety disorder, and methodological differences between 

studies, several subgroup meta-analyses were performed. 

As shown in Figure 2 and Table 3, these analyses suggest 

that the above results remained largely unchanged. In the sub-

group of studies using 3.0 T MRI (eight datasets), all clusters 

in the combined analysis remained significant except for the 

right superior parietal gyrus. In the subgroup of studies using 

AFNI software (seven datasets), all clusters in the combined 

analysis remained significant except for the left amygdala 

and left middle frontal gyrus. In the subgroup of medication-

naive patients (six datasets), the clusters of the dmPFC, 

dACC, SMA, left inferior parietal, right superior parietal 

gyrus, and left fusiform gyrus remained significant. In the 

subgroup of SAD (five datasets), the clusters of the dmPFC, 

dACC, SMA, left amygdala, and right superior parietal gyrus 

remained significant. In the subgroup of both GAD and SAD 

(eight datasets), the clusters of the dmPFC, dACC, SMA, left 

inferior parietal, left amygdala, left fusiform gyrus and right 

superior parietal gyrus remained significant.

Heterogeneity analysis and publication bias
An analysis of heterogeneity revealed that a few regions with 

altered activation (left amygdala, left fusiform gyrus, and 

left middle frontal gyrus) showed significant statistical het-

erogeneity between studies (p,0.005). No strong evidence 

for publication bias was revealed by Egger’s test (p.0.05), 

except for the left amygdala (p=0.006).

As the left amygdala was absent in two of the five sub-

group analyses, and showed a significant heterogeneity and 

publication bias, we excluded it from the core brain region 

contributing to impaired cognitive reappraisal in anxiety 

disorders.

Meta-regression analyses
As shown in Figure 3, the percentage of female patients had 

a positive relationship with activation in the right fusiform 

gyrus (Montreal Neurological Institute coordinate: x=20, 

y=-64, z=-12; AES-SDM value=2.369, p=0.000125587; 

77 voxels). However, this result should be interpreted with 

caution as it is based on only three studies. Percentage of 

comorbidity, sample size, and mean age of patients with 

anxiety disorder were not associated with decreased brain 

regions. Race (white) and symptom severity (Liebowitz 

Social Anxiety Scale-Self Rated and Spielberger State-Trait 

R superior parietal
L inferior parietal

L inferior parietal

L superior temporal gyrus
and L inferior parietal

L amygdala

L vmPFC

dmPFC, dACC
and SMA

dmPFC, dACC
and SMA

dmPFC, dACC
and SMA

R superior parietal

R superior parietal

L fusiform gyrus

L fusiform gyrus R fusiform gyrus

R fusiform gyrus

L inferior parietal

L inferior parietal

L inferior parietal

L vmPFC

dmPFC, dACC
and SMA

dmPFC, dACC
and SMA

dmPFC and dACC

L amygdala

L amygdala

L

L

L

L

L

L

R

R

R

R

R

R

R superior parietal

R superior parietal

R fusiform gyrus

L fusiform gyrus

L fusiform gyrus

Main result

Medication
naive group

SAD group GAD and
SAD group

AFNI software
group

3 T MRI group

Figure 2 Regions of decreased (blue) activation in individuals with anxiety disorder compared with HC during cognitive reappraisal and subgroup analysis of medication naive 
group, 3 T MRI group, AFNI software group, SAD group and GAD and SAD group. 
Abbreviations: AFNI, Analysis of Functional NeuroImages; dACC, dorsal anterior cingulate cortex; dmPFC, dorsomedial prefrontal cortex; GAD, generalized anxiety 
disorder; HC, healthy control; L, left; R, right; SAD, social anxiety disorder; SMA, supplementary motor area; vmPFC, ventromedial prefrontal cortex.
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Anxiety Inventory) could not be explored because only 

six and five datasets respectively were available from the 

studies included.31

Discussion
We believe that this is the first study to independently explore 

regional neurofunctional activation and simultaneously 

investigate subgroup meta-analyses and meta-regression 

analyses in patients with anxiety disorder (including most 

subtypes) during cognitive reappraisal. First, the pooled 

meta-analysis identified significantly decreased activity 

during cognitive reappraisal in the bilateral dmPFC, bilateral 

dACC, bilateral SMA, bilateral parietal cortex, left vmPFC, 

and left fusiform gyrus in patients with anxiety disorder 

compared with HC. Second, subgroup analyses indicated 

that the above findings remained largely unchanged. The 

robustness of the main findings was further demonstrated 

by the jackknife sensitivity analysis, heterogeneity analysis, 

and Egger tests. Finally, meta-regression analysis showed 

that activation in the right fusiform gyrus was positively 

correlated with percentage of female patients. These find-

ings suggest that impaired cognitive reappraisal in anxiety 

disorder may be the consequence of hypo-activation in the 

prefrontal cortex, dACC, and parietal cortex during emotion 

regulation, consistent with insufficient top-down control.

The most common finding of the current study was 

decreased activation in the bilateral dmPFC of patients with 

anxiety disorder during cognitive reappraisal. A large number 

of cognitive reappraisal studies have shown that healthy 

individuals can activate the dmPFC to achieve successful 

emotion regulation,10 whereas here dmPFC activation was 

lower in patients with anxiety disorder during reappraisal. 

According to the results of cognitive emotion regulation 

questionnaire and behavioral research, anxiety disorder had 

impaired cognitive emotion regulation strategies involving 

cognitive reappraisal.44,46 Neuroimaging studies have found 

Table 3 Subgroup analyses of the included studies

Subgroups Bilateral superior 
frontal gyrus (dmPFC, 
dACC and SMA)

Left inferior 
parietal gyri

Left 
amygdala

Left 
fusiform 
gyrus

Left middle 
frontal gyrus 
(vmPFC)

Right 
superior 
parietal gyrus

Data sets using 3T MRI (n=8) Y (except SMA) Y Y Y Y N

The medication-naive patient (n=6) Y Y N Y N Y

Social anxiety disorder (n=5) Y N Y N N Y

Data sets using AFNI software (n=7) Y Y N Y N Y

Generalized anxiety disorder and 
social anxiety disorder (n=8)

Y Y Y Y N Y

Abbreviations: AFNI, Analysis of Functional NeuroImages; dACC, dorsal anterior cingulate cortex; dmPFC, dorsomedial prefrontal cortex; N, no; SMA, supplementary 
motor area; vmPFC, ventromedial prefrontal cortex; Y, yes.

Figure 3 Results of the meta-regression analysis showing the percentage of female patients with a positive relationship with activation in the right fusiform gyrus. In the 
graphs, AES-SDM values needed to create this plot were extracted from the peak of maximum slope significance, and each study is represented as a dot, whose size reflects 
sample size. The regression line (meta-regression signed differential mapping slope) is shown.
Abbreviations: AES, anisotropic effect-size; SDM, signed differential mapping.
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that decreased dmPFC activity in anxiety disorder might 

be associated with reduced emotion regulation capability.21 

Furthermore, studies of healthy adults have found that acti-

vation in the dmPFC is associated with perceiving one’s 

affective states47,48 and self-related processing.49 A previous 

meta-analysis examining large samples of healthy subjects in 

cognitive reappraisal studies has suggested that the dmPFC 

may support semantic and self-reflective processes relevant 

to elaborating the meaning of affective stimuli or drawing 

inferences about one’s emotional state.10 According to the 

findings discussed above, one possible explanation for 

the decreased dmPFC is that patients are unable to recruit the 

dmPFC to assist in monitoring and reflecting on the meaning 

of altering their affective states during reappraisal, and that 

this contributes to a reduced ability to down-regulate negative 

reactivity. Thus, insufficient recruitment of dmPFC activity 

could be an important neural correlate of emotion regulation 

deficits in anxiety disorder.

Comparing patients with anxiety disorder and HC during 

reappraisal revealed clusters of decreased activity in the 

dmPFC and extending into the dACC and SMA. The dACC 

lies on the medial surface of the frontal lobes and plays a 

significant role in regulating top-down cognitive control and 

assigning appropriate control to other areas of the brain.50,51 

The dACC has also been recognized as a key region of 

the emotion-regulation network,10,17,19 which is thought to 

mediate several functions including monitoring for conflict 

and detecting the likelihood of error commission, particu-

larly involving attentional and executive control during the 

appraisal of negative emotion.50,52,53 Poor emotion regulation 

may involve impaired attention control. Theories based on 

cognitive and neuroscience research have indicated that 

deficient attentional control is associated with anxiety.54,55 

A previous review also found that anxiety disorder shows 

impaired recruitment of the dACC during emotion regulation.3 

Consequently, our findings suggest that anxiety disorder has 

a reduced ability to recruit the dACC implicated in top-down 

attention control to engage the emotion-regulation network. 

In addition, the SMA has also been consistently implicated 

as a core region of the emotion-regulation network in healthy 

people, and is associated with successful down-regulation of 

negative emotion.10,17 During reconceptualization (changing 

an appraisal) the pre-SMA may reflect the execution of this 

reconceptualization by reformulating mental representations 

through language and memory processing, with the anterior 

and posterior cluster of the SMA related to cognitive and 

executive aspects of motor behavior.17 Thus, an impaired 

SMA may reflect reduced recruitment of the executive and 

cognitive aspects at different stages, which contributed to 

emotion dysregulation in anxiety disorders.

The parietal cortex is one of the brain regions most 

commonly identified in fMRI studies of emotion regulation 

in anxiety disorders.20,22 This brain region is a part of the 

frontoparietal control region56 related to sensory information, 

with top-down response-related information to facilitate flex-

ible, goal-directed behavior.57 Meta-analyses of neuroimag-

ing studies have indicated that the parietal cortex is mainly 

involved in selective attention and might assist in holding 

reappraisals in mind.14,15 Compared with HC, patients with 

PTSD have a reduced ability to recruit the parietal cortex, 

implicated in top-down attentional control in the affective 

number Stroop task.58 In one structural neuroimaging study, 

the SAD patients showed increased cortical thickness in 

the frontoparietal network, which fitted with findings at a 

functional level showing frontoparietal networks to be associ-

ated with executive-controlling and attentional functions.59 

Together, these results indicate that abnormalities in the 

parietal cortex may result in the dysfunction of top-down 

attentional control in anxiety disorder.

Another brain region showing abnormally reduced 

activity during appraisal was the left vmPFC. Because direct 

connections between the frontoparietal control region and 

amygdala associated with emotional response are relatively 

sparse compared with connections between vmPFC and 

the amygdala,60 frontoparietal areas are likely to influ-

ence the amygdala indirectly by modulating activity in the 

vmPFC.14,52 Based on animal and human research, vmPFC 

plays an important role in fear extinction and appraisal of 

negative emotion.10,52 A prominent neurobiological model of 

the vmPFC highlights top-down inhibition of the amygdala 

through the vmPFC as a crucial neural mechanism that may 

be defective in certain mood and anxiety disorders.61 There-

fore, it might be speculated that patients with anxiety disorder 

cannot recruit the vmPFC through frontoparietal areas, in turn 

modulating the emotional response of the amygdala.

Besides cognitive and attentional regions, the left fusi-

form gyrus was found to have decreased functional activa-

tion in anxiety disorder during reappraisal. The fusiform 

gyrus is associated with the perception of affective stimuli.62 

Commonly used emotion stimuli for probing neurobiological 

responses to cognitive reappraisal mainly come from the 

IAPS3 and involve face stimuli.32 During emotional face 

processing, healthy samples show greater neural activity in 

the fusiform gyrus,63 while highly anxious individuals show 

impaired ability to process emotional faces.64 Furthermore, 

SAD patients show significantly weaker activation in the left 
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fusiform gyrus for emotional face perception, as compared 

with HC.65 Emotion perception is a significant part of emotion 

regulation; meta-analytic connectivity modeling analysis has 

shown the bilateral fusiform gyrus to be involved in cogni-

tive emotion regulation.17 Thus, our findings suggest that an 

impaired fusiform gyrus may be an important neural correlate 

in anxiety disorders of cognitive emotion dysregulation. 

Notably, the meta-regression analysis identified a positive 

association between percentage of female patients and activa-

tion of the right fusiform gyrus. Female patients with anxiety 

disorder seem to have distinct neurobiological underpinnings 

compared with male patients.66 A previous neuroimaging 

study reported that the fusiform gyrus showed increased 

activity in females with stress compared with males with 

stress, when perceiving emotional faces.67 This result might 

reflect the fact that female patients with anxiety disorder 

have less difficulty recognizing and distinguishing emotions 

compared with male patients with anxiety disorder.

However, heterogeneity analysis showed that there 

was significant, unexplained between-study variability 

concerning the left vmPFC and left fusiform gyrus. In our 

meta-analytic study, besides heterogeneity analysis, we also 

attempted to control the quality of the studies included by 

applying strict selection criteria and performing jackknife 

sensitivity analysis, subgroup analyses, and meta-regression 

analyses in order to reduce heterogeneity as much as pos-

sible. Although the left vmPFC and left fusiform gyrus 

showed significant heterogeneity, a quantitative assessment, 

as measured by Egger’s test, was not significant. The jack-

knife sensitivity analysis further confirmed the robustness of 

the findings. Therefore, in our view, these two brain regions 

remain significant in our meta-analysis.

Interestingly, while our meta-analytic study found an 

abnormal neural network contributing to impaired cogni-

tive emotion regulation, an altered dlPFC, typically found 

in cognitive reappraisal,10,17 was not found. The dlPFC has 

been proposed to play an important role in cognitive emotion 

regulation.15 This brain area was cognitive control center is 

related to action inhibition, working memory, reasoning, 

and social cognition.17 There are some explanations for the 

non-significant changes in the dlPFC in the present meta-

analysis. First, although the dlPFC is a significant part of the 

frontoparietal control network, a flexible and superordinate 

system supporting adaptive behavioral control,57,68 different 

brain regions of the frontoparietal network have shared and 

unique functions across a broad range of cognitive demands.68 

Normal activation in the dlPFC may not be affected because 

of help from other brain areas of the frontoparietal network. 

Behavior studies have shown that patients with anxiety 

disorder can successfully down-regulate their negative 

emotion,43,44 which may be in line with the above putative 

mechanism by which the activity of the dlPFC is not affected. 

Second, although in their review Zilverstand et al3 reported 

abnormal activity in the dlPFC in anxiety disorders, they 

did not conduct a meta-analysis to provide a comprehensive 

description of the neurobiological underpinnings of cognitive 

emotion dysregulation. Furthermore, some of the articles in 

their review did not have sufficient statistical power. For 

example, the article reported decreased activity in the dlPFC 

in anxiety disorder compared with HC during reappraisal 

on the basis of a comparison of group differences, and no 

task effect or group × task interactions were found in the 

prefrontal cortex.44

Compared with the study of Picó-Pérez et al,27 decreased 

activation in ventrolateral prefrontal cortex (vlPFC) and 

increased activation in insula, cerebellum, precentral and 

inferior occipital gyri were not observed in our study. 

These findings could be explained by two aspects. First, the 

vlPFC may support selection and inhibition of appropriate 

appraisals.10 As a significant part of the limbic network, the 

insula is critically involved in the perception and encoding 

of aversive stimuli.69 Previous systematic reviews suggested 

that dysfunction of lateral prefrontal cortex was predictive 

and specific to depression disorder28 and major depressive 

patients could not recruit lateral prefrontal cortical region 

(ie, vlPFC) to attenuate activity in the limbic network 

during cognitive reappraisal.45 In addition, relative to anxi-

ety disorders, enhanced responses of limbic system during 

downregulation of emotion were specific findings to major 

depressive disorder.3 Second, enhanced responses of limbic 

system contributed to excessive emotional processing and 

emotional experience,3,45 the regions including cerebellum, 

precentral and inferior occipital gyri might be associated with 

the emotional experience.27 Therefore, these regions that were 

not observed in our study might reflect specific deficits of 

major depressive disorder in neural mechanisms of emotion 

regulation. These findings could be useful in distinguishing 

anxiety disorder from major depression.

Limitations
There are several limitations to our study that should be 

highlighted. First, the number of fMRI studies included was 

small; the literature search yielded only eight studies with 

11 relevant patients vs controls comparisons. This could 

affect the generalizability of our results, particularly in the 

subgroup meta-analyses and meta-regressions analyses. 
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Second, our meta-analysis was based on coordinates from 

published studies rather than raw statistical maps, which 

might reduce its accuracy.29 Third, the heterogeneity of the 

data acquisition and analysis techniques, including MRI field 

strengths, slice thickness, voxel size, and data-processing 

software, may reduce the accuracy of these results. Fourth, 

our meta-analysis included studies of medicine-naive patients 

who had undergone a medication washout period before scan-

ning, so that longer-term influences of medication on brain 

function could not be completely excluded. Although we 

conducted a subgroup meta-analysis of the medicine-naive, 

these results should be interpreted with caution. Finally, 

some patients with anxiety disorder had co-morbid major 

depression. Anxiety and major depressive disorders may have 

different disorder-specific deficits in the neural mechanisms 

of cognitive reappraisal.3,28 Although the patients fulfilled our 

criteria for comorbid-major depression with anxiety disorder 

being the primary diagnosis, the influence of major depres-

sion cannot be completely ruled out.

Conclusion
In this meta-analysis, we identified the most robust functional 

neuroimaging findings on cognitive reappraisal in anxiety 

disorder. The results demonstrated that patients with anxiety 

disorder could not recruit the prefrontoparietal network, 

including the dmPFC, dACC, SMA, vmPFC, and parietal 

cortex, to down-regulate their emotion response. Our findings 

provide robust evidence that impairment of prefrontoparietal 

neuronal circuits may play an important role in the patho-

genesis of anxiety disorder. This finding may provide novel 

targets for medical or cognitive-behavioral interventions 

and neuromodulation approaches (eg, transcranial magnetic 

stimulation). With longitudinal data, future investigations 

should further explore whether these functional abnormi-

ties are associated with structural changes or influenced by 

disease severity and medication status.
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Supplementary materials

Table S1 Imaging methodology quality assessment checklist (when criteria were partially met, 0.5 points were assigned)

Category 1: subjects	 Score (0/0.5/1) 

  1.	Patients were evaluated prospectively, specific diagnostic criteria were applied, and demographic data were reported 
  2.	Healthy comparison subjects were evaluated prospectively, psychiatric and medical illnesses were excluded 
  3.	Important variables (eg, age, gender, illness duration, onset time, medication status, comorbidity, severity of illness) were checked, either by 

stratification or statistically
  4.	Sample size per group .10

Category 2: methods for image acquisition and analysis 

  5.	Magnet strength at least 1.5 T 
  6.	MRI slice-thickness #3 mm 
  7.	Whole brain analysis was automated with no a priori regional selection
  8.	Coordinates reported in a standard space
  9.	The imaging technique used was clearly described so that it could be reproduced
10.	Measurements were clearly described so that they could be reproduced

Category 3: results and conclusions 

11.	Statistical parameters for significant, and important non-significant, differences were provided 

12.	Conclusions were consistent with the results obtained and the limitations were discussed 

Total	 /12

Table S2 Sensitivity analyses of task-based fMRI studies of regional differences in activation in patients with anxiety disorder compared 
with healthy controls

Study Bilateral superior 
frontal gyrus (dmPFC, 
dACC and SMA)

Left inferior 
parietal gyri

Left 
amygdala

Left fusiform 
gyrus

Right superior 
parietal gyrus

Left 
vmPFC

New et al1 (PTSD) Y Y Y Y Y N
Gaebler et al2 (SAD) Y Y Y Y Y Y
Ziv et al3 (SAD) Y Y N N Y Y
Blair et al4 (SAD) Y Y Y Y N Y
Goldin et al5 (SAD) Y Y Y N Y Y
Blair et al4 (SAD/GAD) Y Y Y Y N Y
Ball et al6 (PD) Y Y Y Y Y Y
Reinecke et al7 (PD) Y Y Y Y Y Y
Fitzgerald et al8 (PD) Y Y N Y Y N
Ball et al6 (GAD) Y Y Y Y Y Y
Blair et al4 (GAD) Y Y Y Y N Y

Abbreviations: dACC, dorsal anterior cingulate cortex; dmPFC, dorsomedial prefrontal cortex; fMRI, functional magnetic resonance imaging; GAD, generalized anxiety 
disorder; N, no; PD, panic disorder; PTSD, post-traumatic stress disorder; SAD, social anxiety disorder; SMA, supplementary motor area; vmPFC, ventromedial prefrontal 
cortex; Y, yes.
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