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Introduction: Data obtained from functional magnetic resonance imaging (fMRI) have a complex structure. 
Considering the special features of this type of data in analyses is of particular importance. Previous studies 
on generalized anxiety disorder (GAD) as a prevalent mental disorder using functional neuroimaging have 
had conflicting results. In this study, we apply a Bayesian spatiotemporal model to this type of data which 
considers both spatial and temporal dependence among regions which is one of the most essential features to 
consider. 
Methods: In this single-subject study, we analyze data from a patient with GAD and a healthy participant. 
Both participants are 24-year-old women who are assigned an emotion reactivity task (matching neutral and 
negative facial expressions) inside a scanner. The spatial Bayesian variable selection method is used to detect 
blood oxygen level-dependent activation in fMRI data.
Results: Activation areas in neutral and negative facial expressions are provided for both participants by 
posterior probability map. The results of our study show a greater level of activity in the GAD participant in 
comparison to the healthy participant in responding to the negative matching task.
Conclusion: the GAD patient showed more neural activity in response to negative facial expressions than the 
healthy participant in brain regions related to emotional response in the areas of the frontal Pole, middle frontal 
gyrus, insular cortex, and frontal orbital cortex. Moreover, the inferior frontal gyrus in the patient with GAD 
showed more reaction to negative emotional stimuli.
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Introduction  

Neuroimaging techniques have become a 
valuable tool for clinical research due to their 
ability to non-invasively study the structure 

and function of the brain with relatively high 
resolution. Functional magnetic resonance 
imaging (fMRI), as a technique of neural 
imaging, uses rapid MRI techniques which 
allow dynamic physiological processes to 
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be performed on a scale of seconds. This 
feature can be used to spatially locate dynamic 
processes in the brain, such as neural activity.1

In an fMRI experiment, a participant is asked 
to do something in response to a series of 
stimuli, including cognitive, emotional, and 
other functions. The MRI machine then 
measures changes in blood oxygen levels in 
the brain at different time points.2 In the vast 
majority of fMRI investigations, the BOLD 
(Blood oxygen level dependent) signal is 
measured. For our purposes, it is enough 
to know that the BOLD signal is an indirect 
measure of brain activity that is influenced by 
oxygenated and deoxygenated hemoglobin 
concentrations. When brain activity in a certain 
area increases, so does the metabolic demand, 
and the circulatory system responds by rushing 
oxygenated hemoglobin into that area. There 
is usually an oxygen need immediately after 
neural activity, and the influx of oxygenated 
hemoglobin into the area causes the BOLD 
signal to rapidly rise until it reaches a peak at 
roughly 6 seconds after the neuronal activity 
that provoked these reactions. The BOLD 
signal gradually returns to the baseline during 
20 to 25 seconds after its peak.3

Generalized anxiety disorder (GAD) is a 
common and debilitating anxiety disorder 
that causes substantial distress, functional 
impairment, and financial costs.4, 5 Excessive, 
pervasive, and uncontrollable worry is the 
hallmark of GAD. Irritability, restlessness, 
and impaired concentration are some of the 
symptoms associated with the disease. In 
addition, muscle tension, nausea, sweating, dry 
mouth, and diarrhea are somatic signs of GAD. 
This disorder is a recurring, chronic condition 
with a poor remission rate.6

In recent years and with the use of the fMRI 

technique, considerable efforts have been 
put into figuring out how the neurobiological 
underpinnings of this disorder work.7 
For a better understanding of GAD, various 
cognitive models have been developed. Some 
studies have shown that people with GAD react 
to neutral facial expressions in the same way 
as they do to negative stimuli such as fear and 
anger facial expressions. For instance, in a study 
by Nitschke et al., it was found that patients 
with GAD had greater anticipatory activity 
than healthy participants in the bilateral dorsal 
amygdala preceding both aversive and neutral.8  
Even in a study by Holzel et al., it was found 
that compared to angry faces, GAD patients 
showed more neural reactions to neutral faces, 
with increased amygdala activity.9 In other 
words, unlike many anxiety disorders, people 
with GAD find clues of threat and danger in 
neutral stimuli.  However, this finding was not 
corroborated by other studies.7 In a study by 
Montage et al., the results showed that patients 
with GAD were less sensitive to negative 
facial expressions than healthy participant.10 In 
2011, Palm et al. used the statistical method 
of analysis of variance to conclude that people 
with GAD are less sensitive to reacting to 
sad faces. The main finding in this study was 
less activity in the prefrontal among female 
participants while performing the emotional 
task.11 In 2013, Bal et al. used a linear mixed-
effects model that compared brain activity in 
GAD patients with healthy participants and 
observed lower brain activity in dorsolateral 
and dorsomedial PFC regions in the GAD 
group.12 Another study showed that people 
with GAD were more active in responding to 
angry faces in the middle frontal gyruse, ACC, 
and PFC.13 
In general, research on the neurobiological 
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features of GAD has yielded conflicting 
reports,14 which hinder the generalizability of 
the results. In many fMRI experiments, the 
goal is to determine the activated areas of the 
brain and in order to achieve this goal, we must 
be able to infer four-dimensional data models. 
The present study is an fMRI single case-
control study of a patient with GAD and a 
healthy participant in which we aim to identify 
activated areas of the brain in response to 
some emotional tasks using a Bayesian spatio-
temporal model. Bayesian approaches15 have 
a lot of potential in applications because they 
allow for flexible modeling of spatial and 
temporal correlations in data.16 In reviewing 
the literature, as far as we know, no statistical 
method that considers both spatial and 
temporal correlations simultaneously has been 
used to identify the activated brain areas in 
GAD. Therefore, employing this method may 
lead to a deeper understanding of the disease.

Methods 
Subjects

The data used in our single-subject study 
was extracted from a multi-subject research 
conducted in the National Brain Mapping 
Laboratory in Tehran (approval ID: IR.IUMS.
REC.1397.274) on neural predictors of 
treatment response to cognitive behavioral 
therapy in patients with GAD. Sampling was 
done through an online advertisement for 
participant recruitment. The sample included 
17 patients with GAD, who were selected 
using convenience sampling after conducting 
a diagnostic interview based on the Structured 
Clinical Interview for DSM-5 Disorders 
(SCID-517) and considering the inclusion 
and exclusion criteria. Finally, one patient 

was excluded from the study due to lack of 
appropriate participation in the treatment 
process (failure to complete the therapeutic 
exercises and regular attendance at the 
treatment sessions) and one patient withdrew 
from the treatment session in the second session 
without mentioning the reason. Thus, the final 
sample for experiment group consisted of 15 
patient with GAD. However, we will use only 
the data of one healthy individual and one 
patient in this research. The inclusion criteria 
were: (a) having a primary diagnosis of GAD 
based on SCID-5, (b) speaking fluently in 
Persian, and (c) being right-handed. The 
exclusion criteria were: (a) current episode 
of major depressive disorder, (b) symptoms 
of severe depression (BDI-II score 29 and 
above), (c) tendency to commit suicide, (d) 
current substance use/dependence disorder (in 
the past 6 months), (e) history of any psychotic 
disorder such as schizophrenia, bipolar mood 
disorder, (f) having a current or past major 
medical or neurological diagnosis such as 
heart surgery, or brain surgery and seizures, (g) 
taking psychiatric drugs (in the past 3 months) 
or participating in psychotherapy sessions (in 
the past 6 months), (h) pregnancy, (i) having 
inseparable metal objects in the body, and 
(j) claustrophobia. Due to the possibility of 
some confounding variables in the research 
such as the passage of time, the effect of 
participanting in the research or the effect of 
the experience of being inside the MRI scanner 
and, as a result, their effect on the finding of 
the experiment group, 15 individuals without 
physical and mental disorders were selected 
as yhe normal contral group after conducting 
a diagnostic interview based on SCID-517 and 
considering the inclusion and exclusion criteria. 
Participation in the study was voluntary and 
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informed written consent was obtained from 
the participants before the study began. The 
data used in our study were from a patient with 
GAD and a healthy participant, both 24-year-
old women. 

Tasks

In functional neuroimaging experiments, to 
evaluate the emotional reactivity in anxiety-
related disorders in general and GAD in 
particular, facial expressions such as anger 
and fear are commonly used as triggers for 
stimulating the emotional areas of the brain.7 
The Hariri task,18 which is an emotion-
matching task, was employed to study the 
features of responding to emotional stimuli. 
This task consists of two conditions: negative 
facial expression matching and geometrical 
shapes matching.18 The experiment design was 
block-wise. First, a 20-second rest block was 
presented, and then it was repeated between 
the task blocks. Each task block lasted for 
five seconds, and each task was repeated 
twice. It has been found that in patients with 
GAD, neutral stimuli can also stimulate the 
emotional areas of the brain.9 As a result, in 
this study, a condition including neutral facial 
expressions was added to the two conditions 
of the Hariri task. Accordingly, participants 
performed three matching tasks of negative 
faces, neutral faces, and geometric shapes. 
According to Hariri's emotion-matching task, 
the first two conditions were subtracted from 
the third condition in order to find the activated 
emotional areas. A target stimulus is displayed 
on the top of the screen for the subjects inside 
the MRI scanner. Based on the instructions 
provided before scanning, they select one of 
the two response options at the bottom of the 

screen that corresponds to the target stimulus 
by pressing a key. They chose a face from the 
two faces shown at the bottom of the screen 
device that had an effect identical to the effect 
of the face shown at the top of the screen. Half 
of the images of negative faces belong to fear 
expression and the other half belong to anger 
expression. An equal number of men and 
women are selected in each series of faces. The 
stimuli were selected from the Nimstim set of 
facial expressions.19 

Image Acquisition

MRI scans were acquired on 3.0 Tesla Siemens 
Magnetom Prisma at the Imaging Center of the 
Iranian National Brain Mapping Laboratory 
(NBML) (http://www.nbml.ir/). Images were 
acquired with 42 axial slices, 3-millimeter 
(mm) thick slices (T2*-weighted echo-planar 
imaging, voxel size = 3.0×3.4×3.4, TR = 2500 
ms, TE = 30 ms, flip angle = 90°, Field of 
View = 218 mm, spacing = 0 mm, matrix size 
= 64×64 pixels, interleaved slice acquisition). 
There were 36126720 brain voxels in total.
Because the T1 images have a high spatial 
resolution, they are used for co-registration 
functional images. The parameters of the T1-
weighted image are as follows: voxel size = 
1×1×1 mm, TR = 2000 ms, TE = 3.47 ms, 
flip angle = 7°, Field of View = 256 mm, slice 
thickness = 1 mm, matrix size = 256×256 
pixels.

Data Preparation and Preprocessing 

Since the images in hand were raw, after 
changing the format from DICOM to NIFTI, it 
is necessary to pre-process to prepare the data 
for statistical analysis. Pre-processing was 
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performed using FSL, version 6.0.3, a piece 
of software under the Linux operating system 
for fMRI brain imaging data.20 The following 
preprocessing steps were implemented: Brain 
Extraction (BET) for skull tripping with a 
threshold of 0.25, motion correction, slice 
timing correction, pre-whitening, registration 
to Montreal Neurological Institute space, and 
Full Width at Half Maximum (FWHM) was 
also considered equal to 5. The double-gamma 
function was used to convolve21 the design 
matrix with the Hemodynamic Response 
Function (HRF). The process of head motion 

correction for both participants is shown 
in Figures 1-4, in which for rotational and 
translational motion in the direction of the x, y, 
and z axes, a process is drawn to determine the 
changes in each direction.
According to Figures 1, considering head 
motion correction parameters leads to a more 
accurate statistical model. Therefore, the design 
matrix in this study consists of 3 columns 
related to 3 matching tasks (geometric shapes, 
neutral faces, and negative faces), 6 columns 
related to motion correction parameters, and 
finally a column for intercept. All statistical 

Figure1. Transitional correction of the healthy participant's head motion (mm)
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analyses were carried out using R, version 
4.1.1. 

Statistical Analysis

One of the most important features of fMRI 
data is their temporal and spatial correlation. 
The temporal correlation originates from 
the fact that stimuli are offered continuously 
or regularly over time, and the reaction to a 
stimulus at time t is influenced by the stimulus 
at time t-1 as well as stimuli and reactions from 
earlier. In addition, since all of the voxels are 
contained in a single person's brain, spatial 
correlation also occurs. In three-dimensional 
space, in the vicinity of each voxel, there are 
26 neighboring voxels. So, it is realistic to 
expect voxels that are adjacent to each other to 
have similar activation patterns.22

 Due to the aforementioned features, the 
choice of a suitable statistical method that 
takes these features into account plays a 
significant role in the analysis of fMRI data. 
Most of the time, the massive volume of data 
and the complex structure of their spatial and 
temporal correlations become problematic. 
The high flexibility of Bayesian methods 
makes it possible to simultaneously consider 
both spatial and temporal correlations of fMRI 
data in modeling.23

 In this study, a Bayesian spatio-temporal model 
was used to model BOLD signal variations 
for each voxel to make inferences about task-
related changes in neural activity. The BOLD 
signal changes are spatially related among 
adjacent voxels, in addition to their intrinsic 
temporal dependency in a voxel.
When evaluating a change in BOLD contrast 
metabolism as a result of an external stimulus, 
the MR signal is hemodynamically delayed.24 

For statistical modeling of signal changes, 
it is necessary to model both spatial and 
temporal properties of voxels. Since the brain's 
hemodynamic response is a delayed version of 
the input time series, a mathematical operation 
is applied to the stimulus function to construct a 
delayed version that better fits the data. To take 
this time delay into account, the convolution 
operation can be used.25

For statistical analysis, a model is applied which 
has been discussed in detail by Musgrove et 
al.,26 and briefly reviewed below.
The BOLD response over T time points is 
represented by a T×1 vector voxel time series 
yv (v=1,…,N) for vth  voxel and the model is

which X is a T×p design matrix in which 
each column contains values from an impulse 
stimulation function and is convolved with 
HRF. To improve the accuracy of the model, 
we can consider the parameters of head motion 
correction in the design matrix. The vector 
βv with a length of p, is the magnitude of the 
BOLD response to all stimuli, which captures 
the activation profile. The Rv denotes a T×r 
matrix of lagged prediction errors,27 and ρv is 
a r ×1 autoregressive coefficient vector that is 
use  d to model the temporal correlation. The 
error component in the equation is assumed to 
be independently normal distributed N(0,σ2 I). 
The choice of the active voxel in this type 
of study is known as the variable selection 
problem, which is equivalent to determining 
non-zero coefficients fitted from a regression 
model.
The parameters are hierarchically assigned in 
the Bayesian framework and the corresponding 
priors are determined. A vector of binary 
random variables γv=(γv1  .….γvp)´ is added to 
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indicate whether or not the voxel v is activated 
in response to a sequence of input stimuli. For 
regression coefficients, a spike-and-slab prior28 
was considered, which is defined as follows

( ) ( ) ( )2
0|  0. 1  .vj vj v j vj Iπ β γ γ τ γ= + −

Where, 
2
jτ  denotes the stimulus-level variance, 

which is unknown and I0 is a zero-mass point.  
For time-series correlation, the Autoregressive 
model of order 229 was employed in which 
coefficients have normal prior with zero mean 
and large variance. The value of 0.8722 was 
considered as the activation threshold of each 
voxel.30

Results

After data preprocessing and fitting the 
statistical model (3.1), FSL was employed 
to identify the activated areas in the brain of 
the GAD and the healthy participants. Using 
Harvard-Oxford Atlas,31 the activated areas in 
the brain of each participant during responding 
to our fMRI task were identified. The results 
are separately presented in Table 1 for the two 
negative and neutral conditions subtracted 
from the condition of the geometric shape. 
The coordinates of each activated area in the 

standard space were also reported.
Overall, in GAD patient, more regions, 
especially in the right hemisphere, were 
activated during the negative matching task, 
while few regions showed activation during 
the neutral matching task. The opposite was 
observed in healthy participants: the number 
of regions activated during responding to 
the neutral matching task, especially in the 
right hemisphere, was greater than that of 
the negative matching task. Additionally, in 
the GAD patient, compared to the healthy 
participant, more regions were activated 
during responding to the negative matching 
task, while in healthy participant, more regions 
were activated during the neutral matching 
task (Table 1). Another intreseting finding 
is that frontal regions (frontal pole, middle 
frontal gyrus, frontal orbital cortex, inferior 
gyrus, superior frontal gyrus) were primarily 
activated in GAD patient during responding to 
both tasks (Table 1).
The posterior probability maps of activation of 
the GAD and healthy participants are shown in 
Figure 2.
The black voxels have estimated posterior 
probabilities that exceed 0.8722, which show 
the activated points in the brain. This threshold 
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is equal to the p-value of 0.05.30 In the negative 
matching condition, the GAD patient was more 
active as shown in Figures 5-8.

Discussion    

This study aimed to use the Bayesian spatio-
temporal model to identify activated regions 
of the brain in GAD in response to an fMRI 
task and compare it with a healthy individual. 
The specific features of fMRI data are of 
particular importance and need to be taken into 
account in analysis and modeling. Neglecting 
these features will cause an increase in 
errors in estimating and identifying activated 
areas of the brain. Sometimes considering 
the specific features of the data reduces the 
computational speed for which solutions 
must be provided.  Bayesian spatio-temporal 
models are a statistical approach to fMRI 
analysis that account for both spatial and 

temporal dependencies among brain regions. 
This approach offer several advantages over 
traditional analytical methods, including: 
Improved accuracy and comprehensiveness, 
Bayesian spatio-temporal models can identify 
subtle changes in brain activity that may be 
missed by traditional methods. Additionally, 
can account for temporal dependencies 
between brain regions, which can help to better 
understand the underlying neural mechanisms 
of behavior. Increased robustness to noise, 
It can more effectively remove noise from 
fMRI data, which can improve the accuracy of 
results.32 This model has been used in a variety 
of fMRI research applications, including 
identifying brain regions involved in emotion 
processing, examining changes in brain activity 
over time, and predicting behavior from brain 
activity.
In this research, by using parallel calculations, 
we compensated for the decrease in the 

Figure 2. Healthy participant - neutral matching task
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speed of calculations. The Bayesian spatio-
temporal model has shown good accuracy 
and performance and is considered a flexible 
approach to analyzing fMRI data.26 
The findings of research on GAD to date are 
somewhat controversial.14 According to several 
studies, some areas of the brain in patients with 
GAD are more active in reaction to negative 
stimuli than healthy participants. However, 
some other areas have been reported less active 
compared with healthy participants.10-12, 33 
An important finding of the present single-
subject study is that the GAD patient showed 
more neural activity in response to negative 
facial expressions than the healthy participant 
in brain regions related to emotional response. 
More specifically, the areas of the frontal Pole, 
middle frontal gyrus, insular cortex, frontal 
orbital cortex, and inferior frontal gyrus in 
the patient with GAD showed more reaction 
to negative emotional stimuli compared to the 
healthy participant (in the case of the present 
study, angry or fearful facial expressions). This 
finding is in agreement with the findings of 
some previous studies.34, 35

In the literature, the participation of some 
prefrontal areas of the brain in the processing 
of emotional stimuli has been shown, 
especially in anxious people.34, 35 In general, 
these results implied that the emotional 
reaction of the nervous system of patients 
with GAD in response to negative facial 
expressions was more than healthy people. 
Several previous studies have investigated the 
neural and psychological processes underlying 
emotional reactions and regulation in patients 
with GAD.36-42 These researches are based 
on the assumption that these patients resort 
to worry due to underlying abnormalities in 
the regulation of emotional response, and 

they intend to control their intense emotional 
response in this way. There are two competing 
hypotheses to explain the neural basis of this 
emotional dysregulation. The first hypothesis, 
based on the conceptualization that there is a 
hyperactive top-down control system in GAD, 
suggests that patients with GAD show greater 
activity in the regulatory areas of the brain 
like the prefrontal cortex during the reaction 
to emotional stimuli and their regulation 
and this may decrease the activity of the 
emotional response areas of the brain, such as 
the amygdala, insula, and hippocampus. The 
second hypothesis suggests that patients with 
GAD have a weak response to regulatory areas 
in this context, and the activity of areas related 
to emotional response may increase, which 
indicates insufficient control of the top-down 
brain system.14

The findings of our study reflect the first 
hypothesis according to which increased 
activity of the prefrontal areas in GAD patients 
may underlie the most important symptom 
among these patients, namely worry.14

In other words, through their repetitive 
thoughts, these people try to make an estimate 
of possible risks in life and feel safe in this 
way although this method does not work 
successfully.33, 43 The results of some other 
studies also accord with the first hypothesis. 
For example, Blair et al., have shown that in 
patients with GAD, an increase in the response 
to angry faces was observed in the frontal 
cortex, especially the medial frontal gyrus.35 
In another study by Monk et al., it was found 
that adolescents with GAD experienced more 
activity in the ventrolateral prefrontal cortex 
(the inferior frontal gyrus is located in this 
area) in reaction to angry faces as compared 
to healthy adolescents.34 In a study using an 
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fMRI task, emotional response and regulation 
were evaluated in patients with GAD and it 
was found that the patients showed an increase 
in inferior frontal gyrus activity during the 
emotional response phase.39 The findings of 
our study have important implications for our 
understanding of the neural basis of GAD. 
They suggest that emotional dysregulation, 
particularly in response to negative stimuli, 
may be a key underlying mechanism of this 
disorder.
It is important to bear in mind that these findings 
might not be generalized to all patients. As 
mentioned earlier, further research should be 
undertaken to investigate its generalizability.

Conclusion 

In   this   research,   a   Bayesian spatiotemporal   
model   was   used   which   has   been proposed 
for a single-subject analysis. There is abundant 
room for further progress in determining the 
activated brain areas in response to fMRI 
tasks in patients with GAD. Future fMRI 
single case studies on different patients with 
GAD should be undertaken to investigate the 
reproducibility of the results in which the 
results can be compared across studies. In 
future investigations, it might also be possible 
to adopt a different approach by performing a 
group analysis in which the results of single-
subject   analyses,   conducted   using   the   
aforementioned   method,   are combined. 
This approach may facilitate developing a 
full picture of the disease and subsequently 
be of assistance to clinical practice In   this   
research,   a   Bayesian   spatiotemporal   model   
was   used   which   has   been proposed for 
a single-subject analysis. There is abundant 
room for further progress in determining the 

activated brain areas in response to fMRI 
tasks in patients with
GAD. Future fMRI single case studies 
on different patients with GAD should be 
undertaken to investigate the reproducibility 
of the results in which the results can 
be compared across studies. In future 
investigations, it might also be possible to 
adopt a different approach by performing a 
group analysis in which the results of single-
subject   analyses,   conducted   using   the   
aforementioned   method,   are combined. 
This approach may facilitate developing a 
full picture of the disease and subsequently 
be of assistance to clinical practi. In this 
research, a Bayesian spatio-temporal model 
was used which has been proposed for a 
single-subject analysis. There is abundant 
room for further progress in determining the 
activated brain areas in response to fMRI 
tasks in patients with GAD. Future fMRI 
single case studies on different patients with 
GAD should be undertaken to investigate the 
reproducibility of the results in which the 
results can be compared across studies. In 
future investigations, it might also be possible 
to adopt a different approach by performing 
a group analysis in which the results of 
single-subject analyses, conducted using the 
aforementioned method, are combined. This 
approach may facilitate developing a full 
picture of the disease and subsequently be of 
assistance to clinical practice. We hope that 
future research can build upon our findings 
and employ similar advanced analytical 
techniques to further elucidate the complex 
neurobiology underlying GAD and develop 
more effective treatment strategies for this 
prevalent mental disorder.
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