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Objective: To investigate not only differential patterns of functional connectivity of core brain regions between implicit
and explicit verbal memory tasks underlying negatively evoked emotional condition, but also correlations of functional
connectivity (FC) strength with clinical symptom severity in patients with generalized anxiety disorder (GAD).
Methods: Thirteen patients with GAD and 13 healthy controls underwent functional magnetic resonance imaging for
memory tasks with negative emotion words.

Results: Clinical symptom and its severities of GAD were potentially associated with abnormalities of task-based FC
with core brain regions and distinct FC patterns between implicit vs. explicit memory processing in GAD were poten-
tially well discriminated. Outstanding FC in implicit memory task includes positive connections of precentral gyus (PrG)
to inferior frontal gyrus and inferior parietal gyrus (IPG), respectively, in encoding period; a positive connection of
amygdala (Amg) to globus pallidus as well as a negative connection of Amg to cerebellum in retrieval period.
Meanwhile, distinct FC in explicit memory included a positive connection of PrG to inferior temporal gyrus (ITG) in
encoding period; a positive connection of the anterior cingulate gyrus to superior frontal gyrus in retrieval period.
Especially, there were positive correlation between GAD-7 scores and FC of PrG-IPG (/# = 0.324, p = 0.042) in implicit
memory encoding, and FC of PrG-ITG (# = 0.378, p = 0.025) in explicit memory encoding.

Conclusion: This study clarified differential patterns of brain activation and relevant FC between implicit and explicit
verbal memory tasks underlying negative emotional feelings in GAD. These findings will be helpful for an understanding
of distinct brain functional mechanisms associated with clinical symptom severities in GAD.
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INTRODUCTION

Symptom of generalized anxiety disorder (GAD) is
characterized by persistent patterns of worrying, tension
and anxiety in daily life. Constant GAD symptom leads to
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emotional dysregulation [1], executive dysfunction [2],
and cognitive and memory impairments [3], resulting in
difficulties in social coordination at work and school [4].
Once GAD is developed, it becomes most often chronic
and the symptom severity worsens during times of stress.
Specifically, abnormalities in the implicit and explicit
memory processing of anxiety-related information were
commonly addressed in patients with GAD [5-7]. The pa-
tients with GAD recalled more negative feeling words
than positive or neutral during implicit and explicit
memory. Memory bias was observed, especially in tacit
memory [8-10]. Therefore, it is important to clarify the
neuro-functional abnormalities in connection with the
relevant core brain regions and their functional con-
nectivity (FC) in the implicit and explicit memory tasks un-
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derlying negatively evoked emotional conditions and
these findings are useful to understand the neurofunc-
tional mechanism on the relevant clinical symptom se-
verities in GAD.

Until now, numerous neuroimaging studies [11-15]
have investigated the functional abnormalities in re-
sponse to the emotional expression in various memory
tasks in patients with GAD. The key brain centers asso-
ciated with brain dysfunction in the emotional expression
and regulation in GAD include the amygdala (Amg), me-
dial/ventral/dorsal prefrontal cortices and anterior cingu-
late gyrus (ACG) [11-13]. Although a few works [14,15]
have demonstrated the differential brain activity patterns
between implicit or explicit memory processing in GAD,
those studies were only focused on the identification of
the distributed brain areas in either implicit or explicit
memory task. A task-based brain functional connection is
associated with the complex neuro-functional network
linked with the correspondent task performance [16,17].
Therefore, the functional connectivity between the core
brain areas is critical for further understanding of the neu-
ral network because of its ability to provide the temporal
dependency of neural activation patterns of anatomical

vs. explicit verbal memory tasks in GAD.

METHODS

Subjects

Thirteen patients with GAD (mean age, 35.92 + 8.61
years) and 13 healthy controls (mean age, 36.54 = 10.12
years) participated in this study. All patients were diag-
nosed by the Diagnostic and Statistical Manual of Mental
Disorders 5th edition criteria [19] (Table 1) and the dura-
tion of illness of the patients was 4.17 = 4.07 years. Out of
13 GAD patients, 2 patients received a single psycho-
tropic medication including escitalopram (n = 1) and bu-
propion (n = 1), and the other patients received multiple
psychotropic medications (Table 2). We set participant
exclusion criteria as follows: 1) age, second, 2) sex, 3) ed-
ucation-level, 4) handedness. This retrospective study has
been approved by Institutional Review Board of Jeonbuk
National University Hospital (IRB-CBNU No. CBIRB0907-

Table 2. Psychotropic medicine in patients with GAD

Medicine Dose

brain regions [17,18]. These advantages will be expanded Alprazolam (n = 5) 0.25-1.5 mg
- . Benzodiazepine (n = 2) 50 mg
to the development of the standardized magnetic reso- Bupropion (n = 2) 150 mg
nance (MR) imaging-based neurological biomarker for ac- Buspirone (n = 3) 15—30 mg
curate diagnosis and prognosis of GAD. DU|0X|e“”e (”(= 2) ) 50—60 mg
. . . Escitalopram (n =7 5—10m
To the best of our knowledge, this study is the first at- P &
Lorazepam (n = 1) 0.5 mg
tempt to compare the differential patterns of key brain re- Paroxetine (n = 2) 25 mg
gions and their FC observed in the processing of neg- Zolpidem (n = 1) 5 mg
atively evoked emotional expressions during the implicit GAD, generalized anxiety disorder.
Table 1. Comparison of the demographic and clinical characteristics between patients with GAD and healthy controls
Variable GAD patients (n = 13) Healthy controls (n = 13) pvalue
Mean age (yr) 35.92 + 8.61 36.54 +10.12 0.898*
Sex (male/female) 7/6 0.420**
Handedness (right:left:mixed) 13:0:0 13:0:0 1.000%*
Education (yr) 1454+ 1.76 14.62 +£1.89 0.885*
Duration of illness (yr) 417 £ 4.07 - -
Perceived negative scores for unpleasant words 6.46 £ 2.37 6.46 = 1.33 0.182*
Psychiatric rating scales
HAMA 19.15 + 4.00 0.46 + 0.97 < 0.001*
HAMD-17 11.77 + 3.42 0.31+0.48 < 0.001*
GAD-7 12.62 + 3.62 0.23 +0.60 < 0.001*

Values are presented as mean + standard deviation or number only.

HAMA, Hamilton Anxiety Scale; HAMD-17, Hamilton Depression Scale-17; GAD-7, Generalized Anxiety Disorder Scale-7 (cut-off > 4).

*Independent sample ¢ test. **Chi-square test.
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65). Also, all the analytical procedure and method were
performed in accordance with the relevant guidelines and
regulations approved by IRB-CBNU.

Clinical Interviews

The patients were diagnosed by using Generalized
Anxiety Disorder Scale 7 (GAD-7; 7 items with 4 level
scale, cutoff score > 4). In addition, all participants un-
derwent the following clinical interviews: Hamilton
Anxiety Scale (HAMA; 14 items with a 5 level scale, cutoff
score > 14), Hamilton Depression Scale 17 (HAMD-17;
8 items with five-level scale and nine items with three lev-
el scale, cutoff score > 7) and GAD-7.

Paradigm for Brain Activation

Two different implicit and explicit memory tasks were
performed using the two-syllable words arousing negative
emotional feelings. Brain activation paradigm consists of
the following cycle: rest (14 seconds), first encoding (18
seconds), rest (14 seconds), first retrieval (18 seconds), rest
(14 seconds), second encoding (18 seconds), rest (14 sec-
onds), second retrieval (18 seconds), and rest (14 seconds)
(Fig. 1). Two fixation crosses were displayed in the rest
period. All of the words were displayed on a computer
monitor using Superlab Pro software (Cedrus Co.,
Phoenix, AZ, USA). During the implicit memory task, six
different two-syllable words whose first consonant was re-
moved were displayed for 3second per each slide during
the encoding period. Then, the two-syllable words given
in the encoding period, but without first consonance,
were presented during the retrieval period. In the explicit
memory task, six different two-syllable words were pre-
sented during the encoding period. Then, either new

A Implicit memory task

Encoding (18 seconds)

words or the old words given in the “encoding” period
were presented in the retrieval period. Participants were
instructed to press the button if the presenting word is old
one.

Data Acquisition

All the participants underwent a 3 Tesla Magnetom
Verio MR Scanner (Siemens Medical Solutions, Erlangen,
Germany) with an 8-channel birdcage type of head coil.
The high resolution T1 weighted images were acquired
using a three dimensional magnetization prepared rapid
acquisition gradient echo (3D MP-RAGE) sequence with
repetition time (TR)/echo time (TE) = 1,900/2.35 ms,
field-of-view (FOV) = 22 x 22 cm’, matrix size = 256 x
256, number of excitation (NEX) = 1 and slice thickness =
1 mm. Functional images were acquired using a gra-
dient-echo echo planner image (GRE-EPI) with the follow
parameters: TR/TE = 2,000/30 ms, flip angle = 90°, FOV =
22 x 22 cm?, matrix size = 64 x 64, NEX = 1, number of

slice = 25 and slice thickness = 5 mm without a slice gap.
Data Processing and Statistical Analysis

Functional brain mapping

Functional imaging data were analyzed using the
SPM12 software (Wellcome Department of Cognitive
Neurology, London, UK). The data preprocessing was
conducted by the following steps: realignment of the
functional data for the correction of motion artifacts;
co-registration of the structural and functional images;
normalization of the co-registered functional data to
Montreal Neurological Institute (MNI) space; and spatial
smoothing with an 8 mm full-width-at-half-maximum

Retrieval (18 seconds)

B Explicit memory task

Encoding (18 seconds)

(Knife)

Fig. 1. fMRI paradigms for the brain
activation in implicit (A) and explicit (B)
memory tasks with unpleasant words.
The activation paradigm consists of
“rest-encoding-rest-implicit or explicit
retrieval.”

fMRI, functional magnetic resonance
imaging.
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(FWHM) Gaussian kernel. To analyze the group differ-
ence of brain activation, two sample ¢test was used (p <
0.001, uncorrected, cluster size = 15 voxels).

Task—based functional connectivity

Functional connectivity analyses were performed using
CONN-fMRI FC toolbox (ver. 17e) with SPM12. The data
processing was initiated by slice timing correction, re-
alignment and co-registration. The co-registered images
were segmented using standard SPM tissue probability
maps, and then the images were smoothed with a 8 mm’
FWHM Gaussian kernel. A component based method
(CompCor) [17,20] was performed for the reduction of
noise in both blood oxygenation level dependent (BOLD).
The band-pass filtering ware performed with a frequency
window of 0.01 —0.1 Hz.

For the functional connectivity analysis (FCA) of func-
tional magnetic resonance imaging (fMRI) data, we con-
ducted a region of interest (ROI)-to-voxel FCA using the
specific ten spherical clusters where demonstrated as core
regions in fMRI tasks [21] (four in implicit memory task;
six in explicit memory task) with 5 mm diameters and
peak coordinates. The seed ROls for FCA included the
precentral gyrus (PrG: x = —44, y = 4, z = 40), thalamus
(Th: —2, —22, 16), middle occipital gyrus (MOG: —26,
—92, 18) and amygdala (Amg: 24, 0, —12) in implicit

A Implicit memory

Encoding
rG

R
z=40

Retrieval

P Th

B Explicit memory

MCG
z=40 z

PrG

memory task, and median cingulate gyrus (MCG: —18, —
46, 40), PrG (16, —22, 64), inferior temporal gyrus (ITG:
60, —24, —18), supplementary motor area (MOs: 10, 8,
54), anterior cingulate gyrus (ACG: 4, 38, 2) and MOG
(30, —68, 26) in the explicit memory task. General linear
model (GLM) was used for the correlation of BOLD time
series between the seed area and each voxels. Significant
connections were identified by calculating the false dis-
covery rate (FDR), p value < 0.05 (voxel threshold p <
0.001, uncorrected).

Statistical analysis

The difference of symptom severity between healthy
controls vs. GAD group was analyzed by independent
two-sample ¢test.

To analyze the correlation between the FCs with seed
ROlIs and psychiatric symptom severities, a multiple linear
regression analysis was used to multiple comparison us-
ing the SPSS statistical software package (version 20.0;
IBM Co., Armonk, NY, USA).

RESULTS

Demographic Characteristics and Psychiatric Rating
Scales
There were no differences between healthy control and

Fig. 2. Brain areas demonstrating the
neural activity reduction (red) and
increase (green) in patients with GAD
relative to healthy controls during
implicit memory (A) and explicit me-
mory (B) tasks.

PrG, precentral gyrus; Th, thalamus;
MOG, middle occipital gyrus; Amg,
amygdala; MCG, middle cingulate
gyrus; ITG, inferior temporal gyrus;
MOs, supplementary motor area;
ACG, anterior cingulate gyrus; R,
right; L, left.
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Table 3. Comparative brain areas with distinct activity between implicit and explicit memory tasks in patients with GAD vs. healthy controls

Healthy control < GAD Healthy control > GAD
Brain areas MNI coordinates Clusier  Mesdmmmm MNI coordinates sy MerdEm
. y 2 size t value . y 2 size t value

Implicit memory
Encoding

PrG —44 4 40 15 4.21
Retrieval

Th —2 —22 16 58 5.60

MOG —26 —92 18 28 5.24

Amg 24 0 —12 16 4.03
Explicit memory
Encoding

MCG —18 —46 40 15 4.49

PrG 16 —22 64 16 4.39
Retrieval

ITG 60 —24 —18 15 4.69

MOs 10 8 54 17 4.44

ACG 4 38 2 22 3.89

MOG 30 —68 26 28 411

GAD, generalized anxiety disorder; MNI, Montreal Neurological Institute; PrG, precental gyrus; Th,thalamus; MOG, middle occipital gyrus; Amg,
amygdala; MCG, median cingulate gyrus; PrG, precental gyrus; ITG, inferior temporal gyrus; MOs, supplementary motor area; ACG, anterior
cingulate gyrus; MOG, middle occipital gyrus.

A Implicit memory B Explicit memory
Encoding @Posiive  Encoding

@ Negative
@ Seed area

Healthy control
Retrieval

Healthy control
Retrieval

Fig. 3. Differential brain functional connectivity patterns in patients with GAD and healthy controls during implicit memory (A) and explicit
memory (B) tasks. Red lines represent positive connectivity and blue lines represent negative connectivity. Details are shown at Tables 4 (implicit
memory) and 5 (explicit memory).

SFG, superior frontal gyrus; MOs, supplementary motor area; PrG, precental gyrus; IFG, inferior frontal gyrus; IPG, inferior parietal gyrus; Cd,
caudate; Amg, amygdala; GP, globus pallidus; Cb, cerebellum; PrG, precental gyrus; ITG, inferior temporal gyrus; ACG, anterior cingulate gyrus;
OFG, orbitofrontal gyrus; PoG, postsentral gyrus; STG, superior temporal gyrus; CcG, calcarine gyrus; LiG, lingual gyrus; SPG, superior parietal
gyrus; MOG, middle occipital gyrus; L, left; R, right.
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GAD groups in terms of age, sex, and education period
(Table 1). Average duration of illness in patients with
GAD was 4.17 + 4.07 year. Compared to healthy con-
trols, GAD patients showed significantly higher scores in
HAMA, HAMD-17, and GAD-7 (p < 0.001).

Differential Brain Activation Patterns between
Implicit vs. Explicit Memory Tasks

There were predominantly different brain activation
patterns between patients with GAD and healthy controls
in memory tasks. In the implicit memory tasks, GAD pa-
tients showed higher brain activities in PrG during the en-
coding period; and Th, MOG and Amg during the re-
trieval period (Fig. 2A and Table 3). In the explicit memo-
ry tasks, GAD patients showed lower brain activities in the
MCG and PrG during the encoding period; and lower
brain activities in the MOG as well as higher activities in
the ITG, MOs, and ACG during the retrieval period (Fig.
2B and Table 3).

Functional Connectivity

The task-based FC in GAD patients was compared with
those in healthy controls. During the implicit memory en-
coding period, healthy controls showed a positive FC of
PrG-MOs as well as a negative FCof PrG-superior frontal

gyrus (SFG), while GAD patients showed positive FC of
PrG-inferior frontal gyrus (IFG) and PrG-inferior parietal
gyrus (IPG). During the implicit memory retrieval period,
healthy controls showed positive FC of Amg-its con-
tralateral Amg and Amg-right/left caudate (Rt/Lt Cd), while
GAD patients showed a positive FC of Amg-globus pal-
lidus (GP) as well as a negative FC of Amg-cerebellum
(Cb) (Fig. 3A and Table 4).

During the explicit memory encoding period, healthy
controls showed a positive FC of PrG-SFG, while GAD pa-
tients showed a positive FC of PrG-ITG. During the ex-
plicit memory retrieval period, both groups showed more
complex FC compared with the encoding step. Healthy
controls showed positive FC of ACC-superior temporal
gyrus (STG) and ACC-orbitofrontal gyrus (OFG), while
GAD patients showed a positive FC of ACC-SFG. Also,
healthy controls showed a positive FC of ITG-calcarine
gyrus (CcG) as well as a negative FC of ITG-MOs, while
GAD patients showed a positive FC of ITG-lingual gyrus
(LiG) as well as another positive FC of MOG-superior pari-
etal gyrus (SPC). In addition, healthy controls showed
positive FC of MOs-its contralateral MOs and MOs-post-
central gyrus (PoG) (Fig. 3B and Table 5).

Table 4. Seed area-based functional connectivity networks during the encoding and retrieval steps in implicit verbal memory task

MNI coordinates

Brain area CIL.ISter Bvalue Maximum p-FWE p-FDR
% y > size t value
Encoding
Seed: Precentral gyrus —44 4 40
GAD < Healthy control
SFG —12 56 34 30 —0.49 —6.77 0.099 0.025
MOs -2 14 48 31 0.41 7.06 0.085 0.025
GAD > Healthy control
IFG 42 6 24 50 0.49 7.66 0.004 0.000
IPG —28 —58 40 277 0.55 10.08 0.000 0.000
Retrieval
Seed: Amygdala 24 0 —12
GAD < Healthy control
Rt. Cd 18 2 22 59 0.50 7.33 0.001 0.000
Lt. Cd —16 2 10 89 0.44 10.45 0.000 0.000
Lt. Amg —24 0 —10 86 0.56 7.48 0.000 0.000
GAD > Healthy control
GP —16 4 —4 90 0.50 8.75 0.000 0.000
Cb 42 —46 —26 34 —0.45 —7.16 0.026 0.005

MNI, Montreal Neurological Institute; p-FWE, family wise error; p-FDR, false discovery rate; GAD, generalized anxiety disorder; SFG, superior
frontal gyrus; MOs, supplementary motor area; IFG, inferior frontal gyrus; IPG, inferior parietal gyrus; Rt. Cd, right caudate; Lt. Cd, left caudate; Lt.

Amg, left amygdala; GP, globus pallidus; Cb, cerebellum.
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Table 5. Seed area-based functional connectivity networks during the retrieval steps in explicit verbal memory task
Brain area M coordinates Clgster Svalue Maximum p-FWE p-FDR
. y % size t value
Encoding
Seed: Precentral gyrus 16 —22 64
GAD < Healthy control
Superior frontal gyrus —12 16 56 52 0.45 7.39 0.005 0.002
GAD > Healthy control
Inferior temporal gyrus —54 —60 -6 30 0.41 8.37 0.060 0.026
Retrieval
Seed: Inferior temporal gyrus 60 —24 —18
GAD < Healthy control
Calcarine gyrus —2 —94 —12 17 0.83 15.48 0.000 0.000
Supplementary motor area 4 —8 68 31 —0.53 —6.60 0.070 0.017
GAD > Healthy control
Lingual gyrus 16 —46 —10 32 0.50 7.93 0.046 0.015
Seed: Supplementary motor area 10 8 54
GAD < Healthy control
Left supplementary motor area —4 2 54 44 0.61 7.1 0.008 0.003
Postcentral gyrus 14 8 0 42 0.53 8.18 0.011 0.000
Seed: Aenterior cingulate gyrus 4 38 2
GAD < Healthy control
Superior temporal gyrus 66 —52 22 81 0.46 7.48 0.000 0.000
Orbitofrontal gyrus 30 32 —16 38 0.56 7.37 0.024 0.008
GAD > Healthy control
Superior frontal gyrus 12 48 50 41 0.53 7.71 0.012 0.004
Seed: Middle occipital gyrus 30 —68 26
GAD > Healthy control
Superior parietal gyrus 32 —52 58 44 0.51 6.84 0.005 0.002

MNI, Montreal Neurological Institute; p-FWE, family wise error; p-FDR, false discovery rate; SFG, superior frontal gyrus; ITG, inferior temporal
gyrus; CcG, calcarine gyrus; MOs, supplementary motor area; LiG, lingual gyrus; Lt. MOs, left supplementary motor area; PoG, postsentral gyrus;

STG, superior temporal gyrus; OFG, orbitofrontal gyrus.

Correlation of Functional Connectivity with Symptom
Severity

During the implicit memory encoding period, a positive
correlation of strength of the FC of PrG-IPG with relevant
GAD-7 scores was observed in patients with GAD (# =
0.324, p = 0.042) (Fig. 4A). During the explicit memory
encoding period, we observed a positive correlations be-
tween the FC of PrG-ITG and scores of the GAD-7 (/* =
0.378, p = 0.025) (Fig. 4B) in patients with GAD.
However, there were no observed statistical significance
with HAMA and HAMD-17 in implicit memory (HAMA:
7 =0.028, p=0.190; HAMD-17: /* = 0.237, p= 0.333)
(Fig. 5A, B) and explicit memory encoding (HAMA: /* =
0.376, p=0.312; HAMD-17: /* = 0.317, p= 0.200) (Fig.
5C, D).

DISCUSSION

Implicit Memory Task: Encoding vs. Retrieval

During the implicit memory encoding period, GAD pa-
tients showed differential brain activation patterns and the
distinct FC with various seed ROls. Compared with
healthy control, GAD patients showed significantly higher
activity in the PrG and this region was positively con-
nected with IFG and IPG, respectively. Meanwhile, healthy
controls showed a negative FC of PrG-SFG as well as a
positive FC of PrG-MOs. These brain areas are the core
center associated with verbal memory encoding [22,23].
A couple of studies [24,25] have demonstrated the neu-
ro-anatomic and network abnormalities of the PrG in pa-
tients with GAD. Ma et al. [24] emphasized that GAD pa-
tients showed a negative resting-state FC of the PrG-IPG as
well as a positive resting-state FC of the PrG-IFG. Also,
other studies [26,27] have demonstrated the correlation
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FC between PrG and IPG

GAD-7 score

-1.0 -0.5 0.0 0.5 1.0
FC between PrG and ITG

Fig. 4. Correlation between the GAD-7 scores and the memory task-based functional connectivity (FC) of the precentral gyrus (PrG) to inferior
parietal gyrus (IPG) in the implicit memory encoding process in patients with GAD (#* = 0.324, p = 0.042) (A). Correlations between the FC of the
PrG to inferior temporal gyrus (ITG) in the explicit memory encoding process with the score of GAD-7 (#* = 0.378, p= 0.025) (B). The curved dotted

line bands mean 95% confidence intervals.
GAD-7, Generalized Anxiety Disorder scale-7.

of the increased brain activity in IFG under the negative
emotional conditions such as aversion and social anxiety.
In addition, activity of the IPG was closely related with
anxiety severity [28,29]. Here, it is important to note that
this current study showed the positive correlation be-
tween the FC of PrG-IPG with the GAD-7 scores during
the implicit memory encoding period in GAD. Therefore,
our findings support the evidence that anxiety symptoms
in GAD are associated with both the abnormal FC of
PrG-IPG and PrG-IFG, leading to memory dysfunction in
the implicit memory encoding task under negatively con-
trolled emotional condition.

During the implicit memory retrieval period, higher
functional activities of the Th, MOG and Amg were ob-
served in patients with GAD. Among them, the Amg
showed differential FC between the two groups. In
healthy controls, the Amg had positively connected with
its contalateral Amg and RyLt Cd and, respectively.
Emotional arousal induces hyper-activity in the Amg,
leading to mediating the modulatory effects of stress hor-
mones and neurotransmitters on memory consolidation
[30] and then, the activation of the Amg directly projected
to both the Cd and hippocampus for the modulation of
learning and memory [31-33]. Dissimilarly to the case of
healthy controls, GAD patients showed a positive FC of
Amg-GP as well as a negative FC of Amg-Cb. These brain
areas are recognized as a key region of anxiety and emo-
tion [34,35], where Cb has the morphological connection

with fear and anxiety-related brain areas associated with
modulation of emotional stress and memory formation
[35,36]. An interesting study [34] reported that abnormal
brain activation and functional connection were ob-
served in these areas when unpleasant visual stimulation
was given to the patients with social anxiety disorder.
Therefore, it is suggested that abnormality patterns of the
brain activation and FC are closely linked with malfunc-
tioning of the memory formation and processing in GAD.
As shown in our findings, distinct patterns of the higher
activation of Amg and its FC of Amg-GP and Amg-Cb are
presumably caused by abnormalities of the implicit mem-
ory retrieval processing under negatively controlled
emotion.

Explicit Memory Task: Encoding vs. Retrieval

During the explicit memory encoding period, GAD pa-
tients showed lower brain activities in the MCG and PrG,
where the PrG showed differential FC between the two
groups. Healthy control showed a positive FC between
PrG-SFG, which suggests a normal neuro-functional con-
nection in the explicit memory encoding. However, pa-
tients with GAD showed a different pattern of FC of
PrG-ITG. Previous studies [24,25,37] have demonstrated
abnormalities of the PrG in the brain volume [37], func-
tional activation [25] and neural network [24] in patients
with GAD. The PrG is involved in the modulation of an-
ticipatory threat [38] and anxious attachment styles [39].
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Fig. 5. There were no statistical significance in correlation between the clinical symptom severity scores (HAMA [/ = 0.028, p = 0.190] [A],
HAMD-17 [# =0.237, p=0.333] [B]) and the memory task-based functional connectivity (FC) of the precentral gyrus (PrG) to inferior parietal gyrus
(IPG) in the implicit memory encoding process in patients with GAD. The correlations between the FC of the PrG to inferior temporal gyrus (ITG) in
the explicit memory encoding process with the each scores of HAMA (# = 0.376, p=0.312) (C) and HAMD-17 (# = 0.317, p= 0.200) (D) were not
different too. The curved dotted line bands mean 95% confidence intervals.
HAMA, Hamilton Anxiety Scale; HAMD-17, Hamilton Depression Scale-17.

Another neuroimaging study [23] demonstrated that the neural connection of the emotional expression and regu-
PrG and SFG play an important role in verbal encoding in lation under negative emotion in the explicit memory en-
memory process. Meanwhile, a recent nuroimaging study coding in GAD.

[24] found decreased volume of the PrG and negative FC During the explicit memory retrieval period, patients
of PrG-ITG, and these findings are in close relation with with GAD showed higher brain activity in the ITG, MOs
GAD symptoms with increased risk aversion and worry or and ACG, and lower activity in the MOG. Among these
anxiety. On the contrary, our current study showed a pos- brain areas, the ACG produced positive FC with OFG and
itive FC of PrG-ITG was positively correlated with the STG, respectively, in healthy control. The ACG receives
GAD-7 scores. Here, it should be noted that several other information on the emotional expression and memory for-
neuroimaging investigations [22,40,41] have demon- mation followed by projection to the OFG and Amg [42].
strated somewhat different neural networks linked with Specifically, the ACG receives information on reward
the prefrontal cortex and medial temporal regions in the from the medial OFG as well as punishment and non-re-
similar verbal memory encoding studies. However, our ward from the lateral OFG and the reward and punish-
findings in this explicit memory encoding task potentially ment information elicit emotional responses [42]. Also,

support that the positive FC of PrG-ITG is an important explicit memory retrieval process is associated with dis-
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tinct FCs with different seed ROIs. The healthy controls
showed the positive FC of ACG-STG and this network
shares memory functioning [43]. Meanwhile, patients
with GAD showed a positive FC of ACG-SFG and this
connection is involved in abnormality of the emotional
cognition in explicit memory retrieval [44].

As for the other FCs during the explicit memory re-
trieval process, healthy controls showed a positive FC of
ITG-CcG and a negative FC of ITG-MOs. The CcG is
known as the primary visual cortex (V1) involved in the
projection of information on the object recognition and
long-term memory to the ITG [45]. Particularly, the MOs
is connected with the dorsolateral prefrontal cortex which
shares cognitive function and working memory [46,47].
Abnormalities in the brain activity and volume alteration
in the ITG were observed in patients with GAD [48,49].
Also, previous studies [50,51] have reported that abnor-
mality of brain activation of the LiG and its volume alter-
ation are associated with memory dysfunction in GAD. As
shown in our findings, it is suggested that brain centers in-
cluding the ITG, CcG and MOs work together for the ex-
plicit memory retrieval process. On the other hand, the FC
of ITG-LiG is the general trend in GAD and this con-
nection possibly leads to memory impairment. In addi-
tion, during the explicit retrieval period, healthy control
showed a variety of the functional connections, for exam-
ple, positive FC of MOs-its contralateral MOs and
MOs-PoG. The PoG is located in the primary somato-
sensory cortex which is the main sensory receptive area of
sense of touch. However, an animal study [52] suggested
that somatosensory cells are involved in retaining in-
formation for nontactile-visual stimuli as well as tactile
stimuli. Although activation of the PoG is not commonly
observed in the human memory function study, it has
been reported in the face-name encoding and working
memory tasks [53,54]. Here, it should be noted that brain
areas of the MOs and PoG collaborate for visual stim-
ulation and memory retrieval. Dissimilarly to healthy con-
trols, GAD patients showed a different pattern of the FC of
MOG-SPG. White matter (WM) abnormalities in the
MOG and SPG in GAD patients have been identified by a
couple of diffusion tensor imaging or resting state fMRI
based studies [55,56]. The WM abnormality is directly
linked with the disruption of neural circuits [57,58], po-
tentially leading to cognitive and memory impairment
and malfunctioning of the behavior and cognitive control

of emotion. As shown in our study, the distinct FC of
MOG-SPG in GAD is assumed to be associated with ab-
normal cognitive control of emotion. These findings are
also supported by a combined resting-state fMRI and DTI
study [59] focusing on the evaluation of changes of the
anatomical and functional connectivity in mental disorder.

There are several limits in our study. First, the pop-
ulation of subjects consisted of only thirteen GAD patients
and thirteen normal controls. Therefore, future studies
with larger population are needed to increase the statistic
power. Second, this study has a likelihood of double-dip-
ping problem [60] from small sample size and the use of
one same data for selective analysis. Third, the possibility
for the drug effects on the brain functional difference in
patients with GAD was not considered. Thus, further
study is needed to discriminate the effects on the memory
functions before and after medication. Third, our study
only included task-based FC. Therefore, the combined
use of the task-based FC and the resting-state dynamic FC
is required to expend our understanding of the neural net-
works on the implicit vs. explicit verbal memory function-
ing in GAD.

In summary, it is assumed that brain activation patterns
and the task-based FC within the brain networks are po-
tentially different in the implicit vs. explicit verbal memo-
ry performance underlying negative emotional feelings in
GAD. In addition, the FC strength in patients with GAD
had unique correlations with the relevant clinical symp-
tom severities, especially in the memory encoding proc-
essing in explicit memory task.

This current study compared the differential patterns of
brain activation and functional connectivity between the
implicit and explicit verbal memory tasks underlying neg-
ative emotion in patients with GAD. These findings will
be helpful for an understanding of the brain functional
mechanisms associated with clinical symptom severities
in GAD.
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