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Background: Group cognitive behavior therapy (GCBT) is a successful therapy for
asthma. However, the neural biomarker of GCBT which could be used in clinic remains
unclear. The temporal variability is a novel concept to characterize the dynamic functional
connectivity (FC), which has many advantages as biomarker. Therefore, the aim of this
study is to explore the potential difference of temporal variability between asthmatic
patients and healthy controls, then determine the different patterns of temporal variability
between pre- and post-treatment group and reveal the relationship between the variability
and the symptoms improvement reduced by GCBT.

Methods: At baseline, 40 asthmatic patients and 40 matched controls received
resting-state functional magnetic resonance imaging (fMRI) scans and clinical
assessments. After 8 weeks of GCBT treatment, 17 patients received fMRI scans, and
assessments again. Temporal variability at baseline and post-treatment were calculated
for further analysis.

Results: Compared with controls, asthmatic patients showed widespread decreases
in temporal variability. Moreover, the variability in both right caudate and left putamen
were positively correlated with asthma control level. After GCBT, asthma control level
and depression of patients were improved. Meanwhile, compared with pre-GCBT,
patients after treatment showed lower variability in left opercular of Rolandic, right
parahippocampal gyrus and right lingual gyrus, as well as higher variability in left
temporal pole. Variability in regions which were found abnormal at baseline did not exhibit
significant differences between post-GCBT and controls.

Conclusions: Asthma-specific changes of dynamic functional connectivity may serve
as promising underpinnings of GCBT for asthma.

Asthma-Specific Temporal Variability Clinical Trial Registration: http://www.chictr.org.cn/index.aspx, identifier:
Reveals the Effect of Group Cognitive Chi-CTR-15007442.
Behavior Therapy in Asthmatic
Patients. Front. Neurol. 12:615820. Keywords: asthma, group cognitive behavior therapy, functional connectivity, temporal variability,
doi: 10.3389/fneur.2021.615820 neuroimaging biomarker
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INTRODUCTION

Asthma is a common disorder with a high prevalence
of psychiatric disorders (1). There are almost 300 million
asthmatic patients all over the world to the end of 2012
(2). The increasing trends may be associated with the
changes in environment pollutions (3), lifestyle and rapid
urbanization (1). Moreover, psychiatric comorbidities are
increasingly recognized as important determinants of asthma
management and prognosis, as they are involved in undesirable
disease control and poor quality of life (4-6). The highest
prevalence, comorbidities and bad managements contribute to
high costs for the society. Given that even small reductions in
psychiatric comorbidities and small improvements in asthma
management have a greater public health benefit than treating
those who are already symptomatic or always recurring, more
effort should be targeted toward developing, evaluating, and
implementing interventions for asthma-related education and
negative emotions.

Recent research consistently demonstrated that group
cognitive behavior therapy (GCBT) can encourage asthmatic
patients to accept their problems, keep control of their symptoms
and medications, and alleviate asthma-related emotional
symptoms (7-9). Our previous studies demonstrated that GCBT
is a successful psychotherapy in improving the asthma-related
symptoms (10, 11). However, the therapeutic mechanism of
GCBT remains unclear. Magnetic resonance imaging (MRI)
techniques provide the opportunities to investigate the neural
underpinnings of psychotherapy. Previous studies reported
the recovered effects of GCBT for asthma (10, 11), depression
(12, 13), and anxiety (14-16), while consistent findings are
not confirmed.

Temporal variability is a novel concept to quantitatively
characterize the dynamic functional connectivity (FC) from the
blood oxygen level-dependent (BOLD) signals (17). This metric
can obtain the stability or flexibility of the regional network
within a specific time window. Accumulating evidence indicates
that temporal variability can be used to explain intra-subject
variability in diseases and considered as a biomarker related
to treatment response (18, 19). For example, Huang et al.
(18) observed a global reduction in the temporal variability,
local, and distant brain signal synchronization for subjects
during anesthesia. Hou et al. (19) found that increased temporal
variability of the striatum region predicted early antidepressant
response in patients with major depressive disorder. As alluded
to before, resting FC in GCBT has been studied widely in recent
years (10, 11), but similar research on dynamic FC has been
quite scarce.

Accordingly, to find the effective neuroimaging biomarkers
of GCBT which can be used in clinic, the aim of this study
was to find the asthma specific features of temporal variability
by analyzing the BOLD data of asthmatic patients and healthy
controls, then determine the different patterns of temporal
variability between pre- and post-GCBT patients and reveal the
relationships between variability and clinical symptoms changed
by GCBT. We hypothesized that asthmatic patients might
show distinctive temporal variability characteristics, and GCBT

could improve the clinical symptoms by regulating abnormal
temporal variability.

METHODS AND MATERIALS

Participants and Evaluations

Forty patients with a diagnosis of bronchial asthma without
acute attacks and 40 age-, gender- and education level-matched
healthy controls (HC) were recruited. All participants underwent
an MRI scan with the same imaging parameter. Patients also
received a series of clinical assessments including a 17-item
Hamilton depression rating scale (HAMD), Chinese-version
short health anxiety inventory (CSHAI) and asthma control
test (ACT) (Table 1). In addition, there were 17 patients who
completed GCBT treatment. They also received the above
assessments after GCBT. The contents of GCBT were reported
in our previous study, which consisted of 8 sessions (10).
This study was approved by the recommendations of the
ethics committee (Zhongda Hospital, Southeast University,
Nanjing, China, No. 2016ZDSYLL004.0) with written informed
consent from all subjects. It is in accordance with the
declaration of Helsinki. The clinical trial registration number
is Chi-CTR-15007442.

Participants were all right-handed and had at least 6 years
of education, with ages ranging from 18 to 65 years. They
had no electronic and metal equipment in their bodies (such
as cardiac pacemaker, defibrillator, stent). Patients met the
diagnostic criteria of bronchial asthma and during non-attacks.
Participants were excluded if (1) they suffered from other serious
disease of respiratory system; (2) presented with mental disorders
and alcohol and drug dependence; (3) had a history of organic
brain disorders and cardio, hepatic, renal abnormality; (4) were
women during pregnancy or lactation.

Brain Image Acquisition

MRI studies were performed on a 3-Tesla Scanner (Siemens,
Erlangen, Germany) using a homogeneous birdcage head coil.
All the subjects were scanned with high resolutional three
dimensional T1 weighted imaging and resting state fMRI.
The T1 weighted images were obtained using magnetization
prepared rapid gradient echo sequences with the following
parameters: repetition time (TR) = 1,900 ms, echo time (TE)
= 248 ms, flip angle (FA) = 9°, acquisition matrix = 256
x 256, field of view (FOV) = 250 x 250 mm?, thickness =
1.0mm, gap = 0, slice = 176. An 8 min resting state fMRI was
acquired with using a gradient -recalled echo-planar imaging
pulse sequence the following parameters: TR = 2,000 ms, TE
= 25ms, FA = 90°, acquisition matrix = 64 x 64; FOV
= 240 x 240 mm?; thickness = 3.0mm; gap = Omm; 36
axial slices; 240 volumes; 3.75 x 3.75 mm? in-plane resolution
parallel to the anterior-posterior commissure line. Participants
lay supine with the head snugly fixed by a belt and foam
pads to minimize head motion, and were required to keep
their eyes closed, stay awake, and not think of specific things
during scanning.
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TABLE 1 | The demographics and clinical scales.

Characteristics Asthma (N = 40) HC (N = 40) P-value
Age (years) 51.4 +9.93 50.83 + 9.04 0.787
Gender (male) 17 14 0.4912
Education (years) 11.95 + 2.56 11.23 £ 2.64 0.216
ACT 17.583 + 4.81 NA
CSHAI Total scores 13.45 + 6.40 NA
IL 10.35 + 5.41 NA
NC 2.90 +£2.30 NA
HAMD 6.13+5.48 0.93 £ 1.12 <0.001
Pre-GCBT (N = 17) Post-GCBT (N = 17) P-value
ACT 16.471 £ 4.27 21.06 +£4.28 0.001
Total scores 13.88 £ 7.77 12.56 + 5.63 0.285
CSHAI IL 11.29 + 5.84 10.06 + 4.93 0.368
NC 258 +£2.45 2.00 + 1.66 0.289
HAMD 5.59 + 5.40 1.82 +£2.35 <0.001
HC (N = 40) Post-GCBT (N = 17) P-value
Age (years) 50.83 + 9.04 50.76 +£ 12.15 0.984
Gender (male) 14 7 0.658 @
Education (years) 11.23 £ 2.64 11.12 £2.83 0.257
HAMD 0.93+1.12 1.82 +£2.35 0.055

Data are expressed as mean + standard deviation, @Chi-square test. HC, healthy controls; ACT, asthma control test; CSHAI, Chinese-version short healthy anxiety inventory; HAMD,

Hamilton depression rating scale; GCBT, group cognitive behavior therapy.

Functional Imaging Preprocessing

All the resting state fMRI data were preprocessed using the
Data Processing Assistant for Resting-State Function (DPARSF
2.3 Advanced Edition) toolkit. For each subject, the first ten
frames were discarded for magnetic saturation. The following
steps were performed: (1) slice timing correction; (2) motion
correction; (3) co-registering T1 to functional image; (4) spatial
normalization to Montreal Neurological Institute space; (5)
spatial smoothing using a 6 mm full-width at half-maximum
Gaussian kernel; (6) linear detrend; (7) regression of nuisance
signals (white matter, cerebrospinal fluid signals and global
signal), and the head-motion parameters; (8) temporal band-
passing (0.01~0.08 Hz) to minimize low-frequency drift and
filtering the high-frequency noise.

Temporal Variability of Functional Network

Temporal variability was performed to capture the dynamic
functional network for all the subjects from the patients
and controls. The main procedure of the temporal variability
calculation is illustrated in Figure 1. First of all, time courses
were averaged in each of brain regions with the selected
parcellation, shown as Figure 1A. The anatomical automatic
labeling atlas-90 (AAL-90) was utilized to parcellate the brain,
which comprised of 45 cortical and subcortical nodes (i.e., brain
regions) in each hemisphere. Secondly, the entire time courses
were segmented into several non-overlapping windows with a
specific temporal length, shown as Figure 1B. The length of
window was set ranging from 42s to 60s, which has been

demonstrated to obtain robust brain connectivity results, and
to sufficiently capture the dynamic features (20). Thirdly, for
each subject, functional connectivity was obtained for each
window by computing Pearson correlation between each brain
region, shown as Figure 1C. Finally, temporal variability was
obtained for each brain region by calculating the variability of
the functional architecture, shown as Figure 1D. The functional
architecture of a brain region k at a time window n is defined
as the overall functional connectivity between current region
k and other regions. The temporal variability of a region
k is 1 minus the mean values of correlations of functional
architectures among different windows for the current region
(17). The value of temporal variability can range from 0 to 2.
A larger value represents a high temporal variability for the
brain region. To avoid the arbitrary choice of window length,
the temporal variability was calculated in different length of
temporal windows, which ranged from 21 to 30 volumes. The
final temporal variability was achieved by calculating the average
values in different lengths of windows for each node of all the
subjects. We can get a temporal variability value for each brain
region of each subject. Therefore, a total of 90 temporal variability
values was obtained for each subject in both patients and controls.

Statistical Analysis

Predictive Analytics Software (PASW) Statistics 18 package
(IBM Corporation, Armonk, NY, USA) was applied to complete
the analyses. Independent two-sample t-test, Chi-square test,
paired t-test and Pearson’s correlation analysis were used to
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FIGURE 1 | The main procedure of the temporal variability analysis. (A) The time courses were averaged in each of brain regions with the anatomical automatic
labeling atlas-90. (B) The entire time courses were segmented into several non-overlapping windows with a specific temporal length. (C) Functional connectivity was
obtained for each window by computing Pearson correlation between each brain region. (D) Temporal variability was obtained for each brain region by calculating the
variability of the functional architecture. The functional architecture of a brain region k at a time window n is defined as the overall functional connectivity between
current region k and other regions. The temporal variability of the region k is 1 minus the mean values of correlations of functional architectures among different

windows for the current region.

determine significant differences in demographic data, clinical
scale scores, and temporal variability values. For comparisons
of age, HAMD scores, ACT scores, CSHAI scores and
temporal variability, differences between patients pre-GCBT
and controls, as well as patients post-GCBT and controls
were determined by two-sample t-test. The difference of
gender was revealed by Chi-square test. The relationships
between clinical features (depression severity, asthma control
level, health anxiety level and symptoms reduction rate) and
temporal variability were analyzed by Pearson’s correlation
analysis. P < 0.05 (uncorrected) was considered to indicate
statistical significance.

Intervention

The content of GCBT for asthma included eight sessions, with
each session lasting ~60 min weekly. Each group consisted of 6-
8 patients. The detailed treatment strategies are described in our
previous study (10).

RESULTS
Demographic and Clinical Data

The detailed demographic and clinical information were showed
in Table 1. There were no significant differences of age, gender,
and education between asthmatic patients and HC. The HAMD
scores of patients were significantly higher than controls (P <
0.001). After GCBT treatment, ACT scores (P < 0.001) were
higher than before, while HAMD scores were lower (P < 0.001).
Moreover, no significant difference was found in HAMD scores
between patients post-GCBT and controls (P = 0.055).

Comparisons of Temporal Variability

To identify asthma-specific changes, a whole-brain temporal
variability analysis was performed in asthmatic patients by
comparing them to controls at baseline. We note that more than
15% of brain regions (N = 13) showed lower temporal variability
in asthma (Figures 2A,B and Table 2) (all P < 0.05), including
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FIGURE 2 | (A,B) The comparisons of temporal variability between asthmatic patients and controls in the right and left cerebral hemisphere, respectively (P < 0.05,
**P < 0.01). (C,D) The correlation between temporal variability of AAL 72 (right caudate) and ACT scores (r = 0.315, P = 0.048), as well as temporal variability of AAL
73 (left putamen) and ACT scores (r = 0.313, P = 0.049) in asthmatic patients at baseline. HC, healthy controls; ACT, asthma control test.

TABLE 2 | The comparisons of temporal variability between asthmatic patients and controls.

Items AAL Side Asthma (N = 40) HC (N = 40) P-value
Asthma < HC

Orbital superior frontal gyrus 6 R 0.706 £ 0.095 0.744 £+ 0.069 0.047
Supplemental motor area 20 R 0.672 £+ 0.091 0.714 £ 0.095 0.050
Olfactory 21 L 0.701 £ 0.087 0.741 £0.078 0.032
Calcarine 43 L 0.643 £ 0.110 0.690 + 0.068 0.025
Calcarine 44 R 0.641 £ 0.111 0.684 + 0.070 0.040
Lingual 47 L 0.645 + 0.100 0.692 + 0.075 0.020
Inferior occipital gyrus 53 L 0.676 £ 0.091 0.714 £0.077 0.048
Fusiform 55 L 0.686 + 0.088 0.729 + 0.083 0.027
Superior parietal gyrus 59 L 0.671 £ 0.072 0.716 £ 0.084 0.013
Paracentral lobule 69 L 0.678 + 0.086 0.733 + 0.092 0.007
Paracentral lobule 70 R 0.688 + 0.087 0.737 + 0.079 0.010
Caudate 72 R 0.729 £+ 0.092 0.775 £ 0.073 0.014
Putamen 73 L 0.699 + 0.083 0.756 + 0.070 0.002
Asthma > HC

Angular 65 L 0.689 + 0.098 0.639 + 0.105 0.033

Continuous variables are presented as mean =+ standard deviation (SD). HC, healthy controls; R, right; L, left.
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right orbital part of superior frontal (AAL 6), right supplemental
motor area (SMA, AAL 20), left olfactory (AAL 21), left calcarine
cortex (AAL 43), right calcarine (AAL 44), left lingual gyrus (AAL
47), left inferior occipital gyrus (AAL 53), left fusiform gyrus
(AAL 55), left superior parietal gyrus (AAL 59), left paracentral
lobule (AAL 69), right paracentral lobule (AAL70), right caudate
(AAL 72) and left putamen (AAL 73). While variability increased
mainly in left angular gyrus (AAL 65). When the functional
architecture of a given region shows high correlation across
different time windows, or the dynamical functional connectivity
time series exhibit high synchronization between the region of
interest and other regions, the temporal variability will be low
(17). On the contrary, temporal variability will be high when the
dynamical functional connectivity time series between the given
region and other regions are independent (17).

Compared to pre-GCBT, patients after GCBT showed lower
temporal variability in the left opercular of Rolandic (AAL
17) (P < 0.01), right parahippocampal gyrus (AAL 40) (P <
0.05), and right lingual gyrus (AAL 48) (P < 0.05). While
higher temporal variability in the left temporal pole was also
found in the patients after treatment (AAL 83) (P < 0.05)
(Figure 3, Table 3).

Furthermore, we compared the temporal variability between
patients post-GCBT and HC. There was no significant difference

0.9 ® Pre-GCBT e Post-GCBT
g .
=
$ 0.8-
-é} ok :
2 0.7
]
5
> 0.6-
34
=
& 0.5+
g
=
0.4 T T T T
AAL17 AAL40 AAL48 AALS83
FIGURE 3 | The comparisons of temporal variability between asthmatic
patients pre- and post-GCBT (*P < 0.05, **P < 0.01). GCBT, group cognitive
behavior therapy.

in variability between them in the right orbital superior frontal
gyrus (AAL 6), right SMA (AAL 20), left olfactory (AAL 21),
left calcarine (AAL 43), left inferior occipital gyrus (AAL 53),
left superior parietal gyrus (AAL 59), left angular (AAL 65), and
right paracentral lobule (AAL 70) (Figure 4, Table 4). It means
that GCBT may improve the clinical symptoms by reversing the
variability in the above brain regions.

Correlations Between Temporal Variability

and Clinical Symptoms

The temporal variability of right caudate (r = 0.315, P = 0.048,
uncorrected) and left putamen (r = 0.313, P = 0.049, uncorrected)
was significantly positively associated with ACT scores at
baseline in asthmatic patients, respectively (Figures 2C,D). No
statistically significant correlation was found between temporal
variability and clinical symptom improvement (HAMD, ACT,
and CSHAI reduction rate).

DISCUSSION

In this study, differences of temporal variability between
asthmatic patients and controls, as well as between pre- and post-
GCBT were comprehensively investigated. The clinical relevance
of temporal variability was also examined. Compared to controls,
asthmatic patients showed lower temporal variability in parts
of orbitofrontal cortex (OFC), visual network and sensorimotor
cortex, which were generally correlated with asthma control
level. Notably, after GCBT, patients exhibited treatment-specific
changes of variability in the regions which have no differences
between asthma and controls at baseline.

Asthma-Specific Changes of Variability
Previous studies of resting-state FC (10, 21, 22) and regional
homogeneity (ReHo) (11) analysis have revealed changes in
the intrinsic topographical organization of the brain in asthma.
However, time-varying properties of the brain in asthma have not
been investigated. This study detected asthma-specific changes of
variability, which may provide the evidence to further understand
the neuroimaging underpinnings of asthma.

The orbital part of the superior frontal gyrus is part
of the OFC, which is involved in sensory integration (23).
In terms of anatomical structure, the OFC connects with
many critical cortices, including motor, sensory, and some
regions of limbic system. The extensive connections between

TABLE 3 | The comparisons of temporal variability between pre- and post-GCBT.

Items AAL Side Pre-GCBT (N = 17) Post-GCBT (N = 17) P-value
Pre-GCBT > Post-GCBT

Rolandic operculum 17 0.678 £+ 0.058 0.613 £ 0.103 0.008
Parahippocampal gyrus 40 0.714 £ 0.093 0.639 £+ 0.101 0.017
Lingual gyrus 48 R 0.666 + 0.091 0.613 &+ 0.098 0.047
Pre-GCBT < Post-GCBT

Temporal pole 83 L 0.713 £ 0.101 0.766 + 0.077 0.049

Continuous variables are presented as mean =+ standard deviation (SD). GCBT, group cognitive behavior therapy; R, right; L, left.
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OFC and other regions indicated the complex functions
of it (24). In 1987, Marks et al. (25) have demonstrated
that OFC is involved in respiratory phase switching, and
it influences the brain stem structures during rapid-eye-
movement sleep. In line with this finding, asthmatic patients
showed decreased variability in OFC. Therefore, we inferred
that the lower variability in OFC would be also associated
with the aberrant respiratory in asthma. Meanwhile, variability
in visual network (i.e., calcarine, lingual gyrus and inferior
occipital gyrus) of asthmatic patients was also lower than
of controls. Physiologically, the visual cortex is associated
with selective attention, which can be readily captured by
salient emotional distractors (26). In particular, asthmatic
patients tend to exhibit depressive emotion. These studies
indicated that the decreased variability of the visual network
may reflect the attentional biases of negative emotions in
asthma. For example, Li et al. (27) have demonstrated that the
widespread decreased regional function in visual network is the
core change which is influenced by asthma. Thus, abnormal
variability in the visual network may be an asthma-specific
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FIGURE 4 | The comparisons of temporal variability between asthmatic
patients post-GCBT and controls. GCBT, group cognitive behavior therapy;
HC, healthy controls.

characteristic, especially the key changes involved in emotional
biases in asthma.

It seems that breathing is so simple, yet taking a breath
is a complex motor function, which is associated with the
coordination of neural activation of many brain regions (28).
Movement-activity was more frequent in the supplemental
motor area (SMA), and its onset is often time locked to the
movement onset (29). Kojima et al. (30) investigated the changes
of hemoglobin levels in SMA during cardiopulmonary exercise
test, and they found that total hemoglobin of SMA increased
at respiratory compensation in healthy people. This means that
the asthmatic patients with decompensated respiration would
present abnormal function in SMA which is influenced by
abnormal hemoglobin levels. As an important node of the
motor network, the SMA is involved in the lower arterial
oxygen saturation (31). Decreased FC between the right and left
motor cortex was found in the patients with chronic obstructive
pulmonary disease (COPD) (32). Similar to COPD, airflow
obstruction is also a critical symptom of asthma. Thus, we
inferred that the lower variability in SMA would also be caused
by oxygen desaturation related to asthma. Identical to SMA,
the paracentral lobule plays an important role in the processing
of sensory airway (33). A previous study reported that COPD
patients showed decreased activity in the right paracentral lobule,
right SMA, left fusiform gyrus, and left putamen (34), which gave
powerful evidence to our study.

The left angular gyrus, as the key node of the default mode
network (DMN) (35), showed an increased variability in patients
in the current study. Previous studies suggested that asthmatic
patients have reduced gray matter volume (36) and amplitude of
low-frequency fluctuation (27) in the left angular gyrus. However,
the changes of these regional abnormalities are independent
(27). Thus, higher variability of left angular gyrus would also
indicate low functionality, which may underlie the asthma-
related emotional processing.

GCBT-Specific Changes of Clinical
Symptoms and Variability

The comparison of temporal variability between pre- and
post-GCBT revealed altered variability in subcortical regions
and increased variability in the left temporal pole. Rolandic

TABLE 4 | Brain regions with no difference in temporal variability between post-GCBT and HC.

Items AAL Side Post-GCBT (N = 17) HC (N = 40) P-value
Orbital part of superior frontal gyrus 6 R 0.710 £ 0.108 0.744 £+ 0.069 0.232
Supplemental motor area 20 R 0.667 £ 0.110 0.714 £ 0.095 0.108
Olfactory 21 L 0.705 £+ 0.082 0.741 £ 0.078 0.119
Calcarine 43 L 0.657 +£0.103 0.690 + 0.068 0.162
Inferior occipital gyrus 53 L 0.672 £ 0.096 0.714 £0.077 0.086
Superior parietal gyrus 59 L 0.676 £+ 0.105 0.716 £ 0.084 0.132
Angular 65 L 0.678 £ 0.091 0.639 + 0.105 0.194
Paracentral lobule 70 R 0.686 + 0.125 0.737 £ 0.079 0.068

Continuous variables are presented as mean =+ standard deviation (SD). HC, healthy controls; GCBT, group cognitive behavior therapy; SMA, supplemental motor area; R, right; L, left.
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operculum is related to respiratory processing (37). For example,
higher FC between Rolandic operculum and right insula was
found in soldiers who experienced hypoxia-reoxygenation, which
suggested that the level of oxygen would lead to the changes
of neuronal activity (38). This conclusion can be used to
explain the altered brain functions in asthma, patients experience
hypoxia during asthma attack and reoxygenation after attack.
In addition, parahippocampus has a potential respiratory effect
(39). For example, patients with obstructive sleep apnoea
exhibited fluctuations of BOLD signal intensity in the right
parahippocampus, while signal intensity was reduced after
positive airway pressure (40). Thus, we inferred that the temporal
variability, which was computed by BOLD signal, in the right
parahippocampus would be changed accompanied with the
changes of oxygen level.

The temporal variability of the Rolandic operculum and
right parahippocampus were reduced after GCBT, which may
reflect the therapeutic effect of GCBT for abnormal respiratory
symptoms. Furthermore, abnormal variability in regions of
the sensorimotor cortex were recovered after GCBT. It was
consistent with previous studies, demonstrating the therapeutic
mechanism of GCBT (10, 11).

Relationship Between Variability and

Clinical Symptoms

Positive correlations between ACT scores and variability values
in the right caudate and left putamen were found in the current
study. Caudate is a critical node associated with cognitive
function, and links to the dorsolateral prefrontal cortex via
the network (41, 42). It is widely recognized that mood can
affect cognition (43), and negative emotional symptoms are
highly prevalent in asthmatic patients. However, we did not
collect the cognitive information. Meanwhile, one novel study
demonstrated that increased IL-6 is negatively correlated with a
lower BOLD signal in caudate (44), supporting the hypothesis
that inflammation in asthma may contribute to the functional
changes in caudate. Asthma control level can directly impact on
asthma attack (i.e., inflammation level). Therefore, we inferred
that the decreased temporal variability in the right caudate was
associated with the level of inflammation.

Previous research has shown that putamen is involved in
sensorimotor activity (45), suggesting an important role in gating
respiratory information (46). Consistent with our study, Marchi
et al. (47) reported that mean oxygen saturation during sleep is
correlated with the volume of left putamen. Asthma often attacks
during sleep, with a great influence on the oxygen saturation.
Increased variability in the left putamen was correlated with the
ACT scores, strengthening the hypothesis that asthma control
level directly impacts on BOLD signal.

It should be mentioned that this study comes with a
few limitations. First, the patients recruited were treated with
different types of antiasthmatics, so the outcome cannot be
attributed to a specific antiasthmatic. Second, the sample
size studied was relatively small, the complexity of GCBT

warrants larger sample sizes to explain the underpinnings more
fully. Furthermore, asthma-related physiological index (e.g.,
inflammation and lung function) and cognitive function were
not assessed in this work. However, a number of recent works
have found that the global signal was highly related the brain
connectivity and individual difference in behavioral phenotypes
(48, 49), we did not regress the respiratory signal in this study.
A combination of physiological index, cognition and temporal
variability may provide better understanding of the potential
mechanisms of asthma and GCBT responses.

In conclusion, we provide the evidence for the widely
decreased temporal variability in asthmatic patients. Moreover,
the variability in the caudate and putamen exhibited significant
correlations with asthma control level. Specifically, the abnormal
dynamic FC could be recovered by successful GCBT. Taken
together, these findings indicated that asthma-specific changes
of temporal variability may serve as promising underpinnings of
GCBT for asthma.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Zhongda Hospital, Southeast University. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

YZ and YYa collected fMRI and clinical data. YZ and YK
performed analysis and wrote the manuscript. YYi and ZX
helped with data collection and revised the manuscript. ZH
contributed to fMRI data analysis and discussion. YYu and YK
designed the experiments and contributed to the manuscript
revision. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by National Natural Science Foundation
of China (grant number 82001426, 31800825), Natural
Science Foundation of Jiangsu Province (grant number
BK20180829, BK20180373), and Priority Academic Program
Development of Jiangsu Higher Education Institutions (grant
number 2019YSHLO041).

ACKNOWLEDGMENTS

We thank all the participants in this study.

Frontiers in Neurology | www.frontiersin.org

March 2021 | Volume 12 | Article 615820


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zhang et al.

Asthma-Specific Variability and GCBT

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Backman H, Raisanen P, Hedman L, Stridsman C, Andersson M, Lindberg

A, et al. Increased prevalence of allergic asthma from 1996 to 2006 and
further to 2016-results from three population surveys. Clin Exp Allergy. (2017)
47:1426-35. doi: 10.1111/cea.12963

. To T, Stanojevic S, Moores G, Gershon AS, Bateman ED, Cruz AA, et al. Global

asthma prevalence in adults: findings from the cross-sectional world health
survey. BMC Public Health. (2012) 12:204. doi: 10.1186/1471-2458-12-204

. Orellano P, Quaranta N, Reynoso ], Balbi B, Vasquez, J. Effect of

outdoor air pollution on asthma exacerbations in children and adults:
systematic review and multilevel meta-analysis. PLoS ONE. (2017)
12:€0174050. doi: 10.1371/journal.pone.0174050

. Hekking PW, Amelink M, Wener RR, Bouvy ML, Bel, E.H. Comorbidities

in difficult-to-control asthma. J Allergy Clin Immunol Pract. (2018) 6:108—
13. doi: 10.1016/}.jaip.2017.06.008

. Gonzalez-Freire B, Vazquez, I. Quality of life in adults with asthma

treated in allergy and pneumology subspecialties: relationship with
sociodemographic, clinical and psychological variables. Qual Life Res.
(2017) 26:635-45. doi: 10.1007/s11136-016-1486-0

. Adeyeye OO, Adewumi TA, Adewuya, A.O. Effect of psychological and other

factors on quality of life amongst asthma outpatients in Lagos, Nigeria. Respir
Med. (2017) 122:67-70. doi: 10.1016/j.rmed.2016.12.002

. Feldman JM, Matte L, Interian A, Lehrer PM, Lu SE, Scheckner B, et al.

Psychological treatment of comorbid asthma and panic disorder in Latino
adults: Results from a randomized controlled trial. Behav Res Ther. (2016)
87:142-54. doi: 10.1016/j.brat.2016.09.007

. Parry GD, Cooper CL, Moore JM, Yadegarfar G, Campbell MJ, Esmonde L,

et al. Cognitive behavioural intervention for adults with anxiety complications
of asthma: prospective randomised trial. Respir Med. (2012) 106:802-
10. doi: 10.1016/j.rmed.2012.02.006

. Kew KM, Nashed M, Dulay V, Yorke, J. Cognitive behavioural therapy (CBT)

for adults and adolescents with asthma. Cochrane Database Syst Rev. (2016)
9:CD011818. doi: 10.1002/14651858.CD011818.pub2

Zhang Y, Yang Y, Bian R, Yin Y, Hou Z, Yue Y, et al. Group cognitive behavior
therapy reversed insula subregions functional connectivity in asthmatic
patients. Front Aging Neurosci. (2017) 9:105. doi: 10.3389/fnagi.2017.00105
Zhang Y, Yin Y, Yang Y, Bian R, Hou Z,Yue Y, et al. Group cognitive behavior
therapy reversed abnormal spontaneous brain activity in adult asthmatic
patients. Psychother Psychosom. (2017) 86:178-80. doi: 10.1159/000453584
Sosic-Vasic Z, Abler B, Gron G, Plener P, Straub, J. Effects of a brief
cognitive behavioural therapy group intervention on baseline brain perfusion
in adolescents with major depressive disorder. Neuroreport. (2017) 28:348—
53. doi: 10.1097/WNR.0000000000000770

Sambataro E Doerig N, Hanggi J, Wolf RC, Brakowski J, Holtforth MG,
et al. Anterior cingulate volume predicts response to psychotherapy
and functional connectivity with the parietal
major  depressive  disorder.  Eur  Neuropsychopharmacol.
28:138-48. doi: 10.1016/j.euroneuro.2017.11.008

MinlanYuan, Meng Y, Zhang Y, Nie X, Ren Z, Zhu H, et al. Cerebellar
neural circuits involving executive control network predict response to group
cognitive behavior therapy in social anxiety disorder. Cerebellum. (2017)
16:673-82. doi: 10.1007/s12311-017-0845-x

Klumpp H, Roberts J, Kennedy AE, Shankman SA, Langenecker SA, Gross
JJ, et al. Emotion regulation related neural predictors of cognitive behavioral
therapy response in social anxiety disorder. Prog Neuropsychopharmacol Biol
Psychiatry. (2017) 75:106-12. doi: 10.1016/j.pnpbp.2017.01.010
Whitfield-Gabrieli S, Ghosh SS, Nieto-Castanon A, Saygin Z, Doehrmann O,
Chai X]J, et al. Brain connectomics predict response to treatment in social
anxiety disorder. Mol Psychiatry. (2016) 21:680-5. doi: 10.1038/mp.2015.109
Zhang ], Cheng W, Liu Z, Zhang K, Lei X,Yao Y, et al. Neural,
electrophysiological and anatomical basis of brain-network variability and
its characteristic changes in mental disorders. Brain. (2016) 139:2307-
21. doi: 10.1093/brain/aww143

Huang Z, Zhang J, Wu J, Qin P, Wu X, Wang Z, et al. Decoupled temporal
variability and signal synchronization of spontaneous brain activity in loss
of consciousness: an fMRI study in anesthesia. Neuroimage. (2016) 124:693—
703. doi: 10.1016/j.neuroimage.2015.08.062

cortex in
(2018)

inferior

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hou Z, Kong Y, He X, Yin Y, Zhang Y, Yuan, et al. Increased temporal
variability of striatum region facilitating the early antidepressant response
in patients with major depressive disorder. Prog Neuropsychopharmacol Biol
Psychiatry. (2018) 85:39-45. doi: 10.1016/j.pnpbp.2018.03.026

Shirer WR, Ryali S, Rykhlevskaia E, Menon V, Greicius MD. Decoding
subject-driven cognitive states with whole-brain connectivity patterns. Cereb
Cortex. (2012) 22:158-65. doi: 10.1093/cercor/bhr099

Zhang Y, Yang Y, Bian R, Yin Y, Hou Z, Yue Y, et al. Abnormal functional
connectivity of ventral anterior insula in asthmatic patients with depression.
Neural Plast. (2017) 2017:7838035. doi: 10.1155/2017/7838035

Li QG, Zhou FQ, Huang X, Zhou X, Liu C, Zhang T, et al. Alterations of
resting-state functional network centrality in patients with asthma: evidence
from a voxel-wise degree centrality analysis. Neuroreport. (2018) 29:1151-
6. doi: 10.1097/WNR.0000000000001087

Deng X, Tang CY, Zhang J, Zhu L, Xie ZC, Gong HH, et al
The cortical thickness correlates of clinical manifestations in
the mid-stage sporadic Parkinson’s disease. Lett. (2016)
633:279-289. doi: 10.1016/j.neulet.2016.09.042

Izquierdo, A. Functional heterogeneity within rat orbitofrontal cortex
in reward learning and decision making. J Neurosci. (2017) 37:10529-
40. doi: 10.1523/J]NEUROSCI.1678-17.2017

Marks JD, Frysinger RC, Harper RM. State-dependent respiratory depression
elicited by stimulation of the orbital frontal cortex. Exp Neurol. (1987) 95:714-
29. doi: 10.1016/0014-4886(87)90311-6

Woody ML, Miskovic V, Owens M, James KM, Feurer C, Sosoo EE,
et al. Competition effects in visual cortex between emotional distractors
and a primary task in remitted depression. Biol Psychiatry Cogn Neurosci
Neuroimaging. (2017) 2:396-403. doi: 10.1016/j.bpsc.2016.12.007

Li S, Lv P, He M, Zhang W, Liu J, Gong Y, et al. Cerebral regional and
network characteristics in asthma patients: a resting-state fMRI study. Front
Med. (2020) 14:792-801. doi: 10.1007/s11684-020-0745-1

Fogarty M]J, Mantilla CB, Sieck GC. Breathing: motor
of diaphragm muscle.  Physiology  (Bethesda).  (2020)
26. doi: 10.1152/physiol.00002.2018

Matsuzaka Y, Aizawa H, Tanji . A motor area rostral to the supplementary
motor area (presupplementary motor area) in the monkey: neuronal
activity during a learned motor task. J Neurophysiol. (1992) 68:653-
62. doi: 10.1152/jn.1992.68.3.653

Kojima S, Morishita S, Qin W, Tsubaki, A. Cerebral oxygenation dynamics
of the prefrontal cortex and motor-related area during cardiopulmonary
exercise test: a near-infrared spectroscopy study. Adv Exp Med Biol. (2020)
1232:231-7. doi: 10.1007/978-3-030-34461-0_29

Chen J, Lin IT, Zhang H, Lin ], Zheng S, Fan M, et al. Reduced cortical
thickness, surface area in patients with chronic obstructive pulmonary disease:
a surface-based morphometry and neuropsychological study. Brain Imaging
Behav. (2016) 10:464-76. doi: 10.1007/s11682-015-9403-7

Yu L, De Mazancourt M, Hess A, Ashadi FR, Klein I, Mal H, et al. Functional
connectivity and information flow of the respiratory neural network in
chronic obstructive pulmonary disease. Hum Brain Mapp. (2016) 37:2736-
2754. doi: 10.1002/hbm.23205

Macey PM, Haris N, Kumar R, Thomas MA, Woo MA, Harper,
et al.M. Obstructive sleep apnea and cortical thickness in females
and males. PLoS ONE. (2018) 13:¢0193854. doi: 10.1371/journal.pone.
0193854

Li H, Xin H, Yu J, Yu H, Zhang J, Wang W, et al. Abnormal
intrinsic functional hubs and connectivity in stable patients with
COPD: a resting-state  MRI study. Brain Imaging Behav. (2020)
14:573-585. doi: 10.1007/s11682-019-00130-7

Satpute AB, Lindquist, K.A. The default mode networks role in
discrete emotion. Trends Cogn Sci. (2019) 23:851-64. doi: 10.1016/j.tics.
2019.07.003

Wang L, Wang T, Liu S, Liang Z, Meng Y, Xiong X, et al. Cerebral anatomical
changes in female asthma patients with and without depression compared
to healthy controls and patients with depression. J Asthma. (2014) 51:927-
33. doi: 10.3109/02770903.2014.927482

Davenport PW, Vovk, A. Cortical and subcortical central neural
pathways in respiratory sensations. Respir Physiol Neurobiol. (2009)
167:72-86. doi: 10.1016/j.resp.2008.10.001

Neurosci

control
33:113-

Frontiers in Neurology | www.frontiersin.org

March 2021 | Volume 12 | Article 615820


https://doi.org/10.1111/cea.12963
https://doi.org/10.1186/1471-2458-12-204
https://doi.org/10.1371/journal.pone.0174050
https://doi.org/10.1016/j.jaip.2017.06.008
https://doi.org/10.1007/s11136-016-1486-0
https://doi.org/10.1016/j.rmed.2016.12.002
https://doi.org/10.1016/j.brat.2016.09.007
https://doi.org/10.1016/j.rmed.2012.02.006
https://doi.org/10.1002/14651858.CD011818.pub2
https://doi.org/10.3389/fnagi.2017.00105
https://doi.org/10.1159/000453584
https://doi.org/10.1097/WNR.0000000000000770
https://doi.org/10.1016/j.euroneuro.2017.11.008
https://doi.org/10.1007/s12311-017-0845-x
https://doi.org/10.1016/j.pnpbp.2017.01.010
https://doi.org/10.1038/mp.2015.109
https://doi.org/10.1093/brain/aww143
https://doi.org/10.1016/j.neuroimage.2015.08.062
https://doi.org/10.1016/j.pnpbp.2018.03.026
https://doi.org/10.1093/cercor/bhr099
https://doi.org/10.1155/2017/7838035
https://doi.org/10.1097/WNR.0000000000001087
https://doi.org/10.1016/j.neulet.2016.09.042
https://doi.org/10.1523/JNEUROSCI.1678-17.2017
https://doi.org/10.1016/0014-4886(87)90311-6
https://doi.org/10.1016/j.bpsc.2016.12.007
https://doi.org/10.1007/s11684-020-0745-1
https://doi.org/10.1152/physiol.00002.2018
https://doi.org/10.1152/jn.1992.68.3.653
https://doi.org/10.1007/978-3-030-34461-0_29
https://doi.org/10.1007/s11682-015-9403-7
https://doi.org/10.1002/hbm.23205
https://doi.org/10.1371/journal.pone.0193854
https://doi.org/10.1007/s11682-019-00130-7
https://doi.org/10.1016/j.tics.2019.07.003
https://doi.org/10.3109/02770903.2014.927482
https://doi.org/10.1016/j.resp.2008.10.001
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zhang et al.

Asthma-Specific Variability and GCBT

38.

39.

40.

41.

42.

43.

44,

Zhang], Chen J, Fan C, LiJ, Lin ], Yang T, et al. Alteration of spontaneous brain
activity after hypoxia-reoxygenation: a resting-state fMRI study. High Alt Med
Biol. (2017) 18:20-6. doi: 10.1089/ham.2016.0083

Cheng W, Rolls ET, Ruan H, Feng, J. Functional connectivities in the brain
that mediate the association between depressive problems and sleep quality.
JAMA Psychiatry. (2018) 75:1052-61. doi: 10.1001/jamapsychiatry.2018.1941

Fatouleh RH, Lundblad LC, Macey PM, McKenzie DK, Henderson
LA, Macefield, et al.G. Reversal of functional changes in the brain
associated with obstructive sleep apnoea following 6 months of
CPAP.  Neuroimage Clin. (2015) 7:799-806. doi:  10.1016/j.nicl.
2015.02.010

Monchi O, Petrides M, Strafella AP, Worsley KJ, Doyon, J. Functional role of
the basal ganglia in the planning and execution of actions. Ann Neurol. (2006)
59:257-64. doi: 10.1002/ana.20742

Seger CA, Cincotta, C.M. The roles of the
in human classification learning. ] Neurosci.

51. doi: 10.1523/JNEUROSCI.3401-04.2005

Dotson VM, McClintock SM, Verhaeghen P, Kim JU, Draheim AA,
Syzmkowicz SM, et al. Depression and cognitive control across the lifespan:
a systematic review and meta-analysis. Neuropsychol Rev. (2020) 30:461-
76. doi: 10.1007/s11065-020-09436-6

Barraclough M, McKie S, Parker B, Jackson A, Pemberton P, Elliott R, et al.
Altered cognitive function in systemic lupus erythematosus and associations
with inflammation and functional and structural brain changes. Ann Rheum
Dis. (2019) 78:934-40. doi: 10.1136/annrheumdis-2018-214677

nucleus
25:2941-

caudate
(2005)

46.

47.

48.

49.

on resting-state functional connectivity. Hum Brain Mapp. (2017)
38:1478-1491. doi: 10.1002/hbm.23466

Pattinson KT, Mitsis GD, Harvey AK, Jbabdi S, Dirckx S, Mayhew SD,
et al. Determination of the human brainstem respiratory control network
and its cortical connections in vivo using functional and structural imaging.
Neuroimage. (2009) 44:295-305. doi: 10.1016/j.neuroimage.2008.09.007
Marchi NA, Ramponi C, Hirotsu C, Haba-Rubio ], Lutti A, Preisig M, et al.
Mean oxygen saturation during sleep is related to specific brain atrophy
pattern. Ann Neurol. (2020) 87:921-30. doi: 10.1002/ana.25728

LiJ, Bolt. T., Bzdok D, Nomi JS, Yeo BTT, Spreng RN, et al. Topography and
behavioral relevance of the global signal in the human brain. Sci Rep. (2019)
2019:14286. doi: 10.1038/541598-019-50750-8

Zeng LL, Wang DH, Fox MD, Sabuncu M, Hu D, Ge M, et al. Neurobiological
basis of head motion in brain imaging. Proc Natl Acad Sci USA. (2014)
111:6058-62. doi: 10.1073/pnas.1317424111

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhang, Kong, Yang, Yin, Hou, Xu and Yuan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.

45. Jaspers E, Balsters JH, Kassraian Fard P, Mantini D, Wenderoth,  No use, distribution or reproduction is permitted which does not comply with these
N. Corticostriatal connectivity fingerprints: probability maps based terms.
Frontiers in Neurology | www.frontiersin.org 10 March 2021 | Volume 12 | Article 615820


https://doi.org/10.1089/ham.2016.0083
https://doi.org/10.1001/jamapsychiatry.2018.1941
https://doi.org/10.1016/j.nicl.2015.02.010
https://doi.org/10.1002/ana.20742
https://doi.org/10.1523/JNEUROSCI.3401-04.2005
https://doi.org/10.1007/s11065-020-09436-6
https://doi.org/10.1136/annrheumdis-2018-214677
https://doi.org/10.1002/hbm.23466
https://doi.org/10.1016/j.neuroimage.2008.09.007
https://doi.org/10.1002/ana.25728
https://doi.org/10.1038/s41598-019-50750-8
https://doi.org/10.1073/pnas.1317424111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Asthma-Specific Temporal Variability Reveals the Effect of Group Cognitive Behavior Therapy in Asthmatic Patients
	Introduction
	Methods and Materials
	Participants and Evaluations
	Brain Image Acquisition
	Functional Imaging Preprocessing
	Temporal Variability of Functional Network
	Statistical Analysis
	Intervention

	Results
	Demographic and Clinical Data
	Comparisons of Temporal Variability
	Correlations Between Temporal Variability and Clinical Symptoms

	Discussion
	Asthma-Specific Changes of Variability
	GCBT-Specific Changes of Clinical Symptoms and Variability
	Relationship Between Variability and Clinical Symptoms

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


