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Background: Asthma is a chronic disease appeared to be associated with depression.
But the underpinnings of depression in asthma remain unknown. In order to understand
the neural mechanisms of depression in asthma, we used cerebral blood flow (CBF) to
probe the difference between depressed asthmatic (DA) and non-depressed asthmatic
(NDA) patients.

Methods: Eighteen DA patients, 24 NDA patients and 57 healthy controls (HC) received
pulsed arterial spin labeling (pASL) scan for measuring CBF, resting-state functional
magnetic resonance imaging (rs-fMRI) scan, severity of depression and asthma control
assessment, respectively.

Results: Compared to NDA, DA patients showed increased regional CBF (rCBF) in
the right cerebellum posterior lobe. Compared to HC, DA, and NDA patients all showed
significantly decreased rCBF in the right cerebellum posterior lobe.

Conclusions: We showed the first evidence of altered rCBF in the right cerebellum
posterior lobe in asthma using pASL, which appeared to be involved in the
neuropathology in asthma.

Clinical Trial Registration: An investigation of therapeutic mechanism in asthmatic
patients: based on the results of Group Cognitive Behavioral Therapy (Registration
number: ChiCTR-COC-15007442) (http://www.chictr.org.cn/usercenter.aspx).

Keywords: depression, asthma, cerebral blood flow, pulsed arterial spin labeling, cerebellum

INTRODUCTION

Asthma was a chronic inflammatory condition that swelled and narrowed the airways, leading to
dyspnea, coughing, and tightening of the chest. To et al. (1) showed the global prevalence rates of
doctor-diagnosed asthma, clinical/treated asthma and wheezing in adults were 4.3, 4.5, and 8.6%
respectively, and varied by as much as 21-fold amongst the 70 countries. Ding et al. (2) assessed
the population of asthma in urban China with data from 2010 to 2013 in China National Health
and Wellness Survey and reported that the prevalence of asthma was 30.73%. Several epidemiology
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studies consistently documented that depression was prevalent
in patients with asthma, and was associated with uncontrolled
asthma and poor quality of life (3-5).

Over the past decades, functional magnetic response imaging
(fMRI) proved itself a useful technique to detect and quantitate
sites of activation in the brain and to map circuits that
might be associated with or involved in the underpinnings
of emotion in asthma. Rosenkranz et al. (6-8) explored the
neural circuitry underlying the interaction between emotion and
asthma symptoms used task fMRI, the findings consistently
indicated that neurophenotypes of asthma might be identified
by neural activity of brain circuits previously implicated in
emotion regulation, especially the insula and anterior cingulate
cortex (ACC). In addition, dyspnea shared emotion-related brain
network also has been suggested, including the insula, ACC,
amygdala and medial thalamus (9). On the basis of previous
studies, Busse (10) summarized minutely how was the central
nervous system involved in allergic airway response in asthma
and how this related to stress. This review emphasized the
important role of emotion-related neural networks in asthma
attack and maintenance processing. Subsequently, neural circuits
turned to be a critical joint linked asthma and emotion.
However, previous research predominantly focused on the
neurobiological mechanisms of fear and anxiety in asthma, a
better understanding of the biological pathogenesis of depression
was required.

Increasing evidence revealed abnormal glucose metabolism
and cerebral blood flow (CBF) of certain brain regions in
depressed patients, such as hippocampus (11), right prefrontal
and (12, 13) and striatal regions (12). In patients with chronic
obstructive pulmonary disease (COPD), Yildiz et al. (14)
reported increased CBF at rest because cerebral autoregulation-
mediated vasodilatation to overcome COPD exacerbation
induced hypoxia. Enhanced CBF appeared when healthy subjects
experiencing hypoxia and hypercapnia (15), which might be
explained by the tendency of upregulating PaCO,, a potent
cerebral vasodilator (16). Considering abnormal ventilation
of asthmatic patients, the aberrant PaCO, level might also
exist in certain brain regions. Unfortunately, studies exploring
CBF in depressed asthmatic (DA) patients were not found,
although the abnormalities were identified in both depression
(11) and asthmatic (17) patients separately. Here, we adopted
a method of arterial spin labeling (ASL) perfusion magnetic
resonance imaging (MRI) which is a technique for quantifying
regional brain perfusion and requiring no radioactive source or
contrast agent (18), to investigate the regional CBF (rCBF) in
asthmatic patients. ASL perfusion MRI renders the interpretation
of quantitative measurements of the rCBE, a physiological
parameter, easier than the assessment of the blood-oxygen-level-
dependent (BOLD) effect at resting state (13, 19). Pulsed ASL
(pASL) uses a short radio frequency pulse to invert the blood
water spins in a very short time and provides signal-to-noise ratio
as well as increased physiological noise (20).

To the current study’s best knowledge, the pattern of rCBF
changes in DA patients has not been characterized by pASL
studies. So, a data-driven analysis was chosen to study the data
according to the complexity and multidimensional causes of

DA together with variability between individuals. We identified
regions of interest (ROI) with abnormal rCBF between DA and
non-depressed asthmatic (NDA), healthy controls (HC) groups.
ROIs were then used as seeds to find out the rCBF alterations in
DA patients and provided evidence for exploring the mechanism
of depression in asthma.

MATERIALS AND METHODS

Participants and Evaluations

According to the scores of 17 items Hamilton depression rating
scale (HDRS-17), asthmatic patients were divided into DA
(HDRS-17 > 7) and NDA (HDRS-17 < 7) group. As shown
in Figure 1 (a flow diagram) and Table 1 (listing demographic
data), 18 DA patients (mean age was 53.61 years, 9 males and 9
females), 24 NDA patients (mean age was 50.58 years, 9 males
and 15 females) and 57 HC (mean age was 45.63 years, 23 males
and 34 females) participated in this study after attrition and
data cleaning. HDRS-17 was used to assess the depression of
all participants. The asthma control test (ACT) is a self-rating
scale and used to measure asthma control level in asthmatic
patients. This study was carried out in accordance with the
recommendations of the ethics committee of Zhongda Hospital
with written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki. The protocol was approved by the ethics committee
of Zhongda Hospital, Southeast University. The clinical trial
registration number was ChiCTR-COC-15007442.

Inclusion/Exclusion Criteria

Participants who met the following criteria entered asthma
group: (1) met the diagnostic criteria of bronchial asthma and
during non-acute attacks; (2) 18 years old or above; (3) right
handedness; (4) education to junior high school or above; (5)
there is no electronic and metal equipment in body (such as
cardiac pacemaker, defibrillator, stent, et al.); (6) participants sign
the informed consent form. Inclusion criteria of HC: HDRS-
17 < 7 and the above item (2) ~ (6) in the inclusion criteria of
asthmatic patients.

Participants with one of following items were excluded: (1)
other serious disease of the respiratory system; (2) history
of other mental disorders, alcohol, and drug dependence; (3)
organic brain disorders and cardio, hepar, kidney abnormality;
(5) women during pregnancy or lactation.

Brain Image Acquisition

Imaging was performed on a 3-Tesla Siemens Magnetom
Symphony scanner using a homogeneous birdcage head coil.
Subjects laid supine with the head snugly fixed by a belt
and foam pads to minimize head motion. High-resolution
3-dimensional T1-weighted scans were performed using the
Siemens product magnetization prepared rapid gradient echo
(MPRAGE) sequence [repetition time (TR) = 1,900 ms, echo
time (TE) = 2.48ms; flip angle (FA) = 9° acquisition
matrix = 256 x 256; field of view (FOV) = 250 x 250 mm?;
thickness = 1.0 mm, gap = 0; time = 4 min 18s]. ASL perfusion
MRI was performed using the Siemens product pASL PICORE
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FIGURE 1 | Flow diagram. fMRI indicated functional magnetic resonance imaging.

Q2T sequence (TR = 4,000ms, TE = 12ms; TI1 = 600 ms,
TI2 = 1,600 ms; FA = 90°; maxtrix = 64 x 64; FOV = 220 x
220 mm?; 27 axial slices; thickness = 4 mm; gap = 1 mm, total
scan time = 7 min 14s).

Preprocessing Protocol

All the image data were reconstructed and inspected by two
experienced radiologists. T1 images were manually checked
for quality controls. pASL data were processed using SPM12
(http://www.filion.ucl.ac.uk/spm) and ASLtbx (21). To avoid the
spurious motion artifacts due to the systematic labeling and non-
labeling in ASL, motion corrections were performed using the
amended motion correction algorithm implemented in ASLtbx
(21, 22). The raw ASL images were then high pass filtered to
keep the higher half frequency band. The pASL images were

then co-registered to the T1 images and spatially smoothed with
a 6 mm full-width-half-maximum (FWHM) kernel, followed by
pairwise control/label image subtraction and CBF quantification.
After rejecting the outlier CBF volumes using the prior-guided
adaptive outlier cleaning algorithm, mean CBF map was created
from the remaining CBF volumes and were registered into
the MNI space using the transformation obtained through the
structural image.

Statistical Analysis

Predictive Analytic Software (PASW) Statistics 18 package
was employed (IBM Corporation, Armonk, NY, USA) to
complete the analyses. Age, education, and HDRS-17 scores were
performed by one-way analysis of variance (ANOVA). Gender
was compared by means of the Chi-square test. Duration of
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illness and ACT scores were analyzed by independent sample
t-test. P < 0.05 were considered to indicate statistical significance.

CBF comparisons were processed with REST software (23).
Statistical tests across groups were performed using a voxel-
based, one-way analysis of covariance (ANCOVA), with age,
gender and education level as covariates, followed by post-hoc
two-sample f-tests. AlphaSim correction based on Monte
Carlo simulation algorithm was used to correct for multiple
comparisons [single voxel P value = 0.025, FWHM = 6 mm,
with 61 x 73 x 61 mm?® gray matter mask, which yielded
a corrected threshold of P < 0.025, cluster size > 2025
mm?/75 voxels (http://afni.nimh.nih.gov/pub/dist/doc/manual/
AlphaSim.pdf)]. The post-hoc two-sample ¢-tests were conducted
within a mask showing significant differences obtained from the
ANCOVA analysis, with AlphaSim corrections (single voxel P-
value = 0.025, FWHM = 6 mm, which yielded a corrected
threshold of P < 0.025, cluster size > 162 mm?>/6 voxels).

Brain regions were selected as ROI only when they were
exhibiting significant differences both between the DA and NDA
groups and between DA and HC groups. Mean CBF values were
extracted within each of these ROIs, then Pearson correlation
coefficients were computed between the extracted CBF values
within these ROIs and the clinical assessments of DA patients
by PASW 18.0, and the significance level was set at P < 0.05
(two-tailed).

RESULTS

Demographic and Clinical Data

Table 1 showed the demographic and clinical variables. No
significant differences in participants’ gender, education, and
durations of asthma were found between groups. The age of
DA was significantly elder than HC (P < 0.05). It would be a
covariate in the following statistical analysis of CBF. There was a
significant difference in HDRS-17 scores among the three groups
(P < 0.001). And the ACT scores were significantly different
between DA and NDA group (P < 0.01).

TABLE 1 | Demographics and clinical characteristics of participants.

DA NDA HC P-value
(n=18) (n =24) (n =57)
Age (years) 53.61 + 9.08* 50.58 + 10.57 45.63 £ 14.70 0.052
Gender 9/9 9/15 23/34 0.723P
(male/female)
Education (years) 11.89 + 2.56 1175+ 2.64 1242 4+ 3.60 0.6432
Duration of 22.86 + 20.19 21.41 £19.27 - 0.815¢

asthma (years)
HDRS-17 scores
ACT scores

221+ 147" 0.89 4+ 1.35 <0.0012
19.58 + 4.31 - 0.002°

11.06 + 4.401t
15.00 + 4.38

Data are expressed as mean =+ standard deviation. 2One-way ANOVA; P Chi-square test;
¢Independent-sample t-test.

DA vs. HC, *P < 0.05, **P < 0.001; DA vs. NDA, 7L7‘P<O,OO7; NDA vs. HC, #P<0.05.
DA, depressed asthma; NDA, non-depressed asthma,; HC, healthy controls; HDRS-17,
17 items Hamilton Depression Rating Scale; ACT, asthma control test.

Group Differences of CBF

As displayed in Table 2 and Figure 2, the DA patients showed
increased rCBF in the right cerebellum posterior lobe (CPL)
compared than in NDA patients. In addition, DA patients
exhibited lower rCBF in the right CPL compared with HC.
Significantly decreased CBF value was also observed in the right
CPL in the NDA group relative to HC.

Correlations Between CBF Values and

Clinical Assessments

The present study used partial correlation analysis to explore the
relationships between mean CBF values in the right CPL and
two scales (HDRS-17 and ACT). It revealed that no significant
correlations were found between CBF values and HDRS-17, ACT
scores respectively either in DA or NDA group.

DISCUSSIONS

To our knowledge, this study at the first time used pASL method
to explore the relationship between altered rCBF and depression
in asthmatic patients. DA patients exhibited increased CBF values
in the right CPL compared with NDA patients, and reversed
result compared with HC.

Stoodley and Schmahmann (24) highlighted the widely
functions of cerebellum, which included sensorimotor
control, language, spatial, and executive functions. Moreover,
positron emission tomography (PET) and fMRI studies have
demonstrated that cerebellar activation was also involved in the
emotional processing paradigms (24, 25), especially the right
CPL (26, 27). It further supported our finding that DA patients
showed increased rCBF in the right CPL compared with NDA. In
patients with late-onset depression, the excessive cerebellar FC
with medial prefrontal lobe displayed significant correlation with
depression symptoms (28). Su et al. (29) summarized the cerebral
metabolism of depression patients based on PET, suggesting that
altered metabolism in cerebellum is likely to play a key role in

TABLE 2 | Regions showing significant differences in rCBF between groups.

Peak area Side MNI coordinates Voxels Peak t-value
X Y z
ANCOVA
Cerebellum posterior lobe R 21 —51 —-48 90 6.5089
DA-NDA
Cerebellum posterior lobe R 18 -51 —45 20 3.5013
DA-HC
Cerebellum posterior lobe R 42 —48 51 12 —3.6889
NDA-HC
Cerebellum posterior lobe R 21 —-51  —-48 78 —3.4643

ANCOVA, threshold was set at P < 0.025 (AlphaSim-corrected, cluster size > 2,025 mm?®
voxels); Two-sample t-test, threshold was also set at P < 0.025 (AlphaSim-corrected,
cluster size > 162 mm® voxels). X, Y, Z, coordinates of primary peak locations in the MNI
space. rCBF, regional cerebral blood flow; MNI, Montreal Neurological Institute space; BA,
Brodmann area; R, right; ANCOVA, analysis of covariance; DA, depressed asthma; NDA,
non-depressed asthma; HC, healthy controls.
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FIGURE 2 | Statistical maps showing rCBF differences in different brain regions between DA, NDA, and HC groups. ANCOVA, significantly increased in rCBF among
DA, NDA and HC groups (P < 0.025, AlphaSim corrected); Higher rCBF was in the right cerebellum posterior lobe; the red color bar indicates the F-value from
ANCOVA among three groups. DA-NDA, significantly increased in rCBF of DA patients compared with NDA patients (P < 0.025, AlphaSim corrected); the DA patients
showed higher CBF in the right cerebellum posterior lobe; the red color bar indicates the t value from independent sample t-test between DA and NDA groups.
DA-HC, significantly decreased in rCBF of DA patients compared with HC (P < 0.025, AlphaSim corrected); the DA patients showed lower rCBF in the right
cerebellum posterior lobe; the blue color bar indicates the t value from independent sample t-test between DA and HC groups. NDA-HC, significantly decreased in
rCBF of NDA patients compared with HC patients (P < 0.025, AlphaSim corrected); the NDA patients showed lower rCBF in the right cerebellum posterior lobe; the
blue color bar indicates the t value from independent sample t-test between NDA and HC groups. ANCOVA, analysis of covariance; DA, depressed asthma; NDA,

the pathophysiology of depression. Several metabolism-related
investigations suggested that the MDD patients exhibited
enhanced metabolism in the right CPL (29-31). The previous
study also reported decreased CBF in the cerebellum in patients
with depression disorder (32), however the similar finding was
not found in DA patients. Thus, the increased rCBF in the
right CPL might be associated with the depression in asthmatic
patients. However, in the current study, DA and NDA patients

displayed decreased rCBF in the right CPL compared with HCs.
We deduced that it might be influenced by other factors such as
cognitive function (24).

Stoodley et al. (24, 33-36) made a series of studies to explore
the function of human cerebellum through neuroimaging. Their
findings demonstrated that the posterior lobe was also involved
in higher-level tasks, including language and verbal working
memory, spatial tasks, executive function besides emotional
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processing, especially the region of lobule VI which was reported
in our study. For asthmatic patients, they followed doctors’
recommendations less frequently, subsequently led to a vicious
circle (37). However, underlying this were serious cognitive
dysfunctions which contributed to difficulties in understanding
given advice and putting it into practice (37, 38). In contrast,
Ray et al. (39) reported that poor asthma control and airway
obstruction were not associated with poor performance on
various measures of cognitive function in older adults with
asthma. Although limited research presented inconsistent results,
cognitive dysfunction existed in asthmatic patients was consistent
approbation. Unfortunately, we did not explore the relationship
between asthma and cognitive function in the current study,
research focusing on the related issues needed to be investigated
in the future.

Evidence of aberrant activities in ACC and insula were often
discovered whatever in emotion disorders or asthma (7-9, 40,
41). von Leupoldt et al. (9, 40, 42) explored a series studies
of dyspnea in asthmatic patients and healthy participants used
task fMRI. Their findings suggested that emotion-related brain
regions including ACC and insula showed abnormal BOLD
signal while experiencing dyspnea from mild to severe. However,
both regions did not exhibit dysfunctions used the method of
pASL in the current study. We detected that methodological
differences (task vs. resting state and BOLD vs. pASL) would
be the main possible reasons for the lack of ACC and insula
dysfunctions in our study.

Significantly correlations between CBF values of the right CPL
and HDRS-17 scores were not found whatever in DA or NDA
group in the current study. A regional cerebral metabolism study
suggested that different depressive symptom clusters might have
different neural structures in unipolar depression, and depression
symptom clusters predominantly correlated with the cerebral
metabolism in right insula, temporal cortex, and ACC (43).
CPL was a critical node possessed various functions (24), the
insignificant correlation between the CBF values and HDRS-
17 scores might be influenced by other confused factors (e.g.,
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