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Patients with chronic obstructive pulmonary disease (COPD) are characterized by
attenuated pulmonary function and are frequently reported with cognitive impairments,
especially memory impairments. The mechanism underlying the memory impairments
still remains unclear. We applied resting-state functional magnetic resonance imaging
(RS-fMRI) to compare the brain local activities with static and dynamic amplitude
of low-frequency fluctuations (sALFF, dALFF) among patients with COPD (n = 32)
and healthy controls (HC, n = 30). Compared with HC, COPD patients exhibited
decreased sALFF in the right basal ganglia and increased dALFF in the bilateral
parahippocampal/hippocampal gyrus. The reduced the left basal ganglia was associated
with lower oxygen partial pressure. Besides, the increased dALFF in the left
hippocampal/parahippocampal cortex was associated with poor semantic-memory
performance and the increased dALFF in the left hippocampal/parahippocampal
cortex was associated the forced vital capacity. The present study revealed
the abnormal static and dynamic local-neural activities in the basal ganglia and
parahippocampal/hippocampal cortex in COPD patient and its relationship with poor
lung function and semantic-memory impairments.

Keywords: chronic obstructive pulmonary disease, semantic memory, resting-state functional MRI, dynamic,
amplitude of low-frequency fluctuation

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a chronic disease of the lungs and a leading
cause of significant mortality and disability (Watz et al., 2008). According to the WHO, COPD is
the fourth leading cause of death and will be the third leading cause of death by 2030. Cognitive
dysfunction is one of the most important comorbidities of COPD, which must be cautiously
considered. It has been reported that 12-88% of patients with COPD present with cognitive
impairments (Hynninen et al., 2005), either globally or in single cognitive domains (Dodd et al.,
2010), especially memory deficits (Cleutjens et al., 2014). However, the pathogenesis of cognitive
impairments remains unclear.
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Multiple studies have revealed the relationship between
cerebral structural lesions and poor respiratory function (Liao
et al.,, 1999; Sachdev et al., 2006). Considering the direct relation
between hypoxia and neuronal functional activity, COPD
patients may be more susceptible to neuronal functional
alterations. Hence, it is more reasonable from a functional
view to explore the neural substance underlying cognitive
impairments in COPD. Indeed, it is widely known that cognitive
processing requires activity in the relevant cerebral regions
(task-related neuronal activity). However, compared with task-
related neuronal activity, spontaneous neuronal activity actually
consumes more brain energy (Raichle and Mintun, 2006) and
has been linked with multiple cognitive processes, such as spatial
orientation and memory (Greicius et al., 2003). Spontaneous
neuronal activity refers to the activity intrinsically generated by
the brain that is not attributable to particular information inputs
or outputs (Fox and Raichle, 2007).

Recently, spontaneous activity has been indexed by various
approaches, such as resting-state functional connectivity (RSFC)
and regional homogeneity (ReHo). These indexes reflect
functional coupling between distinct brain regions, spatially
remote and local, respectively (Friston, 2002; Zang et al,
2004), but not direct neuronal activity. As regional measures of
spontaneous activity, the regional amplitude of low-frequency
fluctuations (ALFF) has been extensively used to represent
spontaneous neuronal activity (Zang et al., 2007). The ALFF were
shown to be closely associated with other classical measures of
brain activation, such as PET (Tomasi et al.,, 2013), and have
been widely used to measure the neural substrates of several
cognitive processes, including language learning and working
memory (Zou et al,, 2013; Deng et al., 2016). Besides, abnormal
ALFF have been linked to cognitive dysfunction in various
neurological disorders, such as Alzheimer’s disease (Wang et al.,
2011). Recently, there have also been studies that investigated
the alterations in neuronal activity in patients with COPD using
ALFF (Wenjing et al., 2018; Lu et al,, 2019). For example, Lu
etal. (2019) found decreased ALFF in bilateral basal ganglia areas
and the aberrant ALFF value was correlated with PaO, and the
pulmonary ventilation function.

However, most of these studies on local spontaneous neuronal
activity have focused on measuring static ALFF (sALFF),
which is based on the implicit assumption that brain activity
remains temporally stationary during the entire scanning period.
Recently, mounting evidence has suggested there are time-
varying characteristics of brain local activity (Hutchison et al.,
2013; Allen et al., 2014; Liu et al, 2017), which was always
indexed by the dynamic amplitude of low-frequency fluctuation
(dALFF). Importantly, the dJALFF has been frequently associated
with cognitive performance in healthy people (Fornito et al,
2012) and patients with cognitive impairments (Fiorenzato et al.,
2019). However, whether patients with COPD exhibit abnormal
dALFF remains unclear. In the present study, we aimed to
explore the static and dynamic local neuronal activities and
their relationships to cognitive deficit in patients with COPD.
We assumed that COPD patients present aberrant static and
dynamic ALFF and these abnormal local activities may be related
to cognitive impairments in COPD patients.

MATERIALS AND METHODS

Participants

Thirty-two patients with COPD were recruited from the
Hefei Second People’s Hospital, Hefei, China. The patients
were diagnosed according to the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) guidelines from 2013 and
met other necessary inclusion criteria: (1) no current mental
disorders or neurological illness or related history; (2) no history
of substance abuse; (3) no comorbidities such as diabetes,
liver failure, cardiovascular disease, neurological disorders, or
malignant tumor; (4) years of schooling >5; (5) eligible
head motion (<3 mm, 3°); (6) no claustrophobia or other
contraindications of an MRI scan. Finally, thirty-two patients
were included in the final analysis. Thirty healthy subjects
were also enrolled and matched according to gender, age, and
education via local advertisements. All participants were carefully
screened in a diagnostic interview to rule out current or past
significant medical illness or mental disorders. The present
study was approved by the Anhui Medical University Ethics
Committee, and written informed consent was obtained from
all participants.

Laboratory Tests

Within 3 days of MRI scanning, a standardized pulmonary
function test was performed to evaluate the function of
pulmonary ventilation in all participants. In addition, an arterial
blood gas analysis was performed for all patients.

Cognitive Test

The present study primarily focused on the semantic memory,
assessed by a category verbal fluency test (CVFT). During the
CVFT, participants were required to say as many words as
possible describing a vegetable within 1min. One point was
scored when participants gave a correct term for the correct
description of the vegetable. The total score was used as a record
of memory performance for further analysis.

MRI Data Acquisition

Structural and functional MRI images of participants were
acquired at the University of Science and Technology of China,
Anhui Province, with a 3-T scanner (Discovery GE750w, General
Electric). Before image acquisition, all participants were asked to
keep their eyes closed and body still, and not to think of anything
in particular. T1-weighted anatomical images were acquired in
the sagittal orientation [TR/TE = 8.16/3.18 ms; flip angle =
12°; field of view (FOV) = 256 x 256 mm?; voxel size = 1
x 1 x 1 mm?; slice thickness= 1 mm; 188 slices]. Functional
MRI (BOLD) images were composed of 217 echo-planar imaging
volumes (TR/TE = 2,400/30 ms; flip angle = 90°; FOV = 192 x
192 mm?; voxel size = 3 x 3 x 3 mm?; slice thickness = 3 mm;
matrix size = 64 X 64; 46 continuous slices).

Functional Data Preprocessing

Functional MRI data were preprocessed using the Data
Processing Assistant for Resting-State Functional MR Imaging
toolkit (Chao-Gan and Yu-Feng, 2010). For each participant,
we applied the following processing steps: discarding the
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first 10 volumes to allow for magnetization equilibrium; slice
timing correction; realignment to account for head motion; co-
registered structural images with the mean functional image and
then segmented into gray matter, white matter, and cerebrospinal
fluid; the gray matter maps were non-linearly co-registered
to the tissue probability maps in the Montreal Neurological
Institute (MNI) space; normalization functional volume to the
MNI space using the parameters estimated during non-linear
co-registration at a resolution of 3 x 3 x 3 mm?®; nuisance
regressors with 24 Friston motion parameters, white matter high
signal, cerebrospinal fluid signal and global signals as regressors;
filtering with a temporal band pass of 0.01-0.1 Hz, and spatial
smoothing (Gaussian kernel =4 x 4 x 4 mm?). Finally, motion
scrubbing was conducted using the cubic spline method to
minimize the influence of the time points with high motion
[frame-wise displacement (FD) >0.5], as well as that of one time
point prior to, and two time points following, each of these high
motion time points.

Static Amplitude of Low-Frequency
Fluctuations (sALFF)

After preprocessing, the filtered time series was converted to the
frequency domain using a fast Fourier transform. The square
root of the power at each frequency was calculated to obtain
amplitude values. The ALFF was calculated as the sum of the
amplitude values in the 0.01-0.1 Hz low-frequency power range.
To reduce the global effects of variability across participants, the
ALFF was normalized to the mean within-brain ALFF value for
each participant.

Dynamic Amplitude of Low-Frequency

Fluctuations (dALFF)

The sliding window approach was used to calculate the dALFF
using DynamicBC software (Liao et al., 2014). Based on previous
recommendations, we chose 30 repetition times (TRs) (72s) as
the window length (Leonardi and Van De Ville, 2015; Li et al.,
2018), and the window was shifted by 40% of the window length
(12 TRs, 28.8s). There were 207 TRs for our data and, hence, 15
windows constituted the full time series. For the time series in
each window, the ALFF map was calculated using the procedures
described above for the SALFF calculation. To study the temporal
variability of ALFF, the standard deviation (SD) of ALFF at each
voxel was calculated across sliding-window dynamics, then the
coeflicient of variation (CV: SD/mean) map was calculated, i.e.,
dALFF. Additionally, selected parameters, especially the length
of window and span (overlap), are key factors in the computation
of dynamics. To validate our findings, we conducted auxiliary
analyses with another span (one TR, 2.4s) and two window
lengths [40 TRs (96 s) and 50 TRs (120 s)].

Statistical Analysis

The Pearson’s x? test and two-sample ¢-tests were applied to
compare the demographic and clinical characteristics of the
two groups (gender, age, educational years, clinical symptoms,
and semantic memory performance) with SPSS 23. Voxel-
wise two-sample f-tests within the gray matter mask were
performed to quantitatively compare the differences in the SALFF

and dALFF values between the two groups with gender, age,
educational years, and head motion indexed by frame-wise
displacement (FD) as covariates with the software of DPABI
(http://rfmri.org/dpabi). Statistical maps for SALFF and dALFF
were corrected using the Gaussian Random Field method at
the threshold of p < 0.001 at the voxel level and p < 0.05 at
the cluster level (cluster size >40 voxel). Spearman’s correlation
analyses were conducted to examine the associations between the
significantly different SALFF and dALFF values between groups
and behavioral performance. Significance for correlations was
determined by p < 0.05 (two-tailed), with no correction.

RESULTS

Demographic and Clinical Characteristics
Thirty-two patients with COPD and 30 healthy controls
were included in the final analysis. No significant differences
were found between the two groups in terms of age or
gender. Compared with the HC, participants with COPD had
lower scores in the CVFT. Table 1 presents the demographic
characteristics of the two groups.

Group Comparison of sALFF

We explored the differences in sALFF between the two groups
based on voxel level. Compared with HC, there were lower sALFF
in the left basal ganglia (cluster size = 66; peak coordinate =
—24, 0, 0) (shown in Figure 1). No other regions demonstrating
significantly different sALFF between the two groups
were found.

TABLE 1 | Demographic and clinical characteristic.

COPD HC bT value/x? p-value
Gender (Male/female)? 30/2 27/3 0.29 0.59
Age 71.94 + 552 71.10 &£ 3.95 0.68 0.50
Educational years 6.038 + 2.60 6.17 £ 2.13 -0.22 0.82
PH 7.40 £+ 0.040
PaO, 83.68 + 22.87
PaCO, 43.75 £ 10.70
FEV4 0.95 £ 0.44
FVC 1.84 £ 0.71
FEV1/FVC 0.51 £ 0.088
CVFT 12.69 + 2.38
sALFF in BG 0.67 +£ 0.10 0.80 £+ 0.11 —4.97 <0.001
dALFF in LHIP 0.29 + 0.08 0.19 + 0.04 6.03 <0.001
dALFF in RHIP 0.25 +£ 0.05 0.18 +£ 0.04 6.76 <0.001

@Data are presented as mean + standard deviation except Gender.

bComparisons were performed using the chi-square test for the variable of Gender and
independent samples t-tests for other variables.

COPD, chronic obstructive pulmonary disease; HC, healthy control; PH,
pondus hydrogenii; PaOo, partial pressure of oxygen; PaCO,, partial pressure of carbon
dioxide; FVC, forced vital capacity; FEV;, forced expiratory volume in the first second;
CVFT, category verbal fluency test; SALFF, static amplitude of low-frequency fluctuations;
dALFF, dynamic amplitude of low-frequency fluctuations; BG, basal ganglia; RHIF, right
hippocampal/parahippocampal cortex; LHIF, hippocampal/parahippocampal cortex.
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FIGURE 1 | Group differences in sALFF. Patients with COPD showed decreased sALFF in the left basal ganglia compared to HC. Statistical maps were corrected via
the Gaussian Random Field (GRF) method at a threshold of voxel P < 0.001, cluster P < 0.05 (with 7.6*8.0*6.7 mm?® as estimate smoothness kernel). Scatter plots

present sALFF of each participant in the two groups. **p < 0.001.
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Group Comparison of dALFF

The differences in dALFF between the two groups were
also examined based on voxel level. Compared with HC,
patients with COPD exhibited decreased dALFF in the bilateral
hippocampal/parahippocampal cortex (cluster = 48, peak
coordinate = 27, —39, 0; cluster size = 50, peak coordinate
= —27, —51, —3) (shown in Figure 2). The validation analysis
with different sliding-window lengths also revealed decreased
dALFF in the bilateral hippocampal/parahippocampal cortex in
the COPD group (Supplementary Figure 1).

Relationship Between sALFF and dALFF
Clinical Characteristics and Behavioral

Performance

The reduced sALFF in the left basal ganglia were lower
oxygen partial pressure (r = 0.544, p = 0.001). Besides,
the increased dALFF in the left hippocampal/parahippocampal
cortex were associated with poor semantic-memory performance
(r = 0.544, p = 0.001) and the increased dALFF in the left
hippocampal/parahippocampal cortex were associated with the
forced vital capacity (r = 0.544, p = 0.001). The sALFF in the
left basal ganglia were negatively related with dALFF in the
bilateral hippocampal/parahippocampal cortex (r = —0.360, p
= 0.004 for the left and r = —0.341, p = 0.007). There was

no significant relationship of other clinical characteristics with
SALFF, or dALFF (see Table 2).

DISCUSSION

In the present study, we aimed to reveal brain functional
alterations in COPD patients and their relationships to
cognitive dysfunction. We found that COPD patients
exhibited decreased local spontaneous activity in the left
basal ganglia. We also observed a novel temporal dynamic
alteration in the local spontaneous activity in the bilateral
parahippocampal/hippocampal  gyrus. Importantly, there
were significant relationships between static and dynamic
local spontaneous activities and clinical characteristics (both
pulmonary function and semantic-memory performance).
Increasing evidence has suggested that patients with COPD
display abnormal local spontaneous neuronal activity. Lu et al.
have demonstrated lower local spontaneous activity in the
bilateral basal ganglia among COPD patients indexed with static
ALFF (sALFF), which is consistent with our results (Lu et al,,
2019). Lower sALFF in the basal ganglia was associated with
poor pulmonary function. Their deep location in the brain may
contribute to the susceptibility of basal ganglia to persistent
hypoxia (Schindler et al., 2016), due to neurovascular-coupling
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Scatter plots present sALFF of each participant in the two groups. ***p < 0.001.

FIGURE 2 | Group differences in dALFF. Patients with COPD showed increased dALFF in the bilateral hippocampal/parahippocampal cortex. Statistical maps were
corrected via the Gaussian Random Field (GRF) method at a threshold of voxel P < 0.001, cluster P < 0.05 (with 9.5*10.2*8.7 mm? as estimate smoothness kernel).

Left HIP

Right HIP

TABLE 2 | Correlations between clinical characteristics and brain function.

PH  PaO, PaCO, FEV, FVC FEV,/FVC CVFT SALFFinPut  dALFFinLHIP  dALFF in RHIP
PH - 0107  —0.514*  0.362 0.196 0.441* 0.141 0.214 —0.014 —0.156
Pa0, - - ~0.192 0.193 0.130 0.080 0.195 0.562** 0.089 0.219
PaCO; - - - -0.403*  —0.234 -0.437*  —0.157 —0.082 —0.148 0.216
FEV, - - - - 0.914++ 0.478* 0.314 —0.080 —0.202 —0.300
FVC - - - - - 0.140 0.265 —0.185 —0.231 -0.357*
FEV4/FVC - - - - - - 0.299 0.073 —0.146 —0.029
CVFT - - - - - - - 0.030 —0.579* —0.121
SALFF in BG - - - - - - - - —0.360** —0.341**
dALFF in LHIP - - - - - - - - - 0.348
dALFF in RHIP - - - - - - - - -

‘0 < 0.05; *p < 0.07; **p < 0.001.

alterations. Basal ganglia are a group of subcortical nuclei that
provide functions in the motor and multiple cognitive domains,
including executive functions (Monchi et al., 2006). The reduced
local activity has been linked with executive dysfunction in
COPD patients and other neuropsychiatric disorders (Maciel
etal., 2016; Lu et al., 2019). Notably, basal ganglia is also involved
in semantic processing (Vinas-Guasch and Wu, 2017). Studies
involving lesion imaging have suggested that lesions in the basal
ganglia may impair verbal-fluency performance (Chouiter et al.,

2016). Considering the fact that the verbal fluency test reflects
both executive and semantic processing, we speculate that the
lower local spontaneous activity in the basal ganglia may be
related to executive dysfunction and semantic impairments.
Besides the basal ganglia, the hippocampal cortex is another
brain structure that is sensitive to hypoxia (Dunn et al., 1999).
This phenomenon may be attributed to the relative lack of
capillary anastomoses between intrahippocampal vessels (Perosa
et al, 2020). In line with this concept, our results revealed
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abnormal local activity in the hippocampal/parahippocampal
cortex and the significant relationship between local activity and
poor pulmonary function. The hippocampal/parahippocampal
cortex is critical for episodic memory (Diizel et al., 2001)
and consolidation of long-term memory (Frey and Frey,
2008) and contributes to many other cognitive domains,
such as semantic memory (Sheldon and Moscovitch, 2012).
Hippocampal dysfunction has been linked to semantic-memory
impairments (Bai et al., 2019). Consistent with this, the present
study has found an association between hippocampal activity
and CVFT performance, which most likely relies on the medial
temporal cortex, which mediates the storage and retrieval of
semantic knowledge (Henry and Crawford, 2004).

Notably, this work took an innovative approach that
investigated the temporal variability of local brain activity in
COPD. Mounting studies suggest that brain dynamics reflect
the functional capacity of the neural system (Kucyi et al., 2016)
and more readily predict cognitive and affective conditions
(Wang et al,, 2019; Cui et al, 2020). Using a novel dALFF
method, we revealed the abnormal enhanced dynamics of
hippocampal local activity, which imply abnormal stability
in the hippocampal local activity. Intriguingly, there were
negatively significant relationships between SALFF in basal
ganglia and dALFF in bilateral hippocampal/parahippocampal
cortex. Physiological meanings of these relationships are still
unclear. We speculate that the alteration of sALFF and
dALFF may play an intermediary role between anoxia and
memory impairments.

There are several limitations inherent in the present study.
First, the sample size was too small, which may have led
to sampling bias. Further studies with larger sample sizes
are needed to replicate our results. Second, the data on
arterial blood gas analysis and pulmonary function were lacking
for healthy controls, although all healthy controls were screened
rigorously by a physician to exclude possible hypoxemia and poor
pulmonary function. Third, patients in the present study were not
drug-free, and thus we cannot eliminate the confounding effects
of drugs on our findings.

CONCLUSION

These limitations notwithstanding, our results indicate that
semantic-memory impairments in COPD patients are linked
with abnormal static and dynamic local-neural activity in the

REFERENCES

Allen, E. A,, Damaraju, E,, Plis, S. M., Erhardt, E. B., Eichele, T., and Calhoun, V. D.
(2014). Tracking whole-brain connectivity dynamics in the resting state. Cereb.
Cortex 24, 663-676. doi: 10.1093/cercor/bhs352

Bai, T., Wei, Q, Xie, W., Wang, A, Wang, ], Ji, G. J, et al. (2019).
Hippocampal-subregion functional alterations associated with antidepressant
effects and cognitive impairments of electroconvulsive therapy. Psychol. Med.
49, 1357-1364. doi: 10.1017/S0033291718002684

Chao-Gan, Y., and Yu-Feng, Z. (2010). DPARSF: a MATLAB toolbox for
“Pipeline” data analysis of resting-state fMRI. Front. Syst. Neurosci. 4:13.
doi: 10.3389/fnsys.2010.00013

basal ganglia and parahippocampal/hippocampal cortex, which
may be modulated by poor pulmonary function.

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 the Hefei Second People’s Hospital
Ethics Committee. The patients/participants  provided
their ~ written  informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

ZL, QC, YW, and XF designed the study. Y], PH, and LZ acquired
behavior and imaging data. TB and KW help for analyzing the
clinical and imaging data. ZL, QC, and XF wrote this article,
which all authors have reviewed. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by the National Key R&D Program
of China (No. 2018YFC1314200), National Natural Science
Foundation of China (No. U1803126), and Guanghua Program
[No. (2018) 125-16] and Second People’s Hospital of Hefei
Foundation (2020qnjj12).

ACKNOWLEDGMENTS

We would like to thank operators of the Center for Biomedical
Engineering, University of Science and Technology of China, for
MRI data scanning. We also acknowledge all participants who
volunteered to participate in the present study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2020.580238/full#supplementary-material

Chouiter, L., Holmberg, J., Manuel, A. L., Colombo, F., Clarke, S., Annoni,
J. M., et al. (2016). Partly segregated cortico-subcortical pathways support
phonologic and semantic verbal fluency: a lesion study. Neuroscience 329,
275-283. doi: 10.1016/j.neuroscience.2016.05.029

Cleutjens, F. A. H. M, Spruit, M. A, Ponds, R. W. H. M., Dijkstra, J. B., Franssen,
F. M. E., Wouters, E. F. M,, et al. (2014). Cognitive functioning in obstructive
lung disease: results from the United Kingdom biobank. J. Am. Med. Dir. Assoc.
15, 214-219. doi: 10.1016/j.jamda.2013.12.007

Cui, Q., Sheng, W., Chen, Y., Pang, Y., Lu, F.,, Tang, Q., et al. (2020). Dynamic
changes of amplitude of low-frequency fluctuations in patients with generalized
anxiety disorder. Human Brain Mapp. 41, 1667-1676. doi: 10.1002/hbm.
24902

Frontiers in Human Neuroscience | www.frontiersin.org

January 2021 | Volume 14 | Article 580238


https://www.frontiersin.org/articles/10.3389/fnhum.2020.580238/full#supplementary-material
https://doi.org/10.1093/cercor/bhs352
https://doi.org/10.1017/S0033291718002684
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.1016/j.neuroscience.2016.05.029
https://doi.org/10.1016/j.jamda.2013.12.007
https://doi.org/10.1002/hbm.24902
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Lvetal

Spontaneous Neural Activity in COPD

Deng, Z., Chandrasekaran, B., Wang, S., and Wong, P. C. M. (2016). Resting-state
low-frequency fluctuations reflect individual differences in spoken language
learning. Cortex 76, 63-78. doi: 10.1016/j.cortex.2015.11.020

Dodd, J. W., Getov, S. V., and Jones, P. W. (2010). Cognitive function in COPD.
Eur. Respir. J. 35, 913-922. doi: 10.1183/09031936.00125109

Dunn, J. F, Wadghiri, Y. Z, and Meyerand, M. E. (1999).
Regional  heterogeneity —in the brain’s response to  hypoxia
measured using BOLD MR imaging. Magn. Reson. Med. 41,
850-854. doi: 10.1002/(SICI)1522-2594(199904)41:4andlt;850::AID-

MRM27andgt;3.0.CO;2-L

Diizel, E., Vargha-Khadem, F., Heinze, H. J., and Mishkin, M. (2001). Brain activity
evidence for recognition without recollection after early hippocampal damage.
Proc. Natl. Acad. Sci. U.S.A. 98, 8101-8106. doi: 10.1073/pnas.131205798

Fiorenzato, E., Strafella, A. P., Kim, J., Schifano, R., Weis, L., Antonini, A., et al.
(2019). Dynamic functional connectivity changes associated with dementia in
Parkinson’s disease. Brain 142, 2860-2872. doi: 10.1093/brain/awz192

Fornito, A., Harrison, B. J., Zalesky, A., and Simons, J. S. (2012). Competitive
and cooperative dynamics of large-scale brain functional networks
supporting recollection. Proc. Natl. Acad. Sci. U.S.A. 109, 12788-12793.
doi: 10.1073/pnas.1204185109

Fox, M. D., and Raichle, M. E. (2007). Spontaneous fluctuations in brain activity
observed with functional magnetic resonance imaging. Nat. Rev. Neurosci. 8,
700-711. doi: 10.1038/nrn2201

Frey, S., and Frey, J. U. (2008). “Synaptic tagging” and “cross-tagging”
and related associative reinforcement processes of functional plasticity as
the cellular basis for memory formation. Prog. Brain Res. 169, 117-143.
doi: 10.1016/S0079-6123(07)00007-6

Friston, K. (2002). Beyond phrenology: what can neuroimaging tell
us about distributed circuitry? Ann. Rev. Neurosci. 25, 221-250.
doi: 10.1146/annurev.neuro.25.112701.142846

Greicius, M. D., Krasnow, B., Reiss, A. L., and Menon, V. (2003).

Functional connectivity in the resting brain: a network analysis of the
default mode hypothesis. Proc. Natl. Acad. Sci. U.S.A. 100, 253-258.
doi: 10.1073/pnas.0135058100

Henry, J. D., and Crawford, J. R. (2004). A meta-analytic review of verbal fluency
performance following focal cortical lesions. Neuropsychology 18, 284-295.
doi: 10.1037/0894-4105.18.2.284

Hutchison, R. M., Womelsdorf, T. Allen, E. A, Bandettini, P. A,
Calhoun, V. D., Corbetta, M., et al. (2013). Dynamic functional
connectivity: promise, issues, and interpretations. Neuroimage 80, 360-378.
doi: 10.1016/j.neuroimage.2013.05.079

Hynninen, K. M., Breitve, M. H., Wiborg, A. B., Pallesen, S., and Nordhus,
I. H. (2005). Psychological characteristics of patients with chronic
obstructive pulmonary disease: a review. J. Psychosom. Res. 59, 429-443.
doi: 10.1016/j.jpsychores.2005.04.007

Kucyi, A., Hove, M. J., Esterman, M., Hutchison, R. M., and Valera, E. M. (2016).
Dynamic brain network correlates of spontaneous fluctuations in attention.
Cereb Cortex 27, 1831-1840. doi: 10.1093/cercor/bhw029

Leonardi, N., and Van De Ville, D. (2015). On spurious and real fluctuations
of dynamic functional connectivity during rest. Neuroimage 104, 430-436.
doi: 10.1016/j.neuroimage.2014.09.007

Li, J., Duan, X, Cui, Q., Chen, H., and Liao, W. (2018). More than
just statics: temporal dynamics of intrinsic brain activity predicts the
suicidal ideation in depressed vpatients. Psychol. Med. 49, 852-860.
doi: 10.1017/S0033291718001502

Liao, D., Higgins, M., Bryan, N. R, Eigenbrodt, M. L., Chambless, L. E., Lamar, V.,
et al. (1999). Lower pulmonary function and cerebral subclinical abnormalities
detected by MRI: the atherosclerosis risk in communities study. Chest 116,
150-156. doi: 10.1378/chest.116.1.150

Liao, W., Wu, G. R, Xu, Q, Ji, G. J., Zhang, Z., Zang, Y. F., et al. (2014).
DynamicBC: a MATLAB toolbox for dynamic brain connectome analysis.
Brain Connectivity 4, 780-790. doi: 10.1089/brain.2014.0253

Liu, F,, Wang, Y, Li, M., Wang, W,, Li, R, Zhang, Z, et al. (2017).
Dynamic functional network connectivity in idiopathic generalized epilepsy
with generalized tonic-clonic seizure. Human Brain Mapp. 38, 957-973.
doi: 10.1002/hbm.23430

Lu, C. Q., Xu, W, Zeng, C. H,, Ge, L. Y., Wang, Y. C., Meng, X. P., et al. (2019).
Altered amplitude of low-frequency fluctuation in basal ganglia correlates to
pulmonary ventilation function in COPD patients: a resting-state fMRI study.
Brain Behav. 9:¢01336. doi: 10.1002/brb3.1336

Maciel, R. O., Ferreira, G. A, Akemy, B., and Cardoso, F. (2016).
Executive dysfunction, obsessive-compulsive symptoms, and attention
deficit and hyperactivity disorder in systemic lupus erythematosus:
evidence for basal ganglia dysfunction? J. Neurol. Sci. 360, 94-e01397.
doi: 10.1016/j.jns.2015.11.052

Monchi, O., Petrides, M., Strafella, A. P., Worsley, K. J., and Doyon, J. (2006).
Functional role of the basal ganglia in the planning and execution of actions.
Ann. Neurol. 59, 257-264. doi: 10.1002/ana.20742

Perosa, V., Priester, A., Ziegler, G., Cardenas-Blanco, A., Dobisch, L.,
Spallazzi, M., et al. (2020). Hippocampal vascular reserve associated with
cognitive performance and hippocampal volume. Brain 143, 622-634.
doi: 10.1093/brain/awz383

Raichle, M. E., and Mintun, M. A. (2006). Brain work and brain imaging. Ann. Rev.
Neurosci. 29, 449-476. doi: 10.1146/annurev.neuro.29.051605.112819

Sachdev, P. S., Anstey, K. J., Parslow, R. A., Wen, W., Maller, J., Kumar, R,, et al.
(2006). Pulmonary function, cognitive impairment and brain atrophy in a
middle-aged community sample. Dement. Geriatr. Cogn. Disord. 21, 300-308.
doi: 10.1159/000091438

Schindler, T., Stevenson, G., Jayatilake, S., Gilbert, Y., Oei, J. L., and
Welsh, A. (2016). Reference ranges for neonatal basal ganglia perfusion
as measured by fractional moving blood volume. Neonatology 109, 91-96.
doi: 10.1159/000441466

Sheldon, S., and Moscovitch, M. (2012). The nature and time-course of medial
temporal lobe contributions to semantic retrieval: an fMRI study on verbal
fluency. Hippocampus 22, 1451-1466. doi: 10.1002/hipo.20985

Tomasi, D., Wang, G. J., and Volkow, N. D. (2013). Energetic cost of brain
functional connectivity. Proc. Natl. Acad. Sci. U.S.A. 110, 13642-13647.
doi: 10.1073/pnas.1303346110

Vinas-Guasch, N., and Wu, Y. J. (2017). The role of the putamen in language:
a meta-analytic connectivity modeling study. Brain Struct. Funct. 222,
3991-4004. doi: 10.1007/s00429-017-1450-y

Wang, P., Li, R, Liu, B, Wang, C., Huang, Z., Dai, R, et al. (2019). Altered
static and temporal dynamic amplitude of low-frequency fluctuations in
the background network during working memory states in mild cognitive
impairment. Front. Aging Neurosci. 11:152. doi: 10.3389/fnagi.2019.00152

Wang, Z., Yan, C., Zhao, C., Qi, Z., Zhou, W., Lu, J., et al. (2011). Spatial patterns of
intrinsic brain activity in mild cognitive impairment and Alzheimer’s disease:
a resting-state functional MRI study. Human Brain Mapp. 32, 1720-1740.
doi: 10.1002/hbm.21140

Watz, H., Waschki, B., Boehme, C., Claussen, M., Meyer, T., and Magnussen,
H. (2008). Extrapulmonary effects of chronic obstructive pulmonary disease
on physical activity. Am. J. Respir. Crit. Care Med. 177, 743-751.
doi: 10.1164/rccm.200707-10110C

Wenjing, W., Haijun, L., Dechang, P., Juan, L., Huizhen, X., Honghui, Y., et al.
(2018). Abnormal intrinsic brain activities in stable patients with COPD:
a resting-state functional MRI study. Neuropsychiatr. Dis. Treat. Vol. 14,
2763-2772. doi: 10.2147/NDT.S180325

Zang, Y., Jiang, T., Lu, Y, He, Y, and Tian, L. (2004). Regional
homogeneity approach to fMRI data analysis. Neurolmage 22, 394-400.
doi: 10.1016/j.neuroimage.2003.12.030

Zang, Y. F,, He, Y., Zhu, C. Z,, Cao, Q. J., Sui, M. Q., Liang, M., et al. (2007).
Altered baseline brain activity in children with ADHD revealed by resting-
state functional MRI. Brain Dev. 29, 83-91. doi: 10.1016/j.braindev.2006.
07.002

Zou, Q., Ross, T. ., Gu, H., Geng, X, Zuo, X. N, Hong, L. E., et al. (2013). Intrinsic
resting-state activity predicts working memory brain activation and behavioral
performance. Human Brain Mapp. 34, 3204-3215. doi: 10.1002/hbm.
22136

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 Lv, Chen, Jiang, Hu, Zhang, Bai, Wang, Wang and Fan. 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. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

January 2021 | Volume 14 | Article 580238


https://doi.org/10.1016/j.cortex.2015.11.020
https://doi.org/10.1183/09031936.00125109
https://doi.org/10.1002/(SICI)1522-2594(199904)41:4andlt
https://doi.org/10.1073/pnas.131205798
https://doi.org/10.1093/brain/awz192
https://doi.org/10.1073/pnas.1204185109
https://doi.org/10.1038/nrn2201
https://doi.org/10.1016/S0079-6123(07)00007-6
https://doi.org/10.1146/annurev.neuro.25.112701.142846
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1037/0894-4105.18.2.284
https://doi.org/10.1016/j.neuroimage.2013.05.079
https://doi.org/10.1016/j.jpsychores.2005.04.007
https://doi.org/10.1093/cercor/bhw029
https://doi.org/10.1016/j.neuroimage.2014.09.007
https://doi.org/10.1017/S0033291718001502
https://doi.org/10.1378/chest.116.1.150
https://doi.org/10.1089/brain.2014.0253
https://doi.org/10.1002/hbm.23430
https://doi.org/10.1002/brb3.1336
https://doi.org/10.1016/j.jns.2015.11.052
https://doi.org/10.1002/ana.20742
https://doi.org/10.1093/brain/awz383
https://doi.org/10.1146/annurev.neuro.29.051605.112819
https://doi.org/10.1159/000091438
https://doi.org/10.1159/000441466
https://doi.org/10.1002/hipo.20985
https://doi.org/10.1073/pnas.1303346110
https://doi.org/10.1007/s00429-017-1450-y
https://doi.org/10.3389/fnagi.2019.00152
https://doi.org/10.1002/hbm.21140
https://doi.org/10.1164/rccm.200707-1011OC
https://doi.org/10.2147/NDT.S180325
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1016/j.braindev.2006.07.002
https://doi.org/10.1002/hbm.22136
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/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Abnormal Static and Dynamic Local-Neural Activity in COPD and Its Relationship With Pulmonary Function and Cognitive Impairments
	Introduction
	Materials and Methods
	Participants
	Laboratory Tests
	Cognitive Test
	MRI Data Acquisition
	Functional Data Preprocessing
	Static Amplitude of Low-Frequency Fluctuations (sALFF)
	Dynamic Amplitude of Low-Frequency Fluctuations (dALFF)
	Statistical Analysis

	Results
	Demographic and Clinical Characteristics
	Group Comparison of sALFF
	Group Comparison of dALFF
	Relationship Between sALFF and dALFF Clinical Characteristics and Behavioral Performance

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


