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Objective: The majority of previous neuroimaging studies have reported both structural and 

functional changes in COPD, whereas the intrinsic low-frequency oscillations changes and the 

relationship between the abnormal brain regions and the clinical performances remain unknown. 

The present study was conducted with the aim of evaluating the intrinsic brain activity in COPD 

patients using the amplitude of low-frequency fluctuation (ALFF) method.

Methods: All participants, including 19 stable patients with COPD and 20 normal controls 

(NCs) matched in age, sex, and education, underwent resting-state functional MRI scans and 

performed cognitive function tests and respiratory functions tests. The local spontaneous brain 

activity was examined using the voxel-wise ALFF. Pearson’s correlation analysis was used to 

investigate the relationships between the brain regions with altered ALFF signal values and the 

clinical features in COPD patients.

Results: Compared with the NCs, COPD patients showed significantly lower cognitive func-

tion scores. Also, lower ALFF areas in the cluster of the posterior cingulate cortex (PCC) 

and precuneus, as well as a higher ALFF area in the brainstem were also found in COPD 

patients. The mean ALFF values in the PCC, precuneus, and brainstem showed high sensitiv-

ity and specificity in operating characteristic curves analysis, which might have the ability to 

distinguish COPD from NCs. Meanwhile, the mean signal values of the lower ALFF cluster 

displayed significant positive correlations with FEV
1
/FVC proportion and significant negative 

correlation with PaCO
2
; the higher ALFF cluster showed significant positive correlation with 

FEV
1
 proportion in COPD.

Conclusion: According to the results of the present study, the COPD patients showed abnor-

mal intrinsic brain activities in the precuneus, PCC, and brainstem, which might provide useful 

information to better understand the underlying pathophysiology of cognitive impairment.

Keywords: chronic obstructive pulmonary disease, amplitude of low-frequency fluctuation, 

functional magnetic resonance imaging, spontaneous brain activity, blood-oxygen-level 

dependent

Introduction
COPD is defined as “chronic airflow limitation, which is usually both progressive and 

associated with an abnormal inflammatory response of the lungs to noxious particles 

or gases”.1 Moreover, it is a disease state characterized by airflow limitation that is 

not fully reversible.2 Although airflow obstruction is the most obvious manifestation 

of COPD, it is associated with many extra-pulmonary features that contribute to the 

morbidity, reduced quality of life, and increased mortality of this disease.3 Cognitive 

impairment is one of the most important extra-pulmonary manifestations in COPD.4–12 
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Previous studies suggest that up to 77% of patients with 

both COPD and hypoxemia have some form of cognitive 

impairment.13 Cognitive impairment may be associated with 

the degree of lung function impairment in COPD. Moreover, 

cognitive impairment may lead to increased dyspnea and 

fatigue and result in incorrect use of inhaler devices, so might 

increase the exacerbation risk and could result in worse health 

outcome.4,5,14 According to a recent systemic review, COPD 

is currently the fourth and, by 2030, predicted to be the third 

leading cause of death worldwide.15 The main pathophysi-

ologic mechanism of cognitive deficits from COPD, includ-

ing oxidative stress, acute-phase response proteins, or in 

the activation levels of circulating cells and cytokines,2 for 

example, on the basis of previous study, in stable COPD 

patients, the expression of Mac-1 (CD11b/CD18) in circulat-

ing neutrophils was increased but with lower levels of soluble 

intercellular adhesion molecule (sICAM)-1;16 this remains 

poorly understood.

The majority of previous studies have demonstrated the 

structural and functional alterations related to COPD using 

advanced neuroimaging techniques. Examples of these 

changes include diminutions in gray matter density and gray 

matter volume, such as hippocampal atrophy.17,18 All resting-

state networks, with the exception of the visual network, 

showed significantly greater activation in COPD.19 A SPECT 

study showed significantly lower brain perfusion in frontal 

and parietal lobes in COPD patients, and a significant change 

in brain metabolism in severe COPD patients has also been 

investigated.20–22 Resting-state functional MRI (rs-fMRI) is 

an effective way to investigate brain functions. Previously, 

the rs-fMRI was widely used in the areas of neurological and 

psychiatric diseases. However, recently, it’s use has been 

increasing for the investigation of ongoing neuronal processes 

in COPD. Although the majority of previous neuroimaging 

studies have focused on the brain structural and functional 

changes in COPD patients, the changes in blood-oxygen-level 

dependent (BOLD) signals of regional spontaneous activity of 

COPD patients during resting state and their relationships with 

behavioral performances have not been fully understood.

Amplitude of low-frequency fluctuation (ALFF), an fMRI 

method, has been proven to have test–retest reliability, and 

has already been applied to patient studies investigating 

attention deficit hyperactivity disorder,23 early Alzheimer’s 

disease,24 mild cognitive impairment,25 schizophrenia,26 and 

obstructive sleep apnea (OSA).27 It calculates the square 

root of the power spectrum in a low-frequency range 

(0.01–0.08 Hz) to detect the regional intensity of spontane-

ous fluctuations in BOLD signals.23,28,29

In the present study, we hypothesized that COPD patients 

would exhibit abnormal intrinsic local neural activities, 

which, in turn, would be related to clinical status and may 

provide additional information about brain dysfunction. So, 

we applied ALFF method to examine the low-frequency 

oscillations in COPD patients and its potential mechanisms 

and then correlate these results with behavioral performance 

in patients.

Materials and methods
Subjects
The study population was composed of 19 stable COPD 

patients and 20 age-matched and years-of-education-matched 

normal controls (NCs). All of them were recruited at the 

Respiratory Department of The First Affiliated Hospital of 

Nanchang University from December 2017 to May 2018. 

All subjects were assessed by a detailed clinical interview 

and physical examination. In addition, they underwent pul-

monary function testing to ensure all patients were in stable 

state (with no exacerbations during the past 8 weeks) or in 

stable state after therapy. The diagnoses and classification of 

COPD are based on the Global Strategy for the Diagnoses, 

Management, and Prevention of Chronic Obstructive Lung 

Disease 2017 Report, GOLD Executive Summary.30 Exclu-

sion criteria were as follows: 1) OSA syndrome or insomnia; 

2) mental disorders, such as epilepsy and brain tumor; 3) heart 

failure; 4) history of alcoholism and/or drugs; 5) dementia; 

6) comorbidities, such as diabetes, liver failure and cardio-

vascular disease, and hypertension; 7) cerebral trauma or 

stroke or after brain operation; 8) unable to complete the 

evaluations of Montreal Cognitive Assessment (MoCA) and 

Mini-Mental State Examination (MMSE); and 9) contrain-

dications to MRI, such as claustrophobia, metallic implants, 

or devices in the body.

The protocol was approved by The Human Research Eth-

ics Committee of The First Affiliated Hospital of Nanchang 

University and performed according to the Declaration of 

Helsinki. All participants signed the informed consent.

Pulmonary function
The FEV

1
, FEV

1
/FVC, and FVC were recorded. The subjects 

with FEV
1
/FVC ,0.7 and FEV

1
% pred $80% predicted 

were classified as mild COPD, 50% #FEV
1
% pred ,80% 

were classified as moderate COPD, 30% #FEV
1
% 

pred ,50% were classified as severe COPD and FEV
1
% pre 

, 30% were classified as extremely severe COPD. These 

indexes were obtained from a dry spirometer device (Erich 

Jaeger GmbH, Hoechberg, Germany) at 15 minutes after 
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patients inhaling salbutamol 400 µg (Ventolin; GlaxoSmith-

Kline, London, UK).

Arterial blood gas analysis
Stat Profle Critical Care Xpress (Nova Biomedical, 

Waltham, MA, USA) was used to analyze the arterial blood 

in 30 minutes. Main indicators are as follows: Power of 

hydrogen, arterial partial pressure of oxygen (PaO
2
), arterial 

partial pressure of carbon dioxide (PaCO
2
), and blood oxygen 

saturation (SaO
2
).

Cognitive assessments
The MoCA31 and the MMSE32 were used to assess cognitive 

functions. MoCA, a rapid screening instrument for mild cog-

nitive impairment, can assess many different cognitive field, 

including naming, executive function, calculation, attention, 

language, memory, abstraction, and orientation. The total 

MoCA score was 30. A total MoCA score ,26 indicates 

cognitive impairment, whereas a score $26 means normal. If 

the length of schooling was ,12 years, one point was added 

to the total score, so as to adjust for educational bias. MMSE 

can fully, accurately, and quickly reflect the intelligence state 

of the subjects and the degree of cognitive impairment. The 

highest score is 30. A total MMSE score between 27 and 

30 is normal. The score ,27 reveals cognitive impairment 

and the score between 21 and 26 means mild impairment, 

however, 10# a score #20 means moderate and a score ,9 

indicates severe. These two scales were conducted by two 

independent neuropsychologists. All participants completed 

the cognitive assessments as required.33

Image acquisition
In all subjects, MRI was performed at the same imaging 

session on 3.0 Tesla MRI system with 8-channel head 

coil (Siemens, Erlangen, Germany). First, conventional 

T1-weighted imaging (repetition time [TR]=250 ms, 

echo time [TE]=2.46, slices=19, slice thickness=5 mm, 

gap=1.5 mm, field of view [FOV]=220×220 mm) and 

T2-weighted imaging (TR=4,000 ms, TE=113 ms, slices=19, 

slice thickness=5 mm, gap=1.5 mm, FOV=220×220 mm) 

were collected. High-resolution T1-weighted images were 

acquired with a three-dimensional spoiled gradient-recalled 

echo sequence in a sagittal orientation with the param-

eters following: 176 images (TR=1,900 ms; TE=2.26 ms; 

thickness=1.0 mm; gap=0 mm; acquisition matrix=256×256; 

FOV=250×250 mm2, flip angle=9°); 240 functional 

images (TR=2,000 ms; TE=30 ms; thickness=4.0 mm; 

gap=1.2 mm; acquisition matrix=64×64; flip angle=90°; 

FOV=230×230 mm2; 30 axial slices with gradient-recalled 

echo-planar imaging pulse sequence) were obtained.

fMRI data preprocessing
The preprocessing of rs-fMRI data was performed using Data 

Processing & Analysis for Brain Imaging (DPABI) (http://

rfmri.org/DPABI) and Statistical Parametric Mapping (SPM8) 

(http://www.fil.ion.ucl.ac.uk/spm), which was run on the 

MATLAB2012a (Mathworks, Natick, MA, USA) platform. 

Included were the following: 1) the first ten volumes from 

each subject were discarded due to the signal reaching equi-

librium and the participants’ adaptation to the scanning noise. 

2) Three-dimensional head motion correction was conducted 

for the remaining time points. None of the participants were 

removed according to the head motion criteria, which included 

a maximum spin (x, y, and z) of ,2.0° and a maximum cardinal 

direction displacement (x, y, and z) of ,2.0 mm and accord-

ing to the standard of head motion, meaning that frame-wise 

displacement (FD) was .2.5 SDs based on the method of Van 

Dijk et al.34 3) Anatomical and functional images were manu-

ally reoriented to the anterior commissure to achieve better 

registration, and structural images were co-registered to the 

functional images for each individual using a linear transfor-

mation. 4) The transformed structural images were segmented 

into gray matter, white matter, and cerebrospinal fluid using the 

new segmentation in SPM8. 5) The Diffeomorphic Anatomi-

cal Registration Through Exponentiated Lie Algebra tool was 

used to compute transformations from native space to Montreal 

Neurological Institute space, and re-sampled to 3×3×3 mm 

voxels. 6) The white matter signal, cerebrospinal fluid signal, 

and Friston 24-parameter were regressed from the time series 

of all voxels via linear regression. 7) Specific practice is that 

the remaining data were smoothed with a Gaussian kernel of 

6×6×6 mm full width at half maximum. 8) A temporal filter 

(0.01–0.08 Hz) was performed to reduce the effect of low-

frequency drift and high-frequency noise.

ALFF compulating
The ALFF analysis was performed using the DPABI,35 which 

has been described in a previous study.27 Briefly, the time 

series for each voxel were transformed to the frequency 

domain, and the power spectrum was then obtained, the 

square root was calculated at each frequency of the power 

spectrum, and the averaged square root was obtained across 

0.01–0.08 Hz at each voxel. This averaged square root was 

taken as the ALFF. For standardization, the ALFF of each 

voxel was z-transformed with Fisher’s r-to-z transformation 

for subsequent group comparisons. The brain regions that 
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demonstrated significant level of difference between groups 

were identified. These regions were classified as region of 

interests and saved as masks using the REST version 1.8 

software (http://www.resting-fmri.Sourceforge.net). And 

then the mean ALFF value was extracted by averaging the 

ALFF values over all voxels for each COPD patient.

Statistical analysis
Demographic data like age, years of education, heart rate, 

systolic and diastolic blood pressure, arterial blood gas 

indexes, pulmonary function indicators, MoCA score, and 

MMSE score were tested using independent sample t-tests 

using the Statistical Package for the Social Sciences version 

19.0 (IBM Corporation, Armonk, NY, USA).

The two-sample t-test was used to compare the z-ALFF 

values in each voxel of the two groups (two-tailed, voxel-level 

P,0.01; Gaussian random field theory correction, cluster-level 

P,0.05), using age, years of education, mean FD, and intrac-

ranial volume as nuisance covariates within the default gray 

matter mask. In addition, the receiver operating characteristic 

(ROC) was performed to verify the ALFF values, which altered 

in several brain regions and could be used as a biomarker to 

distinguish the COPDs from normal subjects. Finally, the Pear-

son’s correlation analysis was used to investigate the relation-

ship between the mean ALFF values in different brain regions 

and clinical performance in COPD patients. P-value ,0.05 

was considered to represent a significant difference.

Results
Demographic and clinical data results
Demographic and clinical characteristics of two groups are 

summarized in Table 1. The COPD patients had significantly 

lower scores for SaO
2
, PaO

2
, FVC, FEV

1
, FEV

1
/FVC, MoCA, 

and MMSE, and had significantly higher scores for PaCO
2
 

and pack-year (smoking history) than to NCs.

ALFF alterations between COPD patients 
and NCs
The mean ALFF values were showed in Table 2 and Figures 1 

and 2. Which revealed that COPDs had a significant higher 

ALFF area in the brainstem, and lower ALFF areas in the 

posterior cingulate cortex (PCC) and precuneus compared to 

NCs. Meanwhile, the average ALFF z-values of the altered 

brain regions were showed in Figure 3.

ROC curve results
The alterations of the mean ALFF values in the PCC, pre-

cuneus, and brainstem in COPD might have the ability to 

distinguish COPD from NCs. In our present study, the area 

under the curve of the PCC and precuneus were 0.9 and 

0.932 (Figure 4A), respectively; the area under the curve of 

the brainstem was 0.821 (Figure 4B). Furthermore, the sen-

sitivity and specificity of the PCC were 70.0% and 94.7%, 

respectively. Likewise, the sensitivity and specificity of the 

precuneus were 75.0% and 94.7%, and of the brainstem were 

68.4% and 90.0%, respectively, which showed high-efficiency 

discriminant function of the altered average ALFF values.

Correlation results
In the present study, the mean ALFF values in PCC displayed 

significant positive correlation with FEV
1
/FVC (r=0.523, 

P=0.021), and significant negative correlation with PaCO
2
 

(r=-0.509, P=0.026), the average values of ALFF in pre-

cuneus suggested a strong negative correlation with PaCO
2
 

(r=-0.628, P=0.004) in COPD patients. However, the higher 

ALFF in brainstem displayed positive correlation with 

FEV
1
% predicted (r=0.518, P=0.023) (Figure 5). However, 

no correlations were observed between abnormal ALFF value 

and lower scores on the neuropsychological tests.

Discussion
In the present study, ALFF analysis was used to investigate 

the intrinsic low-frequency oscillations amplitude of stable 

COPD patients and revealed abnormal neural activities in 

several brain regions. COPD patients had a significant higher 

ALFF in the brainstem, and showed lower ALFF areas in 

the PCC and precuneus significantly compared with NCs. 

Moreover, we also found that the higher ALFF area had 

Table 1 Demographic and clinical characteristics of COPD and  
NCs

Characteristics COPD (n=19) NCs (n=20) P-value

Age (years) 62.7±5.9 60.8±6.3 0.361
Male/female (n) 14/5 15/5 –
Education (years) 5.5±3.2 6.3±4.5 0.135
Disease duration (years) 4.5±5.6 – –
Pack-years 32.2±21.7 8.5±8.9 ,0.001
SaO2 (%) 95.5±2.6 97.8±1.8 0.008
PaO2 (mm Hg) 82.6±16.5 98±19.5 ,0.001
PaCO2 (mm Hg) 49.3±8.0 38.5±4.3 ,0.001
Respiratory rate 
(times/min)

19.5±0.6 18.5±1.2 0.654

FVC (% predicted) 67.5±19.9 96.5±15.8 ,0.001
FEV1 (% predicted) 46.1±20.6 97.1±16.9 ,0.001
FEV1/FVC (%) 55.8±16.3 81.2±8.3 ,0.001
MoCA 18.4±4.3 26.4±3.2 ,0.001
MMSE 22.4±3.6 27.2±2.2 ,0.001
Intracranial volume (cm3) 1,540.20±110.49 1,542.79±99.17 0.895

Abbreviations: FEV1, forced expiratory volume in one second; FVC, forced 
vital capacity; MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive 
Assessment; NCs, normal controls; PaCO2, arterial partial pressure of carbon 
dioxide; PaO2, partial pressure of oxygen; SaO2, blood oxygen saturation.
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a positive correlation with FEV
1
% predicted, whereas the 

lower ALFF areas revealed negative correlation with PaCO
2
 

and positive correlation with FEV
1
/FVC. Furthermore, ROC 

analysis suggested that the mean ALFF values in the PCC, 

precuneus, and brainstem could serve as markers to separate 

individuals with stable COPD patients from NCs.

All areas of the brain have a high level of organized 

default functional activity. The intrinsic functional activity 

in assessing brain behavior relationships is considered to be 

important; this activity implied the existence of a default 

mode.36 At present, the default mode network (DMN) is 

the most studied in brain networks and the most active.37 

In our results, the PCC and precuneus are the core areas 

of the DMN, which are associated with the extraction of 

episodic memory collection, evaluation of information, 

mind wandering or daydreaming, and attention processing.38 

Esser et al39 found that the gray matter decreased in the PCC 

and were relevant for the processing of dyspnea in COPD 

patients. Similarly, a recent study found that the changes 

in ratings of breathlessness word cues positively correlated 

with changes in activity in the cingulate cortes.40 Meanwhile, 

Zhang et al41 considered that chronic hypoxia has also been 

Table 2 Two-sample t-test differences between COPD and NCs using ALFF method (P,0.01, GRF-corrected for multiple comparisons 
at a cluster level of P,0.05)

Conditions Brain areas R/L BA MNI Cluster (voxel) t-value

X Y Z

COPD , NCs Posterior cingulate cortex R/L 23 3 -54 27 84 -4.593
COPD , NCs Precuneus R/L 19 3 -54 45 84 -4.469
COPD . NCs Brainstem R/L / -3 -36 -27 79 4.458

Abbreviations: ALFF, amplitude of low-frequency fluctuation; GRF, Gaussian random field; MNI, Montreal Neurological Institute; NCs, normal controls; R/L, right/left 
hemicerebrum.

Figure 1 Differences in ALFF between COPD patients and NCs groups (two-tailed, voxel-level P,0.01; GRF correction, cluster-level P,0.05) are shown in axial position.
Note: The red or yellow denotes higher ALFF values, and the blue areas indicate lower ALFF values, respectively.
Abbreviations: ALFF, amplitude of low-frequency fluctuation; GRF, Gaussian random field; NCs, normal controls; R/L, right/left hemicerebrum.
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proven to reduce neural excitability in PCC. The impairment 

of functional connectivity in PCC was also investigated in 

asymptomatic carotid stenosis patients.42 Corfield et al43 

thought that hypercapnia was associated with widespread 

BOLD signal increases. Marshall et al44 deemed that mild 

carbon dioxide can diminish brain functional connectivity 

in many brain areas, because hypercapnia aggravate intra-

ischemic acidosis and subsequent brain damage. Consistent 

with previous researches, our study found that COPD patients 

showed lower ALFF value in the PCC, which negatively cor-

Figure 2 Significant activity differences were observed in PCC, precuneus, and brainstem between COPD patients and NCs groups (two-tailed, voxel-level P,0.01; 
GRF correction, cluster-level P,0.05) are shown in three-dimensional image.
Abbreviations: GRF, Gaussian random field; NCs, normal controls; PCC, posterior cingulate cortex; R/L, right/left hemicerebrum.
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related with PaCO
2
 and positively correlated with the FEV

1
/

FVC, suggesting that hypoxia may be an important factor 

for the PCC dysfunction in COPD.

The precuneus is a part of the DMN,46 and plays a key 

role in the processing of visual–spatial information,47 episodic 

memory retrieval,48 working memory,49 and consciousness.50 

A previous study has revealed that OSA patients showed 

reduced perfusion in the right precuneus in association with 

hypoxemia and hypercapnia.51 COPD is similar to OSA, 

our study found lower-ALFF in the precuneus displayed 

negative correlated with PaCO
2
 in COPD, we speculate that 

hypercapnia may be cause precuneus damage. 

The brainstem automatic network maintains and controls 

the breath.52 Yu et al53 found that patients with COPD showed 

high excitability of the brainstem respiratory neuronal, but 

the motor cortex area exhibited no connectivity with the 

brainstem, either at rest or during inspiratory loading, so 

high neuronal excitability responsible for decreased func-

tional connectivity of the motor cortex is probably due to the 

chronic respiratory overload, impaired sensory afferents from 

the respiratory muscles and lungs, and hypoxia. Goossens 

et al54 pointed out that the patients of panic attacks show 

increased brainstem activation in response to hypercapnia, 

which is likely due to increased neural sensitivity to CO
2
 

at brainstem level. Similarly, the present study showed the 

higher ALFF in brainstem is positively correlated with the 

FEV
1
% predicted, which may be a kind of adaptive com-

pensatory response.

Limitations
There are several limitations that should be paid attention to. 

First of all, the present study was a case–control study, and 

Figure 3 Mean ALFF signal values for altered regional brain areas between COPD 
patients and NCs.
Abbreviations: ALFF, amplitude of low-frequency fluctuation; BS, brainstem; NCs, 
normal controls; PCC, posterior cingulate cortex; Pre, precuneus.

Figure 4 ROC curve analysis of the mean ALFF values for altered brain regions.
Notes: The AUCs were 0.9 for the PCC and 0.932 for the precuneus (A). The AUCs were 0.821 for the brainstem (B). The sensitivity and specificity of the PCC were 
70.0% and 94.7%, respectively. The sensitivity and specificity of the precuneus were 75.0% and 94.7%, respectively. The sensitivity and specificity of the brainstem were 68.4% 
and 90.0%, respectively.
Abbreviations: ALFF, amplitude of low-frequency fluctuation; AUC, area under the curve; PCC, posterior cingulate cortex; ROC, receiver operating characteristic.
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we cannot completely rule out the effect of medication used 

for COPD therapy, although it is unlikely that the medication 

affected our results. Second, the study comprised a relatively 

small population, so the severity of the disease could not be 

considered. In addition, some inflammatory factors, such as 

C-reactive protein, interleukin (IL)-6, and IL-8 in patients 

with COPD play a key role in the neural activity.55–59 Given 

these limitations, we prepare for further study the effects of 

disease classification, treatment and serum inflammatory 

factors on intrinsic activities.

Conclusion
Our current study has showed that the intrinsic brain 

activity alterations exist in COPD patients. Particularly, 

the ALFF signal values in PCC, precuneus, and brainstem 

are strongly relevant to the clinical performance. In addi-

tion, the mean ALFF values could serve as biomarkers to 

distinguish COPD patients from NCs, which may provide 

evidence of an intrinsic plasticity link with hypoxia in 

COPD patients.
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Figure 5 Significant correlation was observed between the ALFF values in the PCC (A, B), precuneus (C), brainstem (D) and the clinical parameters (PaCO2, FEV1/FVC, 
and FEV1) in the stable COPD patient group.
Abbreviations: ALFF, amplitude of low-frequency fluctuation; PaCO2, partial pressure of carbon dioxide; PCC, posterior cingulate cortex.
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