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Background: Cognitive impairment is a major comorbidity of chronic obstructive pulmonary disease (COPD), but the underlying
mechanisms are not fully understood. In this study, we used resting-state functional magnetic resonance imaging to investigate brain
functional connectivity (FC) abnormalities in patients with COPD and explored the correlation between abnormal FC and COPD-
related clinical parameters.

Methods: Forty-one patients with COPD, without a definite diagnosis of cognitive impairment or depression, and 30 age- and sex-
matched controls were recruited. A total of 184 resting-state functional connectivity (RSFC) maps were generated for all seed points.
Welch’s #-test was used to assess differences in RSFC between the COPD and control groups, and the correlation coefficients between
RSFC and clinical parameters were calculated.

Results: Patients with COPD had lower scores on the Mini-Mental State Exam (MMSE) and Korean version of the Montreal
Cognitive Assessment and higher scores on the Beck Depression Inventory than the control group. Additionally, patients with COPD
showed decreased RSFC in the left middle-posterior cingulate cortex, left posterior-dorsal cingulate cortex, and right superior occipital
gyrus and increased RSFC in the left superior temporal sulcus, left posterior transverse collateral sulcus, right occipital pole, and right
precentral gyrus. The regions showing differences in FC correlated with MMSE score, COPD symptom assessment scales, such as the
COPD Assessment Test and modified Medical Research Council Dyspnea Scale, and pulmonary function parameters, including forced
expiratory volume in one second and forced vital capacity.

Conclusion: Patients with COPD showed significant differences in FC within specific brain regions that correlated with symptoms,
cognition, and lung function.

Keywords: Brain functional magnetic resonance imaging, chronic obstructive pulmonary disease, resting state functional connectivity

Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by irreversible airflow limitation and may be accom-

panied by various comorbidities.' Although COPD primarily affects the lungs, recent research has revealed its potential
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impact on the brain.*® However, comorbid cognitive impairment is frequently dismissed as a typical sign of aging, and
delayed detection is common. A diagnosis of even mild cognitive impairment is important because it is associated with
worse outcomes and increased health care burden in patients with COPD.”

Various pathophysiologic phenomena in COPD, including hypoxia, hypercapnia, oxidative stress, systemic inflam-
mation, and comorbid cardiovascular diseases, may contribute to the development of cognitive impairment.* The
persistent airflow limitation associated with COPD may lead to arterial oxygen desaturation, which reduces the amount
of oxygen supplied to the brain.® Other studies have shown that hypoxia associated with COPD induces cerebral
perfusion decline and neuronal damage.”'® The prevalence of neuropsychological deficits increased from 27% in
COPD patients with mild hypoxemia to 61% in those with severe hypoxemia, suggesting a significant relationship
between the degree of hypoxemia and the extent of neuropsychological impairment.'!

Different brain imaging techniques have been used to study cognitive impairment in patients with COPD (Table 1).'*2’
One effective neuroimaging tool for investigating neuropsychological problems is resting-state functional magnetic
resonance imaging (RS-fMRI), which can detect abnormalities in brain function by analyzing functional interactions
among different brain regions. Akiyama et al used fMRI to analyze the pathway and localization of dyspnea sensation in the

brain, finding that the resistive load required to induce thalamic and cortical activation was significantly lower in patients

Table | Relevant Literature Review of Studies Using Brain MRI in COPD Patients

Author Image COPD (n) | Control (n) Main Findings Clinical
(Publication Year) Modality Parameters
TS Shim'2 (2001) sMRI, MRS 17 21 COPD patients exhibited reduced cerebral | Cerebral metabolites,
metabolite levels and a positive correlation gas exchange
between choline levels and memory parameters, lung
function function
S Borson'? (2008) sMRI, MRS 18 9 COPD affected brain function indirectly Cognition,
through disease severity, oxygen depression,
dependence, and systemic inflammation inflammation oxygen
pathways, suggesting potential brain dependence
protection interventions
M Akiyama"' (2011) Task fMRI 4 6 COPD patients required lower resistive Brain activity, dyspnea
loads to activate the thalamus and sensory sensation, resistive
cortex during breathing than normal loads
subjects
CW Ryu'® (2013) sMRI, DTI 19 12 Severe COPD patients exhibited brain Cognitive function
microstructural changes, reduced axonal test, COPD severity
integrity, and cognitive deficits than normal
and moderate COPD groups
M Herigstad'® (2015) sMRI, Task 41 40 Emotional circuitry is important in dyspnea- Dyspnea sensation,
fMRI related cues in COPD and is influenced by visual analog scale
depression, fatigue, and vigilance
] Zhang'” (2016) sMRI, RS-fMRI 25 25 Patients with stable COPD exhibited ALFF, hypoxia
abnormal brain activity, reflecting potential
pathophysiological changes
LYu'® (2016) sMRI, RS-fMRI 15 15 COPD altered respiratory network Dyspnea sensation,
connectivity, potentially contributing to illness severity, lung
acute respiratory failure and suggesting function
therapeutic possibilities
(Continued)
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Table | (Continued).

Author Image COPD (n) | Control (n) Main Findings Clinical
(Publication Year) Modality Parameters
RW Esser'® (2016) sMRI 30 30 Patients with COPD had reduced gray Disease duration, fear
matter in brain regions linked to dyspnea of dyspnea, fear of
and fear, related to longer disease duration physical activity
and disease-specific fears
RW Esser?® (2017) sMRI, Task 17 21 COPD patients had increased brain activity Exercise capacity,
fMRI during dyspnea anticipation, not perception, | health-related quality
linked to reduced exercise capacity, lower of life, levels of
quality of life, increased dyspnea, and higher | dyspnea and anxiety
anxiety
X Hu?' (2018) sMRI, RS-fMRI 83 30 COPD patients had cognitive impairments Cognitive
linked to disease severity and altered brain impairment, COPD
connectivity in specific areas severity, functional
connectivity
M Yin?? (2019) sMRI, DTI 84 31 COPD patients exhibited brain structural Cognitive
changes linked to lung and cognitive impairment, lung
impairments function, structural
brain changes
H XinZ (2019) sMRI, RS-fMRI 19 20 COPD patients showed abnormal brain Arterial partial
synchrony related to visual processing, pressure of carbon
impacting cognitive function dioxide, lung function
H L% (2020) sMRI, RS-fMRI 19 20 COPD patients showed brain network Arterial blood gas,
alterations linked to cognitive issues and lung function, naming
lung function ability
SL Finnegan25 (2021) sMRI, Task 9l 0 Breathlessness perception in COPD varied | Capability measures,
fMRI with mood and symptom burden, impacting mood, symptom
brain activity in the anterior insula related burden
to interoception
Z Peng®® (2022) RS-fMRI 45 40 COPD patients exhibited neurovascular Cognitive test scores
changes linked to cognitive decline
SL Finnegan®’ (2023) fMRI 71 0 Brain activity related to breathlessness D-cycloserine, clinical
expectation predicted clinical improvement measures of
during COPD rehabilitation respiratory function

Abbreviations: ALFF, amplitude of low-frequency fluctuation; COPD, chronic pulmonary obstructive disease; DTI, diffusion tensor imaging; MRS, magnetic resonance
spectroscopy; RS-fMRI, resting-state functional magnetic resonance imaging; sMRI, structural magnetic resonance imaging; task fMRI, task-induced functional magnetic
resonance imaging.

with COPD than controls.'* Zhang et al demonstrated that patients with COPD exhibit changes in spontaneous brain
activity, as observed through RS-fMRI, with reduced activity in certain brain regions and increased activity in others,
suggesting potential pathophysiologic changes related to oxygen transport and brain function.'”

RS-fMRI offers several advantages over task-based fMRI. It captures the brain’s intrinsic connectivity without
requiring specific tasks, making it more accessible for clinical populations with cognitive or physical impairments.
Additionally, it allows the identification of potential co-activation patterns through spontaneous neural synchrony, even
within a short scan duration. Unlike task-based approaches that are limited to predefined stimuli or tasks, RS-fMRI

provides a broader and more comprehensive view of brain network dynamics. Compared to previous research, in our
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study, we explored the FC between the COPD group and the control group by using a large number of gray-matter
regions of interest (ROIs) as seed regions. We identified brain regions showing differences in FC between the COPD and
control groups and further conducted an exploratory analysis to examine the correlations between these connectivity
differences and key clinical parameters of COPD.

Methods

Participants
Fifty patients with COPD who had no prior diagnosis of cognitive impairment or depression were recruited. Forty-one
patients (mean age = 70.6 £ 5.7, male: female ratio = 37:4) were selected as the patient group after excluding 9 patients
who had severe brain shrinkage or brain infarction on image review. All patients underwent outpatient clinic follow-up
for at least one year before enrollment. In the enrolled patients, COPD was diagnosed based on post-bronchodilator (BD)
forced spirometry: a forced expiratory volume in one second (FEV,)/forced vital capacity (FVC) <70% and post-BD
FEV; <80% of the normal value. Thirty participants with no respiratory symptoms or history of respiratory disease who
were matched for age and sex (mean age = 68.9 £+ 4.7, male: female = 27:3) with the patients were recruited as controls.
The exclusion criteria were as follows: 1) overt neuropsychiatric disease, including dementia or major depressive
disorder; 2) other lung parenchymal diseases, including interstitial lung disease and bronchiectasis; 3) untreated
malignancy; 4) congestive heart failure; and 5) use of immunosuppressive agents.

The study was approved by the Institutional Review Board of the Hanyang University Guri Hospital (IRB No: GURI
2015-05-019), and all participants provided informed consent.

Assessment of Clinical Parameters
For all participants, characteristics such as smoking history and severity of dyspnea measured according to the modified
Medical Research Council (mMRC) dyspnea scale were collected.”® The Charlson Comorbidity Index was used to
evaluate comorbidities.”” Spirometry was performed according to the standard guidelines of the American Thoracic
Society and European Respiratory Society.’® The Mini-Mental State Examination (MMSE) and MoCA-K (Korean
version of the Montreal Cognitive Assessment) were used to evaluate cognitive function.>'** Current quality of life
status was measured using the EuroQoL-5D (EQ-5D).** Beck Depression and Anxiety Inventories (BDI and BAI,
respectively) were used to evaluate recent emotional status.>*>> Cerebrovascular risk was measured using the
Framingham Risk Score Profile (FSRP).*¢

For COPD patients, in addition to post-BD spirometry and percutaneous oxygen saturation measurement, their current
medical status was verified by their self-reported history of acute exacerbation within the previous year and COPD
Assessment Test (CAT) score.”’

Imaging Data Acquisition

Anatomical and functional MRI images were acquired for all participants using a 3.0-T MRI system (Philips Ingenia;
Koninklijke Philips N.V., Amsterdam, Netherlands). All participants were instructed to close their eyes during the
imaging session and were provided with earplugs. Foam pads were used to reduce the impact of head movements. For
each individual subject, high-resolution structural whole-brain images were acquired using a T1-weighted MPRAGE
pulse sequence (repetition time [TR]=8.4 s, echo time [TE]=4.1 s, flip angle [FA]=8°, 1x1x1 mm® resolution), and then
RS-fMRI data were acquired with a gradient echo-planar pulse sequence (TR=3.0 s, TE=35 ms, FA=90°, 30 slices with
1.72x1.72 mm? in-plane resolution, and 5 mm slice thickness). Data quality assurance was performed by visual
inspection by imaging specialists (Dong Woo Park and Hang Joon Jo) and using the Analysis of Functional
NeuroImages (AFNI, https://afni.nimh.nih.gov) software package.*®

Image Preprocessing
All imaging data were preprocessed using the AFNI package.*” The effects of physiologic disturbances on RS-fMRI data
were reduced by adaptive cyclic physiologic noise modeling.***' The remaining effects of nuisance signals, including
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head-motion interference and hardware-related artifacts, were also corrected using the fast anatomy-based image
correction method (fast ANATICOR).3840-42 Subsequently, spatial smoothing with an isotropic Gaussian kernel (full-
width-at-half-maximum = 6 mm) was applied to the RS-fMRI time series.*>*** Using the robust nonlinear warping
function (3dQWarp) of the AFNI package, all image data were registered to the N27 brain atlas of the Montreal
Neurological Institute and linearly resampled in the 1-mm isocubic grid space.*> All preprocessed data were assessed by
AFNI data quality assurance pipelines.*®

Functional Connectivity Analysis
A conventional seed-based correlation approach was used to obtain the RSFC maps of each participant. The seed points
were placed in a 10 mm-diameter sphere centered on the segmented and labeled area generated by the FreeSurfer
software pipeline.*” The seed points for each participant consisted of 184 gray matter regions (150 cortical and 34
subcortical areas), and the seed time series was retrieved by averaging the time series of RS-fMRI voxels overlapping
their seed points.*”** Pearson correlation coefficients were calculated between the seed time series and the time series of
all voxels in the RS-fMRI data to produce the RSFC maps, which were then transformed into z-score maps using the
Fisher z transformation. Ultimately, there were 184 RSFC maps for all seed points of a topic (13,064 FC maps for all seed
points for all 71 subjects).

For each seed point, Welch’s ¢-test was performed to examine group differences in the RSFC map between COPD and
control subjects, and the significance threshold for group statistics was set at family-wise-error-corrected P (Prwg) <
0.05, for multiple comparison correction by the clustering technique of the AFNI package.*”

Correlation Analysis with Clinical Parameters

RSFC measurements were extracted for all patients with COPD by averaging the z-scores of the voxels within the group
difference clusters obtained in the previous step. The correlation coefficients between the RSFC and all clinical
parameters were calculated to determine the relationship between the patients’ RSFC and clinical manifestations. To
minimize age-related bias, we set age as a covariate and excluded it from all statistical analyses.* In addition, Bonferroni
correction was performed to avoid compromising the statistical accuracy due to excessive correlations (P < 0.05).

Results

Baseline Characteristics

The baseline characteristics of the study population are summarized in Table 2. The COPD group showed mean FEV, of
49.5% and reported their symptoms as mMRC scale 1.73 and CAT score 16.3, indicating they were in the moderate stage
of disease. The mean treatment duration was 70.3 months.

As described in Table 2, there were no significant differences in sex (P > 0.999) and FSRP (P = 0.848) between the
COPD and control groups. The COPD group exhibited a lower BMI (22.6 + 3.2 vs 24.4 + 2.6 kg/m?, P < 0.010) and
significantly reduced lung function, with lower values for FVC, FEV,, and FEV{/FVC (P < 0.05 for all). In terms of
cognitive function, the COPD group had lower scores on the MoCA-K (22.6 £ 5.2 vs 25.4 + 3.8, P = 0.012) and MMSE
(25.54+2.7vs 26.7+ 2.2, P =0.011) than the control group. The COPD group also had a higher BDI scores (16.7 + 11.8
vs 5.2 £4.5, P <0.001), but there was no statistically significant difference in BAI scores (4.5 + 7.9 vs 3.9+ 7.5, P =
0.334). Additionally, the COPD group reported a lower EQ-5D score, indicating lower quality of life (0.91 £ 0.08 vs 0.94
+ 0.04, P = 0.005).

Group Differences in RSFC Between the COPD and Control Groups
Of the 184 seed points, 14 showed significant differences between the COPD and control groups (Prwg < 0.05). Table 3
shows the target regions and peak z-values for each of the 14 seed points.

Figure 1 illustrates the seven major seed points showing differences in RSFC with an uncorrected P-value < 0.05
between the COPD and control groups. Compared to controls, patients with COPD showed decreased RSFC for seed
points in the left middle-posterior cingulate cortex (pMCC), left posterior-dorsal cingulate cortex (dPCC), and right
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Table 2 Baseline Characteristics of the Subjects in Both Groups

COPD (n=41) | Control (n=30) P
Age, years 70.6 + 5.7 689 * 4.7 0.458
Males, n (%) 37 (90.2%) 27 (90.0%) <0.999
BMI, kg/m? 226 £32 244 26 0.010
Smoking status, n (%) 0.001
Current smoker 15 (30.0%) 7 (23.3%)
Ex-smoker 34 (68.0%) 14 (46.7%)
Never-smoker I (2.0%) 9 (30.0%)
Smoking, pack year 444 £ 26.1 329178 0.264
mMRC dyspnea scale 1.73 £ 0.8
CAT 1629 £ 7.6
History of AE COPD in last | year 03 +0.7
Duration of COPD treatment (month) 703 £ 57.2
Lung function
FVC, L 3.10 £ 0.95 3.62 £ 0.70 0.014
FVC, % predicted 779 £ 194 878 + 124 0.008
FEV), L 1.77 £ 2.80 2.72 £ 0.58 0.025
FEV,, % predicted 49.5 £ 6.1 92.7 £ 13.6 <0.001
FEV,/FVC 450+ 11.3 749 + 44 <0.001
MoCA-K 226 £52 254+ 38 0.012
MoCA-K < 23 40% 20% 0.002
MMSE 255+ 27 267 £22 0.011
MMSE < 24 22.0% 10.0% 0.011
BDI 167 £ 11.8 52 +45 <0.001
BAI 448 + 7.89 3975 0.334
EQ-5D 091 £ 0.08 0.94 + 0.04 0.005
FSRP 103 £ 29 9.83 £ 3.2 0.848

Note: P-value <0.05 has been indicated in bold.

Abbreviations: AE COPD, acute exacerbation of COPD; BAIl, Beck Anxiety Inventory; BDI, Beck
Depression Inventory; BMI, body mass index; CAT, COPD Assessment Test; COPD, chronic pulmonary
obstructive disease; EQ-5D, EuroQol-5D; FEV,, forced expiratory volume in one second; FSRP
Framingham Risk Score Profile; FVC, forced vital capacity; mMRC, modified Medical Research Council;
MMSE, Mini-Mental State Evaluation; MoCA-K, Korean version of the Montreal Cognitive Assessment.

Table 3 Detailed Brain Regions and Values for the All Resting-State Functional Connectivity (RSFC) Maps With Group Differences

Seed Point Target Regions Peak z | Number P TC (mm)
of Voxels
x y z
Lt. subcentral gyrus and | Lt. and Rt. thalamus 5.959 2031 <0.03 -6 30 14
sulcus Lt. middle cingulate cortex —5.349 1716 < 0.04 8 16 33
Lt. middle-posterior Lt. and Rt. middle-posterior cingulate cortex —4.648 5036 < 0.0l 10 21 35
cingulate cortex
Lt. and Rt. anterior cingulate —4.417 1802 <003 | -l | 44 |
Lt. posterior-dorsal Lt. and Rt. posterior cingulate, Lt. and Rt. precuneus gyrus —5.554 7825 < 0.0l 4 50 9
cingulate cortex
Lt. and Rt. middle-posterior cingulate cortex —5.601 1471 < 0.05 2 21 30
Lt. posterior-ventral Lt. insula, Lt. inferior parietal lobule 5.393 1668 <0.03 38 36 22
cingulate cortex Lt. postcentral gyrus, Lt. superior temporal gyrus 4.286 1661 <0.03 53 16 19
Lt. thalamus 5.478 1343 < 0.05 17 | 26 I
(Continued)
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Table 3 (Continued).

Seed Point Target Regions Peak z | Number P TC (mm)
of Voxels
x y z
Lt. planum polare of Rt. declive, Rt. uvula, Rt. culmen, Rt. tuber of vermis 4.165 1391 < 0.04 =27 62 | —2I
superior temporal gyrus
Lt. inferior temporal Lt. caudate 4.327 1389 < 0.04 9 -22 0
gyrus
Lt. occipital pole Lt. lingual gyrus, Lt. fusiform gyrus, Lt. culmen 4.543 2112 < 0.02 20 77 -9
Lt. posterior transverse | Lt. and Rt. culmen, Rt. fusiform gyrus, Rt. parahippocampal 4.799 5679 <00l |—-12| 51 | -20
collateral sulcus gyrus
Rt. middle temporal gyrus, Rt. supramarginal gyrus, Rt. 4.895 4878 <00l |49 | 53 5
superior temporal gyrus, Rt. middle occipital gyrus
Lt. superior temporal gyrus, Lt. middle temporal gyrus, Lt. 4.936 4319 < 0.0l 48 41 12
middle occipital gyrus, Lt. transverse temporal gyrus
Rt. precuneus gyrus 5.052 2125 <0.02 -5 6l 42
Lt. precuneus gyrus, Lt. and Rt. cuneus gyrus 4.373 1723 <0.03 I 72 28
Lt. superior temporal Lt. inferior semi-lunar lobule, Lt. declive, Lt. tuber of vermis, 3.870 2481 < 0.02 24 79 -35
sulcus Lt. pyramid
Lt. and Rt. thalamus, Rt. caudate, Rt. lentiform nucleus, Rt. 5.052 2188 <0.03 -2 8 16
claustrum
Rt. superior occipital Rt. inferior frontal gyrus, Rt. superior temporal gyrus, Rt. 4.782 2800 <002 |29 | 24 | 24
gyrus subcallosal gyrus
Rt. lingual gyrus, Rt. fusiform gyrus, Rt. cuneus gyrus 4.806 1971 <003 | -I8| 96 | —I2
Lt. superior frontal sulcus —4.764 1412 < 0.05 15 -3 45
Rt. orbital gyrus Rt. middle occipital gyrus, Rt. inferior temporal gyrus, Rt. 4.631 2249 <002 | —40 | 83 4
cuneus gyrus,Rt. middle temporal gyrus
Rt. precentral gyrus Rt. inferior semi-lunar lobule, Rt. pyramid, Rt. tuber of vermis | 4.379 3406 <00l | -23| 69 | 43
Lt. and Rt. lingual gyrus, Lt. inferior occipital gyrus, Rt. declive, | 4.941 3339 < 0.0l -3 79 -7
Lt. fusiform gyrus
Lt. inferior semi-lunar lobule 4.617 2964 <0.02 16 69 | -39
Rt. occipital pole Rt. inferior parietal lobule, Rt. postcentral gyrus, Rt. 4.782 5221 < 0.0l —42 | 36 56
precentral gyrus,
Rt. precuneus gyrus, Rt. superior parietal lobule
Lt. superior temporal gyrus, Lt. middle temporal gyrus, 4.379 2174 <0.02 59 23 4
Lt. parahippocampal gyrus
Rt. anterior transverse Lt. middle frontal gyrus, Lt. and Rt. medial frontal gyrus, 4.191 1433 < 0.04 0 —66 0
collateral sulcus Lt. and Rt. superior frontal gyrus

Abbreviations: Lt left; Rt., right; TC, Talairach coordinates.

superior occipital gyrus (SOG). In contrast, patients with COPD showed increased RSFC compared to controls in the left

superior temporal sulcus, left posterior transverse collateral sulcus (ptCS), right occipital pole, and right precentral gyrus.

For better understanding, we reorganized the increased or decreased FC in the patient group and the intra- or inter-

hemispheric distributions of connectivity and compared them with the control group (Figure 2). Figure 2A illustrates the

overall RSFC that was increased or decreased. Increased RSFC was found at 12 seed points in the patient group

(Figure 2B). Decreases in RSFC, including in the cingulate cortex, were observed at four seed points (Figure 2C), and the

decreased RSFC map was found in left intra-hemispheric connectivity (Figure 2D). The majority of RSFC changes were
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Seed Group Difference Seed Group Difference Seed Group Difference
. in Targets .

COPD > NC
l +5.96

|z| > 3.29

-5.96

COPD <NC

Seed Group Difference Seed Group Difference Seed Group Difference Group Difference
= Region in Targets s Region in Targets s Region in Targets in Targets

Figure | Functional connectivity differences in COPD and healthy control groups. The green dots in the panel “Seed Keys” represent the seed regions for RSFC analyses, which are
the left middle posterior cingulate cortex (A), left posterior cingulate cortex (B), right superior occipital gyrus (C), left superior temporal sulcus (D), left posterior transverse
collateral sulcus (E), right occipital pol; (F), and right precentral gyrus (G). Panels A to G present the seed locations in the voxel space, as shown in the panel “Seed Keys”, and the
significant group differences (FWE-corrected P<0.05) in their RSFC between patients with COPD and NC subjects. The clusters colored in cyan to dark blue are the target regions
where the degrees of RSFC in the COPD group were lower than those in the NC group (COPD < NC), specifically the middle posterior cingulate cortex (A and B), and the left
superior frontal sulcus (C). The clusters colored in yellow to red are regions where the COPD group had higher degrees of RSFC compared to the NC group (COPD > NC),
specifically the right thalamus (D), right precuneus gyrus (E), left superior temporal gyrus (F), and left inferior semi-lunar lobule (G).

Abbreviations: COPD, chronic obstructive pulmonary disease; NC, healthy control; RSFC, resting-state functional connectivity.

located in the temporal and occipital lobes, and increased RSFCs were only observed in right hemispheric connectivity
(Figure 2E). In inter-hemispheric connectivity, increased or decreased RSFC changes were observed (Figure 2F).

Correlation of Regional RSFC and Clinical Parameters

Figures 3, 4 and Table 4 demonstrate the correlations between RSFC and clinical parameters associated with COPD. The
RSFCs of the right precentral gyrus (PrCQG) and left inferior semi-lunar lobule (ISLL) (Figure 3A and C) were positively
correlated with mMRC dyspnea scale (r = 0.5097, P = 0.0035)(Figure 4A) and CAT scores (r = 0.422, P = 0.03)
(Figure 4C). The FC between the left superior frontal sulcus (SFS) and right superior occipital gyrus (SOG) (Figure 3B)
negatively correlated with the MMSE score (»r = —0.4615, P = 0.0155)(Figure 4B). The FC between the left ptCS and
right precuneus gyrus (PreCG) (Figure 3C and E) exhibited a negative correlation with the CAT score (r = —0.422, P =
0.044) (Figure 4C) and showed positive correlations with FEV,% (r = 0.4774, P = 0.008) (Figure 4D) and FVC% (r =
0.5637, P = 0.0005) (Figure 4E). A similar trend was observed in the FC of the cingulate cortex. The FC between the left
posterior cingulate cortex (PCC) and middle posterior cingulate cortex (pMCC) (Figure 3C) showed a negative correla-
tion with the CAT score (» = —0.4263, P = 0.027) (Figure 4C), whereas the FC between the left posterior dorsal cingulate
cortex (dPCC) and pMCC (Figure 3D) showed positive correlations with FEV % (r = 0.4068, P = 0.0415) (Figure 4D)
and FVC% (r = 0.4048, P = 0.0435) (Figure 4E). The FC between the left superior temporal sulcus (STS) and thalamus
(THA) (r =—0.4371, P = 0.0215) (Figure 3E) and between the right occipital pole (OP) and left superior temporal gyrus
(STG) (r = —0.4498, P = 0.016) (Figure 3E) were negatively correlated with FVC% (Figure 4E). No correlation was
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A Overall Difference B Increased in COPD C Decreased in COPD

—

v

r :".s\\‘o
S

D Intra-Hemispheric (L)

Figure 2 Spatial characteristics of group differences in RSFC between the COPD and control groups. Green dots indicate the centroids of the seed regions, and purple dots
indicate those of the target regions showing the significant group difference between COPD and control groups. The blue lines show that the COPD group had lower RSFC
between the seed point and target region than the control group. In contrast, the red lines indicate that the COPD group had a higher RSFC between the seed point and
target region than the control group. For detailed explanations, please refer to the Results and Discussion sections of the main text. (A) Overall difference, (B) Increased
RSFC in COPD, (C) Decreased RSFC in COPD, (D) RSFC changes in left intra-hemispheric area. (E) RSFC changes in right intra-hemispheric area. (F) RSFC changes in
inter-hemispheric area.

Abbreviations: COPD, chronic obstructive pulmonary disease; L, left; R, right; RSFC, resting-state functional connectivity.

observed between RSFC and clinical parameters such as MoCA-K, mood assessments (BDI and BAI), or quality of life-
related variable (EQ-5D) or cardiovascular risk factors(FSRP).

Discussion

In this study, we used RS-fMRI to measure RSFC in COPD patients without diagnosed cognitive impairment or
depression and in healthy controls. We compared the RSFC between the two groups and examined the correlations
between COPD-related clinical variables (such as lung function) and cognitive or mood indices with the RSFC in specific
brain regions that differed from the control group. This study aimed to identify how COPD affects brain function by
analyzing these differences and their correlations with major COPD-related clinical variables.
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Figure 3 The RSFC maps showing high correlations between the RSFC and clinical scores in the COPD group. The panels (A-E) show the RSFC maps indicating high
correlations (P<0.05) between the RSFC and clinical scores in the COPD group. The green dots indicate the positions of the seed points, whereas the purple dots indicate
the target regions. The red lines represent positive correlations between each clinical score and RSFC, while the blue lines represent negative correlations.
Abbreviations: CAT, COPD Assessment Test; COPD, chronic obstructive pulmonary disease; dPCC, posterior dorsal cingulate cortex; FEV,, forced expiratory volume in
one second; FVC, forced vital capacity; ISLL, inferior semi-lunar lobule; MMSE, Mini-Mental State Examination; mMRC, modified Medical Research Council dyspnea scale; OP,
occipital pole; pMCC, middle posterior cingulate cortex; PrCG, precentral gyrus; PreCG, precuneus gyrus; ptCS, posterior transverse collateral sulcus; RSFC, resting-state
functional connectivity; SFS, superior frontal sulcus; SOG, superior occipital gyrus; STG, superior temporal gyrus; STS, superior temporal gyrus; THA, thalamus.

Several previous studies have assessed specific brain changes in COPD using brain MRI (Table 1). Wang et al
assessed intrinsic brain activity in patients with COPD using the amplitude of the low-frequency fluctuation method,
revealing lower cognitive function scores in patients than in healthy controls, along with abnormal intrinsic brain activity
in the precuneus, PCC, and brainstem.’® Finnegan et al used task-induced fMRI to demonstrate that changes in cognition
and emotion related to dyspnea experienced by patients with COPD induce alterations in brain activity in the anterior
insula or emotional centers.”> Previous studies using various fMRI techniques to explore different brain regions in
patients have identified significant changes; however, no consistent conclusions have been reached.

Compared to the control group, participants in the COPD group had a significant decrease in RSFC in the cingulate
cortex (between the left PCC and pMCC, and the left dPCC and pMCC), which is associated with memory, self-
awareness, and decision-making. The PCC is a key component of the default mode network (DMN), and abnormal
activity in the DMN has been linked to the development and progression of mood disorders, including depression. This
finding is consistent with prior research; Hu et al previously described reduced activity in six brain regions associated
with the DMN, including the PCC and hippocampus, in patients with COPD.?' Furthermore, considering that the RSFC
between the left dPCC and the pMCC decreases as FEV % and also FVC% decrease, it is possible to suggest that the
progression of COPD may influence specific brain FC and that this connection may be inversely related to the severity of
the COPD.

A noteworthy observation in our study was that compared with the control group, the COPD group exhibited
increased RSFC in the PrCG, which is involved in motor function. It is also interesting to note that there was
a positive correlation between clinical parameters, such as the mMRC dyspnea scale and CAT scores, and the PrCG —
ISLL RSFC, which differs from previous research. Yu et al reported a decrease in FC in the motor cortex at rest and
during inspiratory loading in patients with COPD.'® In their study, seven key seed points were selected from the brain
network associated with the respiratory muscles, including regions in the motor cortex, somatosensory cortex, brainstem,
and cerebellum, to compare FC using RS-fMRI. Our study differs methodologically from the aforementioned study in
that it analyzed a broader range of brain regions rather than being restricted to areas associated with specific functions.
Although we cannot precisely explain the mechanism of the change in this region, we suspect that persistent and
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Figure 4 Correlations of RSFCs and clinical scores. (A) Correlation of modified Medical Research Council dyspnea scale (mMRC) and resting-state functional
connectivity (RSFC) between right precentral gyrus (R.PrCS) and left inferior semi-lunar lobule (L.ISLL) (r = 0.5097, P = 0.0035); (B) Correlation of Mini-Mental State
Evaluation (MMSE) and RSFC between right superior occipital gyrus (R.SOG) and left superior frontal gyrus (L.SFS) (r = —0.4615, P = 0.0155); (C) Correlation of
COPD Assessment Test (CAT) and RSFC in three different regions (first panel, R.PrCS and L.ISLL (r = 0.4220, P = 0.03); second panel, left posterior transverse
collateral sulcus (L.ptCS) and right precuneus gyrus (R.PreCG) (r = —0.4220, P = 0.044); and third panel, left middle posterior cingulate cortex (L.pMCC) and middle
posterior cingulate cortex (pMCC) (r = —0.4263, P = 0.027); (D) Correlation of forced expiratory volume | (FEV,%) and RSFC in two different regions (first panel,
left posterior dorsal cingulate gyrus (L.dPCC) and mPCC (r = 0.4068, P = 0.0415) and second panel, L.ptCS and R.PreCG (r= 0.4774, P = 0.008); (E) Correlation of
forced vital capacity (FVC%) and RSFC in four different regions (first panel, left posterior dorsal cingulate gyrus (L.dPCC) and pMCC (r = 0.4048, P = 0.0435), second
panel, L.ptCS and R.PreCG (r = 0.5637, P = 0.0005), third panel, left superior temporal sulcus (L.STS) and thalamus (THA) (r=—0.4371, P = 0.0215) and fourth panel,
right occipital pole (R.OP) and left superior temporal gyrus (L.STG) (r = —0.4498, P = 0.0160).

recurrent hyperventilation in response to airflow limitation in the patient could result in chronic hyperventilation,
resulting in increased RSFC in the motor cortex.

FVC% was negatively correlated with the change in RSFC between the STG and OP, the main regions of the visual
pathway. Xin et al analyzed regional homogeneity based on RS-fMRI in patients with COPD and healthy controls and

found reduced regional homogeneity in brain areas associated with visual processing pathways in the patients. This
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Table 4 Correlation of Functional Connectivity and Clinical Parameters in COPD Patients

Clinical Functional Connectivity in COPD Patients Correlated with Clinical r Bonferroni
Parameters Parameters Corrected P
CAT L. middle-posterior part of cingulate cortex - L and R. middle-posterior cingulate —0.4263 0.0270

cortex

L. posterior transverse collateral sulcus - R. precuneus gyrus —0.4042 0.0440

R. precentral gyrus-L. inferior semi-lunar lobule —0.4220 0.0300
mMRC dyspnea R. precentral gyrus - L. inferior semi-lunar lobule —0.5097 0.0035
scale
FEV,% L. posterior-dorsal part of cingulate cortex-L and R. middle-posterior cingulate —0.4068 0.0415

cortex

L. posterior transverse collateral sulcus-R. precuneus gyrus —0.4774 0.0080
FVC% L. posterior-dorsal part of cingulate cortex-L and R. middle-posterior cingulate —0.4048 0.0435

cortex

L. posterior transverse collateral sulcus-R. precuneus gyrus —0.5637 0.0005

L. superior temporal sulcus-L and R. thalamus, R. caudate, R. lentiform nucleus, -0.4371 0.0215

R. claustrum

R. occipital pole-L. superior temporal gyrus, L. middle temporal gyrus, —0.4498 0.0160

L. parahippocampal gyrus
MMSE R. superior occipital gyrus-L. superior frontal sulcus —0.4615 0.0155

Abbreviations: CAT, COPD Assessment Test; COPD, chronic obstructive pulmonary disease; FEV |, forced expiratory volume in one second; FVC, forced vital capacity; L,
left; MMRC, modified Medical Research Council; MMSE, Mini-Mental State Evaluation; R, right.

suggests a potential link between the pathophysiological mechanisms of COPD and the brain’s visual processing
pathways, which is consistent with the findings of related research.?

Esser et al reported that the anticipation of dyspnea increases activation in emotion-related brain areas in patients with
moderate-to-severe COPD, as observed using fMRI. However, our study did not find correlations between RSFC and
mood assessments such as BDI and BAI. Further research is needed to clarify the correlation between COPD and the
brain areas related to emotion processing.?’

Our study had several limitations. First, the interpretation of FC between seed and target regions is not straightfor-
ward. Many aspects of the functioning of specific areas of the brain remain unclear, and a statistically significant
difference in RSFC may not fully explain the significance of that connection in the broader functional context. Second,
our study was cross-sectional; therefore, it cannot capture changes in RSFC over the prolonged course of COPD
progression. The causal factors through which COPD impairs cognitive function and affects emotions are not well
established.

Despite these limitations, our study has significant value in complementing existing research on brain structural
changes in COPD patients with cognitive impairment. Specifically, while other studies have focused on analyzing FC in
brain regions with significant structural changes identified through previous research or morphometry, our study provides
a comprehensive analysis of the entire brain. Additionally, while our study confirmed some similarities in FC changes
found in previous research, it also presented the unique finding of increased RSFC in the PrCG, highlighting the need for
further research in this area. Furthermore, certain areas such as the connection between the right SOG and left SFS,
which showed a negative correlation with the MMSE score, require further validation through subsequent studies.

Conclusions

In summary, we investigated the FC in the brains of patients with COPD and compared them with healthy controls. Many
statistically significant differences were found in specific brain regions, including those in the cingulate cortex and
precentral gyrus, and also showed a significant correlation with clinical parameters, including respiratory symptoms and
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lung function. Further research is required to support this theoretical background, and this study may offer significant

help to better understand the relationship between COPD and brain function.
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