
ORIGINAL
RESEARCH

Reduced Regional Gray Matter Volume in
Patients with Chronic Obstructive Pulmonary
Disease: A Voxel-Based Morphometry Study

H. Zhang
X. Wang

J. Lin
Y. Sun

Y. Huang
T. Yang

S. Zheng
M. Fan

J. Zhang

BACKGROUND AND PURPOSE: Decreased oxygen supply may cause neuronal damage in the brains of
patients with COPD, which is manifested by clinical symptoms such as neuropsychological deficits and
mood disorders. The aim of the present study was to investigate brain gray matter change in COPD.

MATERIALS AND METHODS: Using voxel-based morphometry based on the high-resolution 3D T1-
weighted MR images of GM volume, we investigated 25 stable patients with COPD and 25 matching
healthy volunteers. A battery of neuropsychological tests was also performed.

RESULTS: Patients with COPD (versus controls) showed reduced GM volume in the frontal cortex
(bilateral gyrus rectus, bilateral orbital and inferior triangular gyri, and left medial superior gyrus), right
anterior insula, cingulate cortex (left anterior and middle gyri, right middle gyrus), right thalamus/
pulvinar, right caudate, right putamen, right parahippocampus, and left amygdala. In COPD, in some of
these regions, regional GM volume had positive correlations with arterial blood pO2, while in some
regions, regional GM volume had negative correlations with disease duration. Patients with COPD
(versus controls) had poorer performance in the Mini-Mental State Examination, Visual Reproduction,
and Figure Memory tests. Moreover, the GM volume in the inferior triangular frontal cortex in patients
with COPD was significantly correlated with the Picture Memory score.

CONCLUSIONS: Our findings suggest GM reductions in a number of brain regions in COPD, which
were associated with disease severity and may underlie the pathophysiologic and psychological
changes in patients with COPD.

ABBREVIATIONS: COPD � chronic obstructive pulmonary disease; DARTEL � Diffeomorphic An-
atomical Registration Through Exponentiated Lie algebra; FEV � forced expiratory volume; FEV1 �
forced expiratory volume in 1 second; FVC � forced vital capacity; GM � gray matter; SaO2 �
arterial oxyhemoglobin saturation

COPD continues to be a major cause of death.1 The irrevers-
ible airflow limitation characteristic of COPD is usually

progressive, which could subsequently cause decreased oxy-

gen supply to the brain. Because the brain is extremely sensi-
tive to changes in arterial oxygen concentration,2 it inevitably
has hypoxic stress. In addition, patients with COPD often have
systemic inflammation,1 which may exacerbate neuronal in-
jury. In fact, neuronal damage in the brains of patients has
been manifested in clinical symptoms such as neuropsycho-
logical deficits,2-6 depression and anxiety,1,7 and physical dis-
abilities.1 Deterioration in cerebral perfusion8 and a decrease
in cerebral metabolites9-12 have also been reported. All the
above characteristics of COPD suggest the presence of brain
structure alteration. However, until now, it remains largely
uninvestigated, to our knowledge.

In this study, voxel-based morphometry13 based on 3D T1-
weighted MR imaging, was used to measure GM volume in
patients with COPD. Recently, the preprocessing steps of
voxel-based morphometry have been improved with the
DARTEL registration method.14 The DARTEL algorithm uses
a more sophisticated mathematic framework and achieves
sharper nonlinear registration than parametric approaches,
which exponentiates a velocity field to produce deformations.
A “diffeomorphism” is a globally one-to-one (objective)
smooth and continuous mapping with derivatives that are in-
vertible. This is an important advance for transformation to
best represent the normalization of a brain image to an appro-
priate template. Therefore, instead of as previously simply
matching a pair of images, DARTEL can achieve accurate re-
alignment of small inner structures. Voxel-based morphome-
try DARTEL has been widely applied in clinical studies.15
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Functional MR imaging studies on breathlessness, air hun-
ger, and inspiratory-loaded breathing have revealed that a
large number of brain regions, including the frontal cortices,
temporal cortices, limbic/paralimbic cortices, cerebellum,
and midbrain, are activated by dyspnea.16 Moreover, these
dyspnea-activated brain regions have also been shown to be
impaired in patients with long-term sustained hypoxia expo-
sure, such as patients with congenital central hypoventilation
syndrome17; those with long-term intermittent hypoxia
exposure, such as obstructive sleep apnea18,19; and high-alti-
tude residents.20 Dyspnea is the most common and disabling
symptom in patients with COPD. We therefore hypothesized
that patients with COPD would have similar cerebral
impairment.

Materials and Methods

Subjects
Twenty-five patients were enrolled from December 2009 to May

2011. All patients had undergone a period of 30 – 45 days of in-hos-

pital rehabilitation following an acute exacerbation of COPD. At the

time of data collection, patients were in a stable condition. Among

these patients, 12 discharged patients were recruited during their rest

at home and 13 patients were recruited when they were awaiting dis-

charge from the hospital. Patients were diagnosed in Zhongshan Hos-

pital (Xiamen, China) according to the diagnostic criteria of the

Global Initiative for Chronic Obstructive Lung Disease.21 Twenty-

five healthy volunteers, with comparable age, sex, and educational

background, composed the control group. All subjects were free from

a known history of cerebrovascular accident, heart failure, neurologic

disorders, obstructive sleep apnea, or other diseases known to affect

cognition. Patients were provided with therapy, including inhaled

ipratropium bromide, bricanyl, albuterol (Ventolin), and budes-

onide. Demographic characteristics of the patients and healthy vol-

unteers are listed in Table 1. All subjects provided written informed

consent. The experimental protocol was approved by the Research

Ethics Review Board of Xiamen University.

Physiologic and Neuropsychological Tests
Physiologic and neuropsychological tests and assessment of activities

of daily living (score range, 14 –56)22 were conducted 1 day before the

MR imaging. Physiologic tests included pulse rate and arterial blood

pressure measures, arterial blood gas analysis, and pulmonary func-

tion measures. Blood samples were taken in the morning between

7:00 and 7:30. The neuropsychological tests included the following: 1)

the Chinese version of the Mini-Mental State Examination, which

measures general cognitive function; and 2) the Visual Reproduction

Test, Figure Memory Test, and Digit Span Forward and Backward

Tasks, which, taken from the Chinese revised version of the Wechsler

Memory Scale, were used to measure visuoconstructive ability, visu-

ospatial memory, short-term verbal memory, and working memory,

respectively. All data were analyzed by using the Statistical Package for

the Social Sciences, Version 19.0 (SPSS, Chicago, Illinois). An inde-

pendent t test measured between-group differences. Statistical signif-

icance was set at P � .05.

MR Imaging Data Acquisition
Images were acquired on a Tim Trio 3T scanner (Siemens, Erlangen,

Germany) at the MR Imaging Center (Zhongshan Hospital, Xiamen,

China). 3D structural MR imaging was performed in each subject by

using a T1-weighted magnetization-prepared rapid acquisition of

gradient echo sequence (TR/TE � 1900/2.48 ms, FOV � 25 � 25 cm2,

NEX � 1, matrix � 512 � 256, section thickness � 1.0 mm). Con-

ventional 2D T1 and T2 images were also acquired and examined for

any incidental findings. The data analysis was conducted by 2 re-

searchers who were blinded to the status of subjects.

Voxel-Based Morphometry Analysis
Data were analyzed by using the VBM8 toolbox implemented in

SPM8 (Wellcome Department of Imaging Neuroscience, University

College London, London, UK).13 Calculations and image matrix ma-

nipulations were performed by using Matlab (MathWorks, Natick,

Massachusetts). The processes included the following steps: 1) the

images were inspected for artifacts and set at the anterior commissure.

Using the unified segmentation procedure, we segmented the reori-

entated image into GM, white matter, and CSF in the same space as

the original T1-weighted image. Procrustes-aligned GM images were

generated by a rigid-body transformation, which used isomorphic

scaling, translation, and rotation to find the “best” fit between �2

landmarked shapes.13 2) The DARTEL registration method, which is

implemented in SPM8, was used to create a study-specific template by

using the aligned images from all patients and controls to improve

intersubject registration of structural images.14 The procedure in-

volved 6 iterations, which began with creating an initial template from

all the aligned images, and was followed by the registration on each of

the subjects in turn. Then, the first iteration of the registration was

completed in each subject, and a new template was created. After this,

the second iteration began. When 6 iterations of averaging and regis-

tration were finished, the final template was generated, which was the

average of the DARTEL registered data. During iterations, all images

were warped to the template, yielding a series of flow fields that pa-

rameterized deformations to use in modulations to preserve actual

GM volume. The GM images were modulated to account for the local

compression and stretching that occurs as a consequence of the warp-

ing and affine transformation, which is based on the change of vari-

ables theorem. 3) The normalized images were transformed into

Montreal Neurological Institute space. These GM images were then

smoothed by using a Gaussian kernel of 8-mm full width at half max-

imum. Independent t tests were performed to examine between-

group differences. The statistical parametric map was generated with

the voxel level threshold at t � 3.7473, P � .05 (false discovery rate

correction with sex, age, and education as covariates). False discovery

rate correction was used because it focuses on the proportion of re-

jections that are false. It is less conservative and easy to interpret, and

it offers an objective and data-driven perspective for threshold statis-

tical maps.23

To analyze the correlation of GM image values with cognitive or

Table 1: Demographic characteristics of the patients with COPD
and healthy volunteers

Patients
with COPD Controls

P
Value

No. of subjects 25 25
Sex (female) (%) 16 16
Age (yr) (mean) 69.2 � 8.1 (58–84) 68.0 � 8.0 (57–86) .59
Education (yr) (mean) 6.7 � 3.9 7.5 � 5.0 .53
Family history of COPD (%) 4 –
Disease duration (yr) 7.0 � 5.7 –
Actual smokers (%) 44 40 .86
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physiologic measurement, we took the following steps: 1) Regions of

interest were created for clusters showing differences between groups,

and 2) by using these region-of-interest masks, the GM values were

extracted from each individual’s normalized and smoothed GM

maps. Then the partial correlations were analyzed by using SPSS.

Statistical significance was set at P � .05, with sex, age, and education

as covariates.

Results

Physiologic and Behavioral Findings
Compared with the controls, patients with COPD had mark-
edly lower arterial blood SaO2 and pO2 values and higher arte-
rial blood pCO2 values and heart rates (Table 2). Patients with
COPD had markedly lower 1-second FVC, FEV, and FEV1/
FVC values and higher respiratory rates. Patients with COPD
had markedly lower scores in the activities of daily life, the
Mini-Mental State Examination, and Visual Reproduction,
and Figure Memory tests.

Regional GM Volume
No subject from either group showed visible abnormalities on
T1-weighted structural images. Voxel-based morphometry
analysis showed that patients with COPD had reduced re-
gional GM volumes compared with healthy controls in the
frontal cortex (bilateral gyrus rectus, bilateral orbital gyrus,
bilateral inferior triangular gyrus, and left medial superior
gyrus), right anterior insula, cingulate cortex (left anterior and
middle gyri, right middle gyrus), right thalamus/pulvinar,
right caudate, right putamen, right parahippocampus, and left
amygdala (cluster size, �70 voxels) (Figs 1– 4).

Fig 1. Results of voxel-based morphometry–DARTEL analysis of the entire group of patients
with COPD versus the entire group of controls. Note all regions in which patients with
COPD had a significantly decreased gray matter volume compared with the controls at P �
.05, corrected for multiple comparisons. Maximum intensity projections of all areas with
significantly reduced gray matter volumes in the statistical parametric mapping (SPM)
group analysis as an overlay on the SPM standard brain template.

Table 2: Physiologic and psychological characteristicsa

Patients
with COPD Controls P Value

BMI (kg/m2) 20.8 � 3.9 22.6 � 2.6 .081
ADL 20.1 � 6.5 14.6 � 1.5 �.001
Heart rate 92.4 � 16.2 70.9 � 8.9 �.001
Blood pressure (mm Hg)

Systolic pressure 136.1 � 19.1 136.5 � 18.0 .940
Diastolic pressure 81.8 � 10.7 77.5 � 14.5 .307

Hematologic measurements
SaO2 (%) 94.0 � 4.2 97.0 � 1.3 .003
pO2 (mm Hg) 79.9 � 23.3 98.5 � 11.3 .006
pCO2 (MM HG) 48.1 � 6.0 39.8 � 3.0 �.001
pH 7.4 � 0.06 7.4 � 0.01 .731

Pulmonary function testing
Respiratory rate (breaths/min) 23.5 � 6.0 16.9 � 5.5 .003
FVC (% predicted) 66.6 � 17.2 96.1 � 14.7 �.001
FEV1 (% predicted) 43.4 � 16.4 97.5 � 16.9 �.001
FEV1/FVC (%) 50.3 � 10.7 80.0 � 8.3 �.001

Cognitive tests
MMSE 23.3 � 3.4 25.8 � 2.1 .021
Digit Span

Forward Task 7.0 � 1.6 7.7 � 1.4 0.125
Backward Task 4.1 � 1.9 4.3 � 1.5 0.612

Visual Reproduction 8.2 � 3.4 10.3 � 3.0 0.031
Figure Memory 10.5 � 3.0 12.4 � 1.9 0.010

Note:—ADL indicates activities of daily living; BMI, body mass index; MMSE, Mini-Mental
State Examination; pCO2 � partial pressure of carbon dioxide.
a Data are mean � SD.

Fig 2. Relatively reduced clusters (yellow) in the gray matter in patients with COPD
compared with healthy controls (P � .05, false discovery rate– corrected). Sections
(sagittal, coronal, and axial view) show reduced gray matter volume in the right gyrus
rectus, bilateral orbital gyrus, and left superior frontal gyrus overlaid on a T1-weighted
anatomic MR image in the Montreal Neurological Institute template.

AJNR Am J Neuroradiol ●:● � ● 2013 � www.ajnr.org 3



Correlations
In patients with COPD, partial correlation (controlling for
disease duration, FEV1/FVC, and age) revealed that GM vol-
ume in the gyrus rectus (r � 0.531, P � .017), right frontal
inferior orbital gyrus (r � 0.496, P � .025), left frontal supe-
rior orbital gyrus (r � 0.459, P � .037), right insula (r � 0.564,
P � .012), right middle cingulate gyrus (r � 0.490, P � .027),
right thalamus/pulvinar (r � 0.746, P � .001), and left
amygdala (r � 0.471, P � .033) had positive correlations with
arterial blood pO2 values. Partial correlation (controlling for
pO2, FEV1/FVC, and age) revealed that GM volume in the
right frontal inferior orbital gyrus (r � �0.463, P � .015),
right inferior triangular gyrus (r � �0.436, P � .021), left
medial superior frontal gyrus (r � �0.417, P � .027), right
insula (r � �0.623, P � .001), and right parahippocampal
gyrus (r � �0.564, P � .003) had negative correlations with
disease duration. GM volume in the right inferior triangular
frontal gyrus in patients with COPD correlated significantly
with the Picture Memory score (r � 0.475, P � .019).

Discussion
Decreased oxygen supply, resulting from the irreversible air-
flow limitation, may cause neuronal damage in the brains of
patients with COPD. Our present study revealed that patients
with COPD had reduced GM volume in a number of brain
regions, which were mainly confined to the limbic/paralimbic
structures and frontal cortices, compared with healthy con-
trols. These findings are consistent with those in patients with

obstructive sleep apnea,18,19,24 congenital central hypoventila-
tion syndrome, and pediatric heart failure,25 and in high-alti-
tude residents.20 Moreover, patients with COPD exhibited
poorer performance on visuospatial and visual reproduction
tasks.

GM volume in the reduced regions in patients with COPD
had a strongly positive correlation with arterial blood pO2 val-
ues, which suggested that the reduced GM may result from
sustained low blood oxygen. Hypoxia-induced metabolic de-
creases9,10,12 and cerebral perfusion decline8,26 in COPD may
be the cause of morphologic reductions. In addition, systemic
inflammation in COPD can exacerbate neuronal injury.1 A
greater proportion of regions showing GM loss located in the
limbic/paralimbic cortices in patients with COPD found in the
present study may be due to the fact that those phylogeneti-
cally older regions of the brain showed sharper vascular re-
sponses to hypoxia than evolutionarily younger regions.27 Al-
though there is evidence that cigarette smoking may cause
neuronal damage in the brains of patients with COPD, nico-
tine has no selective effect on some brain regions. In our study,
we did not detect a correlation of the duration or the amount

Fig 3. Relatively reduced clusters (yellow) in gray matter in patients with COPD compared
with healthy controls (P � .05, false discovery rate– corrected). Sections (sagittal, coronal,
and axial view) show reduced gray matter volume in the bilateral inferior frontal and
bilateral cingulate gyri overlaid on a T1-weighted anatomic MR image in the Montreal
Neurological Institute template.

Fig 4. Relatively reduced clusters (yellow) in gray matter in patients with COPD compared
with healthy controls (P � .05, false discovery rate– corrected). Sections (sagittal, coronal,
and axial view) show reduced gray matter volume in the right anterior insula, right
putamen, left amygdala, right parahippocampus, and right thalamus overlaid on a T1-
weighted anatomic MR image in the Montreal Neurological Institute template.
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of smoking with the regional GM volume among all smokers.
Moreover, further analysis revealed that healthy control
smokers had normal regional GM volume compared with the
patients with COPD who smoked and compared with the
healthy control non-smokers. Regardless, a further study
should be conducted, increasing the number of subjects, to
investigate more clearly the effect of smoking on brain
structures.

Various studies have suggested that the unpleasantness
of subjectively perceived dyspnea was processed in distinct
brain areas. However, neuroimaging studies have suggested
that the right anterior insula seemed to be the most consis-
tent structure across studies.16 Therefore, we speculated
that the reduction in the right anterior insular GM would
have reduced the perception of dyspnea in patients with
COPD. The finding that patients with insula lesions exhibit
a decrease in unpleasant pain, sharpness, and thermal sen-
sation may support our assumption.28 In addition, mor-
phologic reductions in the anterior cingulate cortex could
also play a role in the perception of air hunger because it,
together with the anterior insula, constitutes a neural sub-
strate for the control and suppression of physiologic
urges.29 The reduced GM in the posterior thalamus may
clarify the enhanced breathing movements in patients with
COPD. Lesions in the posterior thalamus abolished hypox-
ia-induced inhibition of fetal breathing movements, while
local electrical stimulation effectively decreased respiratory
frequency.30 Reduced GM in the right insula may explain
cardiovascular disturbances in patients with COPD.1 Con-
siderable evidence suggests that the insula, especially the
right insula, is implicated in cardiac rate and rhythm con-
trol.31 The insula regulates cardiovascular activity through
connecting with the components of limbic systems, includ-
ing the anterior cingulate gyrus.32 A previous study has
shown that the insula contributes to the long-lasting
changes in cardiac rate in response to hypoxia.33

In the present study, patients with COPD had poorer per-
formance in general cognitive function, visuospatial memory,
and visuoconstructive tasks; these findings were consistent
with previous ones.3-5 The GM volume in the right inferior
triangular frontal gyrus has a positive correlation with the Pic-
ture Memory score, suggesting that it may be responsible for
the deficits in visuospatial tasks. Previous studies have sug-
gested that the right inferior frontal cortex processes emo-
tional communicative information with visual input during
the observation and execution of actions.34,35 The reduced
GM volume in the anterior insular cortex, anterior cingulate
cortex, and pulvinar may contribute to the deficits in visuo-
constructive tasks. Our assumption was based on the follow-
ing previous data: 1) Visual stimuli activated the network
comprising the anterior insular cortex, anterior cingulate cor-
tex, and prefrontal cortex,36 and 2) the pulvinar has connec-
tions to the visual areas and to the frontal and parietal oculo-
motor cortices and has been implicated in various visual
functions in lesion studies.37

Conclusions
We first demonstrated that COPD extended to the brain, with
the reduction of regional GM volume in a number of brain

regions. Our findings suggest significant participation of these
structures in responding to hypoxic challenges, which include
cardiovascular and air-hunger components. The brain struc-
tural changes may also underlie the psychological and mood
changes in patients with COPD.
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