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1 | INTRODUCTION

The irreversible airflow limitation that is a characteristic of chronic
obstructive pulmonary disease (COPD) usually causes arterial ox-
ygen desaturation. Hypoxia can induce the release of vascular en-

dothelial growth factor (Boeck et al., 2015), free radicals (Rossman
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Abstract

Introduction: The aim of this study was to explore whether patients with chronic
obstructive pulmonary disease (COPD) develop vasogenic cerebral edema, and
whether this edema contributes to the COPD-related disability.

Methods: Eighteen stable patients with COPD and 17 matched healthy volunteers
were enrolled. Apparent diffusion coefficient (ADC) values were calculated by voxel-
based analysis using DTI-Studio software based on diffusion tensor imaging. COPD-
related disability was calculated using activities of daily living (ADL) scale.

Results: In patients with COPD, ADC increased in the white matter fiber tracts in-
cluding the bilateral anterior cingulum and posterior corpus callosum and in the white
matter fibers connecting the bilateral insular cortices, sub-lobar cortices, and pars
triangularis cortices and the left rectus and olfactory gyrus. However, after further
controlling for cigarette smoking, the difference in ADC values in the posterior cor-
pus callosum between groups disappeared. Patients with COPD had significantly
higher scores in ADL than that in controls. Moreover, ADL scores were positively
correlated with the increased regional ADC values.

Conclusion: Vasogenic cerebral edema occurs in patients with COPD. Cigarette
smoking may be a risk factor for COPD-related vasogenic edema. Vasogenic cerebral
edema may be related to the COPD-related ADL impairment.
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et al., 2013), and proteolytic enzymes matrix metalloproteinase-9
(Vlahos, Wark, Anderson, & Bozinovski, 2012). Systemic inflamma-
tion is also present in patients with COPD (Furutate et al., 2016).
These factors can eventually conspire to increase blood-brain bar-
rier (BBB) permeability (Bailey, Bartsch, Knauth, & Baumgartner,
2009; Bauer, Burgers, Rabie, & Marti, 2010; Heo, Han, & Lee, 2005;
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Schoch, Fischer, & Marti, 2002; Stamatovic, Dimitrijevic, Keep, &
Andjelkovic, 2006). Nicotine has also been implicated in BBB changes
(Paulson et al., 2010). The above data suggest that vasogenic (extra-
cellular) cerebral edema could develop in patients with COPD.

In this study, using voxel-based analysis (DTI-Studio software)
based on the apparent diffusion coefficient (ADC) map, which was
generated from magnetic resonance diffusion tensor images (DTI),
we aimed to identify the most relevant DTI biomarker values related
to clinical disability in COPD. This method has been used in a pre-
vious study that examined patients with schizophrenia, including
both first-episode and chronic patients (Kong et al., 2011). The ADC
is sensitive to water diffusion in intracellular compartments and is
helpful for distinguishing between types of edema (Schlaug, Siewert,
Benfield, Edelman, & Warach, 1997). A decrease in the ADC of the
brain suggests a cytotoxic edema, whereas an increase in the ADC of
the brain indicates a vasogenic edema (Cernak et al., 2004).

In DTI, ADC and fractional anisotropy (FA) are both used to es-
timate the tissue integrity. FA, which differs from ADC, measures
the overall directionality of water diffusion within cells. A decrease
in FA values is associated with cytotoxic brain edema. The ADC and
FA show discriminate patterns associated with the development
of cerebral edema after hypoxic-ischemic/reperfusion injury. In
hypoxic-ischemic/reperfusion, it is the ADC but not FA values that
correlate with water transport in and out of the cells (Wang, Wang,
& Guo, 2012). Compared with changes in FA, quantitative changes in
the ADC may be more specific for the prognostication of subtle MRI
changes (Mlynash et al., 2010). In addition, technically, ADC values
can be directly obtained from ADC maps. Hypoxic brains have been
shown to have both cytotoxic edema and vasogenic edema (Bailey
et al., 2009; Zhang et al., 2012a), and hypoxia-related DTI studies
usually report both FA and ADC values. However, a previous study
only calculated a decrease in FA on DTI maps in patients with COPD
(Zhang et al., 2012b). Furthermore, previous studies have reported
contradictory results, showing either increased or reduced ADC val-
ues in hypoxic brains (Rowland et al., 2017; Rupp et al., 2014).

COPD is associated with a reduction in mobility, inhibiting the
performance of the activities necessary for living independently
(Katz et al., 2010). Limited mobility is a risk factor for the develop-
ment of new disabilities in the performance of activities of daily liv-
ing (ADL; Bernabeu-Mora et al., 2015). Disability can be identified
in each disease stage of COPD (Braido et al., 2011). As the disease
worsens, there is a progressive decrease in the ability to perform
ADL (Nici et al., 2006). Patients with cerebral edema develop cere-
bral hypermetabolism (Zetterling et al., 2010), which may increase
the energy demand in the brain. Hypermetabolism is linked to dis-
ability and cognitive dysfunction (Claassen et al., 2002). Previous
studies have demonstrated that white matter (WM) hyperintensity
is associated with muscle function (Kilgour, Todd, & Starr, 2014) and
that docosahexaenoic acid improves short- and long-term neurolog-
ical performance as well as reduces cerebral edema (Schober et al.,
2016). Therefore, we hypothesized that vasogenic cerebral edema
may contribute to the impairment in the performance of ADL in
patients with COPD.

2 | MATERIALS AND METHODS

2.1 | Subjects

Eighteen patients, who had undergone a period of 30-45 days of
in-hospital rehabilitation following an acute exacerbation of COPD,
were enrolled for the present study. Distribution of patients accord-
ing to Global Initiative for Chronic Obstructive Lung Disease (GOLD)
staging category (Pauwels, Buist, Calverley, Jenkins, & Hurd, 2001) is
as follows: mild COPD: forced expiratory volume in 1-second (FEV1)/
forced vital capacity (FVC) %<70%, FEV1 > 80% predicted, n=1;
moderate COPD: FEV1/FVC<70%, 30%<FEV1 < 80% predicted,
n = 10; severe COPD: FEV1/FVC<70%, FEV1 < 30% predicted,n = 7.
At the time of data collection, patients were in clinically stable con-
dition. Seventeen healthy volunteers, with comparable age, gender,
and educational background, comprised the control group. Control
participants were recruited from the local community. They all had
no disability in ADL and no any COPD symptom. All the subjects
were free from a known history of cerebrovascular accident, heart
failure, neurological disorders, obstructive sleep apnea, coronary
artery disease, or diabetes. Patients were provided with therapy
including inhalation of ipratropium bromide, bricanyl, ventoline, or
budesonide. Demographic and physiological characteristics of the
patients and healthy volunteers are listed in Table 1. Procedures
were fully explained, and all subjects were provided with a written
informed consent before participating in the study. The experimen-
tal protocol was approved by the Research Ethics Review Board of

Xiamen University.

2.2 | Physiological tests

Physiological tests were conducted 1 day before brain images scan.
Physiological tests include arterial blood gas analysis and pulmo-
nary function measure. Subjects’ self-reported ability to perform
ADL scale (a modified version of the Lawton and Brody (1969)) was
used as ADL score (range 14-56), which includes 14 items assess-
ing current and best prior levels of functioning. Higher score in ADL
corresponds to poorer performance and indicates more impaired
functions. All data were analyzed using SPSS19.0. Independent t-test
measured between-group difference. Statistical significance was set
at p <0.05.

2.3 | Magnetic resonance images (MRI) scan

Images were acquired on a Siemens Trio Tim 3.0T (Erlangen,
Germany) at MRI Research Center in Zhongshan Hospital of Xiamen
University, China.

A 3D structural MRI was acquired from each subject using
a T1-weighted MPRAGE sequence: TR/TE =1,900 ms/2.48 ms,
FOV = 25 x 25 cm?,NEX = 1,matrix = 512 x 256,andslicethickness =
1.0 mm. A DTI pulse sequence with single shot diffusion-weighted
echo planar imaging (TR/TE =3,600/95 ms, FOV =24 x 24 cm?,
NEX =2, matrix =128 x 128, and slice thickness =3 mm) was
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TABLE 1 Demographic and physiologic
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characteristics of patients with COPD and SRS Sl LI
healthy volunteers Number of subjects (male: female) 18 (14: 4) 17 (13: 4) -
Age (years) 68.4+78 68.1+7.3 0.171
Number of smokers 7 6 -
Number of pack years of smoking 379 +26.3 29.1+£8.0 0.452
Disease duration (years) 71+52 - -
ADL 19.1+4.0 149+1.8 <0.001
Sa02 (%) 93.8+4.7 97.2+15 0.001
Pulmonary function testing
VC (% predicted) 63.5+16.8 97.3+14.6 <0.001
FVC (% predicted) 63.6 +16.2 100.1 + 14.9 <0.001
FEV1 (% predicted) 41.8+195 98.6 +16.3 <0.001

Note. Data are mean + SD.

ADL: activities of daily living; FEV1: forced expired volume in one-second; FVC: forced vital capac-
ity; SaO2: arterial oxygen saturation; VC: vital capacity.

applied sequentially in 30 noncollinear directions (b-value = 1,000
s/mm?) with one scan without diffusion weighting (b = 0's/mm?).
Conventional 2D T1 and T2 images were also acquired for any inci-

dental findings.

2.4 | ADC analysis

DCM2NII was used to convert diffusion tensor images to the NIFTI
format. The images were corrected for distortion induced by head
motion and eddy current using FSL (FMRIB Software Library, http://
www.fmrib.ox.ac.uk/fsl/). FSL's Brain Extraction Tool was used to
remove nonbrain tissue from the images. DTI-Studio software ver-
sion 2.4 (www.mristudio.org) was then used to calculate parametric
maps of ADC mean value and b = 0 images. Each image with no dif-
fusion weighting (b = 0 s/mm?) was registered to the individual T1
image and then standardized to MNI152 space using the T2 imaging
template supplied with SPM8 to estimate the normalization param-
eter, which was applied to all the ADC maps, and each voxel was
resampled to 2 x 2 x 2 mm. Finally, the normalized ADC maps were
smoothed with FWHM of 8 mm.

Two-sample t-test in SPM8 was used to detect whether each
voxel had a higher or lower ADC value in the COPD group compared
with the control group. With a liberal cluster threshold of 300 voxels,
we took the threshold of p < 0.001 (uncorrected) to define signifi-
cant group difference, with gender and age as covariates. In addition,
with the number of pack years of cigarette smoking as a covariate,
we tested the effects of cigarette smoking on ADC values. The pack
years of cigarette smoking is a way to measure cigarette smoking
intensity. According to Khan et al. (2006), the number of pack years
of smoking is calculated as: packs smoked per dayxyears as a smoker.

2.5 | Correlation analyses

The ADC value of each subject in different brain regions was ex-

tracted using MarsBar toolbox (http://marsbar.sourceforge.net/

projects/marsbar), which is implemented in SPM5. Pearson’s corre-
lation was used to assess the correlation of regional ADC value and
ADL score in patients with COPD with gender, age, FEV1/FVC%,
and FEV1% predicted variables. SPSS 16.0 software was used
for data analysis. Statistical significance was set at p < 0.05 using
Bonferroni's correction for multiple comparisons.

3 | RESULTS

3.1 | Physiological findings

Patients with COPD had significantly higher ADL scores and sig-
nificantly lower arterial oxygen saturation (5a02), FVC, FEV1, and
FEV1/FVC values than that in the controls (Table 1).

3.2 | ADC values

Whole brain voxel-wise statistic analysis showed that patients
with COPD had significantly increases of ADC in a broad range
of brain WM compared with controls, controlling for gender and
age. The significantly affected regions included the bilateral an-
terior cingulum and posterior corpus callosum and the WM fib-
ers connecting the bilateral insular cortices, sublobar cortices, and
pars triangularis cortices and the left rectus and olfactory gyrus
(Figure 1; Table 2).

However, after further controlling for number of pack years of
smoking, the group difference in all regions remained significant ex-

cept for the posterior corpus callosum (Figure 2).

3.3 | Correlation of ADL and ADC

In patients with COPD, ADC values in the anterior cingulum and WM
fibers connecting the right insular cortex, sublobar cortex, and pars
triangularis had significant positive correlations with ADL scores
(Figure 3).
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FIGURE 1 ADC increases in patients with COPD compared with healthy controls, controlling for gender and age (p < 0.001, uncorrected).
Statistical map of group comparison of ADC value on a voxel-wise basis. Detailed information of region a, b, ¢, and d is shown in Table 2

TABLE 2 Mainregions showing ADC values in patients with COPD compared with healthy controls

MNI (peak) ADC(10~% mm?/S)(Mean(SD))

Regions Voxels (mm?®) X y z COPD patient Control t value

a Bilateral anterior cingulum/left rectus/ 1131 12 44 12 1.119 (0.101) 0.947 (0.057) 5.561
Left olfactory gyrus

b Right insular cortex/sublobar cortex/ 1401 36 14 8 1.081 (0.083) 0.918 (0.049) 7.217
pars triangularis

c Left insular cortex/sublobar cortex/ 749 -36 26 0 1.025 (0.058) 0.907 (0.043) 6.913
pars triangularis

d Posterior corpus callosum 380 -6 -42 14 1.484 (0.311) 1.162 (0.172) 4.178

Note. a, b, c, d were indicated in Figure 1.

2' 2. 28.
FIGURE 2 ADC increases in patients with COPD compared with healthy controls, controlling for gender, age, and number of pack years
of cigarette smoking (p < 0.001, uncorrected)
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FIGURE 3 Correlations of ADC values
in the brain region (a) and (b) with ADL
scores in patients with COPD. Detailed 0
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Figure 1 and Table 2

4 | DISCUSSION

In the present study, significantly increased ADC values were ob-
served in a number of WM regions in patients with COPD, indicat-
ing the occurrence of vasogenic edema. After further controlling for
the number of pack years of smoking, the difference in ADC val-
ues in the posterior corpus callosum between groups disappeared.
Patients with COPD showed poor performance in ADL. Moreover,
the regional edema was positively correlated with the performance
of ADL.

Consistent with previous findings in patients with COPD, wide-
spread increases in ADC values have also been observed in patients
with stroke (Schlaug et al., 1997; Yang & Rosenberg, 2011) and in
patients with obstructive sleep apnea syndrome (Emin Akkoyunlu
et al., 2013). In a previous study, a decrease in FA values in patients
with COPD was observed (Zhang et al., 2012b). Decreased FA val-
ues are associated with cytotoxic brain edema. Therefore, both
vasogenic and cytotoxic brain edema might develop in hypoxic pa-
tients, which are consistent with the findings in populations that are
exposed to high-altitudes (Zhang et al., 2012a).

In a recent study, Cullu et al. (2013) detected higher ADC values
in the frontal, temporal, parietal, and occipital deep WM in patients
with COPD than in these regions in control participants. There are
several differences between our study and the study by Cullu and
colleagues, such as (a) the regions of interest (ROI) were selected
based on diffusion-weighted imaging (DWI) in their study, whereas
voxel-based DTI analysis was performed on the whole brain in our
study. DTI represents a further development of DWI. In contrast
to DWI, DTl measures diffusion ellipsoids using 6 or more gradi-
ent directions (Beaulieu & Allen, 1994). Moreover, it is difficult
to objectively and reproducibly place ROIs on small or thin tracts
on the images of individual subjects, and the ADC value obtained
from ROI analysis is largely affected by the location and size of the
ROIs used (Giuliani, Calhoun, Pearlson, Francis, & Buchanan, 2005).
(b) All the patients in the study by Cullu and colleagues were smok-
ers. Gazdzinski et al. (2005) demonstrated that cigarette smokers
exhibit significantly larger temporal and frontal WM volumes than
nonsmokers, while Gons et al. (2011) revealed a reduction in the
microstructural integrity of the cerebral WM in cigarette smokers.
Changes in DTI findings related to smoking behavior have been

1.00 1.10
ADC values

1.10 1.20 1.30 1.40

ADC values

.90 1.20

demonstrated in multiple regions, including the corpus callosum,
internal capsule, and prefrontal WM at multiple levels (Hudkins,
O’Neill, Tobias, Bartzokis, & London, 2012; Paul et al., 2008; Zhang,
Stein, & Hong, 2010). In our study, after controlling for the number
of pack years of smoking, there was no observable group difference
in the ADC in the posterior corpus callosum. Therefore, we can spec-
ulate that the damage in the temporal, parietal, and occipital WM
that was revealed by Cullu et al. (2013), and the damage in the WM in
areas such as the corpus callosum could be partly caused by nicotine.
(c) The examinations of Cullu and colleagues were performed using
a 1.5 Tesla MRI scanner. Huisman et al. (2006) studied the “impact”
of magnetic field strength on DTl metrics and found that lower ADC
values were recorded at higher field strengths, comparing 1.5 with
3.0 Tesla MRI scanners. In summary, the present study gave a more
complete and accurate evaluation of microstructural integrity of the
cerebral WM in COPD with and without cigarette smoking.

Vasogenic edema is the result of water movement from the vas-
culature to the brain parenchyma (Donkin & Vink, 2010). Vascular
endothelial growth factor (Boeck et al., 2015), free radicals (Rossman
et al.,, 2013), matrix metalloproteinase-9 (Vlahos et al., 2012), and
systemic inflammation (Furutate et al., 2016) have been found to play
a role in the modulation of BBB permeability after hypoxic stress in
COPD. The vascular endothelial growth factor-mediated increase
in BBB permeability involves nitric oxide- and cGMP-dependent
pathways (Schoch et al., 2002). Free radicals can contribute to BBB
disruption directly and can also trigger molecular pathways related
to the dysfunction of ion transporters in the cell membrane and
those related to increased vascular permeability (Heo et al., 2005).
Matrix metalloproteinase-9 mediates vascular leakage in the brain
by rearranging tight junction (Bauer et al., 2010). Proinflammatory
mediators, such as oxidative mediators, adhesion molecules, cyto-
kines, and chemokines, act directly on brain endothelial cells causing
the loosening of the junction complexes between endothelial cells
(Stamatovic et al., 2006).

Functional imaging studies have identified the brain regions
that are relevant for action sequencing, conceptual and contextual
knowledge, and spatiotemporal organization of movements of ADL.
The main cortical activation regions for processing conceptual and
spatial information for ADL include the ventral frontal cortices and

anterior cingulate cortex (Stamatovic, Brandi, Goldenberg, Hughes,
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& Hermsdérfer, 2014). Several studies have also demonstrated
that the ventromedial prefrontal cortex, caudolateral orbitofrontal
cortex, insular cortex, and corpus callosum are involved in muscle
function (Kilgour et al., 2014), which is critical for ADL. In addition,
focal frontal lesions or pathological changes impair ADL (Godbout,
Grenier, Braun, & Gagnon, 2005; Marshall, Fairbanks, Tekin, Vinters,
& Cummings, 2006). Our present study revealed edema of the WM
in the fiber tracts mentioned above or in the fibers connecting these
cortices. Moreover, the increase in the ADC values in the WM of
these regions was positively correlated with the ADL performance.
Therefore, edema of the frontal fibers may contribute to ADL
impairment.

There are two limitations in our study. The first limitation is the
small number of cases studied. The second limitation is the small
number of smokers included in both the COPD and control groups.
Therefore, in voxel-based statistics, with the number of pack years
of smoking as a control factor, these smokers might not reflect the
populations of patients with COPD, given the small numbers of sub-
jects in our study. Future studies should include a larger sample of
patients with COPD with and without cigarette smoking histories
to enable a direct comparison between smoking and nonsmoking

patients.

5 | CONCLUSIONS

Theincreased regional ADC values in the WM in patients with COPD
are suggestive of vasogenic cerebral edema. Cigarette smoking may
be a risk factor to COPD-related vasogenic edema. Edema-induced
deficits in spatiotemporal organization and muscle function may
contribute to the impairment of ADL in patients with COPD. Our
findings support the hypothesis that cerebral edema is involved in
the morbidity and mortality associated with hypoxic disease (Donkin
& Vink, 2010). ADC values may be a relevant prognostic biomarker
for morbidity and mortality. Clinical treatment of brain edema should
be considered in patients with COPD. Vasogenic edema may occur
after a hypoxic insult in combination with the release of inflamma-
tory mediators. Future studies should clarify the mechanisms under-

lying vasogenic edema.

ACKNOWLEDGMENTS

This work was supported by Bureau of Science and Technology of
Hangzhou (20150633B07).

ORCID

Xiaochuan Wang http://orcid.org/0000-0002-8472-4924

REFERENCES

Akkoyunlu, M. E., Kart, L., Kilicarslan, R., Bayram, M., Aralasmak, A.,
Sharifov, R., & Alkan, A. (2013). Brain diffusion changes in obstructive

sleep apnoea syndrome. Respiration, 86, 414-420. https://doi.
org/10.1159/000350461

Bailey, D. M., Béartsch, P., Knauth, M., & Baumgartner, R. W. (2009).
Emerging concepts in acute mountain sickness and high-altitude
cerebral edema: From the molecular to the morphological. Cellular
and Molecular Life Sciences, 66, 3583-3594. https://doi.org/10.1007/
s00018-009-0145-9

Bauer, A. T., Burgers, H. F., Rabie, T., & Marti, H. H. (2010). Matrix
metalloproteinase-9 mediates hypoxia-induced vascular leakage
in the brain via tight junction rearrangement. Journal of Cerebral
Blood Flow and Metabolism, 30, 837-848. https://doi.org/10.1038/
jcbfm.2009.248

Beaulieu, C., & Allen, P. S. (1994). Determinants of anisotropic water
diffusion in nerves. Magnetic Resonance in Medicine, 31, 394-400.
https://doi.org/10.1002/(ISSN)1522-2594

Bernabeu-Mora, R., Medina-Mirapeix, F., Llamazares-Herran, E.,
Garcia-Guillamén, G., Giménez-Giménez, L. M., & Sanchez-Nieto,
J. M. (2015). The short physical performance battery is a discrimi-
native tool for identifying patients with COPD at risk of disability.
International Journal of Chronic Obstructive Pulmonary Disease, 10,
2619-2626. https://doi.org/10.2147/COPD

Boeck, L., Mandal, J., Costa, L., Roth, M., Tamm, M., & Stolz, D. (2015).
Longitudinal measurement of serum vascular endothelial growth
factor in patients with chronic obstructive pulmonary disease.
Respiration, 90, 97-104. https://doi.org/10.1159/000430993

Braido, F., Baiardini, I., Menoni, S., Bagnasco, A. M., Balbi, F,
Bocchibianchi, S., ... Canonica, G. W. (2011). Disability in COPD and
its relationship to clinical and patient-reported outcomes. Current
Medical Research and Opinion, 27, 981-986. https://doi.org/10.1185
/03007995.2011.563285

Cernak, I., Vink, R., Zapple, D. N., Cruz, M. |, Ahmed, F., Chang, T,, ...
Faden, A. 1. (2004). The pathobiology of moderate diffuse traumatic
brain injury as identified using a new experimental model of injury
in rats. Neurobiology of Diseases, 17, 29-43. https://doi.org/10.1016/
j.nbd.2004.05.011

Claassen, J., Carhuapoma, J. R., Kreiter, K. T., Du, E. Y., Connolly,
E. S.,, & Mayer, S. A. (2002). Global cerebral edema after sub-
arachnoid hemorrhage: Frequency, predictors, and impact on
outcome. Stroke, 33, 1225-1232. https://doi.org/10.1161/01.
STR.0000015624.29071.1F

Cullu, N., Karakas, O., Karakas, E., Kocaturk, M., Sak, Z. H. A., Kocaturk,
0., ... Kilicaslan, N. (2013). Diffusion weighted magnetic resonance
imaging of the brain in patients with chronic obstructive pulmonary
disease. Acta Medica Mediterranea, 29, 255-258.

Donkin, J.J.,&Vink, R.(2010). Mechanisms of cerebral edemain traumatic
brain injury: Therapeutic developments. Current Opinion in Neurology,
23, 293-299. https://doi.org/10.1097/WCO.0b013e328337f451

Furutate, R., Ishii, T., Motegi, T., Hattori, K., Kusunoki, Y., Gemma, A,
& Kida, K. (2016). The neutrophil to lymphocyte ratio is related to
disease severity and exacerbation in patients with chronic obstruc-
tive pulmonary disease. Internal Medicine, 55, 223-229. https://doi.
org/10.2169/internalmedicine.55.5772

Gazdzinski, S., Durazzo, T. C., Studholme, C., Song, E., Banys, P, &
Meyerhoff, D. J. (2005). Quantitative brain MRI in alcohol depen-
dence: Preliminary evidence for effects of concurrent chronic cig-
arette smoking on regional brain volumes. Alcoholism, Clinical and
Experimental Research, 29, 1484-1495. https://doi.org/10.1097/01.
alc.0000175018.72488.61

Giuliani, N. R., Calhoun, V. D., Pearlson, G. D., Francis, A., & Buchanan,
R. W. (2005). Voxel-based morphometry versus region of interest:
A comparison of two methods for analyzing gray matter differences
in schizophrenia. Schizophrenia Research, 74, 135-147. https://doi.
org/10.1016/j.schres.2004.08.019

Godbout, L., Grenier, M. C., Braun, C. M., & Gagnon, S. (2005). Cognitive
structure of executive deficits in patients with frontal lesions


http://orcid.org/0000-0002-8472-4924
http://orcid.org/0000-0002-8472-4924
https://doi.org/10.1159/000350461
https://doi.org/10.1159/000350461
https://doi.org/10.1007/s00018-009-0145-9
https://doi.org/10.1007/s00018-009-0145-9
https://doi.org/10.1038/jcbfm.2009.248
https://doi.org/10.1038/jcbfm.2009.248
https://doi.org/10.1002/(ISSN)1522-2594
https://doi.org/10.2147/COPD
https://doi.org/10.1159/000430993
https://doi.org/10.1185/03007995.2011.563285
https://doi.org/10.1185/03007995.2011.563285
https://doi.org/10.1016/j.nbd.2004.05.011
https://doi.org/10.1016/j.nbd.2004.05.011
https://doi.org/10.1161/01.STR.0000015624.29071.1F
https://doi.org/10.1161/01.STR.0000015624.29071.1F
https://doi.org/10.1097/WCO.0b013e328337f451
https://doi.org/10.2169/internalmedicine.55.5772
https://doi.org/10.2169/internalmedicine.55.5772
https://doi.org/10.1097/01.alc.0000175018.72488.61
https://doi.org/10.1097/01.alc.0000175018.72488.61
https://doi.org/10.1016/j.schres.2004.08.019
https://doi.org/10.1016/j.schres.2004.08.019

WANG ET AL.

performing activities of daily living. Brain Injury, 19, 337-348. https://
doi.org/10.1080/02699050400005093

Gons, R. A., van Norden, A. G, de Laat, K. F., van Oudheusden, L. J,, van
Uden, I. W., Zwiers, M. P,, ... de Leeuw, F. E. (2011). Cigarette smok-
ing is associated with reduced microstructural integrity of cerebral
white matter. Brain, 134, 2116-2124. https://doi.org/10.1093/brain/
awr145

Heo, J.H.,Han,S. W., & Lee, S. K. (2005). Free radicals as triggers of brain
edema formation after stroke. Free Radical Biology and Medicine, 39,
51-70. https://doi.org/10.1016/j.freeradbiomed.2005.03.035

Hudkins, M., O'Neill, J., Tobias, M. C., Bartzokis, G., & London, E.
D. (2012). Cigarette smoking and white matter microstructure.
Psychopharmacology (Berl), 221, 285-295. https://doi.org/10.1007/
s00213-011-2621-9

Huisman, T. A., Loenneker, T., Barta, G., Bellemann, M. E., Hennig, J.,
Fischer, J. E., & ll'yasov, K. A. (2006). Quantitative diffusion tensor
MR imaging of the brain: Field strength related variance of appar-
ent diffusion coefficient (ADC) and fractional anisotropy (FA) sca-
lars. European Radiology, 16, 1651-1658. https://doi.org/10.1007/
s00330-006-0175-8

Katz, P. P., Gregorich, S., Eisner, M., Julian, L., Chen, H., Yelin, E., & Blanc,
P. D. (2010). Disability in valued life activities among individuals with
COPD and other respiratory conditions. Journal of Cardiopulmonary
Rehabilitation and Prevention, 30, 126-136. https://doi.org/10.1097/
HCR.0b013e3181be7e59

Khan, J. C., Thurlby, D. A., Shahid, H., Clayton, D. G, Yates, J. R., Bradley,
M., ... Genetic Factors in AMD Study (2006). Smoking and age related
macular degeneration: The number of pack years of cigarette smok-
ing is a major determinant of risk for both geographic atrophy and
choroidal neovascularisation. British Journal of Ophthalmology, 90,
75-80. https://doi.org/10.1136/bjo.2005.073643

Kilgour, A. H., Todd, O. M., & Starr, J. M. (2014). A systematic review
of the evidence that brain structure is related to muscle struc-
ture and their relationship to brain and muscle function in hu-
mans over the lifecourse. BMC Geriatrics, 14, 85. https://doi.
org/10.1186/1471-2318-14-85

Kong, X., Ouyang, X., Tao, H., Liu, H., Li, L., Zhao, J., ... Liu, Z. (2011).
Complementary diffusion tensor imaging study of the corpus cal-
losum in patients with first-episode and chronicschizophrenia.
Journal of Psychiatry and Neuroscience, 36, 120-125. https://doi.
org/10.1503/jpn

Lawton, M. P., & Brody, E. M. (1969). Assessment of older people: Self-
maintaining and instrumental activities of daily living. Gerontologist,
9,179-186. https://doi.org/10.1093/geront/9.3_Part_1.179

Marshall, G. A., Fairbanks, L. A., Tekin, S., Vinters, H. V., & Cummings,
J. L. (2006). Neuropathologic correlates of activities of daily living
in Alzheimer disease. Alzheimer Disease and Associated Disorders, 20,
56-59. https://doi.org/10.1097/01.wad.0000201852.60330.16

Mlynash, M., Campbell, D. M., Leproust, E. M., Fischbein, N. J., Bammer,
R., Eyngorn, I., ... Wijman, C. A. (2010). Temporal and spatial profile of
brain diffusion-weighted MRI after cardiac arrest. Stroke, 41, 1665-
1672. https://doi.org/10.1161/STROKEAHA.110.582452

Nici, L., Donner, C., Wouters, E., Zuwallack, R., Ambrosino, N., Bourbeau,
J., ... Troosters, T. (2006). American Thoracic Society/European
Respiratory Society statement on pulmonary rehabilitation. American
Journal of Respiratory and Critical Care Medicine, 173, 1390-1413.
https://doi.org/10.1164/rccm.200508-1211ST

Paul, R. H., Grieve, S. M., Niaura, R., David, S. P., Laidlaw, D. H., Cohen, R.,
... Gordon, E. (2008). Chronic cigarette smoking and the microstruc-
tural integrity of white matter in healthy adults: A diffusion tenso-
rimaging study. Nicotine & Tobacco Research, 10, 137-147. https://doi.
org/10.1080/14622200701767829

Paulson, J. R,, Selvaraj, P. K., Mdzinarishvili, A., Van der Schyf, C. J.,, Klein,
J., Bickel, U., & Abbruscato, T. J. (2010). Nicotine exacerbates brain
edema during in vitro and in vivo focal ischemic conditions. Journal of

Brai . 7 of 8
rain and Behavior —WI LEYJ—

Open Access,

Pharmacology and Experimental Therapeutics, 332, 371-379. https://
doi.org/10.1124/jpet.109.157776

Pauwels, R. A., Buist, A. S., Calverley, P. M., Jenkins, C. R., Hurd, S. S;
GOLD Scientific Committee (2001). Global strategy for the diagno-
sis, management, and prevention of chronic obstructive pulmonary
disease. NHLBI/WHO Global Initiative for Chronic Obstructive Lung
Disease (GOLD) Workshop summary. American Journal of Respiratory
and Critical Care Medicine, 163, 1256-1276. https://doi.org/10.1164/
ajrccm.163.5.2101039

Rossman, M. J., Groot, H. J., Reese, V., Zhao, J., Amann, M., & Richardson,
R. S. (2013). Richardson. Oxidative stress and COPD: The effect of
oral antioxidants on skeletal muscle fatigue. Medicine and Science
in Sports and Exercise, 45, 1235-1243. https://doi.org/10.1249/
MSS.0b013e3182846d7e

Rowland, M. J,, Ezra, M., Winkler, A., Garry, P., Lamb, C., Kelly, M, ...
Pattinson, K. T. (2017). Calcium channel blockade with nimodipine
reverses MRI evidence of cerebral oedema following acute hypoxia.
Journal of Cerebral Blood Flow and Metabolism, https://doi.org/10.117
7/0271678X17726624.

Rupp, T., Jubeau, M., Lamalle, L., Warnking, J. M., Millet, G. Y., Wuyam,
B., ... Verges, S. (2014). Cerebral volumetric changes induced by
prolonged hypoxic exposure and whole-body exercise. Journal of
Cerebral Blood Flow and Metabolism, 34, 1802-1809. https://doi.
org/10.1038/jchfm.2014.148

Schlaug, G., Siewert, B., Benfield, A., Edelman, R. R., & Warach, S. (1997).
Time course of the apparent diffusion coefficient (ADC) abnormality
in human stroke. Neurology, 49, 113-119. https://doi.org/10.1212/
WNL.49.1.113

Schober, M. E., Requena, D. F., Abdullah, O. M., Casper, T. C., Beachy,
J., Malleske, D., & Pauly, J. R. (2016). Dietary docosahexaenoic acid
improves cognitive function, tissue sparing, and magnetic resonance
imaging indices of edema and white matter injury in the immature
rat after traumatic brain injury. Journal of Neurotrauma, 33, 390-402.
https://doi.org/10.1089/neu.2015.3945

Schoch, H. J., Fischer, S., & Marti, H. H. (2002). Hypoxia-induced vascular
endothelial growth factor expression causes vascular leakage in the
brain. Brain, 125, 2549-2557. https://doi.org/10.1093/brain/awf257

Stamatovic, M. M., Brandi, M. L., Goldenberg, G., Hughes, C. M., &
Hermsdorfer, J. (2014). The tool in the brain: Apraxia in ADL.
Behavioral and neurological correlates of apraxia in daily living.
Frontiers in Psychology, 5, 353.

Stamatovic, S. M., Dimitrijevic, O. B., Keep, R. F., & Andjelkovic, A. V.
(2006). Inflammation and brain edema: New insights into the role of
chemokines and their receptors. Acta Neurochirurgica. Supplementum,
96, 444-450. https://doi.org/10.1007/3-211-30714-1

Vlahos, R., Wark, P. A., Anderson, G. P, & Bozinovski, S. (2012).
Glucocorticosteroids differentially regulate MMP-9 and neutrophil
elastase in COPD. PLoS One, 7, €33277. https://doi.org/10.1371/
journal.pone.0033277

Wang, H., Wang, X., & Guo, Q. (2012). The correlation between DTI
parameters and levels of AQP-4 in the early phases of cerebral
edema after hypoxic-ischemic/reperfusion injury in piglets. Pediatric
Radiology, 42, 992-999. https://doi.org/10.1007/s00247-012-2373-7

Yang, Y., & Rosenberg, G. A. (2011). Blood-brain barrier breakdown in
acute and chronic cerebrovascular disease. Stroke, 42, 3323-3328.
https://doi.org/10.1161/STROKEAHA.110.608257

Zetterling, M., Hallberg, L., Hillered, L., Karlsson, T., Enblad, P., &
Ronne Engstréom, E. (2010). Brain energy metabolism in patients
with spontaneous subarachnoid hemorrhage and global cerebral
edema. Neurosurgery, 66, 1102-1110. https://doi.org/10.1227/01.
NEU.0000370893.04586.73

Zhang, H., Lin, J., Sun, Y., Huang, Y., Ye, H., Wang, X., ... Zhang, J. (2012a).
Compromised white matter microstructural integrity after mountain
climbing: Evidence from diffusion tensorimaging. High Altitude Medicine
& Biology, 13, 118-125. https://doi.org/10.1089/ham.2011.1073


https://doi.org/10.1080/02699050400005093
https://doi.org/10.1080/02699050400005093
https://doi.org/10.1093/brain/awr145
https://doi.org/10.1093/brain/awr145
https://doi.org/10.1016/j.freeradbiomed.2005.03.035
https://doi.org/10.1007/s00213-011-2621-9
https://doi.org/10.1007/s00213-011-2621-9
https://doi.org/10.1007/s00330-006-0175-8
https://doi.org/10.1007/s00330-006-0175-8
https://doi.org/10.1097/HCR.0b013e3181be7e59
https://doi.org/10.1097/HCR.0b013e3181be7e59
https://doi.org/10.1136/bjo.2005.073643
https://doi.org/10.1186/1471-2318-14-85
https://doi.org/10.1186/1471-2318-14-85
https://doi.org/10.1503/jpn
https://doi.org/10.1503/jpn
https://doi.org/10.1093/geront/9.3_Part_1.179
https://doi.org/10.1097/01.wad.0000201852.60330.16
https://doi.org/10.1161/STROKEAHA.110.582452
https://doi.org/10.1164/rccm.200508-1211ST
https://doi.org/10.1080/14622200701767829
https://doi.org/10.1080/14622200701767829
https://doi.org/10.1124/jpet.109.157776
https://doi.org/10.1124/jpet.109.157776
https://doi.org/10.1164/ajrccm.163.5.2101039
https://doi.org/10.1164/ajrccm.163.5.2101039
https://doi.org/10.1249/MSS.0b013e3182846d7e
https://doi.org/10.1249/MSS.0b013e3182846d7e
https://doi.org/10.1177/0271678X17726624
https://doi.org/10.1177/0271678X17726624
https://doi.org/10.1038/jcbfm.2014.148
https://doi.org/10.1038/jcbfm.2014.148
https://doi.org/10.1212/WNL.49.1.113
https://doi.org/10.1212/WNL.49.1.113
https://doi.org/10.1089/neu.2015.3945
https://doi.org/10.1093/brain/awf257
https://doi.org/10.1007/3-211-30714-1
https://doi.org/10.1371/journal.pone.0033277
https://doi.org/10.1371/journal.pone.0033277
https://doi.org/10.1007/s00247-012-2373-7
https://doi.org/10.1161/STROKEAHA.110.608257
https://doi.org/10.1227/01.NEU.0000370893.04586.73
https://doi.org/10.1227/01.NEU.0000370893.04586.73
https://doi.org/10.1089/ham.2011.1073

WANG ET AL.

ﬂWl LEY_Brain and Behavior

Open Access,

Zhang, X., Stein, E. A., & Hong, L. E. (2010). Smoking and schizophre-
nia independently and additively reduce white matter integrity be-
tween striatum and frontal cortex. Biological Psychiatry, 68, 674-677.
https://doi.org/10.1016/j.biopsych.2010.06.018

Zhang, H., Wang, X., Lin, J., Sun, Y., Huang, Y., Yang, T, ... Zhang, J.
(2012b). Grey and white matter abnormalities in chronic obstruc-
tive pulmonary disease: A case-control study. British Medical Journal
Open, 2, e000844.

How to cite this article: Wang X, Huang X, Gao Z, Jiang H, Lu
X. Vasogenic cerebral edema associated with the disability in
activities of daily living in patients with chronic obstructive
pulmonary disease. Brain Behav. 2018;8:e01065.
https://doi.org/10.1002/brb3.1065



https://doi.org/10.1016/j.biopsych.2010.06.018
https://doi.org/10.1002/brb3.1065

