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AbstrAct

Background Brain pathology is a presumed link between Chronic Obstructive Pul-
monary Disease (COPD) and cognitive impairment. We assessed the association of 
lung function with the microstructural integrity of cerebral white matter tracts in an 
aging population. In addition, we studied the link between white matter microstructure 
and global cognition in participants with and without COPD.

Methods We included 2,405 participants free of stroke and dementia (mean age 68.4± 
9.0 years, 52.6% female), who performed spirometry and diffusing capacity within the 
Rotterdam Study, a population-based cohort study. Diffusion-MRI and probabilistic 
tractography was used to assess the microstructural integrity of 15 different white 
matter tracts. We furthermore obtained a marker of global cognition (g-factor) using a 
cognitive test battery.

Results Out of 2,405 participants, 363 persons were classified as having COPD. In the 
overall population, lower forced expiratory volume in 1 second and a lower diffusing 
capacity were associated with reduced white matter microstructural integrity through-
out the brain, but mainly in the association tracts. This remained after excluding persons 
with overt COPD. Persons with severe COPD had poorer tract-specific microstructural 
integrity than those without COPD, again particularly in the association tracts. Though 
formal interaction was absent, the link between white matter microstructural integrity 
and global cognition seemed stronger in persons with COPD versus persons without 
COPD.

Conclusions Reduced lung function (even within the normal range) is related to 
regional microstructural white matter damage throughout the brain, but especially 
in the association tracts. This may underlie the relation between COPD and reduced 
cognition.
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IntroductIon

Patients with chronic obstructive pulmonary disease (COPD) have progressive and 
largely irreversible airflow limitation that is associated with an abnormal response of 
the lungs to noxious particles or gases1. However, COPD is not limited to the lungs and 
an important extrapulmonary effect is cognitive dysfunction2-4. Furthermore, patients 
with COPD have an increased risk of dementia.5 The exact pathway linking COPD and 
cognitive impairment and dementia remains unclear. Brain changes may be considered 
an intermediate in the association between COPD and these endpoints.
Previous research found that total grey and white matter volumes seem to be similar 
between persons with and without COPD,6,7 whereas other studies found reduced re-
gional grey matter volume,8,9 and a higher white matter lesion load,10,11 in patients with 
COPD. Also, in patients with hypoxemic COPD there was evidence of hypoperfusion 
in the anterior and subcortical regions of the brain compared to healthy controls.12 
All these findings suggest a more regional degeneration pattern in COPD patients. 
Regional imaging markers may be therefore more insightful than global assessment 
of brain morphology. Previous studies investigating regional brain changes in COPD 
patients mainly focused on cerebral grey matter. Studies focusing on cerebral white 
matter are sparse and have been performed in small samples.7,13,14 Regional white 
matter changes can be evaluated at a macrostructural level, such as by investigating 
atrophy and a higher white matter lesion load. However, regional white matter changes 
can also be assessed at a level not visible for the naked eye, by means of diffusion-
MRI allowing quantitative evaluation of the microstructural integrity of white matter. 
Fractional anisotropy (FA) and mean diffusivity (MD) are the two measures most com-
monly derived from diffusion-MRI. In general lower values of FA and higher values 
of MD are indicative of a poorer white matter microstructural integrity. Also, white 
matter can be studied even more in depth by considering different white matter tracts.
The aim of this study was to determine the effect of reduced lung function (both within 
the normal range and overt COPD) on tract-specific white matter microstructural 
integrity in a large population of 2,405 middle aged and elderly persons from the 
population-based Rotterdam Study.15 We hypothesized that reduced lung function is 
related to poor microstructural integrity, in particular in the association tracts, since 
these tracts are typically vulnerable to vascular damage.16 Furthermore, we studied 
whether the relation between white matter microstructural integrity and global cogni-
tion differed between participants with and without COPD.
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Methods

study population
This study was embedded within the framework of Rotterdam Study, an ongoing, pro-
spective, population-based cohort study including participants of 45 years and older 
living in Ommoord, a suburb of Rotterdam.15,17,18 Since 2005, MRI-scanning, includ-
ing diffusion-MRI, was implemented in the study protocol.18 For the current study 
we included 4,493 non-demented participants with lung function data. We excluded 
468 participants with asthma. Out of 4,025 participants, 3,184 had an interpretable 
forced expiratory volume in one second (FEV1 ) measurement. Of them, 2,700 had 
a good quality MRI scan. We additionally excluded participants with a history of 
clinical stroke (N=65), and MRI-defined cortical infarcts (N=13), resulting in 2,405 
participants in the FEV1 analysis. For the COPD analysis, we additionally excluded 
participants with a spirometry report suggestive of a restrictive syndrome [ FEV1/
forced expiratory vital capacity (FVC) ≥ 70% and FVC < 80% predicted] (N=91), 
so 2,314 persons were included in the COPD analysis. Out of 2,314 participants 363 
persons had a diagnosis of COPD. Out of 2,405 participants 2,125 persons had analyz-
able diffusing data. The Rotterdam Study has been approved by the medical ethics 
committee according to the Population Study Act Rotterdam Study, executed by the 
Ministry of Health, Welfare and Sports of the Netherlands. Written informed consent 
was obtained from all participants.15

Assessment of coPd
Spirometry and diffusing capacity were performed around the time of the scan date 
using a Master Screen® PFT Pro (CareFusion, San Diego, CA) by trained paramedical 
personnel according to the ATS/ERS guidelines.19,20,21 The diffusing capacity of the 
lungs measured using carbon monoxide was corrected for the haemoglobin concentra-
tion (DLCO,c). Additional details on the assessment of COPD is provided in an online 
data supplement.

MrI acquisition and processing
Multi-sequence MR imaging was performed on a 1.5 tesla MRI scanner (GE Signa 
Excite). The imaging protocol, sequence details and segmentation methods have been 
described extensively elsewhere.18 The conventional scan protocol consisted of a T1-
weighted image, a T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence, 
a proton density weighted image. For diffusion-MRI, we performed a single shot, 
diffusion-weighted spin echo echo-planar imaging sequence. Maximum b-value was 
1000 s/mm2 in 25 non-collinear directions and three volumes were acquired without 
diffusion weighting (b-value = 0 s/mm2). Using a probabilistic diffusion tractography 
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approach 15 different white matter tracts (12 tracts were present in both left and right 
hemisphere) were segmented.22 Participant specific mean FA and MD inside each white 
matter tract were obtained, and left and right measures were averaged.22 Subsequently, 
we computed z-scores for the tract-specific parameters (by subtracting the mean and 
dividing by the SD) to facilitate comparison of associations. We combined the tissue 
and tract segmentations to obtain tract-specific white matter volumes and tract-specific 
WMH volumes (natural-log transformed to account for their skewed distribution). See 
the online data supplement for further details.

Voxel-based Analysis
We also performed voxel-based analyses on white matter tracts to investigate whether 
lung function was associated with the microstructure of sub-regions of specific tracts. 
Voxel-based analysis (VBA) of diffusion-MRI data was performed using the voxel-
based morphometry method23 as previously described.24 See the online supplement for 
more details on the VBA data processing.

Assessment of global cognitive function
Global cognitive function was assessed constructing a g-factor using a principal 
component analysis based on 5 different cognitive tests tapping into different cogni-
tive domains namely the delayed recall score of the 15-Word Learning Test, Stroop 
interference Test, Letter-Digit Substitution Task, Word Fluency Test, and the Purdue 
Pegboard test.25 The explained variance was 50.4 %.

other measurements
Cardiovascular risk factors (systolic and diastolic blood pressure, serum and HDL-
cholesterol, medication use, smoking, diabetes) were assessed based on information 
derived from home interviews and physical examinations during the center visit as 
previously described.15 We used the validated Dutch version of the Center for Epide-
miology Depression Scale (CES-D) for assessment of depressive symptoms.26 More 
details can be read in the online data supplement.

statistical analysis
Associations of lung function and tract-specific diffusion measurements were evaluated 
using multivariable linear regression models. Z-scores and 95% confidence intervals 
(CI) of tract-specific diffusion-MRI measures were estimated per unit increase of lung 
function parameters. Also, the g-factor was estimated per unit increase of lung function 
measures using multivariable linear regression models. We furthermore assessed the 
relation between tract-specific diffusion-MRI measures and global cognition (g-factor) 
stratified based on COPD status. Analyses were adjusted for age, sex, intracranial vol-
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ume, tract-specific white matter volume, log-transformed tract-specific WMH volume, 
CES-D score, smoking and other cardiovascular risk factors such as blood pressure, 
serum cholesterol, HDL-cholesterol, diabetes, antihypertensive medication and lipid-
lowering medication. Since the cerebellum could not always be fully incorporated in 
the diffusion scan, leading to varying coverage of one of the 15 tracts (medial lem-
niscus), we additionally controlled for the varying field of view in the tract-specific 
analyses of the medial lemniscus, by treating this as a potential confounder.22

Missing covariates (< 2%) for all covariates were imputed using multiple imputations 
creating 5 data sets according to the Markov Chain Monte Carlo method and pooled 
subsequently (IBM SPSS Statistics for Windows, version 21.0. Armonk, NY).

sensitivity analysis
We performed a sensitivity analysis repeating the tract-specific analysis with exclu-
sion of all persons with COPD. We performed this analysis to investigate whether 
lung function measures within the normal range also associated with white matter 
microstructural damage. We also repeated the tract-specific analysis for FEV1 and the 
diffusing capacity with the exclusion of the participants with a spirometry suggestive 
of a restrictive syndrome, to investigate whether the associations found with FEV1, 
diffusing capacity and white matter microstructure were driven by participants with a 
restrictive syndrome.
For the tract-specific analyses, we corrected the p-value (alpha level of 0.05) for mul-
tiple comparisons by estimating the number of independent tests by using the variance 
of the eigenvalues of the correlation matrix of the 33 variables used in the main analysis 
(FEV1, DLCOc, COPD and FA and MD for the 15 tracts) with the following formula: 
Meff= 1 +(M-1)(1-var (λobs)/M) with M is number of variables, Meff is the number of 
independent variables.27,28 Based on this formula Meff was 20.534. Afterwards, using 
the Šidák formula: α sidak = 1 - ((1 - α)^(1/Meff)) we calculated a significance level of 
p< 0.0025.27 All analyses were carried out using R version 2.15.0.

results

table 1 presents the characteristics of the study population. Mean age of the par-
ticipants was 68.4 ± 9.0 years, and 52.6 % were women. Persons with COPD were 
older (mean age 69.8± 9.4), and more often used antihypertensive and lipid-lowering 
medication and had smoked significantly more pack-years than persons without COPD 
(median 31 ± 13.8-50.0 versus 12.1 ± 4.3-25.0).

6 Erasmus Medical Center Rotterdam



White matter tract-specific analysis
Figure 1 and table 2 present the association of lung function (FEV1, diffusing capacity), 
and COPD status with tract-specific diffusion-MRI measures (FA, MD) after adjusting for 
age, sex, macrostructural MRI markers, CES-D score, smoking, and other cardiovascular 
risk factors. A higher FEV1 and a higher diffusing capacity were associated with higher 
FA and lower MD throughout the brain, but most prominently in the association tracts 
(Figure 2). For FEV1, the mean difference in FA (z-score) in the association tracts per 

table 1. Population characteristics

characteristic n= 2,405
Age, years 68.4 (9.0)

Female 1,264 (52.6)

Systolic blood pressure, mmHg 142.1 (21.3)

Diastolic blood pressure, mmHg 83.1 (10.9)

Antihypertensive medication 865 (36.0)

Smoking 

   Never 850

   Former 1273

   Current 282

Packyears in current and past smokers 15 (5.0-30.0)

Total cholesterol, mmol/l 5.5 (1.1)

HDL cholesterol, mmol/l 1.5 (0.4)

Lipid-lowering medication 687 (28.6)

Diabetes mellitus 327 (13.6)

CES-D score 12 (10.0-14.0)

COPD 363 (15.7)

   GOLD A 186 (8.2)

   GOLD B 114 (5.0)

   GOLD C 11 (0.5)

   GOLD D 20 (0.9)

FEV1, L 2.7 (0.80)

DLCO,c, mmol/min/kPa/L 1.5 (0.24)

Intracranial volume, mL 1141.6 (115.9)

White matter volume, mL 396.5 (58.9)

White matter hyperintensities volume, mL 3.42 (1.8-7.3)

Categorical variables are presented as numbers (percentages), continuous variables as means (standard de-
viations) and packyears, CES-D score and white matter lesions volume are presented as median(interquartile 
range). The following variables had missing data: DLCO,c (n=280), COPD classification (n=91), COPD GOLD 
classification (n=32)
Abbreviations: COPD: chronic obstructive pulmonary disease; GOLD: Global initiative for chronic Obstruc-
tive Lung Disease criteria; FEV1: forced expiratory volume during the first second; DLCO,c: diffusing capacity 
of the lungs using carbon monoxide corrected for the haemoglobin concentration; HDL: high-density lipopro-
tein; CES-D: Center for Epidemiology Depression Scale.
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liter increase of FEV1 ranged from 0.07 (CI:0.00;0.13) to 0.09 (CI: 0.03;0.15), the mean 
difference in MD (z-score) in the association tracts ranged from -0.06 (CI: -0.11;-0.01) 
to -0.10 (CI: -0.15;-0.04). For the diffusing capacity, the mean difference in FA (z-score) 
in the association tracts per unit increase of the diffusing capacity ranged from 0.21 (CI: 
0.06;0.35) to 0.29 (CI:0.14;0.44), the mean difference in MD (z-score) ranged from -0.27 
(CI: -0.39;-0.14) to -0.32 (CI: -0.46;-0.18). We found no statistically significant differences 
in white matter microstructure comparing persons with and without COPD (table 2).

 Lung function and white matter microstructure   
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Figure 1. Association of lung function measures and tract-specific diffusion-MRI 
measures. Colors reflect t-values of the linear regression model per unit increase of the lung 
function marker after adjustments for age, sex, macrostructural MRI markers, CES-D, 
score, smoking pack-years and other cardiovascular risk factors. Higher strength of 
association is depicted in darker red for positive associations, darker blue for negative 
associations.  

 
Abbreviations: MCP: middle cerebellar peduncle, ML: medial lemniscus, CST: cortico-
spinal tract, ATR: anterior thalamic radiation, STR: superior thalamic radiation, PTR: 
posterior thalamic radiation, SLF: superior longitudinal fasciculus, ILF: inferior 
longitudinal fasciculus, IFO: inferior-fronto-occipital fasciculus, UNC: uncinate 
fasciculus, CGC: cingulate gyrus part of cingulum, CGH: parahippocampal part of 
cingulum, FMA: forceps major, FMI: forceps minor. FA: fractional anisotropy, MD: mean 
diffusivity, FEV1: forced expiratory volume in one second, DLCOc: diffusing capacity, 
COPD: chronic obstructive pulmonary disease, FA: fractional anisotropy, MD: mean 
diffusivity, CES-D: Center for Epidemiology Depression Scale. 

 *p<0.05 **p<0.01 ***p<0.0025 

 

 

 
Figure 1. Association of lung function measures and tract-specific diffusion-MRI measures. Colors reflect 
t-values of the linear regression model per unit increase of the lung function marker after adjustments for age, 
sex, macrostructural MRI markers, CES-D, score, smoking pack-years and other cardiovascular risk factors. 
Higher strength of association is depicted in darker red for positive associations, darker blue for negative as-
sociations. 
Abbreviations: MCP: middle cerebellar peduncle, ML: medial lemniscus, CST: cortico-spinal tract, ATR: an-
terior thalamic radiation, STR: superior thalamic radiation, PTR: posterior thalamic radiation, SLF: superior 
longitudinal fasciculus, ILF: inferior longitudinal fasciculus, IFO: inferior-fronto-occipital fasciculus, UNC: 
uncinate fasciculus, CGC: cingulate gyrus part of cingulum, CGH: parahippocampal part of cingulum, FMA: 
forceps major, FMI: forceps minor. FA: fractional anisotropy, MD: mean diffusivity, FEV1: forced expiratory 
volume in one second, DLCOc: diffusing capacity, COPD: chronic obstructive pulmonary disease, FA: frac-
tional anisotropy, MD: mean diffusivity, CES-D: Center for Epidemiology Depression Scale.
 *p<0.05 **p<0.01 ***p<0.0025
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table 2. Lung function and tract-specific diffusion-MRI measures of white matter microstructural integrity
Fractional anisotropy Mean diffusivity

FeV1 dlcoc coPd FeV1 dlcoc coPd

Brain stem tracts

Middle cerebellar 
peduncle

0.03 
(-0.04;0.10)

0.12 
(-0.06;0.29)

0.03 
(-0.08;0.14)

0.02 
(-0.05;0.09)

-0.12 
(-0.29;0.04)

-0.07 
(-0.18;0.03)

Medial lemniscus a 0.17 
(0.10;0.23)*

-0.03 
(-0.18;0.13)

0.08 
(-0.02;0.17)

-0.01 
(-0.08;0.07)

-0.23  
(-0.42;-0.05)

0.09 
(-0.03;0.20)

Projection tracts

Corticospinal tract 0.00 
(-0.07;0.07)

0.10 
(-0.08;0.28)

0.01 
(-0.10;0.12)

-0.09  
(-0.15;-0.04)*

-0.10 
(-0.23;0.04)

0.01 
(-0.07;0.10)

Anterior thalamic 
radiation

0.05 
(-0.01;0.10)

0.07 
(-0.06;0.20)

0.05 
(-0.04;0.13)

-0.04  
(-0.08;-0.01)

-0.13  
(-0.22;-0.04)

-0.01 
(-0.07;0.05)

Superior thalamic 
radiation

-0.02 
(-0.09;0.04)

0.19 
(0.03;0.35)

-0.01 
(-0.11;0.09)

-0.06 
(-0.13;0.00)

0.02 
(-0.14;0.18)

-0.01 
(-0.11;0.08)

Posterior thalamic 
radiation

0.04 
(-0.02;0.10)

0.11 
(-0.04;0.25)

0.07 
(-0.02;0.16)

-0.05 
(-0.11;0.00)

-0.09 
(-0.23;0.04)

-0.06 
(-0.14;0.03)

Association tracts

Superior longitudinal 
fasciculus

0.09 
(0.03;0.15)

0.05 
(-0.10;0.21)

0.00 
(-0.10;0.09)

-0.10  
(-0.15;-0.04)*

-0.11 
(-0.24;0.02)

0.01 
(-0.08;0.09)

Inferior longitudinal 
fasciculus

0.07 
(0.00;0.13)

0.22 
(0.06;0.38)

-0.02 
(-0.12;0.07)

-0.06  
(-0.11;-0.01)

-0.29  
(-0.41;-0.16)*

0.03 
(-0.05;0.11)

Inferior fronto-occipital 
fasciculus

0.07 
(0.01;0.13)

0.21 
(0.06;0.35)

0.05 
(-0.04;0.13)

-0.04 
(-0.09;0.01)

-0.27  
(-0.39;-0.14)*

0.02 
(-0.06;0.09)

Uncinate fasciculus 0.04 
(-0.02;0.10)

0.29 
(0.14;0.44)*

0.06 
(-0.03;0.15)

-0.04 
(-0.10;0.02)

-0.32  
(-0.46;-0.18)*

0.04 
(-0.05;0.12)

Limbic system tracts

Cingulate gyrus part of 
cingulum

0.09 
(0.03;0.16)

0.24 
(0.07;0.41)

-0.02 
(-0.12;0.09)

-0.12  
(-0.19;-0.05)*

-0.17 
(-0.34;0.00)

0.06 
(-0.05;0.17)

Parahippocampal part of 
cingulum

0.05 
(-0.01;0.12)

0.12 
(-0.04;0.29)

0.07 
(-0.03;0.17)

0.03 
(-0.04;0.11)

-0.26  
(-0.44;-0.08)

-0.03 
(-0.14;0.08)

Fornix 0.05 
(-0.02;0.11)

0.03 
(-0.13;0.20)

0.07 
(-0.04;0.17)

0.00 
(-0.05;0.05)

-0.14  
(-0.25;-0.02)

-0.04 
(-0.11;0.03)

Callosal tracts

Forceps major 0.03 
(-0.03;0.08)

0.13 
(-0.01;0.26)

0.04 
(-0.04;0.13)

-0.02 
(-0.07;0.04)

-0.11 
(-0.25;0.03)

0.01 
(-0.07;0.10)

Forceps minor 0.11 
(0.05;0.16)*

0.09 
(-0.04;0.23)

0.04 
(-0.05;0.12)

-0.08  
(-0.14;-0.01)

-0.26  
(-0.42;-0.11)*

0.02 
(-0.08;0.11)

Data are presented as differences in Z-scores of tract-specific diffusion-MRI measures (95% CI). Results in bold 
were significant after p<0.05. Results in bold and * were significant after correction for multiple testing (p<0.0025). 
Adjusted for age, sex, intracranial volume, WM and log-transformed WMH volumes of the investigated tract, 
and additionally for CES-D score, smoking pack-years and other cardiovascular risk factors (systolic blood 
pressure, diastolic blood pressure, antihypertensive medication, serum cholesterol, HDL-cholesterol, lipid lowering 
medication, diabetes).
Abbreviations: COPD: chronic obstructive pulmonary disease; FEV1: forced expiratory volume during the 
first second in l; DLCOc= diffusing capacity of the lungs using carbon monoxide corrected for the haemoglobin 
concentration; CI: confidence interval; WM: white matter; WMH: white matter hyperintensities; CES-D: Center for 
Epidemiology Depression Scale.
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Voxel-based analysis
In the voxel-based analyses, a higher FEV1 associated with both a higher FA and a 
lower MD in voxels of the corticospinal tract, anterior thalamic radiation, superior 
thalamic radiation, (all projection tracts), inferior longitudinal fasciculus (association 
tract), forceps major (callosal tract), and with the cingulate gyrus (limbic system tract). 
Furthermore, a higher FEV1 associated with a lower MD in voxels of the posterior 
thalamic radiation (projection tract), superior longitudinal fasciculus, inferior fronto-
occipital fasciculus, uncinate fasciculus (all association tracts), and with voxels of the 
forceps minor (callosal tract) (Figure 3, panel A and b, supplementary table 3).
A higher diffusing capacity associated with a higher FA in voxels in periventricular and 
subcortical white matter, and with a lower MD in subcortical white matter (Figure 3, 
panel c and d). However, these voxels did not belong to one of the predefined tracts 
of the anatomical template. We found no voxels significantly associated with COPD 
(supplementary table 3).
table 3 presents the results for the association between COPD severity based on the 
2013 GOLD classification and mean diffusivity after adjusting for age, sex, macro-
structural MRI markers, CES-D score, smoking and other cardiovascular risk factors. 
We observed that persons with severe COPD (GOLD group D) compared to persons 

                   Lung function and white matter microstructure             
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Figure 2. Overview of the association tracts (top view) 

 

 
Figure 2. Overview of the association tracts (top view)
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without COPD had poorer tract-specific microstructural integrity throughout the brain, 
again most prominently in the association tracts.

 Lung function and white matter microstructure    
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Figure 3. Association of lung function measures and voxel-wise diffusion-MRI measures. 
(voxel-wise linear regression analysis) with adjustments for age, sex, macrostructural MRI 
markers, CES-D score, smoking pack-years and other cardiovascular risk factors). P-value 
threshold for significance was defined based on permutation tests. Significant voxels (for 
FA p< 5.91 x 10-8 for MD p< 6.49 x 10-8) are color-coded. Colors reflect t-values and 
higher strength of association is depicted in darker red/yellow for positive associations, 
lighter blue for negative associations. Significant voxels cluster mainly in association and 
projection tracts. 
 
Panel A: Association of FEV1 and voxel-wise fractional anisotropy. 
Panel B: Association of FEV1 and voxel-wise mean diffusivity. 
Panel C: Association of diffusing capacity and voxel-wise fractional anisotropy. 
Panel D: Association of diffusing capacity and voxel-wise mean diffusivity. 
 

 

 
Figure 3. Association of lung function measures and voxel-wise diffusion-MRI measures. (voxel-wise linear 
regression analysis) with adjustments for age, sex, macrostructural MRI markers, CES-D score, smoking pack-
years and other cardiovascular risk factors). P-value threshold for significance was defined based on permu-
tation tests. Significant voxels (for FA p< 5.91 x 10-8 for MD p< 6.49 x 10-8) are color-coded. Colors reflect 
t-values and higher strength of association is depicted in darker red/yellow for positive associations, lighter 
blue for negative associations. Significant voxels cluster mainly in association and projection tracts.
Panel A: Association of FEV1 and voxel-wise fractional anisotropy.
Panel B: Association of FEV1 and voxel-wise mean diffusivity.
Panel C: Association of diffusing capacity and voxel-wise fractional anisotropy.
Panel D: Association of diffusing capacity and voxel-wise mean diffusivity.

Reduced lung function is associated with poorer brain white matter microstructure 11



Global cognition
table 4 presents the results of the association between lung function (FEV1, diffusing 
capacity), COPD and global cognition. Higher lung function measures associated with 
a better global cognition. Per liter increase of FEV1, the g-factor increased: b (95% CI 
) 0.19 (0.13;0.26). Per unit increase of the diffusing capacity the g-factor increased 
with b (95% CI ): 0.18 (0.02;0.35), after adjustments for after adjusting for age, sex, 
intracranial volume, CES-D score, smoking, and other cardiovascular risk factors. 
Participants with COPD had a lower global cognition: b (95% CI ) -0.11 (-0.21;0.00). 
table 5 presents the results of the association between tract-specific mean diffusiv-
ity and global cognition stratified based on COPD status Though formal interaction 

table 3. COPD severity and tract-specific diffusion-MRI measures of white matter microstructural integrity
Mean diffusivity 

Gold A Gold b Gold c Gold d

Brainstem tracts    

Middle cerebellar peduncle -0.04 (-0.18;0.09) -0.05 (-0.21;0.12) 0.27 (-0.24;0.78) 0.01 (-0.37;0.39)

Medial lemniscus 0.02 (-0.13;0.17) 0.13 (-0.06;0.32) 0.31 (-0.27;0.89) 0.62 (0.18;1.06)

Projection tracts 

Corticospinal tract -0.02(-0.13;0.09) 0.07 (-0.04;0.15) 0.10 (-0.31;0.51) 0.39 (0.08;0.71)

Anterior thalamic radiation -0.04 (-0.11;0.03) 0.05 (-0.04;0.15) -0.25 (-0.53;0.03) 0.08 (-0.13;0.30)

Superior thalamic radiation -0.03 (-0.16;0.09) 0.04 (-0.12;0.20) -0.06 (-0.54;0.42) 0.18 (-0.18;0.54)

Posterior thalamic radiation -0.03 (-0.14;0.08) -0.07 (-0.21;0.06) 0.03 (-0.39;0.45) 0.10 ( -0.21;0.42)

Association tracts

Superior longitudinal fasciculus -0.04 (-0.14;0.07) 0.03 (-0.11;0.16) -0.09 ( -0.52;0.35) 0.49 (0.18;0.80)*

Inferior longitudinal fasciculus 0.02 (-0.08;0.12) -0.01 (-0.14;0.12) 0.23 ( -0.17;0.62) 0.37 (0.07;0.67)

Inferior fronto-occipital fasciculus  0.00 (-0.10;0.11) 0.05 (-0.08;0.17) -0.11 (-0.49;0.28) 0.36 (0.08;0.66)

Uncinate fasciculus -0.02 (-0.13;0.10) 0.10 (-0.04;0.25) -0.19 (-0.64;0.26) 0.48 (0.14;0.81)

Limbic system tracts

Cingulate gyrus part of cingulum 0.02 (-0.12;0.15) 0.09 (-0.09;0.26) -0.25 (-0.79;0.28) 0.69 (0.28;1.09)*

Parahippocampal part of cingulum -0.01 (-0.15;0.14) -0.03 (-0.21;0.15) -0.01 (-0.57;0.55) 0.01 (-0.42;0.43)

Fornix -0.03 (-0.12;0.06) 0.00 (-0.11;0.11) -0.06 (-0.40;0.29) -0.07 (-0.34;0.20)

Callosal tracts

Forceps major 0.03 (-0.08;0.14) 0.00 (-0.14;0.14) 0.11 (-0.32;0.54) 0.11 (-0.22;0.43)

Forceps minor 0.00 (-0.13;0.12) 0.01 (-0.17;0.14) -0.09 (-0.57;0.40) 0.48 (0.11;0.84)

Data are presented as differences in Z-scores of tract-specific diffusion-MRI measures (95% CI). Results in 
bold were significant after p<0.05. Results in bold and * were significant after correction for multiple test-
ing (p<0.0025). Adjusted for age, sex, intracranial volume, WM and log-transformed WMH volumes of the 
investigated tract and additionally adjusted for CES-D score, smoking pack-years and other cardiovascular 
risk factors (systolic blood pressure, diastolic blood pressure, antihypertensive medication, serum cholesterol, 
HDL-cholesterol, lipid lowering medication, diabetes). 
Abbreviations: GOLD:Global Initiative for Chronic Obstructive Lung Disease criteria; CI: confidence inter-
val; WM: white matter; WMH: white matter hyperintensities; CES-D: Center for Epidemiology Depression 
Scale; HDL: high-density lipoprotein. 
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was absent (supplementary table 1), the link between white matter microstructural 
integrity and global cognition seemed stronger in persons with COPD versus persons 
without COPD.

sensitivity analysis
We repeated the tract-specific analysis with exclusion of all participants with COPD. 
Reduced lung function within the normal range associated with tract-specific micro-
structural damage throughout the brain, but again most prominently in the association 
tracts. The estimates changed only slightly compared to the analysis including persons 
with COPD, however some of the associations were not (statistically) significant 
anymore upon multiple comparisons correction (supplementary table 2).
We furthermore repeated the tracts-specific analysis with FEV1 and the diffusing 
capacity as determinant, with the exclusion of all participants with a spirometry sug-
gestive of a restrictive syndrome (N=91). The estimates did not change substantially. 
However, again, some of the associations were not statistically significant anymore 
(supplementary table 3).

table 4. Association of lung function and global cognition (g-factor)
Variable G-factor Model 1

b (95% cI )
G-factor Model 2

b (95% cI )

fev 0.25 (0.18;0.31) 0.19 (0.13;0.26)

DLCOc 0.24 (0.08;0.40) 0.18 (0.02;0.35)

COPD -0.18 (-0.28;-0.08) -0.11 (-0.21;0.00)

Values represent the mean differences (95% CI) of the g-factor per unit increase of lung function parameters. 
Model I: Adjusted for age, sex, intracranial volume. Model II: Model I and additionally for CES-D score, 
smoking pack-years and other cardiovascular risk factors (systolic blood pressure, diastolic blood pressure, 
antihypertensive medication, serum cholesterol, HDL-cholesterol, lipid lowering medication, diabetes). 
Abbreviations: COPD: Chronic Obstructive Pulmonary disease; CI: confidence interval; DLCOc= diffusing 
capacity of the lungs using carbon monoxide corrected for the haemoglobin concentration; FEV1: forced ex-
piratory volume during the first second in l; DLCOc= diffusing capacity of the lungs using carbon monoxide 
corrected for the haemoglobin concentration. WM: white matter; WMH: white matter hyperintensities; 
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table 5. Tract-specific mean diffusivity and global cognition (g-factor)
Model I Model II

G-factor in coPd + G-factor in coPd – G-factor in coPd + G-factor in coPd -

Brainstem tracts   

Middle cerebellar peduncle -0.05 (-0.15;0.06) 0.01 (-0.04;0.05) -0.05 (-0.15;0.05) 0.00 (-0.05;0.04)

Medial lemniscus -0.07 (-0.17;0.02) 0.00 (-0.04;0.04) -0.06 (-0.15;0.04) 0.00 (-0.04;0.04)

Projection tracts

Corticospinal tract -0.23 (-0.36;-0.10)* -0.08 (-0.14;-0.02) -0.21 (-0.35;-0.07) -0.06 (-0.12;0.00)

Anterior thalamic radiation -0.28 (-0.49;-0.08) -0.16 (-0.25;-0.07)* -0.27 (-0.47;-0.07) -0.15 (-0.23;-0.06)*

Superior thalamic radiation -0.32 (-0.54;-0.11) -0.11 (-0.19;-0.02) -0.27 (-0.47;-0.06) -0.08 (-0.17;0.01)

Posterior thalamic radiation -0.13 (-0.27;0.00) -0.05 (-0.10;0.01) -0.12 (-0.25;0.01) -0.04 (-0.10;0.01)

Association tracts

Superior longitudinal 
fasciculus -0.14 (-0.28;-0.01) -0.07 (-0.12;-0.01) -0.13 (-0.26;0.01) -0.05 (-0.11;0.00)

Inferior longitudinal 
fasciculus -0.11 (-0.24;0.03) -0.11 (-0.17;-0.06)* -0.10 (-0.23;0.03) 0.10 (0.16;0.04)*

Inferior fronto-occipital 
fasciculus -0.10 (-0.23;0.03) -0.10 (-0.15;-0.04)* -0.11 (-0.24;0.03) -0.08 (-0.14;-0.03)*

Uncinate fasciculus -0.14 (-0.25;-0.02) -0.10 (-0.15;-0.05)* -0.12 (-0.24;0.00) -0.09 (-0.14;-0.04)*

Limbic system tracts

Cingulate gyrus part of 
cingulum -0.14 (-0.24;-0.04) -0.07 (-0.11;-0.03)* -0.13 (-0.23;-0.03) -0.06 (-0.10;-0.01)

Parahippocampal part of 
cingulum -0.06 (-0.17;0.04) -0.06 (-0.10;-0.02) -0.06 (-0.16;0.04) -0.06 (-0.10;-0.02)

Fornix -0.21 (-0.38;-0.04) -0.07 (-0.13;0.00) -0.19 (-0.36;-0.03) -0.06 (-0.13;0.01)

Callosal tracts

Forceps major -0.04 (-0.17;0.09) -0.05 (-0.10;0.01) -0.07 (-0.20;0.05) -0.04 (-0.10;0.01)

Forceps minor -0.13 (-0.25;-0.01) -0.11 (-0.16;-0.06)* -0.11 (-0.21;0.01) -0.10 (-0.15;-0.05)*

Values represent the mean differences in g-factor (95% CI) per SD increase of mean diffusivity. Results in 
bold were significant after p<0.05. Results in bold and * were significant after correction for multiple testing 
(p<0.0027). Model I is adjusted for age, sex, intracranial volume, WM and log-transformed WMH volumes of 
the investigated tract. Model II is model I, and additionally adjusted for CES-D score, smoking pack-years and 
other cardiovascular risk factors (systolic blood pressure, diastolic blood pressure, antihypertensive medica-
tion, serum cholesterol, HDL-cholesterol, lipid lowering medication, diabetes).
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dIscussIon

We showed that in middle aged and elderly persons reduced lung function (even within 
the normal range) indicated by a lower FEV1 and a lower diffusing capacity was related 
to lower FA and higher MD indicating a reduced microstructural integrity throughout 
the brain. More specifically, among the 15 white matter tracts examined, reduced 
lung function most strongly associated with poorer tract-specific white matter micro-
structure in the association tracts. We observed significant differences in white matter 
microstructure, again mainly in the associations tracts, comparing persons with severe 
COPD classified as GOLD D to persons without COPD. In the voxel-based analyses, 
FEV1 most strongly associated with the microstructure of the voxels of association and 
projection tracts. All associations were independent from age, sex, macrostructural 
white matter pathology, CES-D score, smoking pack-years and other cardiovascular 
risk factors. We also found that the link between white matter microstructural integrity 
and global cognition seemed stronger among COPD patients than in persons without 
COPD, however there was no significant interaction on the multiplicative scale.
Research focusing on the relation of lung function and cerebral white matter micro-
structural integrity using diffusion-MRI is limited. In line with our results, a previous 
study showed reduced white matter integrity throughout the brain in 25 COPD patients 
compared to 25 controls.29 However, the differences in white matter microstructural 
damage between these COPD patients and controls were no longer significant after 
adjustments for smoking, cerebrovascular comorbidity and cognition. Two other 
diffusion-MRI studies, using a voxel-based approach concluded that COPD could 
affect white matter microstructural integrity mainly in frontoparietal periventricular 
white matter,13 mainly in the visual cortex of the occipital lobe, the posterior part of the 
parietal lobe as well in the temporal lobe.14 However, differences between COPD cases 
and controls were not statistically significant, which might be due to the small number 
of participants in these studies.
The pathophysiology of white matter damage in persons with COPD is not fully eluci-
dated. Possible mechanisms are neuronal damage caused by free radicals generated in 
chronic hypoxia.30 Furthermore metabolic decreases and decline of cerebral perfusion 
due to hypoxia may cause morphologic brain changes.12 Another possible mechanism 
is systemic inflammation which may induce chronic inflammation in the vascular wall 
contributing to both microvascular and macrovascular damage.31 However, it is not 
known to what extent these mechanisms can also explain the association we found 
between reduced lung function parameters within the normal range and poorer white 
matter microstructure.
The main novelty of our paper is that we investigated the association between lung 
function measures (spirometry and diffusing capacity) as well as COPD and white 
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matter microstructure of functionally different white matter tracts obtained with trac-
tography, but also on a voxel-wise level. In the tract-specific analysis, we showed 
that a lower FEV1 and lower diffusing capacity had a varying effect on different white 
matter tracts, and were associated with a lower microstructural integrity in particular 
of the association tracts. In our study we did not find significant associations compar-
ing participants with and without COPD and only observed significant differences in 
white matter microstructure comparing persons with severe COPD to persons without 
COPD. This may be explained by the fact that this is a population-based study in which 
most persons classified as having COPD only have mild COPD. Also, as a consequence 
of this population-based setting only 20 COPD patients were classified as GOLD D. In 
this GOLD D group we observed significant differences in white matter microstructure 
(mainly in the association tracts) compared to persons without COPD. This finding, 
together with the fact that the strongest associations between diffusing capacity and 
white matter microstructure are seen in the association tracts, points toward hypoxia/
ischemia as a plausible underlying mechanism. Another underlying mechanism ex-
plaining why persons with COPD GOLD D have a poorer white matter microstructure 
compared to persons without COPD, may be that persons with severe COPD (GOLD 
D) have a high exacerbation rate (2 or more/year) and it is possible that in particular 
these exacerbations may cause brain changes, since especially exacerbations of COPD 
have been correlated with cognitive decline.32-34 However, it must be noted that in our 
study only 20 participants with COPD were classified as GOLD D.
For MD, we found similar results with FEV1 and white matter microstructure compar-
ing the results of the tract-specific analysis with the voxel-based analysis. For FA, 
however, we found in the tract-specific analysis different significant associations 
between FEV1 and white matter microstructure compared to the voxel-based analysis 
(mainly no significant associations with the projection tracts, but more significant as-
sociations with the associations tracts and callosal tracts). Furthermore, for both FA 
and MD, we found in the tract-specific analysis with diffusing capacity significant 
associations, in particular in the association tracts, and there we no significant as-
sociations in the voxel-based analysis. Explanations for these differences may be that 
by averaging positive and negative voxels, as we did in the tract-specific analysis, 
significant associations can go undetected. On the other hand, a major downside of 
exploring associations on a voxel-wise level is multiple comparisons corrections, mak-
ing this method less sensitive to very small changes. Therefore, we chose to conduct 
both methods and present them in parallel, as we feel they convey complementary 
information.
Different white matter tracts have a variable susceptibility to decline,35,36 possibly 
caused by the location of different tracts. Association tracts connect different corti-
cal regions of the same hemisphere and arise in watershed areas which means that 
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their blood supply relies on small and deep lenticulostriate arteries. Association tracts 
may therefore be more vulnerable to insult and vascular damage.16 This is in line with 
previous studies which showed that COPD patients are particularly prone to vascular 
damage.37 Association tracts, but also the projection tracts play a critical role in cogni-
tive performance.38 Poor white matter microstructural integrity of these tracts may 
therefore be an important link between COPD and cognitive impairment.
Strengths of our study include the population-based design, the large sample size 
and the ability to control for several potential confounders due to the availability of 
extensive data on cardiovascular risk factors and macrostructural MRI-markers. We 
performed a tract-specific analysis in 15 main white matter tracts, and, the tract-specific 
measurements were performed with fully automated, publicly available methods.39 
Furthermore, we also included a voxel-based analysis. However, also some limitations 
should be acknowledged. Due to the cross-sectional design, no conclusions can be 
drawn on the directionality of causality of the associations.. We used mean FA and MD 
aggregated over each white matter tract eventually missing some spatial information 
which is retained in voxel-based techniques. Also, tractography in general is influenced 
by crossing fiber regions, possibly resulting in unreliable diffusion-MRI measures in 
some areas, in particular for fractional anisotropy.40 The cerebellum could not be fully 
incorporated in the field of view, making analyses on brain stem tracts less reliable. 
Furthermore, we cannot exclude residual confounding, even with adjustments for the 
large number of potential confounders performed in our analyses. Finally, only a very 
small proportion of our participants presented with clinically abnormal lung function 
and only 20 COPD patients were classified as GOLD D.
In conclusion, we show that tract-specific diffusion-MRI parameters and voxel-based 
analyses provide additional insight into the association between reduced lung function 
and the patterns of microstructural white matter damage beyond global diffusion-MRI 
parameters. We found that persons with reduced lung function (even within the normal 
range) have more regional microstructural white matter damage, especially in the asso-
ciation tracts. Further studies should evaluate whether cognitive impairment in COPD 
patients is mediated through poorer regional white matter microstructural integrity.
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