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ABSTRACT

Objectives Patients with chronic obstructive pulmonary
disease (COPD) are at increased risk of cerebrovascular
disease, which might be associated with decreases in
cerebral blood flow. Since studies examining cerebral
blood flow in COPD remain scarce and are limited by
sample size, we aimed to study cerebral blood flow in
participants with and without COPD.

Design Observational cohort study.

Setting Population-based Rotterdam Study.
Participants 4177 participants (age 68.0+8.5 years; 53%
females) with and without COPD.

Predictor variable Spirometry and pulmonary diffusing
capacity.

Outcome measures Cerebral blood flow by two-
dimensional phase-contrast cerebral MRI.

Results Compared with subjects with normal spirometry
(forced expiratory volume in 1 s (FEV,)/forced vital capacity
(FVC) >0.7 and FEV, >80%), multivariable adjusted
cerebral blood flow (mL/min) was preserved in subjects
with COPD Global initiative for Chronic Obstructive Lung
Disease (GOLD1) (FEV,/FVC <0.7 and FEV, >80%), but
significantly lower in subjects with COPD GOLD2-3 (FEV,/
FVC <0.7 and FEV, <80%), even after adjustment for
cardiovascular comorbidities. In sex-stratified analyses,
this difference in cerebral blood flow was statistically
significant in women but not in men. Cerebral blood flow
was lowest in subjects with FEV,, FVC and diffusion lung
capacity for carbon monoxide % predicted values in the
lowest quintile, even after adjustment for cardiovascular
comorbidities and cardiac function.

Conclusion We observed a lowered cerebral blood flow in
subjects with COPD GOLD2-3.
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INTRODUCTION

Increasing evidence suggests a link between
chronic obstructive pulmonary disease
(COPD) and cerebrovascular disease,
including cerebral microbleeds and stroke.'™
Elucidating aetiological pathways linking
lung function impairment to cerebrovascular
disease is crucial in order to identify patients
who are at risk for worse outcomes, and who
may benefit from preventive interventions.

,"%3 Daniel Bos,?>*® Guy Brusselle,"*® Maxim Grymonprez,®
Ernst Rietzschel,” Meike W Vernooij,>* Natalie Terzikhan,? Lies Lahousse
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Strengths and limitations of this study

» The population-based nature of the Rotterdam Study
minimises the risk for selection bias.

» The large number of participants in this study al-
lowed us to perform multivariable adjustments in
regression analyses, reducing the risk of confound-
ing bias.

» By using data from the fifth round of the Rotterdam
Study, a healthy survivor effect may dilute and
underestimate the effect between predictor and
outcome.

» Residual confounding could be due to unmeasured
intracranial stenotic lesions or variability in arterial
blood gasses, for which we were unable to adjust
for.

Observations from large epidemiological
studies indicate that a decrease in cerebral
blood flow may precede cerebrovascular
diseases, such as transient ischaemic attacks,4
but also dementia.” Cerebral hypoperfusion
can be elicited by arterial stiffening,'” which
has been associated with airflow limitation as
well."" '* Moreover, left ventricular filling has
been shown to be reduced in subjects with
COPD," which in turn may result in reduced
cerebral blood flow. Hence, we hypothesised
that subjects with COPD have impaired cere-
bral blood flow. If true, this could contribute
to their predisposition for worse cerebrovas-
cular outcomes. However, to date, studies
examining cerebral blood flow in subjects
with COPD were limited by their small sample
size, and none of the studies measured cere-
bral blood flow by means of brain MRI scans.
To this end, we aimed to compare cere-
bral blood flow between a large number of
subjects with normal spirometry, mild COPD
(COPD Global initiative for Chronic Obstruc-
tive Lung Disease (GOLD1)) and moderate-
to-severe COPD (COPD GOLDZ2-3), as well
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as the lowest quintiles of forced expiratory volume in 1 s
(FEV)), forced vital capacity (FVC), diffusion lung capacity
for carbon monoxide (DLCO) and DLCO adjusted for
alveolar volume percent predicted in different quintiles.

METHODS

Study design and study population

This study was embedded within the Rotterdam Study, a
population-based prospective cohort study that started in
1989 and aimed at investigating the incidence and risk
factors for chronic diseases in the f:lderly.14 Residents of
the Ommoord district in Rotterdam were invited every
3—4 years to the research centre for follow-up examina-
tions. The current study included measurements from
the fifth round of the Rotterdam Study (2009-2013).
Participants were eligible for inclusion when having inter-
pretable measures for lung function (spirometry or diffu-
sion capacity) and cerebral blood flow.

Spirometry and lung diffusing capacity

Prebronchodilator spirometry was performed by trained
paramedical personnel using a Master Screen PFT Pro
(Care Fusion, Netherlands) according to the European
Respiratory Society/American Thoracic Society (ERS/
ATS) guidelines. Predicted FEV, and FVC values were
calculated using global lung initiative reference equa-
tions taking age, sex, height and ethnicity into account.'’
COPD cases were defined as having an obstructive
spirometry (FEV /FVC <0.7)."° Severity of obstruc-
tion was determined according to the modified GOLD
criteria: mild COPD (GOLDI, FEV, 280%) and moderate
to severe COPD (GOLD2-3, FEV, <80%). DLCO (mmol/
min/kPA) was measured by the single-breath technique
in accordance with ERS/ATS guidelines.]7 For this study,
DLCO was not corrected for haemoglobin.

Cerebral blood flow and cerebral blood perfusion

Using a 1.5 T brain MRI scanner (Signa Excite II; General
Electric Healthcare, Milwaukee, Wisconsin, USA) we
obtained cerebral blood flow measurements. An eight-
channel head coil was used for reception of the signal.
For flow measurement, a sagittal two-dimensional phase-
contrast MRI angiographic scout image was performed
(repetition time=24 ms, echo time=9 ms, field of view=32
ch, matrix=256; 160, flip angle=101, number of exci-
tations=1, bandwidth=8.06 kHz, velocity encoding=60
cm/s, and slice thickness=60 mm). Acquisition time was
12 s. On this scout image, a transverse imaging plane
perpendicular to both the precavernous portion of the
internal carotid arteries and the middle part of the basilar
artery was chosen for a two-dimensional gradient-echo
phase-contrast sequence (repetition time=20 ms, echo
time=4 ms, field of view=19 cm® matrix=256; 160, flip
angle=81, number of excitations=8, bandwidth=22.73
kHz, velocity encoding=120 cm/s, and slice thickness=b
mm). Acquisition time was 51 s, and no cardiac gating was
performed. Flow (mL/s) was calculated by multiplying

the average velocity with the cross-sectional area of the
vessel. Flow rates were summed and multiplied by 60
s/min to get total cerebral blood flow (mL/min). To
measure cerebral blood perfusion (mL/100 mL/min),
values were divided by each individual’s brain volume
(mL), and the obtained results were multiplied by 100."
For the assessment of brain volumes, the structural
MRI scans (Tl-weighted, proton density-weighted and
fluid-attenuated inversion recovery) were used. Details,
including preprocessing steps and the classification algo-
rithm, have been described elsewhere."

Covariables

Smoking status (never, former, current) and pack-years
(years smoked multiplied by daily number of smoked ciga-
rettes divided by 20) were assessed by interview. Hyper-
tension was defined as a systolic blood pressure 2140 mm
Hg, a diastolic blood pressure 290 mm Hg, or the use of
blood pressure-lowering drugs. Clinical diagnosis of heart
failure and stroke were based on active follow-up using the
medical records of the participants.” *' Coronary heart
disease included myocardial infarction, coronary artery
bypass grafting, and percutaneous coronary interven-
tion.”” Diabetes was defined as a fasting plasma glucose
level > 7 mmol/L, a non-fasting plasma glucose level >
11.1 mmol/L or the use of glucose-lowering medication.
Haemodynamically significant carotid artery stenosis was
defined as a>50% reduction in lumen diameter measured
by duplex ultrasonography at the level of the left or right
internal carotid arteries, common carotid arteries or
bifurcation of the carotid arteries.” Estimated glomerular
filtration rate (eGFR) was obtained based on the formula
as provided by the Chronic Kidney Disease Epidemiology
Collaboratio.” Apolipoprotein E (APOE) genotype was
determined using a PCR in the original cohort (RS-I)
and a bi-allelic TagMan assay (rs7412 and rs429358) on
labelled DNA samples in the extended cohorts (RS-II-3
and RS-II-2), respectively. APOE-€4 represented carrier
of one or two €4 alleles. Participants were categorised
into three groups: high genetic risk (e2¢e4, €3e4 or e4e4
genotypes), intermediate risk (€3€3) or low risk (e2e2
or £2e3).** Information on medication use was obtained
from interview and from pharmacies. Blood samples for
the determination of levels of serum glucose, cholesterol,
haemoglobin and DNA were measured using an auto-
mated enzymatic method.

Statistical analysis

We compared participant characteristics using Student’s
t-test for parametric continuous variables, Mann-Whitney
U test for non-parametric continuous variables and y test
for categorical variables. Subjects with normal spirometry
or with lung function values in the highest quintile were
the reference category for multivariable adjusted linear
regression analyses with cerebral blood flow as outcome
variable. Covariables for these multivariable adjusted
linear regression analyses were selected based on clin-
ical relevance, literature knowledge and availability of
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the data. Models were adjusted for age, sex, body mass
index, current smoking, haemoglobin, white cell count,
glucose, eGFR, heart rate, hypertension, heart failure,
coronary heart disease, diabetes and carotid artery
stenosis. Missing values for heart failure, coronary heart
disease, diabetes and carotid artery stenosis were assigned
‘non-informative’ and included in the models. Log trans-
formation was considered for right skewed continuous
variables. Nonlinearity of continuous variables was tested
using second degree natural spline polynomials and
nonlinear terms were added if improving the model. A
two-sided p<0.05 was considered statistically significant.
We used RV.3.6.1 (Foundation for Statistical Computing,
Vienna, Austria).

Patient and public involvement

Participants and members of the public were not involved
in the design, management, or conduct of the study, but
motivations for research participation and informed
consent were studied. Most respondents perceived the
Rotterdam Study to be a health check. Other reasons
mentioned were: to contribute to research, to be able to
help others, and to be involved in the research project

because others, neighbours, or family members, were
also involved. Participants were also informed on results
and publications of the Rotterdam Study, which helped
to motivate participant involvement during and beyond
the study.

RESULTS

Study population

A total of 5938 participants of the Rotterdam Study
performed lung function measurements between 2009
and 2014. Of these, 4177 participants obtained brain MRI
measurements and had interpretable DLCO measure-
ments. A total of 4012 participants obtained brain MRI
measurements and had interpretable spirometry measure-
ments. A total of 1761 subjects were excluded because
spirometry and DLCO tests were not interpretable, or
because brain MRI measurements were not obtained.
Those included were more often males, were younger,
had a more severe smoking history, had a better kidney
function and a better lung function (online supple-
mental table 1). Table 1 summarises the demographic

Table 1 Baseline characteristics by lung function group

Normal spirometry COPD GOLD1 COPD GOLD2-3 P value
N 3146 326 323
Age (years) 67.7+8.3 68.5 (8.2) 69.9 (9.1) <0.001
Female sex (%) 1741 (53.3) 132 (40.5) 130 (40.2 <0.001
BMI (kg/m?) 27.5+4.1 26.2+3.7 26.7+4.1 <0.001
Past smoking (%) 1717 (54.6) 186 (57.1) 170 (52.6) 0.523
Current smoking (%) 297 (9.4) 69 (21.2) 107 (33.1) <0.001
Pack-years (years) 3.3 (0.0,19.0) 15.0 (0.5,32.9) 28.0 (8.7,46.0) <0.001
Haemoglobin (mmol/L) 8.9+0.7 9.0+0.7 9.0+0.8 0.005
Cholesterol (mmol/L) 5.5+1.1 5.4+1.1 5.3+1.1 <0.001
Triglycerides (mmol/L) 1.3(1.0,1.7) 1.2(0.9,1.7) 1.3(1.0,1.7) 0.681
Glycaemia (mg/dL) 5.7+1.2 5.7+1.3 5.8+1.1 0.917
eGFR (mL/min/1.73 m2) 76.6+14.1 75.8+14.6 75.6+16.1 0.341
ApoE high risk (%) 70 (2.4) 9 (3.0) 3(1.0) 0.523
Hypertension (%) 2172 (69.0) 224 (68.7) 240 (74.3) 0.141
Antihypertensive medication (%) 1319 (42.0) 142 (43.7) 157 (48.6) 0.065
Type two diabetes (%) 420 (13.5) 52 (16.1) 58 (18.1) 0.044
CHD (%) 227 (7.2) 36 (11.0) 47 (14.6) <0.001
Heart failure (%) 49 (1.6) 5(1.5) 24 (7.5) <0.001
Stroke (%) 0 (0.0%) 0 (0.0%) 0 (0.0%) NA
Carotid artery stenosis (%) 202 (6.5) 26 (8.0) 42 (13.4) <0.001
Cerebral blood flow (mL/min) 518.0+97.4 514.7+91.6 501.5+100.4 0.014
Cerebral blood perfusion (mL/100 mL/min)  55.7+9.6 54.6+9.2 54.31+10.0 0.009
Brain volume (mL) 932.5+96.4 946.4+97.2 925.3+99.7 0.015

Data represented as mean+SD, median (IQR) or count (percentage). Missing values are present for CHD (0.9%), kidney function (1.4%).
APOE, Apolipoprotein E; BMI, body mass index; CHD, coronary heart disease; COPD, chronic obstructive pulmonary disease; eGFR,
estimated glomerular filtration rate; GOLD, Global initiative for Chronic Obstructive Lung Disease.
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Table 2 Cerebral blood flow values in different lung function categories

Cerebral blood flow (mL/min)

Unadjusted mean=SD, p value

Adjusted p (95% CI), p value
from linear regression analysis

COPD status (n=3795)*

Normal spirometry (n=3146)

COPD GOLD1 (n=326)

COPD GOLD2-3 (n=323)

COPD and CVD status (n=3734)tt
Normal spirometry and no CVD (n=2833)
Normal spirometry and CVD (n=264)
COPD GOLD1 and no CVD (n=283)
COPD GOLD1 and CVD (n=39)
COPD GOLD2-3 and no CVD (n=253)
COPD GOLD2-3 and CVD (n=62)

518.0 (97.4), Ref Ref.
514.7 (92.0), 0.56
501.5 (100.4), <0.01

-3.9 (-14.1 t0 6.3), 0.45
-11.1 (-21.7 t0 -0.5), 0.04

520.6 (96.8), Ref Ref.
489.8 (98.3), <0.01
518.6 (93.3), 0.74
486.6 (81.6), 0.03
511.6 (98.5), 0.16
465.9 (94.6), <0.01

~10.2 (-21.8 to 1.5), 0.09
2.9 (-13.8 t0 8.0), 0.60
-20.9 (-48.9 t0 7.1), 0.14
7.7 (-19.4 10 3.9), 0.19
—26.7 (-49.6 to -3.9), 0.02

Mean values+SD of cerebral blood flow (ml/min) per lung function category. P values for comparisons of mean values between two groups
are derived from Student’s t-test. Linear regression coefficients () and 95% ClI for differences in cerebral blood flow (mL/min) per lung
function categories. Subjects with Preserved Ratio Impaired Spirometry (PRISm; n=217) excluded.

*Adjusted for age, sex, BMI, current smoking, haemoglobin, white cell count, glucose, eGFR, heart rate, hypertension, heart failure, coronary

heart disease, diabetes and carotid artery stenosis.

TAdjusted for age, sex, BMI, current smoking, haemoglobin, white cell count, glucose, eGFR, heart rate, hypertension, diabetes and carotid

artery stenosis.

FMissing values are present for heart failure (n=16), coronary heart disease (n=16) and stroke (n=71)
BMI, body mass index; COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease (heart failure and coronary heart disease);
eGFR, estimated glomerular filtration rate; GOLD, Global initiative for Chronic Obstructive Lung Disease; PRISm, Preserved Ratio Impaired

Spirometry.

and clinical characteristics of the overall study population
(mean age 68.0+8.5 years, 53% women) and stratified by
lung function groups.

Cerebral blood flow in subjects with and without GOPD
Multivariable adjusted linear regression analyses showed
non-significantly lower values for cerebral blood flow
in subjects with COPD GOLDI, and significantly lower
values for cerebral blood flow in subjects with COPD
GOLD2-3 compared with subjects with normal spirom-
etry (table 2). The difference in cerebral blood flow in
subjects with COPD GOLDZ2-3 was largest among those
with a history of heart failure or coronary heart disease.
In sex-stratified analyses, the decrease in cerebral blood
flow in subjects with COPD GOLD2-3 compared with
subjects with normal spirometry was statistically signifi-
cant in women (B -18.1 (95% CI -34.3 to —1.8), p=0.03),
but not in men (B -5.7 (95% CI -19.8 to 8.4), p=0.43).
Notably, women exhibited lower values of multivariable
adjusted cerebral blood flow (B -43.3 (95% CI -50.1
to -36.4), p<0.01), but higher values of cerebral blood
perfusion (1.0 (95% CI 0.3 to 1.7), p<0.01).
Multivariable adjusted cerebral blood perfusion was
not significantly lower, except in subjects with COPD
GOLD2-3 with a history of heart failure or coronary heart
disease (online supplemental table 2). The discrepancy
between cerebral blood flow and cerebral blood perfu-
sion in subjects with COPD GOLD2-3 was accompanied by

differences in brain volume (multivariable adjusted brain
volume in subjects with COPD GOLDI: B 1.9 (95% CI
-7.2 to 11.0), p=0.68 and COPD GOLD2-3: B -10.5 (95%
CI -19.9 to -1.0), p=0.03 when compared with subjects
with normal spirometry).

Cerebral blood flow by lung function quintiles

Subjects with FEV,, FVC, DLCO and DLCO/VA %
predicted values in the lowest quintile had significantly
lower cerebral blood flow compared with subjects with
values in the highest quintile (table 3). For FEV , FVC and
DLCO % predicted, these differences remained statisti-
cally significant after multivariable adjustment (figure 1,
table 3). Subjects with FEV,, FVC, DLCO and DLCO/VA
% predicted values in the lowest quintile had significantly
lower cerebral blood perfusion as well. Differences for
FEV1 and FVC % predicted remained statistically signifi-
cant after multivariable adjustment (online supplemental
table 3).

Linear multivariable adjusted associations between
FEV,, FVC, DLCO and DLCO/VA % predicted and cere-
bral blood flow or cerebral blood perfusion did not differ
between sexes (range of p for interaction terms between
0.63 and 0.94).

Sensitivity analyses
In order to ascertain that by measuring airflow limita-
tion (FEV1/FVC <0.7) we correctly specified subjects
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Table 3 Cerebral blood flow values in different lung function categories

Cerebral blood flow (mL/min)

Mean=SD, p value

Adjusted p (95% CI), p value
from linear regression analysis

FEV1 % predicted percentiles (n=4012)
80-100th percentile (n=803)

60-80th percentile (n=801)

40-60th percentile (n=803)

20-40th percentile (n=803)

0-20th percentile (n=802)

FVC % predicted percentiles (n=4012)
80-100th percentile (n=803)

60-80th percentile (n=803)

40-60th percentile (n=802)

20-40th percentile (n=801)

0-20th percentile (n=803)

DLCO % predicted percentiles (n=4177)
80-100th percentile (n=833)

60-80th percentile (n=827)

40-60th percentile (n=838)

20-40th percentile (n=837)

0-20th percentile (n=842)

DLCO/VA % predicted percentiles (n=4177)
80-100th percentile (n=834)

60-80th percentile (n=833)

40-60th percentile (n=834)

20-40th percentile (n=840)

0-20th percentile (n=836)

518.4 (98.2)
522.2 (93.4), 0.31
519.4 (97.9), 0.85
513.5 (95.78), 0.31
505.89 (102.6), 0.01

519.7 (98.2)
519.0 (93.8), 0.88
524.5 (96.5), 0.33
512.6 (99.7), 0.16
503.56 (99.3), <0.01

512.7 (95.0)
520.34 (99.9), 0.11
521.6 (101.9), 0.06
514.9 (96.9), 0.64

503.4 (93.45), 0.04

505.67 (96.9)

518.7 (100.0), <0.01
516.0 (96.1), 0.03
519.0 (97.9), <0.01
513.67 (96.9), 0.09

Ref.

-3.4 (-12.1 10 5.3), 0.44
-7.8 (-16.510 1.0), 0.08
-12.1 (-20.9 to -3.3), <0.01
-17.7 (-26.8 to -8.6), <0.01

Ref

-5.1 (-13.8 to 3.6), 0.25

1.2 (-7.510 10.0), 0.78
-11.9 (-20.7 to -3.1), <0.01
-15.98 (-24.8 to -6.7), <0.01

Ref.

3.2 (-5.3t011.7), 0.46

2.9 (-5.7 to 11.5), 0.51

-3.3 (-12.0 to 5.3), 0.45
-14.0 (-22.9 to -5.0), <0.01

Ref.

3.8 (-4.8 to 12.5), 0.38
-0.2 (-9.0 to 8.6), 0.96
0.9 (-8.1t0 9.8), 0.85
-8.4 (-17.7 t0 0.9), 0.08

Mean values+SD of cerebral blood flow (mL/min) per lung function group. P values for comparisons of mean values between two groups are
derived from Student’s t-test. Linear regression coefficients (8) and 95% CI for differences in cerebral blood flow (ml/min) per lung function
categories. Models are adjusted for age, sex, BMI, current smoking, haemoglobin, white cell count, glucose, eGFR, heart rate, hypertension,

heart failure, coronary heart disease, diabetes and carotid artery stenosis. Bold values indicate statistically significant results (p<0.05).

Bold values indicate statistically significant results (p<0.05)

BMI, body mass index; DLCO, diffusion lung capacity for carbon monoxide; eGFR, estimated glomerular filtration rate; FEV1, forced

expiratory volume in 1 s; FVC, forced vital capacity; VA, alveolar volume.

with COPD, we repeated regression analyses after exclu-
sion of subjects with a clinical diagnosis of asthma.
The multivariable adjusted association between cere-
bral blood flow and COPD GOLD2-3 (§ -11.1 (95% CI
-21.7 to —=0.5), p=0.04) persisted after exclusion of 338
subjects with asthma (B -12.6 (95% CI —-24.1 to -1.1),
p=0.03). The multivariable adjusted association between
cerebral blood perfusion and COPD GOLD2-3 did not
reach statistical significance in this subset ( -1.0 (95%
CI -2.2 to 0.2), p=0.10). The associations between cere-
bral blood flow or cerebral blood perfusion and quin-
tiles of FEV1, FVC, DLCO and DLCO/VA % predicted
did not fundamentally change after exclusion of subjects
with asthma.

DISCUSSION

In this large population-based study, we demonstrated
that subjects with COPD GOLD1 showed preserved values
for cerebral blood flow when compared with subjects
with normal spirometry. In contrast, subjects with COPD
GOLD2-3 showed significantly reduced values for cerebral
blood flow. The association between COPD GOLD2-3 and
cerebral blood flow was influenced by underlying cardio-
vascular comorbidity, and was only statistically significant
in women.

Cerebral blood flow was reduced in subjects with COPD
GOLD2-3. Similarly, subjects with values for FEV,, FVC
and DLCO % predicted in the lowest quintiles had lowest
cerebral blood flow. In these associations between lung
function and cerebral blood flow, several risk factors
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negatively affecting parenchymal and endothelial integ-
rity, as well as organ perfusion, are of great importance,
and include ageing, cigarette smoking, unhealthy life-
style, genetics and the presence of risk factors such as type
2 diabetes and cardiovascular disease including heart
failure, coronary heart disease and carotid artery stenosis.”
We adjusted for many potential confounders, but still
found a positive association. Possible explanations for the
remaining effect will be further discussed and classify as
residual confounding (eg, arterial stiffening, intracranial
stenotic lesions) or a direct effect of COPD on cerebral
blood flow (eg, through reduced left ventricular filling or
hypoxia-induced endothelial disfunction).

Reductions in cerebral blood flow were largest in
subjects with COPD GOLD2-3 that had cardiovas-
cular comorbidities. These findings are consistent with
previous reports of relatively preserved cerebral blood
flow in patients with COPD,”™* but impaired cerebral
blood flow in patients with cardiovascular disease.?” ** !
Atherosclerotic vascular disease in subjects with COPD
may be a possible contributor of reduced cerebral blood
flow. Previously, we showed aggravated extracranial—but
not intracranial—carotid artery calcifications in subjects
with COPD.*™ Hence, large artery atherosclerosis of the
extracranial carotid arteries presumably contributes to
impaired cerebral blood flow in these subjects, through
both flow reducing effects of artery stenosis and vasodi-
latation limiting effects of arterial stiffening. Neverthe-
less, even after adjusting for extracranial carotid artery
stenosis, we found a statistically significant association
between COPD GOLDZ2-3 and cerebral blood flow. While
previously not found to be more prevalent in subjects
with COPD,” intracranial stenotic lesions may still
mediate some of the effect of lowered cerebral blood flow
in subjects with COPD GOLD2-4 due to shared under-
lying risk factors. Moreover, despite being associated
with both cardiovascular disease and cerebral blood flow,

ApoE status seemed not to be a confounder of the asso-
ciation between COPD and cerebral blood flow since it
is not differential between participants with and without
COPD.!

Previously, left ventricular filling was found to be
reduced in subjects with COPD, apparently due to a
smoking-induced subclinical loss of both lung paren-
chyma and pulmonary endothelium."” Given that the
pulmonary circulation is a high-flow, but low-pressure
system, relatively modest reductions in the pulmonary
capillary cross-sectional area may result in substantially
limited left ventricular flow."” Impaired left ventricular
filling in turn may lead to reductions in cerebral blood
flow. Hence, the association we observed between COPD
GOLD2-3 and cerebral blood flow could indeed be
driven by determinants of disturbed lung parenchymal
and endothelial integrity, such as ageing and cigarette
smoking, causing both COPD and left ventricular filling
deficits leading to reduced cerebral blood flow. Alterna-
tively, altered pulmonary oxygen uptake may result in
arterial hypoxia, consequently negatively affecting cere-
bral circulation through the effects of hypoxia-induced
endothelial dysfunction.”

Interpretation of cerebral blood flow in subjects with
COPD is complicated by the fact that the cerebral vascu-
lature is sensitive to changes in the partial pressure of
CO, and oxygen. During respiratory failure, hypercapnia-
induced cerebral vasodilatation increases CO, washout
from the brain and ascertains constant brain pH levels.”
Moreover, cerebrovascular dysfunction reflects the
inability of the cerebral microvasculature to dilate in
response to hypoxia or hypercapnia, and is endothelium-
dependent.” Impaired or blunted sensitivity to hypoxia
has been shown with ageing, and in clinical conditions
such as obstructive sleep apnoea, but not consistently
in subjects with COPD.” ** Cerebrovascular reactivity in
response to hypercapnia diminishes with ageing as well,
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and is impaired in several brain conditions such as stroke,
Alzheimer’s disease and cognitive impairment, as well as
in congestive heart failure and central sleep apnoea.”
Even in the early stages of COPD, the cerebrovascular
responses to acute hypercapnia are reduced, a finding
that was not restricted to hypercapnic patients only,”*'
although this has been contradicted by another study.*
Still, an inadequate cerebrovascular response in subjects
with COPD may contribute to reduced cerebral blood
flow, which may compromise cerebral oxygenation and
pose a risk for cerebral ischaemia.” However, participants
of this study were recruited from the general population
and represent a relatively healthy elderly population,
unlikely to have respiratory failure at the time of the study
visit. Therefore, our findings of reduced cerebral blood
flow in subjects with COPD GOLD2-3 are unlikely to be
primarily due to an impaired cerebrovascular response to
acute hypercapnia, although long-term consequences of
acute exacerbations cannot be ruled out.

A possible explanation for the positive association
between lung function and cerebral blood flow but not
with cerebral blood perfusion could be variability in brain
size: a decline in cerebral blood flow may precede brain
atrophy in elderly individuals resulting in an overesti-
mated cerebral blood perfusion in subjects with impaired
cerebral blood flow and established brain atrophy.” Our
findings of reduced brain volume in subjects with COPD
GOLD2-3 support this hypothesis. However, longitudinal
studies are needed to examine a possible causal rela-
tionship. In this context, lower cerebral blood flow has
been associated with conditions such as dementia’’® and
cognitive decline.”®?

We observed a significant association between COPD
and decreased cerebral blood flow only in women. The
lack of an association between COPD and cerebral blood
flow in men may be attributed to differences in underlying
environmental and genetic risk factors. Also, we observed
a higher cerebral blood perfusion in women as compared
with men, consistent with previous reports,'® ** which
persisted after multivariable adjustment. Several mecha-
nisms have been previously postulated that could partly
explain these sex discrepancies. Hypertension, more
prevalent in men, reduces both the lumen diameter and
the vessel number in the cerebral vasculature resulting
in cerebral hypoperfusion.** Moreover, angiotensin II
has sexually dysmorphic effects on the cerebral vascula-
ture with regard to vasoconstriction and susceptibility to
vascular dysfunction, which are likely due to the protec-
tive effects of oestrogen in women.* Oestrogen reduces
atherosclerosis and counteracts the deleterious effects
of hypertension on the cerebral circulation, through
endothelial nitric oxide mediated vasodilatation and
cyclooxygenase-dependent pathways.*® These effects may
remain visible even after menopause, when oestrogen
levels have dropped, such as in the elderly female partic-
ipants of this study.

For the first time, we studied the link between lung func-
tion and cerebral circulation on a large population-based

level, and by doing so, we provide important insights in
lung-brain interactions. Strengths of this study are its
population-based setting, large sample size, and avail-
ability of spirometry, DLCO and brain MRI measures of
cerebral blood flow. The large number of participants
included in this study allowed for multivariable adjust-
ments in regression analyses, and by doing so, reduced
the risk of confounding bias. Certain limitations must be
taken into account. While the population-based nature
of the Rotterdam Study minimises the risk for selection
bias, results from the fifth round were used. Possibly, a
healthy survival bias resulted in a dilution of the effect
between predictor and outcome. Also, the cross-sectional
design of our study did not allow us to examine causality.
Third, additional adjustment for intracranial stenotic
lesions or arterial pO, and pCO, might explain some of
the remaining effect but we were unable to adjust for it.
Finally, we could not adjust for genetic factors related to
organ perfusion, which might affect both pulmonary and
cerebral perfusion.

CONCLUSION

This is the first large population-based study investigating
cerebral blood flow in subjects with and without COPD.
We observed preserved cerebral blood flow in subjects with
COPD GOLDI, and reduced values in COPD GOLD2-3.
Decreased cerebral blood flow in subjects with COPD
GOLD2-3 was influenced by underlying cardiovascular
comorbidity. Future studies that aim to investigate the
impact of impaired cerebral blood flow in patients with
COPD on clinical outcomes should consider including
cognitive function, lacunar infarcts and white matter
lesions in the analyses.
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