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Original Article

Reduced parenchymal cerebral blood
flow is associated with greater
progression of brain atrophy:
The SMART-MR study

Rashid Ghaznawi1,2 , Maarten HT Zwartbol1 ,
Nicolaas PA Zuithoff2, Jeroen de Bresser3,
Jeroen Hendrikse1 and Mirjam I Geerlings2;
on behalf of the UCC-SMART Study Group*

Abstract

Global cerebral hypoperfusion may be involved in the aetiology of brain atrophy; however, long-term longitudinal studies

on this relationship are lacking. We examined whether reduced cerebral blood flow was associated with greater

progression of brain atrophy. Data of 1165 patients (61� 10 years) from the SMART-MR study, a prospective cohort

study of patients with arterial disease, were used of whom 689 participated after 4 years and 297 again after 12 years.

Attrition was substantial. Total brain volume and total cerebral blood flow were obtained from magnetic resonance

imaging scans and expressed as brain parenchymal fraction (BPF) and parenchymal cerebral blood flow (pCBF). Mean

decrease in BPF per year was 0.22% total intracranial volume (95% CI: –0.23 to –0.21). Mean decrease in pCBF per year

was 0.24ml/min per 100ml brain volume (95% CI: –0.29 to –0.20). Using linear mixed models, lower pCBF at baseline

was associated with a greater decrease in BPF over time (p¼ 0.01). Lower baseline BPF, however, was not associated

with a greater decrease in pCBF (p¼ 0.43). These findings indicate that reduced cerebral blood flow is associated with

greater progression of brain atrophy and provide further support for a role of cerebral blood flow in the process of

neurodegeneration.
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Introduction

Brain atrophy is a common finding on magnetic reso-

nance imaging (MRI) in older individuals and individ-

uals with manifest arterial disease.1–3 Although brain

atrophy occurs with normal ageing, previous studies

have demonstrated that accelerated brain atrophy is

associated with cognitive decline and dementia.4–8 The

underlying causes that can lead to progression of brain

atrophy, however, remain largely unknown.9

Reduced cerebral blood flow has been postulated

as a possible risk factor for brain tissue loss.2,10–13

In physiological conditions, cerebral blood flow is reg-

ulated by the cerebral vasculature in order to maintain

an adequate delivery of oxygen and nutrients to
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the brain.14 Failure of these mechanisms can lead to a
reduced cerebral blood flow, which has been associated
with mortality and an increased risk of dementia in
large cohort studies.15,16 Whether these relationships
are mediated by progression of brain atrophy is not
known as few studies have reported on the relationship
between cerebral blood flow and brain atrophy.2,10–12

In addition, there is some evidence to suggest that the
relationship between cerebral blood flow and brain atro-
phy may be bidirectional, such that smaller brain vol-
umes are a risk factor for greater decline in cerebral
blood flow.11 Examining the long-term longitudinal rela-
tionship between cerebral blood flow and brain atrophy
is of importance as cerebral blood flow can be modified
and may pose a potential target for future prevention
strategies of brain atrophy and dementia.17–19

In the current study, we examined the longitudinal
relationship between cerebral blood flow and brain
atrophy in a large cohort of patients with manifest arte-
rial disease over 12 years of follow-up.

Methods

Study population

Data from the Second Manifestations of ARTerial
disease-Magnetic Resonance (SMART-MR) study, a
prospective cohort study at the University Medical
Center Utrecht with the aim to investigate risk factors
and consequences of brain changes on MRI in patients
with symptomatic arterial disease, were used.20

Between 2001 and 2005, 1309 middle-aged and older
adult individuals newly referred to the University
Medical Center Utrecht for treatment of symptomatic
atherosclerotic disease (manifest coronary artery dis-
ease (59%), cerebrovascular disease (23%), peripheral
arterial disease (22%) or abdominal aortic aneurysm
(9%)) were included for baseline measurements, includ-
ing a 1.5T brain MRI. Presence of neurodegenerative
disease was not considered an exclusion criterion. Of
these, 754 persons had follow-up measurements 4 years
later between January 2006 and May 2009. During a
1 day visit to our medical centre, a physical examina-
tion, ultrasonography of the carotid arteries to measure
the intima-media thickness (mm), blood and urine sam-
plings, neuropsychological assessment and a 1.5T
brain MRI scan were performed. The height and
weight were measured, and the body mass index
(BMI) (kg/m2) was calculated. Questionnaires were
used for the assessment of demographics, risk factors,
medical history, medication use and cognitive and
physical functioning. Since November 2013, all patients
alive were invited for a second follow-up, including a
1.5 T brain MRI, of which 329 persons had second
follow-up measurements between November 2013 and

October 2017. A flowchart of the SMART-MR study is

shown in Figure 1.
The SMART-MR study was approved by the med-

ical ethics committee of the University Medical Center

Utrecht according to the guidelines of the Declaration

of Helsinki of 1975, and written informed consent was

obtained from all patients.

Vascular risk factors

At baseline, age, sex, smoking habits and alcohol

intake were assessed with questionnaires. Height and

weight were measured, and the BMI was calculated

(kg/m2). Systolic blood pressure (SBP) (mmHg) and

diastolic blood pressure (DBP) (mmHg) were measured

three times with a sphygmomanometer, and the aver-

age of these measures was calculated. Hypertension

was defined as a mean SBP of >160mmHg, a mean

DBP of >95mmHg or self-reported use of antihyper-

tensive drugs. An overnight fasting venous blood

sample was taken to determine glucose and lipids.

Diabetes mellitus was defined as fasting serum glucose

levels of �7.0mmol/l, and/or use of glucose-lowering

medication, and/or a known history of diabetes.

Ultrasonography was performed with a 10MHz

linear-array transducer (ATL Ultramark 9), and the

degree of the carotid artery stenosis at both sides was

assessed with colour Doppler-assisted duplex scanning.

The severity of carotid artery stenosis was evaluated on

the basis of blood flow velocity patterns, and the great-

est stenosis observed on the right or the left side of the

common or internal carotid artery was taken to deter-

mine the severity of carotid artery disease. Carotid

artery stenosis �70% was defined as peak systolic

velocity >210 cm/s.21

MRI protocol

MR imaging of the brain was performed on a 1.5 T

whole-body system (Gyroscan ACS-NT, Philips

Medical Systems, Best, the Netherlands) using a stan-

dardized scan protocol.20 Transversal T1-weighted

[repetition time (TR)¼ 235ms; echo time (TE)¼
2ms], T2-weighted [TR¼ 2200ms; TE¼ 11ms], fluid-

attenuated inversion recovery (FLAIR) [TR¼ 6000 m;

TE¼ 100ms; inversion time (TI)¼ 2000ms] and T1-

weighted inversion recovery images [TR¼ 2900ms;

TE¼ 22ms; TI¼ 410ms] were acquired with a voxel

size of 1.0� 1.0� 4.0 mm3 and contiguous slices. For

cerebral blood flow measurements, a two-dimensional

phase-contrast section was positioned at the level of the

skull base to measure the volume flow in the basilar

artery and in the internal carotid arteries on the basis

of a localizer MR angiographic slab in the sagittal

plane.22 The two-dimensional phase-contrast section
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was positioned through the basilar artery and the inter-

nal carotid arteries (TR/TE, 16/9 ms; flip angle 7.5�;
field of view 250� 250mm; matrix size 256� 256; slice

thickness 5.0mm; eight acquired signals; velocity sen-

sitivity 100 cm/s).

Cerebral blood flow measurements

Phase-contrast MR angiography was used to measure

total cerebral blood flow, as this method has been dem-

onstrated to be a fast, reproducible and noninvasive

method to measure total cerebral blood flow in large

cohorts.23,24 Previous studies established that phase-

contrast MR angiography correlates well with arterial

spin-labelled perfusion MRI, although estimates tend

to be somewhat higher and more variable than arterial

spin-labelled perfusion MRI.25 Post-processing of the

flow measurements was performed by investigators

blinded to patient characteristics. The flow through

the basilar and internal carotid arteries was summed

to calculate the total cerebral blood flow. Total cere-

bral blood flow was expressed per 100ml brain paren-

chymal volume to obtain parenchymal cerebral blood

flow (pCBF).16 Parenchymal CBF was measured at

baseline, and at the first and second follow-up visits.

Brain volume measurements

White matter hyperintensity (WMH) volumes and

brain volumes were obtained using the k-nearest

Figure 1. MRI participation flowchart of the SMART-MR study. Numbers in the boxes represent the numbers of patients who
underwent a 1.5 T MRI at each time point.
MRI: magnetic resonance imaging.
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neighbour (kNN) automated segmentation programme
on the T1-weighted, FLAIR and T1-weighted inversion
recovery sequences of the MRI scans.26 The kNN seg-
mentation method has been shown to be suitable for
detecting longitudinal brain volume changes.20,27 All
WMH segmentations were visually checked by an
investigator (RG) using an image processing frame-
work (MeVisLab 2.7.1., MeVis Medical Solutions
AG, Bremen, Germany) to ensure that brain infarcts
were correctly removed from the WMH segmentations.
Incorrectly segmented voxels were added to the correct
segmentation volumes using the image processing
framework. Periventricular WMH were defined as
lesions �1 cm of the lateral ventricles and deep
WMH were defined as lesions that were located
>1 cm of the lateral ventricles. Total brain volume
was calculated by summing the volumes of grey
matter, white matter, total WMH and, if present, the
volumes of brain infarcts. Total intracranial volume
(ICV) was calculated by summing the total brain
volume and the volume of the cerebrospinal fluid.
Total brain volume was normalized for ICV and
expressed as brain parenchymal fraction (BPF). Brain
volumes were measured at baseline, and at the first and
second follow-up visits.

Brain infarcts

Brain infarcts were visually rated by a neuroradiologist
blinded to patient characteristics on the T1-weighted,
T2-weighted and FLAIR images of the MRI scans.
Lacunes were defined as focal lesions between 3 and
15mm according to the STRIVE criteria,28 whereas
non-lacunar lesions were divided into large infarcts
(i.e. cortical infarcts and subcortical infarcts not involv-
ing the cerebral cortex) and those located in the cere-
bellum or brain stem.

Study sample

At baseline, 1165 patients had both pCBF and BPF
measurements, whereas this was the case for 689 and
297 patients at the first and second follow-ups, respec-
tively. The study sample included patients with consec-
utive and non-consecutive pCBF and/or BPF
measurements.

Statistical analysis

Baseline characteristics of patients with BPF and pCBF
measurements at baseline (n¼ 1165) were reported as
means or percentages where applicable. Baseline char-
acteristics of patients with follow-up measurements and
those without were compared using an independent
samples t-test and Chi square test for continuous and
dichotomous variables, respectively.

Linear mixed models were used to analyze change in
BPF and change in pCBF over time.29,30 As the time
intervals between MRI measurements differed between
patients, the age of patients at the MRI measurements
was chosen as the time variable. Age was centred on
61 years, the mean value at which the first MRI mea-
surement was performed. BPF and pCBF were ana-
lyzed per standard deviation decrease. To minimize
the risk of bias due to complete case analysis, chained
equations imputation was performed on missing cova-
riates to generate 10 imputed datasets using SPSS 25.0
(Chicago, IL, USA).31 Statistical analyses were per-
formed on these datasets, and pooled results were pre-
sented. In chained equations imputation, linear and
logistic regressions are used to impute continuous and
categorical covariates, respectively, using other covari-
ates as predictors.31

First, we modelled longitudinal measurements of
BPF (dependent variable) with pCBF as time-varying
predictor, with age at time of MRI as the time-scale
and adjusted for baseline age and sex. In a second
model, we additionally adjusted for large infarcts,
lacunes and WMH volume on MRI, DBP, hyperten-
sion, carotid stenosis �70%, BMI and smoking pack
years at baseline. To determine whether baseline pCBF
was a risk factor for subsequent BPF decline, we mod-
elled change in BPF with baseline pCBF. Baseline
pCBF, time, baseline age, sex and the interaction
between baseline pCBF and time were entered in a
model. Next, we additionally adjusted for large
infarcts, lacunes and WMH volume on MRI, hyperten-
sion, diabetes mellitus, carotid stenosis �70%, BMI
and smoking pack years at baseline.

Second, we modelled longitudinal measurements of
pCBF (dependent variable) with BPF as time-varying
predictor with age at time of MRI as the time-scale and
adjusted for baseline age and sex. In the second model,
we additionally adjusted for large infarcts, lacunes and
WMH volume on MRI, hypertension, diabetes melli-
tus, carotid stenosis �70%, BMI and smoking pack
years at baseline. To determine whether baseline BPF
was a risk factor for subsequent pCBF decline, we
modelled change in pCBF with baseline BPF. Next,
we additionally adjusted for large infarcts, lacunes
and WMH volume on MRI, hypertension, diabetes
mellitus, carotid stenosis �70%, BMI and smoking
pack years at baseline.

In all models, a random intercept and random slope
with time were assumed, meaning that the models
accounted for individual variation in the starting level
of BPF or pCBF (intercept) and in change of BPF or
pCBF over time (slope), respectively. Adequacy of all
models was determined by examining the residuals for
homoscedasticity and normality.32 We concluded that
model assumptions were adequately met. Statistical
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significance was set at p� 0.05. Due to the exploratory

nature of the analyses, no adjustment of p values was

made for multiple comparisons. SAS 9.4 (SAS

Institute, Cary, NC, USA) and SPSS 25.0 (Chicago,

IL, USA) were used to perform the statistical analyses.
As sensitivity analyses, we assumed a fixed slope

with time and repeated the analyses with baseline

pCBF as predictor and change in BPF as outcome,

and with baseline BPF as predictor and change in

pCBF as outcome. In addition, to examine whether

multiple imputation affected the results, we repeated

the analyses in patients without missing data (i.e. com-

plete case analysis). Lastly, to examine the effect of

attrition on the results of the longitudinal analyses,

we hypothesized that dropout due to death may repre-

sent a form of informative dropout. We examined the

effect of dropout due to death on the results of the

linear mixed models using a joint modelling approach

that includes a time-to-event submodel.33 For the time-

to-event submodel, data on occurrence of death and

survival times were obtained from questionnaires that

patients received biannually. Acquisition of data relat-

ing to occurrence of death and survival times is

described in detail elsewhere.34 The JM package for

R version 3.6.3 (R Core Team, 2019) was used to per-

form the joint model analysis.33

Results

Baseline characteristics of the study sample (n¼ 1165)

are shown in Table 1. The mean age at baseline was

61� 10 years and 80% were male. Mean pCBF was

51.4� 10.6ml/min per 100ml brain volume. Mean

time between baseline and first follow-up measure-

ments for patients with available pCBF and BPF

data (n¼ 689) was 3.9� 0.4 years (range 2.9–

5.8 years). Mean time between the first follow-up and

second follow-up measurements for patients with avail-

able pCBF and BPF data (n¼ 297) was 8.2� 0.4 years

(range 7.3–9.5 years). Mean time between baseline and

the second follow-up measurements was 12.0�
0.4 years (range 11.1–13.5 years) for patients with avail-

able pCBF and BPF data on the second follow-up

(n¼ 297). Mean decrease in BPF per year for the

study sample was 0.22% ICV (95% CI: –0.23 to

–0.21). Mean decrease in pCBF per year was 0.24ml/

min per 100ml brain volume (95% CI: –0.29 to –0.20).

Patients with follow-up measurements (n¼ 754) were

younger (p< 0.001), more often male (p¼ 0.011), had

more often current alcohol use (p¼ 0.001), had less

often hypertension (p¼ 0.001), diabetes mellitus

(p< 0.001) and carotid artery stenosis �70%

(p¼ 0.04), and had a greater BPF (p< 0.001) and

smaller WMH volumes on MRI (p< 0.001) compared

to patients without follow-up measurements (n¼ 555)
(Table 2).

Time-varying pCBF as a predictor of time-varying BPF

Lower pCBF was associated with lower BPF at base-
line and follow-up, adjusted for age and sex.
Specifically, each standard deviation decrease in
pCBF at a given time point was associated with an
additional 0.10% ICV lower BPF at that given time
point (95% CI: –0.17 to –0.04, p¼ 0.001). This rela-
tionship remained statistically significant after adjust-
ing for large infarcts, lacunes and WMH volume on
MRI, hypertension, diabetes mellitus, carotid stenosis
�70%, BMI, alcohol use and smoking pack years at
baseline (B¼ –0.09% ICV, 95% CI: –0.15 to –0.03,
p¼ 0.005).

Baseline pCBF as a predictor of longitudinal BPF

Adjusted for age and sex, lower baseline pCBF was
associated with greater subsequent decreases in BPF.
Specifically, each standard deviation decrease in base-
line pCBF was associated with an additional 0.01%
ICV decrease per year in BPF (95% CI: –0.02 to

Table 1. Characteristics of the study population with available
pCBF and BPF data at baseline (n¼ 1165).

Age, years 61� 10

Sex, % men 80.3

History of stroke, % 23.3

BMI, kg/m2 27� 4

Smoking, pack yearsa 19 (0, 50)

Alcohol use, %

Current 75.0

Former 8.7

Never 16.3

Hypertension, % 50.9

Diabetes mellitus, % 20.6

Carotid artery stenosis �70%, % 10.6

Infarcts on MRI, %

Large 12.2

Cerebellar 4.0

Brainstem 2.9

Lacunes on MRI, % 18.5

WMH volumes on MRI, mla

Total 0.9 (0.2, 6.5)

Periventricular 0.6 (0.1, 4.2)

Deep 0.3 (0.0, 2.5)

BPF, % ICV 79.0� 2.9

pCBF, ml/min per 100 ml brain volume 51.4� 10.6

Note: Characteristics are presented as mean� SD or %.
aMedian (10th percentile, 90th percentile).

BMI: body mass index; BPF: brain parenchymal fraction; ICV: total intra-

cranial volume; MRI: magnetic resonance imaging; pCBF: parenchymal

cerebral blood flow; SD: standard deviation; WMH: white matter

hyperintensity.
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–0.004, p¼ 0.004) (Table 3). This relationship remained

statistically significant after adjusting for large infarcts,

lacunes and WMH volume on MRI, hypertension, dia-

betes mellitus, carotid stenosis �70%, BMI, alcohol

use and smoking pack years at baseline (B¼ –0.01%

ICV, 95% CI: –0.02 to –0.003, p¼ 0.010).

Time-varying BPF as a predictor of time-varying pCBF

Lower BPF was associated with lower pCBF at base-

line and follow-up, adjusted for age and sex. Each stan-

dard deviation decrease in BPF at a given time point

was associated with an additional 0.90ml/min per

100ml brain volume lower pCBF at that given time

point (95% CI: –1.57 to –0.24, p¼ 0.008). The estimate

attenuated and lost statistical significance after adjust-

ing for large infarcts, lacunes and WMH volume on

MRI, hypertension, diabetes mellitus, carotid stenosis

�70%, BMI, alcohol use and smoking pack years at

baseline (B¼ –0.58ml/min per 100ml brain volume,

95% CI: –1.28 to 0.12, p¼ 0.104).

Baseline BPF as a predictor of longitudinal pCBF

Adjusted for age and sex, lower baseline BPF was not

associated with greater subsequent decreases in pCBF

(B¼ 0.02ml/min per 100ml brain volume, 95% CI:
–0.03 to 0.07, p¼ 0.439) (Table 4). This relationship

did not change after adjusting for large infarcts,
lacunes and WMH volume on MRI, hypertension, dia-

betes mellitus, carotid stenosis �70%, BMI, alcohol

use and smoking pack years at baseline (B¼ 0.02ml/
min per 100ml brain volume, 95% CI: –0.03 to 0.07,

p¼ 0.429).

Sensitivity analyses

Lower baseline pCBF was associated with a greater

subsequent decrease in BPF when assuming a fixed
slope with time or when performing the analysis only

in patients without missing data, adjusted for age, sex,
large infarcts, lacunes and WMH volume on MRI,

hypertension, diabetes mellitus, carotid stenosis
�70%, BMI, alcohol use and smoking pack years at

baseline (Supplementary Table 1 and Supplementary

Table 2, respectively). Baseline BPF was not associated
with change in pCBF over time when assuming a fixed

slope with time or when performing the analysis only in
patients without missing data.

A total of 167 patients (14%) died during the study.
Accounting for dropout due to death, lower baseline

pCBF was associated with a greater subsequent decline

Table 2. Baseline characteristics of the study population (n¼ 1309) according to participation in follow-up visits.

Patients with one

or two follow-up

visits (n¼ 754)

Patients without

follow-up visits

(n¼ 555) p value

Age, years 58� 9 60� 11 <0.001

Sex, % men 82.1 76.4 0.011

History of stroke, % 23.7 22.2 0.503

BMI, kg/m2 27� 4 27� 4 0.568

Smoking, pack yearsa 20 (0, 49) 17 (0, 53) 0.253b

Alcohol use, % current 79 70 0.001

Hypertension, % 47.9 57.3 0.001

Diabetes mellitus, % 16.3 27.1 <0.001

Carotid artery stenosis �70%, % 9.6 13.3 0.04

Infarcts on MRI, %

Large 11.3 14.0 0.152

Cerebellar 3.8 4.5 0.528

Brainstem 2.7 3.2 0.490

Lacunes on MRI, % 17.3 20.7 0.117

WMH volumes on MRI, mla

Total 0.8 (0.2, 4.8) 1.1 (0.3, 8.8) <0.001b

Periventricular 0.5 (0.1, 3.0) 0.8 (0.1, 5.7) <0.001b

Deep 0.2 (0.0, 2.1) 0.3 (0.0, 3.6) <0.001b

BPF, % ICV 79.3� 2.6 78.5� 3.2 <0.001

pCBF, ml/min per 100 ml brain volume 51.6� 10.4 51.0� 10.9 0.336

Note: Characteristics are presented as mean� SD or %.aMedian (10th percentile, 90th percentile).
bNatural log-transformed due to a non-normal distribution in the statistical analysis.

BMI: body mass index; BPF: brain parenchymal fraction; ICV: total intracranial volume; MRI: magnetic resonance imaging; pCBF: parenchymal cerebral

blood flow; SD: standard deviation; WMH: white matter hyperintensity.
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in BPF (B¼ –0.02, 95% CI: –0.03 to –0.002, p¼ 0.009)

in a joint model that included age, sex, large infarcts,

lacunes, WMH volume, hypertension, diabetes melli-

tus, carotid stenosis �70%, BMI, alcohol use and

smoking pack years at baseline as covariates in the

linear mixed and time-to-event submodels.

Discussion

In this cohort of patients with manifest arterial disease,

we observed that a reduced pCBF was associated with

smaller total brain volumes, and that smaller total

brain volumes were associated with reduced pCBF

throughout the follow-up period of 12 years. Reduced

pCBF at baseline was associated with a greater subse-

quent decline in BPF in a model that controlled for sex,

cardiovascular risk factors, brain infarcts and small

vessel disease. However, reduced BPF at baseline was

not associated with a greater decline in pCBF.

Our finding that lower pCBF was associated with

lower BPF at baseline and at follow-up is in line with

previous cross-sectional studies that reported smaller

total brain volumes in patients with reduced cerebral

blood flow.12,13,35 A study in patients with a history of

arterial disease found a significant correlation between

total cerebral blood flow measured using phase-

contrast MR angiography and total brain volume.13

Similarly, a smaller population-based study revealed

that decreased total brain perfusion measured using

arterial spin labelling MRI was associated with smaller

total brain volumes.12 A study comparing patients with

Alzheimer’s disease with age-matched controls showed

that reduced total cerebral blood flow was associated

with smaller total brain volumes only in patients with

Alzheimer’s disease, whereas this relationship was not

found in the control group.35 To our knowledge, only

one previous study reported on the longitudinal rela-

tionship between cerebral blood flow and total brain

Table 3. Results of the linear mixed model with BPF as dependent variable and baseline pCBF as independent variable.

Model 1 Model 2

Estimate (95% CI) p value Estimate (95% CI) p value

Intercept 78.50 (78.35 to 78.64) <0.001 78.61 (77.71 to 79.51) <0.001

Baseline pCBFa –0.19 (–0.32 to –0.07) 0.002 –0.12 (–0.24 to 0.00) 0.051

Rate of change

Timeb –0.24 (–0.25 to –0.22) <0.001 –0.23 (–0.25 to –0.22) <0.001

Time� baseline pCBF –0.01 (–0.02 to –0.004) 0.004 –0.01 (–0.02 to –0.003) 0.010

Ageb –0.04 (–0.06 to –0.03) <0.001 –0.05 (–0.07 to –0.04) <0.001

Sexc 0.90 (0.59 to 1.21) <0.001 0.86 (0.55 to 1.17) <0.001

Large infarcts on MRI – –0.61 (–1.00 to –0.20) 0.003

Lacunes on MRI – –0.60 (–0.94 to –0.26) <0.001

WMH volume on MRId – –0.01 (–0.11 to 0.09) 0.836

Hypertension – –0.19 (–0.43 to 0.05) 0.117

Diabetes mellitus – –1.05 (–1.35 to –0.74) <0.001

Carotid stenosis �70% – –0.17 (–0.61 to 0.27) 0.460

Body mass index – 0.03 (–0.01 to 0.06) 0.109

Smoking pack years – –0.01 (–0.02 to –0.01) <0.001

Alcohol use

Current – 0 (reference) –

Former – –0.41 (–0.84 to 0.01) 0.056

Never – 0.06 (–0.28 to 0.40) 0.728

Note: Estimates represent fixed effects of the linear mixed model with their 95% confidence intervals for a one unit increase of a continuous variable or

presence of a dichotomous variable unless stated otherwise.

Model 1: adjusted for age and sex.

Model 2: additionally adjusted for large infarcts on MRI, lacunes on MRI, WMH volume on MRI, hypertension, diabetes mellitus, carotid stenosis �70%,

body mass index, alcohol use and smoking pack years at baseline.

ICC model 1: 0.87; ICC model 2: 0.86; Marginal R2 Model 1: 0.48; Conditional R2 Model 1: 0.94; Marginal R2 Model 2: 0.53; Conditional R2 Model 2:

0.94.
aPer standard deviation decrease.
bPer year increase.
cFemales vs. males.
dNatural log-transformed due to a non-normal distribution and normalized for total intracranial volume.

ICC: intra-class correlation coefficient; MRI: magnetic resonance imaging; pCBF: parenchymal cerebral blood flow; WMH: white matter hyperintensity.
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volume.11 In this population-based cohort study,

reduced total cerebral blood flow was associated with

greater progression of brain atrophy only in older

patients, whereas a smaller brain volume at baseline

was associated with a steeper decrease in total cerebral

blood flow in the whole population.11 A direct compar-

ison with the findings of the present study, however, is

possible only to a limited extent due to the shorter

follow-up period and the use of total cerebral blood

flow instead of pCBF.
We found that reduced baseline pCBF was signifi-

cantly associated with greater decline in BPF; however,

the effect size was modest when taking into account the

estimated mean annual decline in BPF. A number of

remarks should be made with respect to this finding.

First, the volumetric technique used in our study did

not allow us to measure region-specific brain volume

changes. Recent cross-sectional studies using arterial

spin labelling and dynamic-susceptibility contrast

MRI reported regional effects of reduced cerebral

blood flow on specific brain volumes, predominantly

the temporal lobes.12,35,36 Similarly, the use of phase-

contrast MR angiography did not allow us to measure

region-specific cerebral blood flow. It is therefore pos-

sible that the association between pCBF and progres-

sion of brain atrophy in the present study reflects

regional effects of cerebral blood flow on specific

brain regions. Second, the longitudinal analysis includ-

ed patients with multiple BPF measurements and these

patients may represent a healthier group, which may

have led to an underestimation of the association of

pCBF with progression of brain atrophy.

Nonetheless, the significant longitudinal relationship

between pCBF and BPF in the present study supports

a role of cerebral blood flow in the process of neuro-

degeneration and, from a clinical perspective,

Table 4. Results of the linear mixed model with pCBF as dependent variable and baseline BPF as independent variable.

Model 1 Model 2

Estimate (95% CI) p value Estimate (95% CI) p value

Intercept 50.31 (49.57 to 51.06) <0.001 51.56 (47.46 to 55.67) <0.001

Baseline BPFa –0.48 (–1.20 to 0.37) 0.185 –0.06 (–0.80 to 0.67) 0.868

Rate of change

Timeb –0.35 (–0.45 to –0.26) <0.001 –0.36 (–0.45 to –0.27) <0.001

Time� baseline BPF 0.02 (–0.03 to 0.07) 0.439 0.02 (–0.03 to 0.07) 0.429

Ageb –0.18 (–0.30 to –0.07) <0.001 –0.22 (–0.34 to –0.11) <0.001

Sexc 3.56 (2.22 to 4.89) <0.001 4.17 (2.78 to 5.55) <0.001

Large infarcts on MRI – –1.40 (–3.17 to 0.37) 0.121

Lacunes on MRI – 0.68 (–0.81 to 2.17) 0.371

WMH volume on MRId – –0.50 (–0.97 to –0.04) 0.034

Hypertension – –1.32 (–2.39 to –0.24) 0.016

Diabetes mellitus – –0.36 (–1.74 to 1.02) 0.609

Carotid stenosis �70% – –4.98 (–6.88 to –3.08) <0.001

Body mass index – –0.06 (–0.21 to 0.08) 0.410

Smoking pack years – 0.02 (–0.01 to 0.04) 0.184

Alcohol use

Current – 0 (reference)

Former – –1.28 (–3.21 to 0.64) 0.191

Never – 0.45 (–1.05 to 1.96) 0.556

Note: Estimates represent fixed effects of the linear mixed model with their 95% confidence intervals for a one unit increase of a continuous variable or

presence of a dichotomous variable unless stated otherwise.

Model 1: adjusted for age and sex.

Model 2: additionally adjusted for large infarcts on MRI, lacunes on MRI, WMH volume on MRI, hypertension, diabetes mellitus, carotid stenosis �70%,

body mass index, alcohol use and smoking pack years at baseline.

ICC model 1: 0.54; ICC model 2: 0.52; Marginal R2 Model 1: 0.27; Conditional R2 Model 1: 0.65; Marginal R2 Model 2: 0.33; Conditional R2 Model 2:

0.65.
aPer standard deviation decrease.
bPer year increase.
cFemales vs. males.
dNatural log-transformed due to a non-normal distribution and normalized for total intracranial volume.

BPF: brain parenchymal fraction; ICC: intra-class correlation coefficient; MRI: magnetic resonance imaging; WMH: white matter hyperintensity.
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strengthens the notion that cerebral blood flow could
be a potential target for future prevention strategies of
brain atrophy.17–19

In the present study, we chose a bidirectional model-
ling approach between pCBF and BPF for the follow-
ing reasons. First, although experimental studies using
animal models suggest that reduced cerebral blood flow
may be a risk factor for brain tissue loss,37 some studies
hypothesized that smaller brain volumes may lead to
reduced metabolic demand, which in turn may lead to a
greater decrease in cerebral blood flow over time.38

Second, a previous longitudinal study with a shorter
follow-up period reported that smaller brain volumes
at baseline were associated with a greater decline in
cerebral blood flow.11 The results of the present
study, however, provide support for the notion that
reduced pCBF is a risk factor for greater subsequent
brain atrophy.

Strengths of the present study are the longitudinal
design with pCBF and BPF measurements at three time
points, the large sample size and the relatively long
follow-up period. In addition, the detailed information
on cardiovascular risk factors and cerebrovascular
lesions allowed us to adjust for these possible con-
founders in the association between pCBF and BPF
over time. Also, we used a statistical modelling
approach that allowed patients to have a variable
number of measurements and accounted for differences
in time intervals between measurements.

Limitations are as follows: first, cerebral autoregu-
latory mechanisms to maintain adequate cerebral
blood flow and cardiac output were not considered in
this study, which is a major limitation. Second, as men-
tioned above, the volumetric technique used in our
study did not allow us to measure region-specific
brain volume changes and phase-contrast MR angiog-
raphy did not allow region-specific assessment of blood
flow, which is likely more sensitive in detecting associ-
ations with brain atrophy. Third, volumetry was per-
formed on MRI sequences with a slice thickness of
4mm instead of 1mm, which is more sensitive in
detecting brain volume changes. Fourth, our study
sample consisted of mostly males with a relatively
young age and a history of arterial disease, which
may limit the generalizability of our results. Lastly,
although the MRI scan protocol did not change
throughout the study, each patient was not necessarily
scanned using the exact same MRI scanner over time
and scanner stability was not determined.

In conclusion, our findings demonstrate that
reduced pCBF is independently associated with greater
progression of brain atrophy in patients with manifest
arterial disease. These findings provide further support
for a role of cerebral blood flow in the process of
neurodegeneration.
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