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Abstract

Introduction The aim of the present study is to use 3D
pseudo-continuous arterial spin labeling (pCASL) to measure
changes in normal cerebral blood flow (CBF) values with sex
and age.

Methods Eighty subjects underwent magnetic resonance im-
aging study on a 3.0-T scanner. 3D pCASL was used to mea-
sure CBF. Estradiol and testosterone levels were also assessed.
Based on sex and age, the subjects were divided into four
groups for statistical analysis.

Results CBF was higher in young premenopausal women
than in young men (P <0.01), while there was no difference
in CBF between older postmenopausal women and older men.
CBF was also significantly decreased in older postmenopausal
women compared with young women (P < 0.01), whereas no
such age-related effect was present in men.

Conclusion These observations indicate that sex and age dif-
ferences are important considerations when studying nervous
system diseases and that the age range and female-to-male
ratio should be considered in the selection of subjects for brain
studies in order to eliminate bias. Further, the normal CBF
values assessed by pCASL provide a basis for further clinical
use of pCASL.
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Introduction

Owing to the high metabolic rate and limited substrate storage
capacity of brain tissue [1], adequate and constant cerebral
blood flow (CBF) is essential for normal brain function.
Abnormal CBF can contribute to various nervous system dis-
eases including cerebral ischemic stroke [2]. Previous studies
have suggested that premenopausal women experience fewer
strokes than men of comparable age, and stroke rates increase
among postmenopausal women compared with age-matched
men [3]. These sex differences in the prevalence of stroke may
be induced by differences in CBF. Thus, understanding the
gender-specific brain differences in CBF is a critical step to
demonstrate the physiological basis of the mechanisms and
outcomes of neurological diseases [4]. Age is also an impor-
tant factor that can control CBF. Several studies have shown a
continuous decrease in resting CBF during adulthood [5-8].
However, decreased CBF was also detected in patients with
Alzheimer’s disease (AD) [9], and it was suggested that diag-
nosis of AD should incorporate a decrease in CBF as an early
biomarker [10]. Hence, measuring CBF in different aged
healthy subjects is important to differentiate normal versus
abnormal changes in CBF.

Although a number of methodologies have been used to
assess CBF in healthy subjects [5, 11, 12], only limited studies
have used 3D pseudo-continuous arterial spin labeling
(pCASL), a non-invasive method that offers a number of ad-
vantages over traditional methods. First, pCASL can eliminate
the risk of nephrogenic systemic fibrosis in patients with renal
dysfunction because pCASL does not require a gadolinium-
based tracer [13]. Secondly, as pCASL does not use radiation,
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it can be used repeatedly to evaluate CBF changes over time.
Finally, pCASL provides high reproducibility and reliability
[14-17]. Thus, pCASL is increasingly used in the clinical and
experimental study of CBF [18, 19]. As different methodolo-
gies can provide marked variation in CBF values, pCASL
may be useful to quantitatively assess CBF in healthy subjects
to allow accurate differentiation of normal and abnormal CBF.

The aims of the present study were to acquire the normal
CBF values of healthy subjects using 3D pCASL and to assess
the effects of sex and age differences on CBF. We hypothe-
sized that the CBF values of women would be higher than for
men and that CBF values would decrease with age.

Materials and methods
Subjects

Eighty healthy subjects were recruited for this study with in-
formed consent obtained. Subjects were 20 young premeno-
pausal women (age 25.4 +0.43 years), 20 young men (age
25.45+0.43 years), 20 older postmenopausal women (age
57.05£0.79 years), and 20 older men (age 57.6 £ 1.12 years).
Participants were non-smokers, physically fit, and taking no
medication. The inclusion criteria of postmenopausal women
were over 50 years old and >1 year postcomplete cessation of
menses. Exclusion criteria were history or clinical evidence of
cardiovascular disease, be pregnant, neurologic disease,
stroke, known or suspected dementia (mini-mental state ex-
amination score <24), and psychiatric disorder. No alcohol,
caffeine, or medication that could affect CBF was consumed
over the duration of the study. The study was approved by the
local medical ethical committee and conformed to standards
set by the Declaration of Helsinki.

Experimental design

All subjects received clinical and magnetic resonance (MR)
examination between 5-7 pm. For young premenopausal
women, the examinations were performed during mid-cycle
(when estrogen levels are high).

Laboratory test

Estradiol (E2) and testosterone (T) were measured from the pe-
ripheral venous samples using an automatic chemiluminescence
immunoassay analyzer UniCel DxI 800 (Beckmancoulter, Brea,
CA, USA).

MRI examination

A 3.0-T scanner (GE Discovery MR 750, Fairfield, CT, USA)
with an eight-channel head coil (in vivo) was used. The MR
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protocol included 3D pCASL and T1-weighted anatomical
images. The parameters for 3D pCASL were as follows: eight
spiral arms with 512 points on each arm, spatial
resolution = 3.64 mm, postlabeling delay (PLD)=2.0 s, repe-
tition time =4844 ms, echo time=10.5 ms,
bandwidth =+62.5 kHz, slice thickness =4 mm, number of
slices = 36, field of view =24 cm, number of excitations = 3,
and acquisition time =4 min 41 s. A high-resolution T1-
weighted dataset using a 3D fast-spoiled gradient-recalled
echo pulse sequence was acquired and used to generate a
mask to separate grey matter and white matter. The parameters
were as follows: repetition time = 6.9 ms, echo time = 3.0 ms,
inversion time =450 ms, bandwidth =+31.25 kHz, field of
view =25.6 cm, slice thickness =1 mm, matrix =256 x 256,
number of excitations = 1, and acquisition time =4 min 47 s.

Data processing

The 3D pCASL data were processed using ASL toolbox
(http://www.fundacioncien.es/areas/asl _toolbox.asp), SPMS8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) running
with FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), and
MATLAB (MathWorks Inc., Natick, MA, USA). First,
DICOM images were imported into SPM, and the T1-
weighted images were then co-registered to 3D ASL NIFTI
data after resampling. To exclude the signal from non-brain
tissue, CBF images were processed using the skull-stripping
BET algorithm from FSL. Registration of CBF images was
performed using the segmentation transformation matrix gen-
erated from T1-weighted images and was spatially normalized
to the MNI template of Montreal Neurological Institute.
Finally, these normalized CBF data were smoothed with a 4-
mm (FWHM) Gaussian kernel (Fig. 1). Image quality controls
were performed after every step by visual inspection.

Statistics

Statistical analysis was performed using SPSS software (ver-
sion 17.0, SPSS, Chicago, IL, USA). Origin (version 8.0;
OriginLab, Hampton, MA, USA) was used to create the art-
work. Comparisons between young women and young men,
older women and older men, young and older women, and
young and older men were performed by independent samples
t test. A P value of <0.05 was regarded as statistically signif-
icant. Data are presented as mean + SEM.

Results
Laboratory data

The obtained clinical data are shown in Table 1. E2 in older
women was significantly decreased compared with young
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Fig. 1 Tllustration of white matter
and grey matter extraction based
on 3D T1. The mask was then
applied to the CBF map for
regional measurement

3DT1

women (P <0.01). T was significantly lower in older men
compared with young men (P <0.01).

Cerebral blood flow

Differences in CBF between young women and young men,
and older women and older men, are shown in Fig. 2. There
was a significantly higher global brain (GB) CBF in young
women (60.44+1.15 ml, 100 g' min') compared with
young men (49.53+1.2 ml, 100 g ' min"") (P<0.01). CBF
values in both the grey matter (GM) and white matter (WM) of
young women were also significantly higher than in young
men (P <0.01). There were no differences in CBF in the GB,
GM, or WM between older women and older men.

CBF in the GB of the young women was significantly
higher than that of older women (P < 0.01), whereas no such
age-related effect was present in men (Fig. 3). Although CBF
in the GB of young men (49.53 1.2 ml, 100 g min') was
higher than that for older men (46.34+1.74 ml,
100 g71 min '), the difference was not significant (P> 0.05).
Similar trends were observed for CBF in the GM and WM.

Discussion
Sex differences in CBF

Using pCASL, we found that young women exhibited signifi-
cantly higher CBF values in the GB, GM, and WM compared
with young men, which is consistent with the previous CBF
studies using positron emission tomography or single positron
emission-computed tomography [20, 21]. These differences
may relate to the differences in sex hormones between women
and men. For example, E2 was much higher in young women
than in men in the present study. In women, E2 is the main

CBF White matter Gray matter

circulating sex hormone, while circulating levels of T are rela-
tively low. In men, T is the main circulating sex hormone, while
circulating E2 levels are much lower than in women [22].

Both E2 and T exert profound actions on cerebrovascular
reactivity and CBF [23]. Indeed, E2 was reported to (1) en-
hance function of endothelial nitric oxide synthase and subse-
quently increase production of nitric oxide, (2) alter the bal-
ance of prostanoids by enhancing the production of
vasodilating prostacyclin, and (3) manipulate the effect of
endothelium-derived hyperpolarizing factor [24]. These com-
pounds all promote cerebral vascular dilation and can increase
CBEF. In contrast to E2, T alters the balance of prostanoids by
enhancing the production of vasoconstricting thromboxane
and attenuating the effect of endothelium-derived hyperpolar-
izing factor, which promotes cerebral vascular constriction
and subsequently decreases CBF [25]. These opposing effects
of E2 and T may underlie the CBF differences in young wom-
en and young men. In the present study, premenopausal wom-
en were tested during mid-cycle when the E2 levels were high.
Further studies on the CBF of premenopausal women during
different phases of the menstrual cycle are needed to have a
better understanding of the effect of E2. Other factors that may
contribute to the sex difference in CBF of young subjects
include heart rate, blood pressure, and cardiac index, which
have all been reported to be higher in young women than in
age-matched men [26].

By contrast, there were no differences in CBF between
postmenopausal older women and age-matched older men.
This may relate to the low sex hormone level in older subjects.
Indeed, there was a significant decrease of E2 in older women
compared with young women and a decrease in T in older men
compared with young men. With such low levels of sex hor-
mones, the cerebral vasodilatory effect of E2 and the vasocon-
strictor effect of T might disappear, resulting in similar CBF
values in older women and older men. This might also reflect

Table 1 Estradiol (E2) and

testosterone (T) levels (mean Women Men
+ SEM) in the four groups
Young subjects Older subjects Young subjects Older subjects
E2 (pmol/l) 1232.43 +77.74 71.95+2.11% 63.54+1.45 76.92+2.42
T (nmol/l) 1.71£0.15 0.78+0.10 22.15+0.38 14.01 +£0.23%

*Significantly different compared with young women, P <0.01

# Significantly different compared with young men, P<0.01
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that sex hormones play a dominant role in the sex difference of
CBF in young subjects.

Age differences in CBF

The decrease in CBF with age is consistent with previous
studies [7, 8, 27, 28]. However, the reported extent of age-
related CBF differences varies between studies because of
differences in the age and sex of the patients and the measure-
ment methods [7, 29]. In the present study, pCASL was used
to measure CBF of young premenopausal women, young
men, older postmenopausal women, and older men. The de-
crease in CBF observed in older subjects (older postmeno-
pausal women and older men) compared with young subjects
(young premenopausal women and young men) may relate to
deterioration of nervous system and cardiovascular function.
Previous studies have shown that aging is accompanied by
increasing atrophy of brain tissues [30], progressive loss of
cerebral neurons, degeneration of dendritic branches and syn-
aptic connections, and an increase of senile plaques [7]. This
age-related deterioration of nervous system function may re-
sult in a decreased requirement for cerebral blood supply.
Age-related deterioration of cardiovascular function may also
contribute to decreased blood supply to organs including the
brain. Indeed, previous studies have reported that even with-
out coronary artery disease, aging is still accompanied with a
decline of maximal heart rate, cardiac output, and cardiorespi-
ratory fitness, such as aerobic capacity [31].

Although there were no differences in CBF between older
women and older men, the change of CBF between older and
young women differed from that of men. There was a marked
drop in CBF in older women compared with young women,
whereas the decrease of CBF in older men compared with
young men was not significant. As discussed, E2 can promote
cerebrovascular dilation leading to increased CBF. Thus, with
decreased E2 levels in older women, the cerebrovascular di-
lating effect may disappear, thus accentuating the decrease of
CBEF caused by deterioration of nervous and cerebrovascular
function. By contrast, with decreased levels of T in older men,
the cerebral vasoconstrictor effect may disappear, thus in-
creasing CBF. This increase in CBF caused by reduced T in
older men may attenuate the decrease of CBF caused by de-
terioration of nervous and cerebrovascular function.

Clinical and experimental implications

In the present study, we used pCASL to measure CBF
values of healthy subjects. This provides a basis for use of
pCASL in further studies examining abnormal CBF.
Awareness of the sex and age differences in normal CBF
values may also help to understand the sex- and age-
related differences in the prevalence of various nervous sys-
tem diseases [4]. For example, the higher CBF in young
premenopausal women than in young men might reduce
the incidence of stroke in young women [3]. Further, stroke
rates increase among postmenopausal women compared
with age-matched men, which may be related to the marked
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Fig.3 Mean CBF separately for age group and sex. a CBF in the global brain (GB). b CBF in the grey matter (GM). ¢ CBF in the white matter (WM).

Data are mean + SEM
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drop in CBF observed in older postmenopausal women
compared with young women. Our findings of normal sex-
or age-related CBF changes may also help to identify CBF
changes related to various diseases. For example, decreased
CBF was reported in patients with AD [9]. However, as
CBF can also decrease with normal aging, especially in
postmenopausal women, this decrease in CBF should be
interpreted carefully to separate disease states from normal
aging. Finally, our findings highlight the importance of con-
sidering age range and female-to-male ratio in the selection
of subjects for studies of the brain in order to eliminate bias.

Limitations

This study has some potential limitations. We used the same
PLD for young and older subjects for comparison between the
two groups. However, arterial transit time might be different
between young and older subjects because of blood velocity
differences in the arteries [32]. Although the PLD used in the
present study was applicable to both young and older healthy
subjects, multi-PLD can provide more accurate CBF assess-
ment. Another limitation is that CBF in young women was
measured during the mid-cycle, when the E2 level is high.
Assessment of CBF in premenopausal women during differ-
ent phases of the menstrual cycle might provide a better un-
derstanding of the sex hormones effects on CBF.

Conclusion

We found sex- and age-related CBF differences in healthy
subjects using pCASL. These differences may be causative
in the distinct prevalence and outcomes of various nervous
system diseases in subjects with different sex and ages.
Thus, selection of subjects for neuroscience studies should
consider sample size, as well as age and female-to-male ratio.
Further studies with larger sample size are necessary to inves-
tigate the effects of sex and age on CBF with pCASL, in order
to set a range of normal reference values to differentiate nor-
mal changes with disease states. Meanwhile, studies with the
consideration of menstrual stage are still needed to have a
better understanding of the effect of sex hormones on CBF.
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