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Abstract
The accuracy of the cerebral blood flow (CBF) imaging methods in humans has been impeded by
the partial volume effects (PVE), which are a consequence of the limited spatial resolution.
Because of brain atrophy, PVE can be particularly problematic in imaging the elderly and can
considerably overestimate the CBF difference with the young. The primary goal of this study was
to separate the structural decline from the true CBF reduction in elderly. To this end, a PVE-
correction algorithm was applied on the CBF images acquired with spin-echo EPI continuous
arterial spin labeling MRI (voxel size = 3.4 × 3.4 × 8 mm3). Tissue-specific CBF images that were
independent of voxels’ tissue fractional volume were obtained in elderly (N = 30) and young (N =
26); mean age difference was 43 years. Globally, PVE-corrected gray matter CBF was 88.2 ± 16.1
and 107.3±17.5 mL/100g min in elderly and young, respectively. The largest PVE contribution
was found in the frontal lobe and accounted for an additional 10% and 12% increase in the age-
related CBF difference between men and women, respectively. The GM-to-WM CBF ratios were
found to be on average 3.5 in elderly and 3.9 in young. Whole brain voxelwise comparisons
showed marked CBF decrease in anterior cingulate (bilateral), caudate (bilateral), cingulate gyrus
(bilateral), cuneus (left), inferior frontal gyrus (left), insula (left), middle frontal gyrus (left),
precuneus (bilateral), prefrontal cortex (bilateral), superior frontal gyrus (bilateral) in men and
amygdala (bilateral), hypothalamus (left), hippocampus (bilateral), and middle frontal gyrus
(right) in women.
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INTRODUCTION
Imaging techniques such as MRI, PET, and SPECT are commonly employed to investigate
changes in cerebral blood flow (CBF) and metabolism associated with normal aging.
However, a major source of error in these techniques is the partial volume effects (PVE),
which are a consequence of the limited spatial resolution in routine human brain imaging. A
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typical voxel in functional imaging with MRI and nuclear medicine techniques is around or
larger than 60 mm3 and as such, it usually contains a mixture of gray matter (GM), white
matter (WM), and CSF tissues. Therefore, the acquired signal reflects a volume-averaged
contribution from all the tissues and cannot distinguish voxel’s GM from WM and/or CSF.
It follows that the larger the voxel size, the more heterogeneous the voxel hence the more
severe the PVE. In a routine arterial spin labeling (ASL) perfusion MRI experiment, the
measured CBF values can be substantially under-estimated even for voxels with 80% or
higher GM content (Asllani, et al. 2008a).

Because of tissue atrophy, PVE can be particularly problematic in studies of elderly, where
thinning of the cortex and the consequent contamination of GM voxels by WM and CSF
increase voxel heterogeneity (Kohn, et al. 1991; Tanna, et al. 1991). Failure to correct for
this dilution effect could potentially yield a difference between young and elderly even in
the absence of a true perfusion decline.

Although the substantial error introduced by PVE in estimating CBF in elderly has been
long acknowledged (Martin, et al. 1991; Meltzer, et al. 2000; Tanna, et al. 1991), only few
PET studies have attempted to correct for them (Relihac 2001) and no correction has been
done in ASL perfusion imaging. While ASL MRI offers several advantages over PET
(Barbier, et al. 2001), its signal dependency on PVE is more complex because the measured
signal is a ratio of two images, each of which is affected by voxel heterogeneity (Asllani, et
al. 2008a).

Kwong et al. predicted large deviations of CBF values in voxels with CSF content of ≥ 50%
for pulsed ASL (Kwong, et al. 1995) and suggested that ΔT1 maps can be qualitatively used
to counteract the impact of PVE due to CSF. Simulated data reported by Wiersma et al. for
flow-sensitive alternating inversion recovery (FAIR) ASL have shown that for voxels with
CSF content 0–40% CBF can be overestimated by up to 50%; for higher CSF percentages,
the errors were found to increase steeply (Wiersma, et al. 2006). Taking the magnitude of
the FAIR signal proved to be quite effective for voxels with CSF content 0–40% (Wiersma,
et al. 2006). These studies address the effect of CSF signal in pulsed ASL that results from a
discrepancy between zero-crossing inversion times and arterial transit times. As such, they
are particular to pulsed ASL and not directly applicable to continuous ASL. Furthermore, no
attempt was made by these studies to correct for the partial volume effects of WM.

Generally, the problem of PVE is circumvented by trying to include only voxels with high
GM content. To this end, posterior probability masks obtained from high resolution MRI are
used and a given voxel is considered GM if its P[GM] is larger than a threshold value,
commonly chosen to be 0.8 (Asllani, et al. 2008c; Johnson, et al. 2005) or 0.7 (Noth, et al.
2006). In some cases, T1 images are acquired and a given voxel is deemed GM if its T1
value falls within the a priori chosen range (Parkes, et al. 2004). However, even for voxels
with GM content ≥ 80%, the PVE can cause an underestimation of CBF by as much as 24%
(Asllani, et al. 2008a). Furthermore, these exclusion criteria make the comparison between
age groups difficult as many voxels that would survive the threshold for young subjects,
would be missed in elderly where cortical thinning due to atrophy can be quite substantial
(Schmidt and Sokoloff 2001)

Recently, an algorithm that corrects for PVE in ASL MRI has been developed (Asllani, et al.
2008a). The algorithm is based on linear regression and estimates the pure tissue signals by
modeling the intensity of a given voxel as a weighted sum of tissue specific contributions
with the weighting coefficients being the tissue’s fractional volumes (Asllani, et al. 2008a).

The primary goal of this study was to apply the PVE correction algorithm to the ASL CBF
baseline data from young and elderly in order to separate structural changes due to normal
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aging from those due to a ‘true’ CBF decline associated with it. As exploratory goals, the
effects of gender and brain laterality were also investigated.

METHODS
Participants

Baseline continuous ASL (CASL) CBF images were acquired from two groups: healthy
elderly (HE), [N = 30, mean age = 69 ± 6 y, age range = (62–86), 16 men (53.1%, mean age
= 69.2 ± 5.6), 14 women (46.9 %, mean age 68.0 ± 6.2)], and healthy young (HY), [N = 26,
mean age = 26 ± 3 y, age range = (21–31), 8 men (35.7%, mean age = 26.4 ± 2.9) and 18
women (64.3%, mean age = 26.2 ± 3.2.), menstrual cycle was not controlled for]. All
participants were right handed.

Within each group, men and women did not differ in age (HY: t = 0.12, p = 0.91; HE: t =
0.55, p = 0.59). By self-report and interview, participants did not have past or current history
of medical, neurological, or psychiatric disorders or treatment with psychoactive medication.
Participants were screened for dementia with interview and psychometric assessment; none
met the diagnostic criteria. HE subjects were part of an Alzheimer’s disease study
previously reported (Asllani, et al. 2008c).

Image acquisition
For each participant, 30 CASL SE-EPI labeled/control pairs and a high resolution T1-
weighted, 3D spoiled gradient (SPGR), were acquired on a 1.5 T Philips Intera scanner.
CASL images were acquired as described in (Asllani, et al. 2008b) with: labeling duration =
2000 ms, post-labeling delay (PLD) = 800 ms, TE/TR = 35 ms/5000 ms, flip angle = 90°,
FOV = 220 × 192.5 mm2, in-plane resolution = 3.4 × 3.4 mm2, slice thickness/gap = 8.0
mm/1.0 mm, number of axial slices = 15. Slices were acquired in ascending mode with slice
acquisition time = 64 ms, which set the effective PLD in the [800 – 1696] ms range.

SPGR was acquired with: TE/TR = 3 ms/34 ms, flip angle = 45°, acquisition matrix = 256 ×
256 × 124, voxel size = 0.94 × 0.94 × 1.29 mm3.

Image Processing and CBF computation
Preprocessing—was implemented using SPM5 software as previously described (Asllani,
et al. 2008c). Briefly, for each subject, images were preprocessed as follows: (1) all EPI
images were realigned to the first acquired. (2) GM, WM, and CSF posterior probability
images were obtained from subject’s SPGR. (3) The SPGR and posterior probability maps
were co-registered to the first acquired EPI and used to represent the fractional tissue
volume at each voxel.

PVE-correction—A detailed treatment of the underlying theory and methodology of the
PVE correction algorithm is given in (Asllani, et al. 2008a). Briefly, for each subject, the
linear regression algorithm estimates: (1) the magnetization values, mGM, mWM, mCSF using
subject’s mean control SE-EPI image, and (2) the ASL difference values, δmGM and δmWM,
using the mean (control-label) difference image.

For each subject, linear regression was performed in subject’s native space using a
regression kernel of 11×11×1 voxels and following the procedure described in (Asllani, et
al. 2008a).
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CBF computation—As described in detail in (Asllani, et al. 2008a), for each subject,
fractional signal images obtained from the regression algorithm were used to compute tissue
specific CBF images, f, also referred to as ‘flow density’ images:

Eq. [1]

and

Eq. [2]

, where 
in accordance with the two-compartment model (Wang, et al. 2002).

The following parameter values were used to compute CBF: longitudinal relaxation, (T1) of
blood = 1400 ms; blood/tissue water partition = 0.9 mL/g; transit time = 1300 ms; labeling
duration = 2000 ms; tissue T1 in absence of RF = 1150 ms and 800 ms for GM and WM,
respectively; T1 in presence of RF = 750 ms and 530 ms for GM and WM, respectively
(Alsop and Detre 1996); PLD adjusted to account for the inter-slice acquisition time, PLDs
= (acquisition slice −1) (64 ms) + 800 ms; labeling efficiency for CASL at 1.5T on Philips
Intera = 0.70 (Werner, et al. 2005).

Partial flow images, fP, which account for the tissue fractional volume and are, therefore,
also referred to as fractional tissue CBF images, were computed as:

Eq. [3]

Eq. [4]

where PGM and PWM represent the GM and WM fractional volumes, respectively.

Net CBF was computed as sum of partial flow contributions:

Eq. [5]

Ratios of  were also computed for each subject.

Data Analysis
To test the validity of the PVE-correction algorithm, for each subject, 5 test-ROIs were
obtained by including voxels with GM content varying as: 0<P[GM]<0.2, 0.2<P[GM]<0.4,
0.4<P[GM]<0.6, 0.6<P[GM]<0.8, 0.8<P[GM]<1.0 using subject’s GM posterior probability
image. GM CBF values for corrected and uncorrected data from these test-ROIs are
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reported. It is important to note that these ROIs are not ‘functional’ regions in the
conventional sense and may include voxels not adjacent to each other, which is the reason
we refer to them as test-ROIs so that to distinguish them from the functional ROIs described
below.

ROI analysis—For each subject, a whole brain GM ROI was obtained by including only
voxels with GM content of ≥ 80%. Furthermore, group mean CBF values were obtained for
left and right hemispheres, on the four major lobes: Frontal Lobe (FL), Parietal Lobe (PL),
Occipital Lobe (OL), and Temporal Lobe (TL) using wfu_pickatlas (Maldjian, et al. 2003).
All global and lobe-wise ROIs satisfied the statistical power requirement of ≥ 0.8 (effect
size = 15 mL/(100g min), αtwo-tailed=0.05 per ROI) as computed from an independent
sample of healthy elderly population (Asllani, et al. 2008b).

To avoid bias in the analysis and ensure that the same voxels were analyzed in CBF images
from both age-groups, a ‘template’ GM mask was made by conjoining all the posterior
probability GM maps of HY participants with the condition that only voxels for which at
least 10 subjects satisfied the criterion P[GM]>0.8 were included. All the ROIs that were
used in the analysis were conjoined with this mask prior to extracting its value from the
individual CBF images.

Histograms of the ratios of  were computed for each lobe and averaged across
subjects. For each subject, only voxels with ratio values between 0 and 3 standard deviations
(s.d.) away from the mean were included for group comparisons.

Statistical Analysis—ROI-wise between-group (HE vs. HY) differences in CBF were
examined by multiple regression of summed values of GM CBF in a given ROI as the
independent variable and age and gender as regressors (F statistics were set at P<0.05).

Once a significant gender effect was established, the age group CBF differences in the left
and right lobe ROIs were tested for women and men separately using a two_tailed t-test
(α=0.05).

Voxelwise Analysis—To map regions in the brain with a significant age-effect in CBF,
the (HE - HY) CBF contrast was run for men and women, separately. The within-gender
comparisons were computed using fixed effect model based on the algorithm provided by
SPM5. The analysis accounted for the ‘unbalanced’ sample sizes and corrected for multiple
comparisons at a cluster level of 50 voxels resulting in a threshold T-value = 3.84 (P <
0.005). Only voxels contained in the conjunction of all individual SE-EPI masks were
analyzed.

RESULTS
PVE-correction yielded flow density maps independent of voxels’ heterogeneity

The novelty of the PVE-correction methods is that for each subject it yields tissue-specific
‘flow density’ images. Assuming that for a given person, GM and WM ‘flow densities’ do
not vary substantially across the brain, one would expect the spatial distributions of these
pure flow maps to be relatively homogenous. This expectation is qualitatively borne out in
Fig.1 where group averages of flow density images fGM (1st row) and fWM (3rd row),
computed as per Eq.[1] & Eq [2], are shown in Figs.1A & 1B for HY and HE, respectively;

2nd and 4th rows show fractional CBF images, , respectively, which were
computed as per Eq. [3] & Eq [4] and account for the partial volume of each tissue at a
given voxel; the last row shows net CBF images (Eq.[5]).
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Theoretically, the value at each voxel in a tissue-specific flow density image represents the
amount of flow the voxel would have if it were entirely comprised of that tissue. It follows
that for a given tissue, PVE-corrected pure CBF image should be independent of voxel’s
content of that tissue. As proof of concept, we obtained fGM values from voxels varying in
GM content from 0–100%, step of 20%, and compared them with values from data
uncorrected for PVE. Results are shown in Figs.2A & 2B for HE and HY, respectively. As
predicted, the PVE-corrected data were independent of voxels’ GM content – the flow
density values for voxels with (0–20)% GM were similar to those with GM content > 80%
whereas the PVE-uncorrected CBF values varied with voxels’ heterogeneity. Furthermore,
even for voxels with P[GM]>0.8, the uncorrected method underestimated the net CBF by
16% and 13% in HE and HY, respectively, as compared to the PVE-correction method.

Fig.2 makes two additional and important points: First, GM flow density for HE is lower
than that of HY. Second, although PVE are present in both groups, they affect HE more than
the HY, which was expected given the presence of atrophy in the elderly. In fact, the number
of (2×2×2 mm3) MNI voxels with GM content > 80% was 67405 in HE vs. 83075 in HY,
implying an overall 19% percent decrease in global GM volume in elderly. We investigate
these points in some quantitative detail in the following sections.

PVE and gender had a significant effect in GM CBF difference between elderly and young
Globally, fGM was ~18 % lower in HE compared to HY (88.2 ± 16.1 vs. 107.3 ± 17.5 mL/
100g min) with age and gender accounting for 48% of the variance [F(2,56) = 8.1,
P<0.0008]. However, when GM partial volume differences between the two age groups

were included,  in HE was ~30% lower than in HY, (61.0 ± 10.2 mL/100g•min vs. 87.6 ±
14.4) thus contributing an additional 12 % in the observed global difference. In this case,
age and gender accounted for 62% of the observed variability in [F(2,56)= 18.7, P<

0.00001]. Gender alone accounted for 30% and 37% of the variance in fGM and  data,
respectively, (P<0.01 in both cases). Henceforth, we report on regional specificity and the
effects of age, atrophy, and laterality for women and men, separately.

Age-related CBF decline was larger in men

Figs.3A & 3B show lobewise average values of fGM (solid) and  (striped) for women and
men, respectively. Men (Fig.3B) were more affected by age than women; in all the lobes

both density, (fGM ), and fractional, ( ), flow were significantly lower in HE males as
compared to their young counterpart (p < 0.001 for all, αone-tailed = 0.05). For fGM, the
largest difference (~30%) between HY and HE men was found in the frontal and parietal
lobes, followed by the temporal and occipital lobes with 16% and 15%, respectively. Even
when only voxels with GM content ≥80% were included, PVE accounted for an additional
9% difference between young and elderly in the frontal lobe, followed by an average of ~
7% in the other lobes (Fig. 3B, striped columns).

For females, (Fig.3A), the largest (HY-HE) difference in fGM was found in the occipital lobe
(~ 8%) followed by the frontal (~ 7%) and temporal lobes ( ~6%). These differences,
however, did not reach statistical significance in any of the lobes (p > 0.17, αone-tailed = 0.05,
for all.) But, when GM atrophy was accounted for (by including the variability in fractional
volume content in voxels with P[GM]>0.8 between the two age groups, Fig.3A - striped
columns), the differences were found to be significant with the largest observed in the
frontal lobe (17 %), followed by the occipital (16%), temporal (15%), and parietal (12%)
lobes, (p > 0. 05 for all).
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GM CBF decline due to aging was region-and gender-specific
Figs.4A & 4B show SPM{T }maps of the (HY-HE) contrasts for fGM (red) and fNET (green)
overlaid on a surface rendering of the brain for females and males, respectively; the overlap
between the two contrasts is shown in orange. As expected, the T-map for net CBF yielded
larger and more globalized areas of contrast between HY and HE because, in addition to
pure flow differences, it also includes the structural variability between the two age groups.

In men, areas in fGM that survived the statistical threshold for the age difference contrast
included: anterior cingulate (bilateral), caudate (bilateral), cingulate gyrus (bilateral), cuneus
(left), inferior frontal gyrus (left), insula (left), middle frontal gyrus (left), precuneus
(bilateral), prefrontal cortex (bilateral), superior frontal gyrus (bilateral). In women, those
areas were: amygdala (bilateral), hypothalamus (left), hippocampus (bilateral), and middle
frontal gyrus (right).

The flow decline but not atrophy was asymmetric in both men and women
Both men and women showed a substantial laterality effect in GM flow density changes
related to aging (Fig. 4, areas in red). However, the spatial distribution of the observed
asymmetry was gender specific with men showing more areas of reduced GM CBF in the
left hemisphere than in the right. The following regions had ~ 50% more voxels that
survived the statistical threshold in the left hemisphere as compared to the right: anterior
cingulate, caudate, cuneus, inferior frontal gyrus, inferior temporal gyrus, insula, lingual
gyrus, middle frontal gyrus, prefrontal cortex, frontal lobe, and occipital lobe. For women,
the frontal and parietal cortical areas showed more GM CBF decline in the right hemisphere
as compared to the left.

When atrophy was accounted for (Fig. 4, areas in green), the age contrast maps were
relatively symmetrical implying a similar rate of atrophy in both hemispheres.

Voxelwise global differences in ratios of  were slightly lower in HE

Histograms for the brain-wise ratios of  in each age group are shown in Figs.4A &
4B for females and males, respectively. For both men and women, the global values for the

ratio of  were ~ 3.5 and ~3.9 for HE and HY, respectively; the differences did not
reach statistical significance for either gender group.

DISCUSSION
This is the first study to provide a measurement of CBF that is independent of voxels’
heterogeneity and that accounts for variability in tissue fractional volumes between elderly
and young populations. This was achieved by applying a linear regression algorithm that
corrects for PVE in ASL perfusion images (Asllani, et al. 2008a). Our primary findings,
summarized in Fig.1&Fig 2, indicate a global age-related decrease in GM CBF of ~ 15%,
which is substantially lower than what has been previously reported for ASL (~ 30% by
Ances et al. and Restom et al. (Ances, et al. 2008; Restom, et al. 2007), and ~ 20% by
Parkes et al. (Parkes, et al. 2004)). When including the contribution of PVE in voxels with
GM content ≥ 80%, the observed age-related CBF difference was ~30%, in good agreement
with Ances et al. and Restom et al. studies. The gender and laterality effects in GM CBF
found here were similar to those reported by Parkes et al. (Parkes, et al. 2004) although a
direct quantitative comparison is not straightforward.

Asllani et al. Page 7

Hum Brain Mapp. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Several functional activation studies have shown that even in the absence of Alzheimer’s
disease and other degenerative illnesses, aging is accompanied by significant declines in
function related to memory, language, face/object recognition, and tasks that require higher
level of visuospatial processing (Beason-Held, et al. 2008a; Beason-Held, et al. 2008b;
Hazlett, et al. 1998; Miller, et al. 2008; Stern, et al. 2008). However, a quantitative
assessment of these functional impairments has been lacking as the observed changes are
typically expressed in relative terms and baseline values are not obtained. The effect of
baseline variability in BOLD fMRI data was experimentally shown in a study by Brown et
al., where a 20% increase in baseline CBF following the intake of acetazolamide
corresponded to a 35% reduction in the BOLD response in the motor cortex on the same
subjects, for the same stimulus (Brown, et al. 2003).

Therefore, a method that yields absolute and accurate measurement of CBF that is
uncontaminated by PVE, should prove essential especially in studies of age-related
functional decline where conclusions are often based on comparing elderly with young. As
shown here, even in voxels with high GM content (>80%), the PVE contribution in CBF
measurement are regional and gender specific and may have a considerable contribution to
the measured CBF difference between the age groups.

In addition to its relevance for activation studies, separating structure from function in
imaging of the aging brain would aid in our understanding of the causality in disease related
changes in brain structure and function. Recently, an Alzheimer’s disease study by our team
showed a disease related covariance pattern derived from CBF ASL measurement that was
able to distinguish patients from controls with high specificity and sensitivity at baseline
(Asllani, et al. 2008c). Another study by Andrews-Hanna et al. observed an age related
large-scale disruption of brain systems by applying functional correlation methods to BOLD
fMRI data (Andrews-Hanna, et al. 2007). As typical for functional MRI studies, the spatial
resolution in both these studies was relatively low, ~(3.5 × 3.5 × 8 mm3), which, especially
in elderly, would make the contribution of PVE considerable. However, neither study
accounted for additional variance in the data due to inter-and intra-subject variability in
PVE. With the new technique presented here, we should now be able to separate the
structural from the functional networks in the brain and study their relationship with the
disease onset and progression thus increasing the diagnostic potential of MRI.

The advantage of the PVE-correction method developed here is that it yields tissue-specific
CBF values and, as such, voxelwise ratios of GM flow to WM flow can be obtained. This
ratio can in itself be used as indicative of the severity of atrophy and structural deterioration.
Here, we found that the mean values for GM to WM CBF ratios were ~ 3.7, with the values
being somewhat higher in young subjects. These ratios were higher than the value measured
or assumed in previous perfusion MRI studies (Johnson, et al. 2005; Parkes, et al. 2004; Ye,
et al. 2000) but, as expected, they were similar to what has been reported by high-resolution
studies as PVE decrease with decreasing voxel size (Donahue, et al. 2006). Visual
inspection of the histograms of these ratios, (Fig.5), indicates a wider distribution of values
in elderly men, which would be consistent with the finding of a widespread region-specific
decline in GM CBF in this group.

Given the relatively low sample sizes in our study, caution should be drawn in interpreting
the effect of gender in the observed CBF difference between the two age groups. Various
PET studies have examined the gender differences in CBF and metabolism during baseline
function and in response to activation (Esposito, et al. 1996; George, et al. 1996; Good, et al.
2001; Gur, et al. 1995; Kawachi, et al. 2002). The findings have been inconsistent and
remain controversial. This inconsistency could be due to the dependence of the impact of
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PVE on the age difference as well as other factors such as education, weight, or exercise.
Future work is needed to investigate the differential gender effect on aging of the brain.

Also, caution should be drawn in interpreting the results presented here from several
methodological standpoints. Although we combined a long labeling pulse with a relatively
long post-labeling delay to diminish the contamination from the arterial signal, we did not
account for any age-related changes in arterial transit times. In a previous study where the
same acquisition paradigm was used, a longer post-labeling delay showed no significant
difference in measured CBF thus implying that the delay was sufficiently long for the
arterial signal not have a significant role in CBF values (Asllani, et al. 2008c). However, it is
likely that the results presented here might not reflect an absolute difference in CBF values
but a combined effect of lower CBF and longer transit times in elderly.

Second, spatial smoothing is implicit in the application of the regression algorithm – the
smoothing effect depends on the regression kernel size (see (Asllani, et al. 2008c) for
details). Although spatial smoothing is routine in image analysis of MRI data, more work is
needed to estimate its effect on the pure CBF images especially for activation studies where
localization of functional activity is very important.

Third, in this study we did not account for other factors such as weight and exercise that
could potentially affect the aging brain.

In conclusion, in this study we showed the feasibility of using PVE-corrected ASL perfusion
MRI to separate structural changes due to normal aging from those of true CBF decline
associated with it thereby providing a technique that yields absolute measurement of tissue-
specific CBF, which we believe would prove essential in studying of the aging brain.
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Fig. 1.
Group averaged CBF images from HY (A) and HE (B). 1st and 3rd rows show tissue specific

images, fGM and fWM, respectively. Fractional CBF images,  for are shown in 2nd

and 4th rows, respectively; the last row shows fNET. Slices were chosen to represent lower,
middle, and upper areas of the brain (MNI z-coordinates: 21, 37, 41). Units in the bars are in
mL/100g min. Note good uniformity of the image signal for GM and WM flow densities (1st

and 3rd rows).
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Fig. 2.
Pure GM CBF values from PVE-corrected data (grey) and uncorrected data (black) from HE
(A) and HY (B). ROIs were selected to contain voxels with varying GM content from (0–
20%) to (80–100%). Error bars represent + 1 s.e.
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Fig. 3.

Lobewise fGM and  for women (A) and men (B), respectively. GM flow density is shown
in solid for HY and striped blue for HE, while the solid and striped red represent the
fractional CBF for HY and HE, respectively. Error bars represent +1 s.e.
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Fig. 4.
Voxelwise SPM{T}map for the (HY - HE) contrast (corrected at the cluster level of 50
voxels, T > 3.84) overlaid on a surface rendering of the brain for females (A) and males (B)
for fGM (red) and fNET (green). The overlap of the areas where both fGM and fNET were
statistically lower in HE are shown in orange.
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Fig. 5.

Histograms of whole brain ratios of  for females (A) and males (B) are shown in
black and grey for HY and HE, respectively.
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