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Abstract

With age, many aspects of the brain structure undergo a pronounced decline, yet individuals
generally function well until advanced old age. There appear to be several compensatory
mechanisms in brain aging, but their precise nature is not well characterized. Here we provide
evidence that the brain of older adults expends more energy when compared to younger adults, as
manifested by an age-related increase (P=0.03) in cerebral metabolic rate of oxygen (CMRO,)
(N=118, men=56, ages 18 to 74). We further showed that, before the mean menopausal age of 51
years old, female and male groups have similar rates of CMRO, increase (P=0.015) and there was
no interaction between age and sex effects (P=0.85). However, when using data from the entire
age range, women have a slower rate of CMRO, change when compared to men (P<0.001 for age
x sex interaction term). Thus, menopause and estrogen level may have played a role in this sex
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difference. Our data also revealed a possible circadian rhythm of CMRO, in that brain metabolic
rate is greater at noon than in the morning (P=0.02). This study reveals a potential neurobiological
mechanism for age-related compensation in brain function and also suggests a sex-difference in its
temporal pattern.
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Introduction

The human brain consumes about 20% of the total energy, although it only accounts for 2%
of the total body weight (Attwell and Laughlin, 2001). In addition, most of the oxygen that
brain consumes is used for neural activity (Buxton, 2002). Thus, the rate of oxygen
consumption by the brain, referred to as cerebral metabolic rate of oxygen (CMRO>), is an
important index for neural activity. Regulation of brain metabolism is critical for the
maintenance of normal cognitive function. In the context of brain aging, earlier studies
showed that resting CMRO, were lower in older subjects (Aanerud et al., 2012; Eustache et
al., 1995; Ibaraki et al., 2010; Yamaguchi et al., 1986), whereas activation data usually show
that task-evoked fMRI signal (presumably reflecting task-evoked CMRO, changes)
increases with age (Cabeza et al., 2004; Cappell et al., 2010; Daselaar et al., 2003; Park et
al., 2003). Therefore, the exact relationship between CMRO; and age requires further
examination.

Most of the prior studies on resting CMRO, were conducted using Positron Emission
Tomography (PET) (Aanerud et al., 2012; Eustache et al., 1995; Ibaraki et al., 2010;
Yamaguchi et al., 1986), which until recently was the only method to measure CMRO; in
humans. Only a few of these had accompanying high-resolution (e.g. 1 mm3) MRI image to
allow careful delineation of regions of interest (Aanerud et al., 2012), and none had
corrected partial volume effect at high-resolution. A potential limitation of low-resolution
images in the study of aging is that, as brain atrophy occurs, cerebral spinal fluid (CSF)
volume fraction in the voxel increases and tissue fraction decreases, which could result in a
CMRO3, reduction in the absence of any real tissue metabolic change. Recently, using a
novel, MRI-based CMRO, technique (Xu et al., 2009), we presented preliminary evidence
that CMRO, may, in fact, increase in older individuals (Lu et al., 2011). A limitation of that
study is that it did not account for a possible age-related decline in hemoglobin
concentration (Aanerud et al., 2012), which is important for accurate estimation of CMRO».
Indeed, when re-analyzing the data by including hematocrit changes, the age effect on
CMRO, now becomes a trend only. Additionally, CMRO, measured in that study was based
on blood flow determined at the level of cervical spine (Lu et al., 2011; Xu et al., 2009),
which is not as accurate as that determined at a more proximal (relative to the brain) location
of foramen magnum (Liu et al., 2013).

Another unexplored aspect in the prior study is that sex differences in the age-pattern. Sex
differences in brain metabolism have yet to be characterized. Previous work by Baxter et al.
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(1987) showed that young women (age 28-39 years) have a higher cerebral metabolic rate of
glucose (CMRgy) compared to young men (Baxter et al., 1987), which is consistent with
animal research findings that estrogen injection enhances brain glucose metabolism (Namba
and Sokoloff, 1984). On the other hand, estrogen levels in females are known to change with
age, thus this enhancing effect, if present, may dissipate with age. Therefore, it is reasonable
to expect that the age-pattern of oxygen metabolic rate may also be sex dependent.

In the present study, we determined global CMRO, in a healthy cohort of 118 subjects
across the adult life span. Our CMRO, measure accounted for brain atrophy effect using a
high- resolution (1x1x1 mm?3) anatomic image. The dependence of CMRO,, on age and sex
as well as the sex dependence of the age effect, i.e. the interaction between the variables,
were examined. These findings were interpreted in the context of age-dependence of two
constituent parameters, cerebral blood flow (CBF) and venous oxygenation (Y,,). Finally,
potential dependence of CMRO> on circadian phase and ethnicity was examined.

Materials and Methods

Participants

The study population consisted of 118 healthy subjects (62 female and 56 male). The age
range in our inclusion criteria was 18-74 years. The Health Insurance Portability and
Accountability Act (HIPAA) compliant protocol was approved by the UT Southwestern
Institutional Review Board and written informed consent was obtained from all participants.
The participants were carefully screened and did not report neurological or psychiatric
disorders according to self-completed questionnaires. The participants did not have MR
contraindications such as metal implants, pacemaker, neurostimulator, body piercings, or
claustrophobia. Since our hypothesis involved the effect of estrogen on brain metabolism,
the history of postmenopausal hormone replacement therapy was also used as an exclusion
criterion to avoid confounding factors. Demographic information of the participants is listed
in Table 1. There was no significant difference in age distribution between women and men
(mean age + SD, 38 + 18 y for women; 36 + 16 y for men; Chi-square test, P=0.12). The
ethnic makeup of the participants included Caucasian (53%), Asian (32%), and African
American (15%).

Experimental procedures

All experiments were conducted on a 3T MR system (Philips Medical System, Best, The
Netherlands). The body coil was used for radiofrequency transmission and an eight-channel
sensitivity encoding (SENSE) head coil was used for receiving. Foam padding was used to
stabilize the head to minimize motion. A localizer scan was performed for slice positioning
and a coil sensitivity scan was conducted for SENSE reconstruction. The CMRO, data
acquisition took approximately 5 minutes and is detailed below. Additionally, a 3D T;-
weighted Magnetization- prepared-rapid-acquisition-of-gradient-echo (MPRAGE) scan was
performed for anatomical reference and the estimation of brain volume. The MPRAGE
sequence used the following imaging parameters: repetition time (TR)/ echo time (TE)/ flip
angle=8.1 ms/3.7 ms/12°, shot interval 2100ms, inversion time (T1)=1100 ms, voxel size = 1
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x 1 x 1 mm3, number of slices 160, sagittal slice orientation, and scan duration = 3 min 57s.
These procedures did not use any exogenous tracers.

Measurement of CMRO»

The method used to quantify global CMRO,, followed techniques originally developed by
Xu et al. (Xu et al., 2009) and was recently improved by Liu et al. (Liu et al., 2013). It is
based on the Fick principle of the arteriovenous differences in oxygen content (Kety and
Schmidt, 1948):

tCMROy=tCBF - (Y, —Y,)-Ch [

where tCMRO, and tCBF are total CMRO> and cerebral blood flow, respectively; Y, and
Yy are oxygen saturation percentage in arterial and venous blood, respectively; and Cy, is a
constant representing the capacity of blood to carry O, and is well established in physiology
literature (Guyton and Hall, 2005). Here we used Cy, values of 8.15 umol O,/ml blood for
young female and 8.56 pmol Oo/ml blood for young male, based on assumed hematocrit of
0.40 and 0.42, respectively (Guyton and Hall, 2005). A recent study suggested that
hematocrit may decrease with age (Aanerud et al., 2012). Thus, Cy, of each individual was
adjusted for this decline rate of 0.0079 pmol/ml per year in our calculation (Aanerud et al.,
2012). Y4 is close to unity and our earlier study has shown that both age and sex have a
small but significant effect on this parameter: Y,= 99.77-0.036xage-1.235xsex
+0.021xagexsex (Lu et al., 2011), where age is written in years and sex uses 0 and 1 for
female and male, respectively. We therefore used this equation to estimate Y, of each
individual according to their age and sex. The two parameters that are most variable are
tCBF and Y\, which are experimentally determined as described below, from which
tCMRO3 in units of pmol O,/min was calculated.

Global venous oxygenation, Y,, was noninvasively assessed from the superior sagittal sinus
(SSS) using a validated approach T,-relaxation-under-spin-tagging (TRUST) MRI (Lu and
Ge, 2008; Lu et al., 2012; Xu et al., 2012). The imaging parameters were: voxel size 3.44 x
3.44 x 5 mm3, TR=3000 ms, TI1=1022 ms, four effective TEs: 0, 40, 80, 160 ms, labeling
thickness 100 mm, gap 22.5 mm, and scan duration 1.2 min. For processing TRUST MRI
data, pairwise subtraction between control and tag images was performed, the difference of
which yields pure venous blood signal (Figure 1a). The venous blood signals were fitted to a
monoexponential function to obtain T, (Figure 1b), which was in turn converted to Y\, via a
calibration plot (Lu et al., 2012).

Phase-contrast (PC) flow velocity MRI was used to measure the total CBF to the entire
brain. Before the flow measurements, time-of-flight angiogram was performed to obtain the
anatomical information of the feeding arteries of the brain. Imaging parameters of the
angiogram were: TR/TE/flip angle=23ms/3.45 ms/18°, field of view (FOV) = 160 x 160 x
70.5 mm3, voxel size = 0.3 x 0.3 x 1.5 mm3, number of slices = 47, one 60-mm saturation
slab positioned above the imaging slab, and scan duration = 1.4 min. Based on the maximum
intensity projection reconstruction of the angiogram, four PC MRI scans were then placed
on the four feeding arteries of the brain: right internal carotid artery (right ICA), left internal
carotid artery (left ICA), right vertebral artery (right VA), and left vertebral artery (left VA)
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(Figure 1c) (Liu et al., 2013). A region-of-interest (ROI) was then drawn on each of the 4
arteries based on the magnitude image (Aslan et al., 2010). The ROI mask was applied to the
velocity map and the integration of the velocity within the ROI (i.e., velocity x area) yielded
CBF in units of milliliters per minute. Scan parameters were as follows: one slice, FOV =
200 x 200 x 5 mm3, voxel size = 0.5 x 0.5 x 5 mm3, 4 averages, maximum velocity
encoding = 80 cm/s, and scan duration = 0.5 min for one PC scan.

To obtain unit volume CMRO, value and account for brain atrophy in aging, we first
determined gray and white matter volumes using tissue segmentation (FSL software,
FMRIB Software Library, Oxford University, UK) of the high-resolution T, image. Then
the total CMRO, of the brain was normalized to these volume values. To account for the
factors that gray and white matter volume loss with age may have different rates and that
these two tissue types have different metabolic rate, the gray and white matter volume terms
were used separately in the normalization equation, which yields unit-mass gray matter
CMRO3 in umol 0O,/100g gray matter (gm)/min:

- tCMRO, 1
gmCMROy=————"—- =[]

‘/tqm""r : ‘/wm P

where tCMRO; is the total CMRO, of the brain; Vgm and Vy, are the volumes of gray and
white matter, respectively; p is the mass density of tissue and is assumed to be 1.06 g/ml
(Herscovitch and Raichle, 1985). The coefficient, r, reflects the CMRO, ratio between the
white and gray matter. In our calculation, we tested a range of values, from 1 to 0.3 in steps
of 0.1, to examine whether the relationship between g:mC M RO, and age is dependent on
the r value used.

Statistical analysis

To examine the dependence of gmCATRO,, 0n age and sex, a linear regression analysis was
performed, in which ¢mC M RO, was assigned as the dependent variable while age and sex
were used as the independent variables. To evaluate the sex differences in the age pattern,
we conducted further analysis by including an age x sex interaction term in the regression
model. If a significant interaction effect was observed, we then divided the data into female
and male subgroups and conducted separate linear regression analysis as a function of age in
each sex. Similar analyses were conducted for g, C’ BT and oxygenation extraction fraction
(OEF) (i.e. [Ya-Yyl/YQ).

We also tested the possibility of g, CM RO, dependence on circadian phase by classifying
the data into three categories according to the time of data collection: 7:00~10:00 (morning),
10:00~14:00 (noon), and 14:00~18:00 (afternoon). The data were then analyzed by one-way
ANOVA for a categorical effect. Given the dependence of gmC'AM RO, on age and sex, we
first corrected for these two factors by calculating the residual value before performing the

ANOVA. Specifically, we computed a corrected gmC M RO,

gmCMRO, ., =gmCMRO, —a-age — b -sex — c-age -sex [3]
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where the coefficients a, b and ¢ were based on the results of the age and sex regression
model. Thus, we essentially examined the sources of residual variance of gmCM RO,
across subjects. If a categorical effect was observed from the ANOVA analysis, pairwise
comparisons were further conducted with a post-hoc Scheffe test. We also examined

whether gmCM RO, is different across Caucasian, Asian, and African American subjects
using the gmC'M RO, ., values. The correlation between ¢, CBF and OEF across

individuals was tested as well. Since these two parameters are also dependent on age and
sex, we corrected for their effects before conducting the correlation analysis.

A P value of 0.05 or less was considered statistically significant. For analyses conducted
separately for each sex, a multiple comparison correction was performed by multiplying the
original P value by 2.

Dependence of CMRO, on Age and Sex

Analysis of total CMRO, (tCMRO,) values (not normalized by brain volume) showed that
there was a significant age x sex interaction term (P=0.01). When separating the participants
by sex, female showed a significant age-decrease in tCMRO, (P=0.01) whereas male
showed no age effect (P=0.32). It is important to note, however, that tCMRO?2 reflects the
total amount of oxygen that the brain consumes and does not account for brain atrophy
associated with aging. The brain-volume corrected results are described below.

Figure 2a shows the scatter plot between gmCM RO, (assuming r=1 in Eq. [2]) and age for
all subjects. Regression analysis using age and sex as independent variables revealed that, as
whole group, gmCM RO, increased with age (P=0.03). Females were found to have a
greater gmCM RO, than male (P=0.03). When including the age x sex interaction term in
the regression model and reanalyzing the data, it was found that all three variables, age
(P<0.001), sex (P<0.001), and their interaction (P=0.001), had a significant effect on
gmCM RO, Therefore, the data were divided into female (Figure 2b) and male (Figure 2c)
subgroups and regression analyses were performed separately for each subgroup. It was
found that the age-increase pattern in the whole group was primarily attributed to an age-
related increase in gmC M RO, in males (R2=0.22, P<0.001), while age had no effect on
gmCMRO, in females (R2=0.004, P=0.85). For male subjects, the rate of gmCMRO,
increase was 0.71 pmol/100g/min per year.

We have also examined the gmC M RO, results when assuming a different r (white matter
to gray matter ratio) value in Eq. [2]. It was found that all of the significant effects reported
above remained within the r range tested (P<0.005 for all effects). The only difference is that
the rate of g;nC A RO, increase is greater when a lower r value is used, ranging from 0.71
umol/100g/min per year using r=1 to 1.41 umol/100g/min per year using r=0.3.

To test our hypothesis that the sex difference of the age effect is mainly attributed to the
onset of menopause in females, we conducted additional regression analyses in which only
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subjects (including 45 females and 46 males) equal or less than 51 years old (the average
menopause age according to reports from National Institute on Aging, http://
www.nia.nih.gov/health/publication/menopause) were used. It was found that the age-
dependence of gmC M RO, in this age range was comparable for male and female groups,
i.e., there was a significant age effect (R2=0.19, P=0.015) but not the interaction effect
(P=0.85). Once again, the value of r used did not affect the significance levels of these
findings.

Dependence of CBF and OEF on Age and Sex

The scatter plot between ¢;»nC BF and age for all subjects is displayed in Figure 3.
Regression analysis revealed that g, CBF reduces with age at a rate of 0.12 ml/100g/min
per year (R?=0.21, P=0.003). gmC BF of female subjects was significantly greater than that
of male by 6.6 m1/100g/min (P<0.001). No age x sex interaction effect was observed
(P=0.13). Thus, the female and male age data are not plotted separately.

Figure 4a exhibits the scatter plot between OEF and age for all subjects. Regression analysis
showed that there was a significant age x sex interaction effect (P=0.05), indicating a
significant difference in the rates of increase between sex. Thus, female and male data were
analyzed separately (Figures 4b and c). Both sex showed an age-related increase in OEF. In
females, the rate of OEF increase was 0.12% per year (P=0.007) while in males the rate was
0.24% per year (P<0.001). Thus, it appears that the increased oxygen consumption with age
is primarily fueled by extracting a larger fraction of oxygen per unit volume blood.

Dependence of gmCATRO, on Other Factors

We examined whether g,mCM RO, at rest is dependent on other factors, such as circadian
phase and ethnicity, in addition to age and sex. We first corrected for the age and sex effects
by calculating the residual value using the regression equation. ANOVA analysis revealed
that there was a significant difference (P=0.023) among gmC M RO, measured during the
three time blocks (Figure 5), 7:00~10:00 (morning, N=29), 10:00~14:00 (noon, N=52), and
14:00~18:00 (afternoon, N=37). Post-hoc Scheffe test showed that there was a significant
difference in gmCAM RO, comparing morning to noon (P=0.022). ANOVA analysis on

ethnicity did not find a significant g;mC M RO, difference among Caucasian (N=63), Asian
(N=37), and African American (N=18) subjects.

We also examined whether the two constituents of the CMRO,, estimation, CBF and OEF,
were related. As shown in Figure 6a, there was a strong negative correlation (R2=0.38,
P<0.001) between g;,CBF and OEF. That is, an individual who had a lower gmCBF
tended to have a greater OEF, and vice versa. Further analyses conducted separately for
female and male subjects demonstrated similar results (Figures 6b and c), suggesting that
this relationship was independent of sex.
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Discussion

This present study provides strong evidence that age-related differences in cerebral
hemodynamics are characterized by an increase in energy consumption and oxygen
metabolic rate, particularly in males. Previous cognitive aging literature has suggested this
concept in the setting of task-evoked neural activity using fMRI techniques (Cabeza et al.,
2004; Hutchison et al., 2013; Park and Reuter-Lorenz, 2009). Our study demonstrates that a
similar age change is present for resting-state brain metabolism. A consistent age effect on
resting and evoked activity is congruent because the brain is highly active even at rest
(Raichle et al., 2001) and there is no clear definition to distinguish rest from activated state.

Our finding is opposite to several previous studies on age-related changes in brain
metabolism using PET imaging methods (Aanerud et al., 2012; Eustache et al., 1995; Ibaraki
et al., 2010; Yamaguchi et al., 1986). One possible reason may be associated with the degree
to which partial volume effect is corrected in these studies, which is important in aging
studies. In the present study, although the data has no spatial specificity, the partial volume
effect between parenchyma and CSF is corrected to a resolution of 1 mm. Most of the
previous studies do not have high-resolution MRI data available (Eustache et al., 1995;
Ibaraki et al., 2010; Yamaguchi et al., 1986), thus the partial voluming correction could only
be conducted at the intrinsic resolution of nuclear imaging methods, which are on the order
of 4 mm. A more recent PET study has provided some interesting data in that both PET and
high-resolution MRI (~1 mm3 voxel size) data were collected in the same subjects (Aanerud
etal., 2012). In that report, the authors primarily focused on regional changes in CMROo,
thus high-resolution MRI images were mainly used for segmentation but not for partial
volume correction (because voxel-by-voxel correction of partial volume requires perfect co-
registration between PET and MRI images, which is not trivial). From a global CMRO,
point-of-view, on the other hand, the data in Aanerud et al. can be potentially used to
estimate global CMRO, with partial volume correction to a resolution of 1 mm, similar to
what was estimated in the present study. This could be carried out by adding up all CMRO»,
values in the brain (e.g. yielding a total CMRO>), followed by dividing by the brain volume
measured from the high-resolution MRI image. Another possibility to explain the
discrepancy is that some of the previous studies provided gray-matter-specific change in
CMRO, whereas our measure of brain oxygen consumption cannot distinguish gray and
white matter contributions to the age-change. If gray and white matter shows differential
rate of volume change with age and this results in an alteration in relative gray/white volume
fraction between younger and older brain, CMRO> could manifest a change without an
actual alteration in either gray or white matter metabolic rate. This possibility was examined
by separately including gray and white matter volume in the normalization equation (Eq.
[2]) and by the inclusion of a gray/white metabolic ratio term (see below for more
discussion).

An age-related increase in CMRO5 has been suggested on our previous study (Lu et al.,
2011). However, the findings in that study were not conclusive for several reasons. For one,
a potential age-related decrease in hemoglobin centration was not accounted for. Therefore,
the prior finding could be attributed to an age-decrease in hematocrit, thereby a reduced
capacity of the blood to carry oxygen. Age dependence of hematocrit has been suggested by
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a recent study, which showed that, with age, blood hemoglobin concentration could decrease
at a rate of 0.0079mmol/L per year (Aanerud et al., 2012). By including the hematocrit
effect in our calculation, we re-analyzed the data in (Lu et al., 2011) and found that the
CMRO, dependence on age is no longer significant, although still showing a trend (P=0.06).
One of the reasons for insufficient power to detect the effect could be related to the accuracy
of the CMRO, measurement technique. Most notably, in the prior study (Lu et al., 2011),
CBF was measured at the level of cervical spine 2 (Xu et al., 2009), at which location the
four arteries are expected to be parallel in orientation, thus their flow rate can be measured
with a single phase-contrast MRI scan. While time-efficient, this imaging location is distal
to the brain and, more importantly, distant from the isocenter of the MRI scanners. A
technical consequence of an offcenter location is that the actual flow-encoding gradient may
be lower than the prescribed value due to limited gradient coil coverage, thereby causing an
under-estimation of CBF (unpublished data). This may reduce the reliability of CMRO,
measurement. Therefore, in the present study, we used an improved method in which flow in
the feeding arteries was determined at a more proximal location of foramen magnum
(reducing gradient imperfection) and four separate phase-contrast scans were performed for
the four arteries, respectively (ensuring perpendicular slice orientation). Technical
investigations have shown that the coefficient of variation (CoV) of CMRO, measured with
this method was 3.8% (Liu et al., 2013). Therefore, these improved physiological and
technological considerations entailed a further examination of the relationship between
CMRO, and age conducted in the present study, which showed not only an age effect but
also an age-by-sex interaction effect, using a sample size half of that of the prior study.

Age-related increase in the context of task-evoked activation has been attributed to a
compensatory or scaffolding mechanism in cognitive aging (see (Park and Reuter-Lorenz,
2009) for a review). For the increase in resting-state metabolism observed in the present
study, we hypothesize that the following possible mechanisms may be responsible. First,
age-related increase in metabolism per unit mass tissue may be compensatory to a loss of
tissue volume with age. Brain volume decreases with age. Thus, the number of neural
processing units (e.g. numbers of neurons or synapses) available for cognitive computation
is expected to be reduced as well (Pakkenberg and Gundersen, 1997). Therefore, it is
reasonable to expect that the remaining neural processing units would have to expend more
energy and undertake more processing load in order to maintain the same functionality.
Second, the computational efficiency and specificity of the neural activity in the elderly
individuals may be reduced and the brain has to engage greater neural activity to achieve the
same behavioral outcome. For example, there is compelling evidence that the brain
activation patterns in the elderly are less specific compared to younger individuals. Park et
al. (2004) showed that the brain has specific regions in visual and hippocampal areas
differentially responding to faces, scenes and words in younger adults, but these specificities
were markedly attenuated in older participants (Park et al., 2004). Similarly, using resting
state fMRI, a number of researchers have shown that the brain’s functional connectivity may
lose specificity or modularity with age in that nodes in the older brain may reveal
connectivity with regions outside its own network (Geerligs et al., 2014a; Geerligs et al.,
2014b; Rieckmann et al., 2011). These additional connectivities are likely energy-
consuming, and may have contributed to a greater CMRO,, in elderly. Finally, the cellular
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machineries that are responsible for generating neural activity may themselves decline with
age. Thus, more oxygen consumption is needed to produce the same amount of neural
activity. For example, it is known that the oxidative phosphorylation process in
mitochondria is not perfect and as much as 20% of the proton gradient that would otherwise
generate high-energy ATP is wasted through proton leak (Attwell and Laughlin, 2001). It is
possible that the fraction of proton leak may increase with age, resulting in less efficient
energy use in older adults.

Another novel finding in the present study is that there appears to be difference in age

changes in gmCNM RO, between sex. In the multiple regression analysis, a highly
significant (P<0.001) age x sex interaction effect was observed. When separately analyzing
the female and male results, it was found that males showed a more pronounced age-
increase effect, whereas the age effect in females was not significant. We posit that estrogen
may play a role in the age changes in females. That is, aside from the above-described
compensatory mechanisms that may cause increased metabolism in the elderly, in females
an additional factor may influence the metabolic changes with age. Estradiol is known to be
protective for mitochondria against toxicity from beta-amyloid and reactive oxygen species
(Vina and Lloret, 2010). There is also evidence that estradiol could increase glucose
utilization throughout the brain (Namba and Sokoloff, 1984). Therefore, when elderly
women lose up to 90% of their premenopausal estrogen level after menopause (Wharton et
al., 2009), mitochondria function declines and results in a slower rate of metabolic change
compared to elderly men. This reduced ability to increase metabolism and perform
compensatory neural processing may be one of the reasons for a higher prevalence of
Alzheimer’s disease in elderly females (Barnes et al., 2005; Vina and Lloret, 2010).

Since the present study measured CBF and OEF of each participant, our findings also have a
few interesting implications on metabolism-vascular coupling in elderly. First, the age-
increase in CMRO (in particularly in male) was not accompanied by a corresponding
increase in CBF. In fact, with age, CBF decreased in both female and male, an observation
noted by many other researchers (Bertsch et al., 2009; Chen et al., 2011). Thus, the notion
used widely in brain activation studies that an increase in neural activity and metabolism
should be accompanied by an increase in CBF is not applicable in age-related changes. This
is because vascular property differs between young and older individuals, due to multiple
factors such as atherosclerosis, arterial sclerosis, and cerebral amyloid angiopathy occurring
with age. Therefore, the greater metabolic demand in the older brain is met by extracting
more oxygen (i.e. larger OEF as shown in this study) from existing blood supply, rather than
by attracting more blood supply. Second, as far as the sex difference is concerned, our data
suggest that blood supply is not the rate-limiting factor that prevented older female from
enhancing their brain metabolism. This is evidenced by the results that female has a greater
CBF and lower OEF (Figure 4) compared to male, even at advanced age. Therefore, our
interpretation is that female has sufficient oxygen extraction reserve (at least until the age
limit of this study), should the neurons want to use more oxygen. Thus, we speculate that the
reason behind a lack of metabolic increase in older women is due to a decline in cellular
machinery responsible for oxidative metabolism (e.g. mitochondria), in that their function is
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compromised due to insults such as beta-amyloid and reactive oxygen species thus the cells
cannot enhance their oxygen metabolic rate even though there is plenty of oxygen available.

When normalizing total CMRO; by the tissue mass to obtain g;mCM RO, values, it is
important to separately consider gray and white matter volumes. This is because gray matter
is expected to have a greater metabolic rate than white matter. Therefore, when an individual
is found to have a higher CMRO,, it could be due to a higher fraction of gray matter relative
to white matter, rather than due to a true enhancement of metabolic rate. In the context of
aging, the gray/white metabolic difference does not necessarily cause a bias in the age-
pattern, when the rate of volume change is similar between them. However, a few literatures
have suggested that the rate of atrophy is different between the gray and white matter, with
some reporting a faster rate in the white matter (Guttmann et al., 1998; Resnick et al., 2000)
and other suggesting a faster rate in the gray matter (Ge et al., 2002; Lim et al., 1992;
Pfefferbaum et al., 1994; Taki et al., 2011). Therefore, to account for tissue specific volume
changes, the present study listed the gray and white matter volume separately in the
normalization equation (Eq. [2]), with a factor r indicating their relative CMRO> ratio. The
value of r is not well established in the literature, but is expected to be similar to that for
CBF since OEF is thought to be homogeneous across tissue types. We therefore tested the
range of 0.3 to 1 in the present study, and found that the significant results were not
dependent on the r value used, although the actual value of the slope varies.

We also investigated whether brain metabolic rate showed physiologic fluctuations within a
day. A time-dependence in gmCM RO, was observed using ANOVA analysis and post-

hoc tests suggested that gmC M RO, was significantly greater at noon when compared to
that in the morning. There is some evidence in the literature that cerebral metabolic level is
reduced during sleep (Madsen and Vorstrup, 1991; Sawaya and Ingvar, 1989). Thus, our
finding supports a circadian rhythm of brain metabolism and energy consumption. One

potential confounding factor in this analysis of time dependence of gmCM RO, is that
participants may have a greater amount of caffeine intake in the morning, which may cause
a variation in CMRO, (Criffeth et al., 2011; Tal et al., 2013). We therefore also tested to
analyze the data using only subjects who reported no caffeine intake within two hours of the
MRI scan (N=84). The results showed that CMRO, in the morning was still significantly
(P=0.037) lower than that at noon.

This study also provides some interesting insights on normal physiology of the brain. Most
CBF and OEF studies have shown a considerable variation in these parameters across
individuals (Bertsch et al., 2009; Liu et al., 2013). Our data suggest that a large portion of
these variations can be explained by physiological reasons, in that intersubject variations in
CBF and OEF are highly correlated (Figure 6). An individual with a higher CBF tends to
have a lower OEF.

It is important to point out the limitations of the current study. The gmCM RO, values
reported here are whole-brain measures without regional or tissue-type information. Thus, it
is possible that age-related changes in metabolism are region dependent (Aanerud et al.,
2012). It is also possible that gray and white matter may show different patterns in metabolic
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changes with age. That is, the coefficient r in Eqg. [2] may be age-dependent, which is not
accounted for in the present study. Another weakness of the present study is that estrogen
level was not measured in our participants. Thus, the notion that estrogen may have played a
significant role in CMRO, changes in females is still an untested hypothesis. This
hypothesis would be supported by evidence that participants with a higher estrogen level
manifest a greater CMRO, compared to age-matched females with lower estrogen level.
Furthermore, the inclusion of a group of older female adults undergoing hormone
replacement therapy could also shed more light on the influence of estrogen on CMRO,.
These works shall be the focus of future studies.

Conclusion

The present study provides evidence that resting-state brain metabolic rate for oxygen is
increased with age. Furthermore, we showed that female and male groups have different
temporal patterns of metabolic change, as evidenced by a significant age x sex interaction
term. Males on average have a higher rate of CMRO, increase when compared to females.
Our data also revealed a possible circadian rhythm of CMRO5 in that brain metabolic rate is
greater at noon than in the morning.
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Figure 1.
Representative results of MRI-based measurement of CMRO,. (a) Images of TRUST MRI

for the quantification of venous oxygenation (Y, in the superior sagittal sinus (SSS). Top
panel: raw images of control and labeled scans. Bottom panel: difference images, i.e.
control- labeled, as a function of T, weighting. eTE = effective echo time. Red arrow
indicates the location of the SSS. (b) Blood signals in the SSS in TRUST MRI are fitted to a
monoexponential function of eTE to yield blood T, which can in turn be converted to Y,
via a calibration plot. (c) Slice positions and typical results of phase-contrast (PC) MRI for
the quantification of global CBF. Left panel: Slice positions of PC MRI scans overlaid on an
angiogram image. Each red bar indicates the imaging slice of one PC MRI scan. Four PC
MRI scans were performed in each subject to cover the four feeding arteries, respectively.
The corresponding PC MRI images are displayed on the right panels. The target artery (red
arrows) always appears in the center of the image and is easily identified.
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Figure 2.
Scatter plots between gmC M RO, and age. (a) Data from all subjects. Each symbol

represents data from one subject. Black curve indicates the trend line. g,mCM RO, showed
a significant increase with age (P=0.03). (b) Data from female subjects only. There was not

a significant age effect on gmC M RO, (c) Data from male subjects only. Regression
analysis showed that g;mC M RO, increases significantly with age (P<0.001).
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Scatter plots between ¢;»nCBF and age for all subjects. Regression analysis showed that

gmC BF decreases significantly with age (P=0.003). There was not a significant age x sex
interaction effect. Thus, no separate, sex-specific analyses were conducted.
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Scatter plots between oxygen extraction fraction (OEF) and age. (a) Data from all subjects.
Each symbol represents data from one subject. Black curve indicates the trend line. OEF
showed a significant increase with age (P<0.001). (b) Data from female subjects only. (c)
Data from male subjects only. OEF increases with age in both female (P=0.007) and male
(P<0.001) participants. But the rate of decline was significantly steeper (P=0.05) in males.

Neuroimage. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Peng et al.

Page 19

200

(B
Ul
o

[ERY
o
o

gmCMRO,,corr
(umol/100g/min)

50
morning noon afternoon

Figure 5.
Comparison of g,mCM RO, by groups based on acquisition time of the day. ANOVA
analysis using all three groups revealed a significant group difference (P=0.023). Post-hoc

test showed that gmC AT RO, at noon was significantly higher than that in the morning

(P=0.022). Note that the g,mC'M RO,, values used in this analysis have factored out the age
and sex effects, by using the age/sex regression equation. Thus, this analysis examines the

residual variance of gmCNM RO, across subjects.
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The relationship between gmCBF and OEF for (a) all subjects, (b) female subjects, and (c)
male subjects. A strong correlation is observed in all three plots, suggesting that an

individual with a higher gmCBF tends to have a lower OEF (i.e. higher Yy, thus

simultaneous measurement of ¢, CBF and OEF may allow a reduction in data variation.
Again, the values used in these analyses have factored out the age and sex effects, by using
the age/sex regression equation. Thus, they examine the residual variance across subjects.
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Subject demographic information

Female subjects Male subjects  All subjects

Number of Caucasian 36 27 63
Number of Asian 19 18 37
Number of African American 7 11 18
Subtotal 62 56 118
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