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Abstract
Functional magnetic resonance imaging (fMRI) studies of the medial temporal lobe have primarily
made use of the blood oxygenation level dependent (BOLD) response to neural activity. The
interpretation of the BOLD signal as a measure of medial temporal lobe function can be complicated,
however, by changes in the cerebrovascular system that can occur with both normal aging and age-
related diseases, such as Alzheimer's disease. Quantitative measures of the functional cerebral blood
flow (CBF) response offer a useful complement to BOLD measures, and have been shown to aid in
the interpretation of fMRI studies. Despite these potential advantages, the application of ASL to
fMRI studies of cognitive tasks and at-risk populations has been limited. In this study, we demonstrate
the application of ASL fMRI to obtain measures of the CBF and BOLD responses to the encoding
of natural scenes in healthy young (mean 25 years) and elderly (mean 74 years) adults. The percent
CBF increase in the medial temporal lobe was significantly higher in the older adults, whereas the
CBF levels during baseline and task conditions and during a separate resting-state scan were
significantly lower in the older group. The older adults also showed slightly higher values for the
BOLD response amplitude and the absolute change in CBF, but the age group differences were not
significant. The percent CBF and BOLD responses are consistent with an age-related increase in the
cerebral metabolic rate of oxygen metabolism (CMRO2) response to memory encoding.

Introduction
The non-invasive nature and relatively high temporal and spatial resolution of blood
oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI) have
made it an essential tool for studies of the working human brain. Most fMRI studies treat the
BOLD response as an indirect qualitative measure of neural activity and interpret differences
in the BOLD signal as a reflection of differences in neural activity. However, differences in
the BOLD response may also reflect variations in the cerebrovascular system, such as age-
related reductions in vascular compliance or shifts in baseline cerebral blood flow (CBF) due

Correspondence to: Thomas T. Liu, Ph.D. UCSD Center for Functional MRI 9500 Gilman Drive, MC 0677 La Jolla, CA 92093−0677
Phone: 858−822−0542; FAX: 858−822−0605; E-mail: ttliu@ucsd.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuroimage. Author manuscript; available in PMC 2008 August 15.

Published in final edited form as:
Neuroimage. 2007 August 15; 37(2): 430–439.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to medication or disease (D'Esposito et al. 2003; Iadecola 2004). With the increasing
application of fMRI to examine the cognitive effects of medical treatment, disease, and age,
there is an increasing need for quantitative measures that can be used to more robustly assess
brain function across populations and treatment conditions.

Arterial spin labeling (ASL) is a non-invasive MRI method for the quantitative measurement
of CBF. Quantitative measures of functional CBF responses are potentially a more accurate
reflection of neural activity than BOLD measures because they describe the response of a well-
defined physiological quantity to neural stimulus. For example, the findings of one ASL study
suggest that the relation between CBF changes and neural activity may be more linear than the
relation between BOLD and neural activity (Miller et al. 2001). Other studies have shown that
CBF measures exhibit lower inter-subject variability as compared to BOLD (Aguirre et al.
2002; Wang et al. 2003; Tjandra et al. 2005) and may provide better localization of the sites
of neural activity (Luh et al. 2000; Kim and Duong 2002). It has also been found that increases
in baseline CBF caused by the administration of vasodilatory agents, such as carbon dioxide
and acetazolamide, significantly decrease the amplitude of the BOLD response but have a much
smaller effect on the functional CBF response (Brown et al. 2003; Stefanovic et al. 2005b).
Finally, when combined with BOLD measures and a hypercapnic challenge, ASL measures of
CBF can be used to derive estimates of functional changes in the cerebral metabolic rate of
oxygen (CMRO2), which has been shown in animal studies to be correlated with functional
changes in neuronal activity (Davis et al. 1998; Hyder 2004).

Despite its potential benefits, the application of ASL in fMRI studies has been mainly limited
to studies investigating the fundamental mechanisms of the fMRI response in the primary motor
and visual cortices. Only a handful of studies have used ASL to examine cognitive processes,
with most of the studies coming from research groups involved in the technical development
of ASL methods (Ye et al. 1998; Ye et al. 2000; Yee et al. 2000; Garraux et al. 2005; Kemeny
et al. 2005; Mildner et al. 2005; Wang et al. 2005; Yang et al. 2005; Kim et al. 2006; Olson et
al. 2006). These studies have primarily focused on demonstrating the feasibility of ASL for
cognitive studies in young healthy volunteers, as opposed to the application of ASL to studies
of cognitive processes in at-risk populations.

One of the factors impeding the routine use of ASL in fMRI studies of cognitive processes has
been the relatively low sensitivity of the method as compared to BOLD. Sensitivity is critical
because cognitive activations tend to be less robust and more variable than sensory activations,
especially in diseased or older subjects who may exhibit decreased levels of activation or higher
levels of noise (D'Esposito et al. 2003). The low inherent sensitivity of ASL methods reflects
the fact that the CBF signal is only a small fraction (on the order of 0.3% for typical ASL
parameters) of the overall magnetic resonance signal from tissue (Buxton 2002). Furthermore,
because CBF images obtained with ASL are based on the difference between tag and control
images, small fluctuations between these images due to subject tremor, physiological
pulsations, and MRI system instabilities can introduce significant noise into the ASL signal.
Methods for reducing physiological noise contributions in ASL measures have been shown to
be critical for obtaining robust measures of functional CBF responses to cognitive tasks (Ye
et al. 2000; Restom et al. 2006b).

In this study, we used a quantitative ASL approach in conjunction with physiological noise
reduction methods to obtain measures of functional CBF and BOLD responses in the medial
temporal lobe to a memory-encoding task. Two preliminary studies have previously
demonstrated the feasibility of using ASL to measure the functional perfusion response to
memory encoding in healthy young subjects (Liu et al. 2001; Fernandez-Seara et al. 2006).
Here we extend the prior work by characterizing and comparing the CBF and BOLD responses
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to memory encoding in both healthy young and elderly subjects. A preliminary version of this
work was reported in (Restom et al. 2006a).

Methods
Participants

Fifteen healthy young (8 women, mean age 25 ± 3.47) and twelve healthy elderly (7 women,
mean age 74.9 ± 5.9) subjects participated in the study. The study was approved by the
institutional review board at the University of California San Diego, and written informed
consent was obtained from all participants. Participants were selected without regard to
ethnicity or race. Based on neurological and neuropsychological exams (Mini-Mental State
Exam, Clinical Dementia Rating Scale, Mattis Dementia Rating Scale (Mattis 1988)), none of
the elderly subjects demonstrated cognitive impairment. Individuals with a reported history of
substance abuse, neurological illness, or psychiatric disorders were excluded from the study.
The two age groups did not significantly differ on education (p = .69) or on gender distribution
(χ2=.09, p=.77).

Experimental Protocol
Each imaging session involved a picture-encoding task consisting of the presentation of novel
and familiar landscape images (Stern et al. 1996). During the acquisition of a localizer and a
high-resolution anatomical scan (prior to the functional scanning), participants viewed four
landscape scenes (two with horizontal and two with vertical aspect ratio) for approximately 10
minutes. These images served as the familiar images. During the functional scanning session,
images were displayed in a blocked design with alternate blocks consisting of either 10 familiar
images (consisting of a pseudo-random sequence of the 4 familiar landscape scenes, with no
familiar scene occurring twice in a row) or 10 novel images. Each image was displayed for a
2 sec duration with a 0.5 sec interval between images. Five blocks of novel and five blocks of
familiar scenes were presented per run (250 sec) with three runs per subject. Participants were
asked to decide whether each image had a horizontal or vertical aspect ratio and to indicate
their choice with a two-button response box. Responses were monitored and recorded to ensure
compliance.

Imaging
Imaging was performed on a 3T GE Excite system with a body transmit coil and an 8-channel
receive-only array. High-resolution structural scans were acquired with a magnetization
prepared 3D fast spoiled gradient acquisition in the steady state (FSPGR) sequence (172 sagittal
slices, 1mm slice thickness, TI 450ms, TR 7.9ms, TE 3.1ms, 12 degree flip angle, FOV 25cm,
matrix 256×256).

Simultaneous perfusion and BOLD data were acquired with a PICORE QUIPSS 2 arterial spin
labeling (ASL) sequence with a dual-echo spiral readout (Wong et al. 1998). Imaging
parameters were: TR=3s, TI1/TI2=700/1400ms, tag thickness 200mm, tag to proximal slice
gap 10 mm, TE1=2.8ms, TE2=24 ms, flip angle 90, FOV 240mm, 64×64 matrix,
repetitions=84. Five 6mm oblique axial slices aligned with the hippocampus were acquired.
One resting state ( 4 minute duration) and three functional scans were acquired. In addition, a
cerebral spinal fluid (CSF) reference scan was acquired for use in quantifying CBF. The CSF
scan consisted of a single-echo, single repetition scan acquired at full relaxation and echo time
equal to 2.8 ms. The CSF scan was acquired using the same in-plane parameters as the ASL
scan, but the number of slices was increased to cover the lateral ventricles.
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Physiological Data
Cardiac pulse and respiratory effort data were monitored using a pulse oximeter (InVivo) and
a respiratory effort transducer (BIOPAC), respectively. The pulse oximeter was placed on the
subject's right index finger. The respiratory effort belt was placed around the subject's abdomen.
Physiological data were sampled at 40 samples per second using a multi-channel data
acquisition board (National Instruments). In addition to the physiological data, scanner TTL
pulse data (10 ms duration, 5 volt pulse per slice acquisition) were recorded at 1 kHz. The TTL
pulse data were used to synchronize the physiological data to the acquired images. Cardiac,
respiratory and TTL data were used to calculate the physiological noise regressors as described
in (Glover et al. 2000; Restom et al. 2006b).

Definition of Anatomical ROI
The anatomical volume was registered to the functional volume using an in-house Matlab
program that utilizes the scanner coordinates of each volume. The accuracy of this registration
program was verified on a phantom using high resolution interleaved spiral images obtained
with the same spiral pulse sequence used for the functional studies. A medial temporal lobe
(MTL) region of interest (ROI) was delineated for each subject, consisting of the bilateral
hippocampus and parahippocampus. The hippocampus was delineated using an automatic
subcortical segmentation program (Freesurfer ASEG) applied to the anatomical image (Fischl
et al. 2002). The parahippocampus was delineated using a MATLAB-based region-growing
algorithm. Starting from seed voxels within the right and left hippocampi (identified using
ASEG), this algorithm identifies cortical gray matter voxels within the gyrus located inferior
to each hippocampus. All subsequent analysis was restricted to the MTL ROI, defined as the
combination of the hippocampal and parahippocampal structures. All ROIs were visually
inspected to ensure accurate delineation. To examine spatial differences in resting-state CBF,
the MTL ROI was further divided into 4 sub-regions (left and right hippocampus; left and right
parahippocampus) and the resting-state CBF was computed for each sub-region. All ROIs were
down-sampled to the resolution of the functional data using AFNI software (Cox 1996).

Preprocessing and General Linear Model Analysis
The first four images of each ASL scan were excluded from data analysis to allow the MRI
signal to reach steady state. All functional runs were motion corrected and registered to the
first functional run using AFNI software (Cox 1996). Data from two of the older subjects was
excluded from further analysis due to excessive motion induced by coughing during the scans.
The mean age of the remaining 10 older subjects was 74.3 ± 6.1 (6 women).

Statistical analysis of the functional data was performed using a general linear model (GLM)
approach for the analysis of ASL data (Mumford et al. 2006; Restom et al. 2006b). The data
from the two echoes were analyzed separately, with the first and second echo data used to
analyze CBF and BOLD activity, respectively. The stimulus-related regressor in the GLM was
obtained by convolving the block design stimulus pattern with a gamma density function of
the form h(t) = (τn!)−1((t − Δt)/τ)n exp(−(t − Δt)/τ) for t ≥ Δt and 0 otherwise, with τ = 1.2, n =
3, and Δt = 1 (Boynton et al. 1996). The measured cardiac and respiratory fluctuation data were
included in the GLM as regressors to model the physiological modulation of the ASL signal.
In addition, a constant and a linear term were included as nuisance regressors. Pre-whitening
was performed using an autoregressive AR(1) model (Burock and Dale 2000; Woolrich et al.
2001). As described in (Restom et al. 2006b), the data from the three functional runs were
concatenated for the GLM analysis, with different physiological and nuisance regressors for
each run.

Clusters of voxels exhibiting CBF and BOLD activation within the MTL ROI were detected
using an overall significance threshold of P= 0.05 applied to the first and second echo data,
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respectively. Correction for multiple comparisons was performed using the AFNI AlphaSim
program (Forman et al. 1995; Cox 1996; Xiong et al. 2005). In addition, for inclusion in further
analysis, we required that at least one voxel in each activated CBF cluster be contiguous with
one voxel in a neighboring activated BOLD cluster. Note that with this criteria, included
clusters could be contiguous, partially overlapping, or fully overlapping. The use of this
constraint is consistent with the observations of a prior study showing that activated CBF and
BOLD voxels are typically found in neighboring spatial regions, with active CBF voxels
located primarily on the arterial side of the vasculature and active BOLD voxels arising
primarily from the venous side (Luh et al. 2000). The application of the inclusion criteria
resulted in an average of one to two CBF/BOLD clusters in each of the four subregions of the
MTL (i.e. left and right hippocampus; left and right parahippocampus).

CBF and BOLD Time Series
For each voxel, the physiological noise components estimated with the GLM were removed
from the measured data to form corrected first and second echo time series. From these noise-
corrected time-series, CBF time-series were computed by taking the running subtraction of the
control and tag image series from the first echo data (TE = 2.8 ms), while BOLD-weighted
time series were computed from the running average (average of each image with the mean of
its two nearest neighbors) of the second echo (TE = 24ms) (Liu and Wong 2005). In addition,
the running average of the first echo data was computed for use in the estimation of R2

∗ changes
(described below).

The CBF time-series were converted to physiological units (ml/(100g-min)) using the CSF
image as a reference signal (Chalela et al. 2000). We used the approach described in (Johnson
et al. 2005) to correct the CBF measures for partial volume effects. This approach assumes that
CSF has zero CBF and that gray matter CBF is 2.5 times higher than white matter CBF. The
CBF value corrected for partial voluming (CBFcorr) is then calculated voxelwise according to
the following formula: CBFcorr = CBFuncorr /(GM + 0.4 ·WM), where GM and WM are gray
and white matter partial volume fractions, respectively. We used the high-resolution anatomical
image and the FSL Automated Segmentation Tool (FAST) to estimate partial volume fractions
(Smith et al. 2004). To examine how uncertainties in the partial volume correction might affect
the conclusions of our study, we also computed two alternate sets of CBF estimates. For the
first alternate set of estimates, we assumed that the measured CBF reflected only gray matter
perfusion, so that the corrected value was CBFcorr = CBFuncorr /GM. For the second set of
estimates, no partial volume correction was used, so that CBFcorr = CBFuncorr.

For each subject, average CBF and BOLD time courses were obtained by averaging the
individual time courses over activated CBF and BOLD voxels, respectively, and over task
cycles. The average CBF time series in physiological units of ml/(100g-min) is referred to as
the absolute CBF response. Percent change CBF and BOLD responses were calculated by
normalizing each time course to its baseline, and are referred to as %ΔCBF and %ΔBOLD
responses, respectively. The baseline values were calculated by fitting the responses to a model
consisting of a constant baseline term and one cycle of the stimulus-related regressor. The
absolute change in CBF from its baseline (in units of ml/(100g-min)) is referred to as the
ΔCBF response. In addition to these functional responses, a mean resting-state MTL CBF value
was calculated for each subject by averaging the CBF time series from the resting state run
across all time points and voxels within the MTL ROI (i.e. not limited to functionally activated
voxels).

As an additional measure of the BOLD response, we calculated the stimulus-related change in
the apparent transverse relaxation rate R2

∗. For each subject, we used the first and second echo
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data to calculate R2
∗(t) = ln(Se1(t) ∕ Se2(t)) ∕ ΔTE , where ΔTE is the difference in echo times,

and Se1(t) and Se2(t) are the running averages of the first and second echo data (after noise
reduction), respectively, averaged across activated BOLD voxels and task cycles. The R2

∗-
based percent BOLD change was then computed as

% ΔBOLD
R2
∗(t) = (e−T E2ΔR2

∗(t)
− 1) ⋅ 100, where ΔR2

∗(t) is the change in R2
∗ and TE2 is the

echo-time of the second echo.

We defined the mean amplitude of each functional response (e.g. %ΔBOLD, % ΔBOLD
R2
∗,

%Δ CBF, ΔCBF, and absolute CBF) as the mean of the response from the four time points
spanning the range 15 to 24 seconds (see brown bar in Figure 1a). We also calculated the mean
amplitude of the post-stimulus %ΔCBF response as the average of the response from the three
time points spanning 41−47 seconds. Differences in mean amplitudes between groups were
assessed with an independent samples two-tailed t-test, and results were taken to be significant
for p<0.05. In addition, we assessed group differences in the baseline values of the absolute
CBF response and in the resting-state CBF values (averaged over the MTL). Effect sizes are
reported as Cohen's d (Olejnik and Algina 2000).

Exploratory Analysis: Estimation of CMRO2 Changes
To assess the effect of age on the functional cerebral metabolic rate of oxygen (CMRO2)
response to memory encoding, we made use of a mathematical model that describes the BOLD
signal change as a function of changes in CBF and CMRO2 (Davis et al. 1998). As described
in the Appendix, we used the mean CBF and BOLD response amplitudes and the framework
of the Davis model to estimate the relation between the normalized CMRO2 response of the
old subjects, mold, to the normalized response of the young subjects, myoung, where m =
CMRO2/CMRO2,0 denotes the CMRO2 level during the task condition (novel pictures)
normalized by the baseline value CMRO2,0. From these normalized responses, we also derived
estimates of the percent change %ΔCMRO2 = 100·(m − 1) responses in the two groups and of
the ratio between the absolute levels of CMRO2 in the old and young groups during the task
condition.

Results
Figure 1 shows average young and elderly functional responses for (a) %ΔBOLD, (b)
% ΔBOLD

R2
∗, (c) %ΔCBF, (d) ΔCBF, and (e) absolute CBF. In addition, a bar graph showing

the mean resting-state CBF values is shown in Figure 1(f). Mean signal values and statistical
measures are summarized in Table 1. Although there was not a significant difference (p =0.12)
in the mean amplitudes of the %ΔBOLD responses between groups, the %ΔCBF amplitude
was significantly (p < 0.05) greater in the older subjects as compared to the young subjects.
The mean ΔCBF amplitude was slightly higher in the older subjects, but the difference was
not significant (p = 0.09). The post-stimulus %ΔCBF response was significantly greater (i.e.
more negative) in the older subjects compared to the younger subjects. Both the baseline value
of the absolute CBF response and the resting-state CBF were significantly lower in the older
subjects. In addition, the absolute CBF level during the task condition (novel pictures) was
significantly lower in the older subjects. When analyzed by sub-regions, resting-state CBF was
found to be significantly lower in the older subjects for all sub-regions except for the left
hippocampus where the difference was nearly significant (p=0.06). The alternate estimates of
CBF obtained by either assuming that only gray matter contributed to the perfusion measure
or omitting partial volume correction resulted in slight increases and decreases, respectively,
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in the CBF values of both groups. However, differences that were found to be significant with
the standard estimates were also found to be significant with both sets of alternate estimates.

There was not a significant difference (p = 0.3) between groups in the amplitudes of the
% ΔBOLD

R2
∗ response. The % ΔBOLD

R2
∗ response amplitudes were slightly higher than the

%ΔBOLD response amplitudes, but the difference was not significant for either the young (p
=0.38, t = 0.89; d= 0.33) or the older subjects ( p = 0.9, t = 0.16; d = 0.07). Recent work suggests
that the lower %ΔBOLD amplitudes may reflect signal decreases due to displacement of static
tissue by functional increases in cerebral blood volume (Woolrich et al. 2006). The
% ΔBOLD

R2
∗ measures are relatively insensitive to these signal decreases because they are

based on the ratio of the dual echo data.

As discussed in the Methods section and Appendix, we used the mean signal values reported
in Table 1 to form estimates of task-related changes in CMRO2. Figure 2a shows %
ΔCMRO2 response amplitudes for young subjects (blue dashed line), older subjects (red dash-
dot) with the assumption of a constant oxygen extraction fraction across age, and older subjects
(green solid) with the assumption of a 0.35% increase per year in the oxygen extraction fraction.
The response amplitudes are plotted versus a range of assumed CBF/CMRO2 coupling factors
for the young subjects. The young response is calculated using Eqn A6 with the assumed
coupling factors and the mean young %ΔCBF amplitude from Table 1, while the older
responses are calculated using Eqn A4 with the mean %ΔCBF and %ΔBOLD amplitudes from
the older subjects. The young %ΔCMRO2 response varies from 21% to 14% while the older
normalized responses vary from 49% to 36% and from 52% to 42% for constant or age-varying
oxygen extraction fraction, respectively. From Equation A7, the estimated baseline CMRO2
levels in the older subjects are 65% and 76% of the level in the young subjects. Figure 2b shows
the estimated ratio of the older to young CMRO2 levels during the task condition as a function
of the coupling factor in the young subjects (see Equation A8). These ratios range from 0.80
to 0.78 and from 0.96 to 0.95 for the constant (red dash-dot) or age-varying (green solid) oxygen
extraction fraction, respectively.

Discussion
Older subjects demonstrated both a significantly higher %ΔCBF response amplitude and
slightly higher (but not significantly different) ΔCBF response as compared to the younger
subjects. Absolute CBF levels during both the baseline (familiar images) and task (novel
images) conditions were significantly lower in the older group. The greater %ΔCBF amplitude
in the older subjects therefore reflects the lower baseline level of the CBF response, rather than
an age-related increase in ΔCBF. The lower CBF levels during the baseline condition were
consistent with a significant age-related decrease in resting-state CBF. Older subjects showed
slightly higher %ΔBOLD and % ΔBOLD

R2
∗ response amplitudes, but the results were not

significant.

The relative increases in the BOLD responses with age (15 to 23% higher for % ΔBOLD
R2
∗

and %ΔBOLD, respectively) were much lower than the relative increase (120%) observed in
the %ΔCBF responses. As mentioned above, the % ΔBOLD

R2
∗ responses are likely to be less

biased by cerebral blood volume effects (Woolrich et al. 2006). We estimate that samples sizes
of 30 young and 41 older subjects would be required to detect a significant (p<0.05) difference
in the %ΔBOLD responses with a power of 0.8, with corresponding samples sizes of 70 young
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and 107 older subjects to detect significant differences in the % ΔBOLD
R2
∗ responses. While

a future study with a larger sample size may be able to demonstrate a difference in the BOLD
responses, it is also likely to confirm the finding that the relative change in the %ΔCBF is much
larger than the relative change in the BOLD response.

The observed age-related decrease in resting-state CBF is consistent with the findings of a
recent ASL study (Parkes et al. 2004) and of positron emission tomography (PET) and single
photon emission computed tomography (SPECT) studies reporting regionally dependent
decreases in CBF with advancing age (Leenders et al. 1990; Martin et al. 1991; Marchal et al.
1992; Bentourkia et al. 2000; Matsuda et al. 2003). Although the mechanisms are not
completely understood, the decreases in CBF appear to parallel decreases in resting-state
oxygen and glucose metabolism (Marchal et al. 1992; Bentourkia et al. 2000; Farkas and Luiten
2001; Noda et al. 2002).

PET studies examining the effect of age on the medial temporal lobe ΔCBF response to memory
encoding have reported somewhat conflicting results. In a study of intentional encoding of
images of faces, (Grady et al. 1995) found an age-related decrease in the ΔCBF response in
the right hippocampal gyrus. In a subsequent study examining encoding of line drawings,
(Grady et al. 1999) reported similar age-related decreases in ΔCBF. However, in a study of
verbal encoding (Madden et al. 1999) found evidence for a slightly higher (but not significant)
medial temporal lobe ΔCBF response in older subjects. While our findings are more consistent
with those of (Madden et al. 1999), a comparison of the present findings with the prior work
is complicated by differences in the memory encoding paradigm and measurement techniques
(i.e. PET vs. arterial spin labeling MRI).

In this study, we observed a significantly greater post-stimulus undershoot in the %ΔCBF
response of the older subjects as compared to the young. The presence of this undershoot may
reflect an overcompensation of the vascular system in its recovery from the significantly greater
positive %ΔCBF response observed in the adults. Alternatively, the undershoot might also
reflect a post-stimulus decrease in the CMRO2 response. Further studies to confirm the
presence of the post-stimulus %ΔCBF undershoot and elucidate its mechanisms would be
useful.

In contrast to our finding that the BOLD response was not significantly affected by age, (Park
et al. 2003) reported a significant age-related decrease in the BOLD response to natural picture
encoding in the left hippocampus. A key difference between the two studies is the use of a
block design in the present study and an event-related design in (Park et al. 2003). Decreases
in BOLD amplitude due to age-related decreases in vascular compliance are likely to be more
pronounced for the short stimuli used in event-related designs as compared to the longer stimuli
used for block designs (D'Esposito et al. 2003; Behzadi and Liu 2005). In addition, the use of
a familiar image baseline task in the present study versus a fixation point baseline task in (Park
et al. 2003) further complicates comparisons between the two studies (Stark and Squire
2001).

Most neuroimaging studies treat CBF and BOLD responses as indirect qualitative measures
of neural activity, interpreting differences in CBF and BOLD signal amplitudes as differences
in neural activity. The interpretation of the present study is not as straightforward, since the
finding of a significantly greater %ΔCBF response in the older adults could be interpreted as
evidence for an age-related increase in neural activity, whereas the lack of significant group
differences in both the ΔCBF and BOLD responses suggests that there may not be a significant
change in neural activity with age.
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Although it is generally accepted that all of the above measures reflect neural activity, it is not
known which measure is the most accurate and robust in the presence of changes in the
cerebrovascular system, such as those that occur with aging. For example, a number of prior
studies examining the relation between resting-state CBF and the functional CBF response
have found that the ΔCBF response is relatively independent of resting-state CBF, suggesting
that ΔCBF is a robust measure of neural activity (Maximilian et al. 1980; Ramsay et al.
1993; Kastrup et al. 1999; Li et al. 2000; Sicard et al. 2004), whereas other studies have found
evidence suggesting that %ΔCBF is a more robust measure (Shimosegawa et al. 1995;
Matsuura et al. 2000; Kemna et al. 2001). In studies using hypocapnia to lower resting-state
CBF, some studies (Ramsay et al. 1993; Sicard et al. 2004) report that ΔCBF is not changed,
a finding consistent with the results of the present study. However, other studies with
hypocapnia find a decrease in ΔCBF with decreased resting-state CBF (Shimosegawa et al.
1995). In studies of the %ΔCBF and BOLD responses, a number of groups have shown that,
in comparison to BOLD measures, %ΔCBF measures exhibit both lower inter-subject
variability and greater robustness in the presence of administered vasodilatory agents (Aguirre
et al. 2002; Brown et al. 2003; Wang et al. 2003; Stefanovic et al. 2005b; Tjandra et al.
2005). These studies suggest that the %ΔCBF response is more robust than the BOLD response,
which exhibits a complex dependence on a number of physiological variables such as CBF,
cerebral blood volume, and the cerebral metabolic rate of oxygen consumption (CMRO2)
(Buxton et al. 2004). However, a variety of biochemical and biomechanical factors, such as
increases in vascular stiffness and reductions in cerebrovascular reactivity, may alter the CBF
response in the absence of changes in neural activity (D'Esposito et al. 2003; Riecker et al.
2003; Bakker et al. 2004; Iadecola 2004; Behzadi and Liu 2005).

In light of the ambiguities faced when interpreting the CBF and BOLD responses separately,
we undertook a combined analysis of the %ΔCBF and BOLD responses. The BOLD response
reflects a delicate balance between %ΔCBF and %ΔCMRO2 responses, with relative increases
in %ΔCBF and %ΔCMRO2 leading to increases and decreases, respectively, in the BOLD
signal amplitude (Buxton et al. 2004). If the age-related increase in %ΔCBF were not
accompanied by a similar increase in %ΔCMRO2, we would expect to find an age-related
increase in the amplitude of the BOLD response. Because there was not a significant age-
related increase in BOLD, the results of the present study are more consistent with an age-
related increase in %ΔCMRO2. As compared to measures of either CBF or BOLD responses,
measures of %ΔCMRO2 are thought to be more tightly linked to neural activity, reflecting the
fact that neurons necessarily expend energy to accomplish their work (Hyder 2004).

To quantitatively assess whether %ΔCMRO2 increases with age, we used a mathematical
model of the BOLD signal (Davis et al. 1998). This model is the basis of the calibrated BOLD
approach that uses measures of %ΔCBF and BOLD responses to both a functional stimulus
and a hypercapnic challenge to obtain estimates of functional CMRO2 changes (Davis et al.
1998; Hoge et al. 1999b; Kastrup et al. 2002; St Lawrence et al. 2003; Stefanovic et al.
2005a). In this study, we did not obtain measures of the CBF and BOLD responses to
hypercapnia, and thus could not directly estimate CMRO2 changes in the two groups. As an
alternative, we used the model in conjunction with a number of assumptions derived from prior
studies to form reasonable estimates of the CMRO2 responses. These estimates indicate that
the %ΔCMRO2 response in the older subjects is roughly 2 to 3 times the %ΔCMRO2 response
in the young subjects, where the variation in the estimates reflects the use of a range of assumed
values for the coupling factor between CBF and CMRO2 in the younger subjects and the
application of two different assumptions about the dependence of the oxygen extraction
fraction on age (see Figure 2). The other main assumption that we used in estimating the relation
between the %ΔCMRO2 responses is the Grubb's relation between CBV and CBF, which leads
to a decrease in baseline CBV with age-related decreases in baseline CBF. The exponent used
in the Grubb's relation ( α = 0.38) is fairly close to the exponent ( α = 0.5) obtained from the
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ideal relation between CBF and CBV when laminar flow is assumed; and the use of the ideal
exponent does not affect our conclusions (Mandeville et al. 1999). The application of the
Grubb's relation tends to decrease the normalized CMRO2 response in the older subjects (see
Equation A4). If we were to assume a constant baseline CBV with age, we would estimate an
even greater difference between the young and older CMRO2 responses.

We used the dependence of baseline CMRO2 on oxygen extraction fraction and baseline CBF
(see Eqn A2) to estimate that baseline CMRO2 levels in the older subjects were 24 to 35%
lower than the young levels. As shown in Figure 2b, combining these baseline estimates with
our estimates of the normalized CMRO2 responses, we found that the level of CMRO2 in the
older subjects during the task condition was only 4 to 22% lower than the young levels. If we
had assumed that baseline CMRO2 did not decrease with age, we would have been led to the
unlikely conclusion that the level of CMRO2 during the task condition was two to three times
greater in the older subjects. Overall, our analysis suggests that, despite lower baseline
metabolic levels, the older subjects are trying to achieve the same overall level of oxygen
metabolism as the young subjects during execution of the task (i.e. curves shown in Figure 2b).

In summary, the findings of this study are consistent with a picture in which the significant
age-related increases in %ΔCBF are accompanied by increases in %ΔCMRO2, leading to lack
of a significant change in the BOLD response to memory encoding. These results point out the
inherent difficulties of interpreting differences in the BOLD response alone. Interpreting these
results within the context of (Hyder 2004), we might conclude that the higher %ΔCMRO2 in
the older subjects reflects a greater percent increase in neural activity, possibly due to
compensatory mechanisms in the aging brain. However, such a conclusion assumes that the
coupling between %ΔCMRO2 and neural activity does not change with age. Our data also
suggest that the absolute level of CMRO2 required to perform a specified function may be
relatively invariant with age. Further studies using the calibrated BOLD approach and other
measures of oxidative metabolism are clearly required to validate our conclusions and
interpretations.
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Appendix
The Davis model for the BOLD signal (Davis et al. 1998) can be written as:

% ΔBOLD = 100 ⋅ TE ⋅ A ⋅ CBV0 ⋅ dHb v0
β ⋅ (1 − ( CBFCBF0

)α−β ⋅ ( CMRO2
CMRO2,0

)β), (A1)

where α and β are empirically determined exponents, TE is echo time, A is a scaling factor that
depends on magnetic field strength, CBV0 is the baseline cerebral blood volume, and
dHb v0

 is the baseline venous concentration of deoxyhemoglobin. Assuming that the arterial

concentration of deoxyhemoglobin is negligible, consideration of mass conservation yields
dHb v0

= CMRO2,0 ∕ (4 ⋅ CBF0) (Hoge et al. 1999a). Furthermore, from the relation

CMRO2 = E ⋅ CBF ⋅ CA, (A2)

where CA denotes the arterial concentration of oxygen, and E is the oxygen extraction fraction,
we find that dHb v0

∝ E0 ⋅ CA (Buxton et al. 2004). Dropping constant terms (A, TE) and

assuming that CA does not significantly change with age (Pantano et al. 1984), we can rewrite
Eqn A1 as
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% ΔBOLD ∝ CBV0 ⋅ E0
β ⋅ (1 − f α−β ⋅ mβ) (A3)

where f = CBF/CBF0 is CBF normalized by its baseline value, m = CMRO2/CMRO2,0 is the
normalized CMRO2 response, and E0 is the baseline extraction fraction. Note that normalized
CBF may be expressed in terms of %ΔCBF as f = 1+%ΔCBF/100. Taking the ratio of the old
and young BOLD responses and solving for the normalized CMRO2 in the older subjects yields,

mold = ((1 −
% ΔBOL Dold

% ΔBOL Dyoung

CBV0,young
CBV0,old

( E0,youngE0,old
)β(1 − f young

α−β myoung
β )) f oldβ−α)1∕β (A4)

Based on PET measures of the change in oxygen extraction fraction with age (Pantano et al.
1984; Leenders et al. 1990), we consider two cases: 1) baseline oxygen extraction fraction is
constant with age (E0,old = E0,young), and 2) oxygen extraction fraction increases at a rate of
0.35% per year. In addition, we assume that age-related changes in baseline CBV and CBF are
related according to Grubb's relation (Grubb et al. 1974), so that

CBV0,old = CBV0,young(CBF0,old ∕ CBF0,young)α. (A5)

With these assumptions, measured percent BOLD and CBF mean amplitudes from Table 1,
and values of α = 0.38 (Grubb et al. 1974) and β = 1.5 (Hoge et al. 1999a; Buxton et al.
2004), we may use Equation A4 to express mold as a function of myoung. To determine a range
of values for myoung we assumed a tight coupling between changes in CBF and CMRO2 of the
form

f − 1
m − 1 = n (A6)

with values of the coupling factor n selected from a range (2 to 3) consistent with the findings
of prior studies (Hoge et al. 1999a; Kastrup et al. 2002; Stefanovic et al. 2004). We used Eqn
A6 and the mean %ΔCBF amplitude for the young subjects (Table 1) to estimate a range of
values for myoung and then used Eqn A4 to estimate mold. From Equation A2 we also obtain
the following relation between resting-state CMRO2 values

CMRO2,0,old
CMRO2,0,young

=
E0,old

E0,young

CBF0,old
CBF0,young

(A7)

with the assumption that CA does not change with age. Finally, from Eqn A7 and the definitions
of the normalized CMRO2 responses, we may write the ratio of CMRO2 levels during the task
condition as

CMRO2,old
CMRO2,young

=
mold

myoung

E0,old
E0,young

CBF0,old
CBF0,young

(A8)
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Figure 1.
Young and elderly group mean functional responses for (a) %ΔBOLD, (b) % ΔBOLD

R2
∗, (c)

%ΔCBF, (d) ΔCBF, and (e) absolute CBF. Green bar in (a) denotes novel picture encoding
period, while the brown bar indicates the time points included in the calculation of the average
values reported in Table 1. Panel (f) shows a bar graph of the mean MTL resting-state CBF
for each group. Error bars indicate ± one standard error.
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Figure 2.
Estimates of age-related CMRO2 changes for assumed nyoung values between 2 and 3. (a) %
ΔCMRO2 response amplitudes for young subjects (blue dashed), old subjects with the
assumption of a constant oxygen extraction fraction across age (red dash-dot), and old subjects
with the assumption of a 0.35% increase per year in the oxygen extraction fraction (green solid).
(b) Estimates of the ratio of the old to young CMRO2 levels during the task condition as a
function of the coupling factor in the young subjects with the assumption of constant (red dash-
dot) or age varying (green solid) oxygen extraction fraction (see Equation A8).
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