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Calibrated fMRI in the medial temporal lobe during a
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Prior measures of the blood oxygenation level-dependent (BOLD) and
cerebral blood flow (CBF) responses to a memory-encoding task
within the medial temporal lobe have suggested that the coupling
between functional changes in CBF and changes in the cerebral
metabolic rate of oxygen (CMRO2) may be tighter in the medial
temporal lobe as compared to the primary sensory areas. In this study,
we used a calibrated functional magnetic resonance imaging (fMRI)
approach to directly estimate memory-encoding-related changes in
CMRO2 and to assess the coupling between CBF and CMRO2 in the
medial temporal lobe. The CBF–CMRO2 coupling ratio was estimated
using a linear fit to the flow and metabolism changes observed across
subjects. In addition, we examined the effect of region-of-interest
(ROI) selection on the estimates. In response to the memory-encoding
task, CMRO2 increased by 23.1±8.8% to 25.3±5.7% (depending
upon ROI), with an estimated CBF–CMRO2 coupling ratio of 1.66±
0.07 to 1.75±0.16. There was not a significant effect of ROI selection
on either the CMRO2 or coupling ratio estimates. The observed
coupling ratios were significantly lower than the values (2 to 4.5) that
have been reported in previous calibrated fMRI studies of the visual
and motor cortices. In addition, the estimated coupling ratio was found
to be less sensitive to the calibration procedure for functional responses
in the medial temporal lobe as compared to the primary sensory areas.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

Functional MRI (fMRI) studies typically measure changes in
the blood oxygenation level-dependent (BOLD) signal in response
to a functional task and use this signal as an indirect measure of
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neural activity. However, there is increasing evidence to suggest
that the BOLD signal may also reflect changes in the cerebrovas-
cular system due to factors such as medication, age, and disease
(D'Esposito et al., 2003). As the BOLD signal exhibits a complex
dependence on a number of physiological variables, such as
cerebral blood flow (CBF) and the cerebral metabolic rate of
oxygen (CMRO2), a deeper interpretation of the BOLD signal is
possible if these additional variables can also be estimated. In
particular, estimates of CMRO2 changes are of great interest, since
changes in CMRO2 have been shown to be tightly linked with
changes in neural activity (Hyder et al., 2001). Davis et al. (1998)
proposed a calibrated fMRI approach for estimating changes in
CMRO2 by measuring the BOLD and CBF responses to both a
hypercapnic challenge and a functional task. This approach has
been used by a number of investigators to examine the neuro-
vascular coupling ratio (denoted as n) between fractional changes
in CBF and CMRO2.

The application of the calibrated BOLD approach has been
limited primarily to cortical sensory areas employing either visual
or motor stimuli, where robust measures of CBF and BOLD
changes can be routinely obtained. These previous studies have
typically reported values for the neurovascular coupling ratio in the
range of 2 to 4.5 (Davis et al., 1998; Hoge et al., 1999b; Kastrup
et al., 2002; Stefanovic et al., 2004; Stefanovic et al., 2006;
Chiarelli et al., 2007; Leontiev and Buxton, 2007; Leontiev et al.,
2007). In addition, a recent study reported different values for the
coupling ratio in the motor and visual cortical areas (Chiarelli et al.,
2007), indicating that the coupling ratio may vary across the brain.
Our group has recently demonstrated the robust measurement of
combined BOLD and CBF responses in the medial temporal lobe
(MTL) to a memory-encoding task in both young and elderly
subjects (Restom et al., 2007). The observed BOLD response
amplitude in this region (typically only ~0.5%) was smaller than
that reported for sensory areas (typically on the order of 2% or
more), despite a percent CBF change (roughly 40%) on the order
of that typically observed in response to visual stimulation. These
prior findings suggest that the changes in CBF and CMRO2 may be
more tightly coupled in the MTL as compared to sensory areas. In
this study, we use the calibrated fMRI approach to directly estimate
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the change in CMRO2 in the MTL in response to a memory-
encoding task. To obtain an estimate of the CBF–CMRO2 coupling
ratio, we used a linear fit to the changes in CBF and CMRO2 across
the group. In addition, we examine the implications of small
BOLD signal changes for CMRO2 estimation when using the
calibrated fMRI approach.

Methods

Participants

Nine healthy adults (5 women, mean age 25±3.5) 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.
CO2 administration

Hypercapnia was induced by a gas mixture consisting of 5%
CO2, 21% O2 and 74% N2 delivered through a non-rebreathing face
mask (Hans Rudolph 2700 Series, St. Louis, MI). Two 7-min runs
were acquired for each subject. During each run, subjects breathed
room air for 2 min followed by 3 min of hypercapnia, and then room
air for 2 min.

Functional task

The functional stimulus consisted of a picture-encoding task in
which subjects viewed novel and familiar landscape images (Stern
et al., 1996). Prior to the functional scanning, participants viewed
four landscape images (two with horizontal and two with vertical
aspect ratio) for approximately 10 min during the acquisition of a
high-resolution anatomical scan and a baseline CBF scan. These
images served as the familiar images. During the functional
scanning session, images were displayed in a blocked design with
alternating blocks consisting of 10 familiar or 10 novel images.
Each image was displayed for a 2-s duration with a 0.5-s interval
between images. Five blocks of novel and five blocks of familiar
scenes were presented per run (250 s) with three runs per subject.
Participants were asked to indicate whether each image had a
horizontal or vertical aspect ratio using a two-button response
box, and the responses were monitored and recorded to ensure
compliance.

Imaging

Imaging was performed on a 3-T GE Excite system with a body
transmit coil and an 8-channel receive-only head coil. Simultaneous
perfusion and BOLD data were acquired with a PICORE QUIPSS II
arterial spin labeling (ASL) sequence with a dual-echo spiral readout
(Wong et al., 1998). Imaging parameters were TR=3 s, TI1/TI2=700/
1400 ms, tag thickness 200 mm, tag to proximal slice gap 10 mm,
TE1=2.8 ms, TE2=24 ms, flip angle 90, FOV 240 mm, 64×64
matrix. Five 6-mm oblique axial slices aligned with the hippocampus
were acquired. This sequence was used for data acquisition during the
two hypercapnia scans, one baseline CBF scan (4 min), and three
functional scans.

The high-resolution structural scan (acquired immediately
after the hypercapnia scans) used a magnetization prepared 3D
fast spoiled gradient acquisition in the steady-state (FSPGR)
sequence (172 sagittal slices, 1-mm slice thickness, TI 450 ms,
TR 7.9 ms, TE 3.1 ms, 12° flip angle, FOV 25 cm, matrix
256×256).

Cardiac pulse and respiratory effort data were monitored using
a pulse oximeter (InVivo) and a respiratory effort transducer
(BIOPAC), respectively. In addition to the physiological data,
scanner TTL pulse data were recorded and used to synchronize the
physiological data to the acquired images. Cardiac, respiratory,
and TTL data were used to calculate physiological noise
regressors as described in Glover et al. (2000) and Restom et al.
(2006).

Definition of anatomical ROIs

A medial temporal lobe (MTL) region of interest (ROI) was
determined 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 previously described in Restom et al. (2007).
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 union of the voxels in the hippocampal and parahippocampal
structures.

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 ASL runs
were motion corrected and registered to the first functional run using
AFNI software (Cox, 1996).

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., 2006). 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. (2006), the
data from the three functional runs were concatenated for the GLM
analysis, with separate physiological and nuisance regressors for
each run.

Definition of functional ROIs

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, respectively.
Correction for multiple comparisons was performed using the AFNI
AlphaSim program (Forman et al., 1995; Cox, 1996; Xiong et al.,
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2005). The active clusters were used to define two functional ROIs,
facilitating the assessment of the effect of ROI choice on the
parameter estimates. First, a partial overlap ROI was defined in the
sameway as in a recent study by our group (Restom et al., 2007). For
this ROI, we required that the detected CBF and BOLD clusters be
partially overlapping or contiguous for inclusion in further analysis.
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). For the partial overlap ROI, average CBF and BOLD
time series were computed by averaging over the active CBF and
BOLD clusters, respectively. This approach is similar to that used by
Stefanovic et al. (2004, 2006). A second ROI was defined as the
intersection of the CBF and BOLD clusters and is therefore a subset
of the partial overlap ROI. Average CBF and BOLD time series were
determined by averaging over all voxels within this intersection.
This intersection approach is similar to that used in previous
calibrated fMRI studies by Davis et al. (1998), Kastrup et al. (2002),
and Chiarelli et al. (2007). For 2 out of the 9 subjects, the intersection
ROI contained only a few isolated voxels (i.e., voxels with no
functionally active neighbors). For these subjects, estimates were
not computed for the intersection ROI. Further analysis, such as the
comparison of estimates obtained with the partial overlap ROI
versus the intersection ROI, was therefore restricted to the remaining
7 subjects.

Functional 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 of the second echo data
(TE=24 ms) (Liu and Wong, 2005). For each subject and ROI,
average CBF and BOLD time courses were obtained by averaging
the individual time courses over task cycles and voxels within the
ROI. Percent change CBF and BOLD responses were calculated by
normalizing each time course to its baseline. 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. We defined the mean amplitude of each response as the
mean value determined from the last 9 s of the stimulus “on”
period (novel image presentation).

Determination of M, ΔCMRO2 and n

Estimation of CMRO2 changes with functional stimulation was
performed with the approach described by Davis et al. (1998). In
this model, the relation between the fractional BOLD signal change
and changes in CBF and CMRO2 is written as:

DBOLD
BOLD0

¼ M 1� CBF
CBF0

� �a�b CMRO2

CMRO2;0

� �b
" #

ð1Þ

where the parameter M is a proportionality constant that reflects
baseline deoxyhemoglobin content and defines the maximum
possible BOLD signal change for a particular region. This parameter
depends on baseline blood volume, baseline oxygen extraction
fraction, magnetic field strength, and echo time. The parameter α is
the exponent of the empirical power law relationship between blood
volume and blood flow and was assumed to be 0.38 (Grubb et al.,
1974), while βwas taken to be 1.5 (Hoge et al., 1999a; Buxton et al.,
2004). The subscript 0 denotes baseline values.

The value of M was calculated using the hypercapnia data on a
per subject basis. The data from the two hypercapnia runs were
averaged and the resulting voxelwise CBF and BOLD time series
were averaged over each ROI. These average time series were then
normalized by their baseline value (determined from the first
1.8 min of each average response curve). The amplitudes of the
CBF and BOLD responses to hypercapnia were determined by
averaging the responses over the last 2 min of CO2 administration.
An M value for each subject and each ROI was calculated using
Eq. (1), under the assumption that hypercapnia does not affect
CMRO2 (Kety and Schmidt, 1948; Novack et al., 1953; Horvath
et al., 1994; Yang and Krasny, 1995). These M values were then
used to calculate an estimate of %ΔCMRO2 for each ROI on a per
subject basis.

In addition, for each ROI, we computed the mean value of M
over subjects. These mean M values were used to generate a
second set of estimates of the CMRO2 changes for each subject.
The CBF/CMRO2 coupling, n, was then estimated as the slope of
the linear fit to the %ΔCBF versus %ΔCMRO2 data, where the fit
was constrained to pass through the point (0, 0) (i.e. the baseline
condition).

The estimated %ΔCBF, %ΔBOLD, %ΔCMRO2, and M values
were compared between the two ROIs using paired t-tests, with
significance accepted at pb0.05. Paired t-tests were also used to
compare %ΔCMRO2 obtained using group versus individual M
values. In addition, the n values obtained with the two ROIs were
compared using a t-test to test for differences in the slopes of the
fitted CBF/CMRO2 data (Draper and Smith, 1981).

In order to assess the effect of variations in M on the estimates
of n, the CMRO2 and n values were recalculated for a range of M
values for each ROI. To this end, the subject-wise %ΔBOLD and
%ΔCBF responses to memory encoding were used to calculate
%ΔCMRO2 values with assumed M values ranging from 1% to
30%. For each assumed M value, n was estimated as the slope of
the fit of the %ΔCBF versus %ΔCMRO2 data.

Results

Robust CBF and BOLD responses to memory encoding were
measured in all subjects. The top two rows of Fig. 1 show theCBF and
BOLD activation maps overlaid on anatomical images from a
representative subject. The bottom row of Fig. 1 shows voxels with
significant CBF activation only (red), significant BOLD activation
only (blue), or significant CBF and BOLD activation (green). As
discussed in the Methods section, the analysis presented here is
focused on the seven subjects for which both partial overlap and
intersection ROIs could be defined. Fig. 2 shows the functional ROIs
from a single representative slice for each of the seven subjects. For
these subjects, the partial overlap ROI (spanning up to 5 imaging
slices) had a mean of 54 voxels in the CBF ROI and 93 voxels in the
BOLD ROI. The mean number of voxels in the CBF/BOLD
intersection ROI was considerably lower (24 voxels), reflecting the
requirement that voxels exhibit both CBF and BOLD activation. For
each subject, the degree of intersection was computed as the ratio of
the number of voxels in the intersectionROI to the number of voxels in



Fig. 1. Functional CBF (top row) and BOLD (middle row) activation maps (z-scores) from a representative subject overlaid on high-resolution anatomical
images. The images in the bottom row show voxels that exhibit significant CBF activation only (red), BOLD activation only (blue), and both CBF and BOLD
activation (green). Note that since clusters of activation were assessed across slices, voxels appearing to be isolated in any given slice will have a neighbor in an
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adjacent slice.
either the CBF or BOLD partial overlap ROIs. The groupmean values
of these ratios were 0.54±0.24 and 0.30±0.14 when referenced to the
number of voxels in the CBF and BOLD ROIs, respectively.

Fig. 3 shows the group mean time courses with standard error
bars for (a) the functional CBF response, (b) the functional BOLD
Fig. 2. Maps showing CBF activation only (red), BOLD activation only (blue), and
from each subject. The image in the upper left-hand corner is the same as the leftmo
slices, some of the representative slices show isolated voxels that have a neighbor in
response, (c) the hypercapnic CBF response, and (d) the hypercapnic
BOLD response. Measures computed from functional and hyper-
capnic responses (mean value±one standard deviation) are
summarized in Table 1. The BOLD response in the partial overlap
ROI is relatively small (%ΔBOLD=0.55±0.16), despite a fairly
intersection of CBF and BOLD activation (green) for a representative slice
st image in Fig. 1c. Note that since clusters of activation were assessed across
a slice that is not shown.



Table 1
Mean values (± one standard deviation) for the measured responses and
calculated parameters for each ROI type

Partial overlap ROI CBF/BOLD intersection

Response to hypercapnia
%ΔCBF 52.8±22.2 49.0±19.4
%ΔBOLD 3.6±1.0 3.1±1.27⁎

M (%) 10.4±3.5 9.2±4.2

Response to memory encoding
%ΔCBF 42.1±9.4 41.1±13.6
%ΔBOLD 0.55±0.16 0.64±0.23⁎

%ΔCMRO2 25.3±5.7 23.1±8.8
n 1.66±0.07 1.75±0.16

Note that the standard deviations are provided to give a sense of the inter-
subject variability but should not be used to estimate the statistical significance
of differences in values between ROIs as paired t-tests were used for these
comparisons. The%ΔCMRO2 valueswere calculated using Eq. (1), using the
meanM value over subjects. The n values were calculated as the slope of the
linear fit of the %ΔCBF versus %ΔCMRO2 data. Measurements that are
significantly different ( pb0.05) between ROIs are indicated by an asterisk.

Fig. 3. Mean time courses of the subject average (a) functional CBF response, (b) functional BOLD response, (c) hypercapnic CBF response, and (d) hypercapnic
BOLD response, with standard error bars shown. Time courses from the partial overlap (blue) and intersection (red) ROIs are shown. To more clearly display the
error bars, the hypercapnic responses are downsampled by a factor of two (6-s sampling period). For panels (a) and (b), the horizontal green bars indicate the time
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during which novel images were displayed. For panels (c) and (d), the horizontal green bars indicate the hypercapnic period.
robust CBF increase (mean %ΔCBF=42.1±9.4). These values are in
good agreement with our previous study (Restom et al., 2007), which
reported %ΔBOLD=0.5% and%ΔCBF=43%. The mean value ofM
in the CBF/BOLD partial overlap ROI was 10.4±3.5, which led to an
averageCMRO2 percent change of 25.3±5.7 and an average coupling
factor of n=1.66±0.07.

In the CBF/BOLD intersection ROI, the %ΔBOLD response
(0.64±0.23) was significantly higher than observed for the partial
overlap ROI, but the M value (9.2±4.2), the CBF response to
activation (41.1±13.6), the CMRO2 response (23.1±8.8), and the
coupling factor (n=1.75±0.16) were not significantly different from
the partial overlap ROI values. For both ROIs, there were no
significant differences (pN0.3) between the %ΔCMRO2 values
calculated with the group average or individual M values (for
individualM values, average %ΔCMRO2 values were 24.7±5.6 and
21.8±8.2 in the partial overlap and intersection ROIs, respectively).

Fig. 4 shows the %ΔCBF versus %ΔCMRO2 data (calculated
using the group average M) across subjects for the partial overlap
and CBF/BOLD intersection ROIs. Although values of %ΔCBF
and %ΔCMRO2 showed considerable variation across subjects,
there is a strong correlation between these two parameters (R=0.98
for the partial overlap ROI, R=0.97 for the intersection ROI). The
lines representing n=1, 2 and 3 are also drawn. The slope of the
best fit line through the data is significantly (pb0.01) different to
all of these lines, including n=2.

Fig. 5 shows the dependence of n on variations in the parameterM
for both ROIs (red and blue solid lines). Also shown are curves for
visual and motor cortices adapted from data in Fig. 6 of the paper by
Chiarelli et al. (2007). In all cases, asM increases, the coupling factor
n decreases, tending towards a value of approximately 1.4. The mean
M values obtained for each region are indicated by the red crosses. At
these meanM values, the slope of the n versusM curves are lower for
theMTLcurves as compared to the visual andmotor cortex curves. As
a result, the coupling factor n is less sensitive to variations inM for the
MTL data as compared to the sensory data.

Discussion

In this study, CBF and BOLD responses to memory encoding in
a sample of young adults were found to be consistent with those



Fig. 4. CBF versus CMRO2 changes in response to memory encoding for (a) partial overlap ROI and (b) CBF/BOLD intersection ROI. The solid lines are the
linear fits to the data, constrained to pass through the origin, with correlation coefficients of 0.98 and 0.97 for panels (a) and (b), respectively. The red shaded
areas indicate the 95% confidence limits for the fitted slopes. The slope of each line is the coupling ratio, n, of the percent CBF and CMRO2 changes in response

Fig. 5. CBF/CMRO2 coupling ratio n as a function of M. The CBF and
BOLD responses to memory encoding were used to recalculate the CMRO2

responses and n values using a range of assumed M values. Curves for the
partial overlap ROI (red) and CBF/BOLD intersection (blue) are shown.
Included for comparison are curves from the primary visual (black dash–
dot), primary motor (solid black) and supplementary motor (black dash)
cortices, adapted from (Chiarelli et al., 2007). For each curve, the red cross
indicates the mean M value for the associated experimental data.
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to memory encoding. Lines corresponding to n=1, 2 and 3 are also shown.
reported in a previous study by our group (Restom et al., 2007).
The average changes in CMRO2 were estimated to be 25.3% and
23.1% for the partial overlap and CBF/BOLD intersection ROIs,
respectively. A previous study, published in abstract form (Xu et al.,
2006), estimated the metabolic response in the hippocampus to
memory encoding in healthy elderly adults and reported a
%ΔCMRO2 of 64±219%. These values are larger and much more
variable than the results reported here. However, a direct comparison
of the two studies is difficult since no hypercapnia data were
collected in the prior study.

The values of the BOLD scaling factor, M, in the current study
are similar to previously reported values in the visual and motor
cortex (typically 6–8% (Davis et al., 1998; Kastrup et al., 2002;
Stefanovic et al., 2004)). A recent study from our group reports
M=9.7% in a CBF/BOLD intersection ROI in the visual cortex
(Perthen et al., 2008). However, it should be noted that it is difficult
to compare M values between different studies because M is a
function of parameters that may vary between different brain
regions, e.g., cerebral blood volume, as well as study specific
parameters such as echo time, field strength, and the baseline state of
the subject group.

The influence of the value of M on the CBF/CMRO2 coupling
ratiowas shown in Fig. 5 using data from the present study and from a
recent study focused on sensory areas (Chiarelli et al., 2007). In
comparison to the sensory data, the measured M values are slightly
higher on average in the current study and the BOLD responses to
activation are considerably lower (mean %ΔBOLD~0.5%, com-
pared to mean%ΔBOLD ranging from ~1.3% to 2.3% for visual and
motor cortices in Chiarelli et al. (2007). The lower BOLD response
amplitudes in the current study result in a reduced sensitivity of the
coupling factor to the exact value ofM. This can be better appreciated
by re-writing the Davis model (Eq. (1)) in the following way:

CMRO2

CMRO20

� �b

¼ CBF

CBF0

� �b�a

1� DBOLD=BOLD0

M

� �� �
ð2Þ

As the %ΔBOLD signal decreases towards zero, the term in the
square bracket above tends towards unity, and the CMRO2

response (and therefore the estimated coupling ratio) is then
determined primarily by the CBF response. In this limit, the
coupling factor n tends towards a value of approximately 1.4
(Brown et al., 2007; Chiarelli et al., 2007) and a good correlation
between CBF and CMRO2 is necessarily observed (Chiarelli et al.,
2007), consistent with the data shown in Fig. 4.

It is also important to note that our estimation of the coupling
ratio n relied upon a linear fit to the changes in CBF and CMRO2

across the group of subjects. As we did not use a graded stimulus
in this study, we did not make inferences about the existence of a
linear coupling between CBF and CMRO2 for individual subjects
and could not rule out the possibility of a nonlinear coupling
relation within individual subjects. Chiarelli et al. (2007) found that
for sensory areas the coupling observed within individual subjects
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was consistent with the coupling observed across the group, and
thus used a linear fit to the combined data across stimulus levels
and subjects. Taking into account the arguments presented in the
previous paragraph and the prior results from Chiarelli et al.
(2007), it is likely that the observation of a linear coupling across
the group in the present study is consistent with a similar linear
coupling within individual subjects. However, further studies using
graded stimuli are necessary to confirm the existence of linear
coupling within the MTL for individual subjects.

In the present study, the coupling ratio, n, was estimated to be
1.66 in the partial overlap ROI and 1.75 in the intersection ROI, with
no significant difference between the values in the two ROIs. These
values are lower than the previously reported values for the motor
cortex of 2.0–3.33 (Kastrup et al., 2002; Stefanovic et al., 2004;
Stefanovic et al., 2006; Chiarelli et al., 2007), and primary visual
cortex of 2.0–4.5 (Davis et al., 1998; Hoge et al., 1999b; Stefanovic
et al., 2006; Chiarelli et al., 2007; Leontiev and Buxton, 2007;
Leontiev et al., 2007). This finding suggests a tighter coupling
between flow and metabolism in the hippocampus than in sensory
areas. The tighter coupling results in a lower BOLD change in the
MTL as compared to the sensory areas, despite similar CBF
changes. In order to obtain a coupling ratio similar to those reported
for sensory areas (nN2), we would require an approximate doubling
of the observed BOLD response. For example in the partial overlap
ROI, we would have had to observe a %ΔBOLD signal of
approximately 1% in order to obtain n=2. Further work examining
the factors that might contribute to inter-regional and intra-regional
differences in the coupling between flow and metabolism would be
useful. For example, it would be interesting to determine if the
coupling ratio within theMTL varies across experimental paradigms
that engage different memory-related functions.

We found that the estimates of %ΔCMRO2 and the coupling
factor n were not significantly different between the partial overlap
and intersection ROIs. As compared to sensory regions, the
definition of an intersection ROI is not always practical in the
MTL. Indeed, in this study we found that two out of the nine subjects
scanned had only a few isolated voxels for which there were both
significant CBF and BOLD activations. In our prior study of MTL
activation in young and elderly subjects (Restom et al., 2007), we
chose to use a partial overlap ROI because the problem was
especially severe in elderly subjects, with some subjects showing no
voxels within the intersection ROI. The difficulty in defining an
intersection ROI in the MTL reflects a number of factors. Cognitive
tasks typically elicit less robust responses than sensory stimuli,
leading to a lower contrast-to-noise ratio. This is especially
problematic for the arterial spin labeling functional CBF measures,
which already exhibit a low inherent contrast-to-noise ratio. For
BOLD measures, susceptibility-related signal drop-outs in the
anterior portion of the MTL can greatly reduce the number of
functionally active BOLD voxels, thus further reducing the region of
functional CBF and BOLD overlap. Although this study did not find
a significant difference in the estimates obtained with the two types
of ROIs in the MTL, further work to determine if the same
conclusion applies to other brain regions would be useful. In
addition, the development of more advanced statistical analysis and
processing methods may lead to improvements in the ability to more
robustly define intersection ROIs within the MTL.

In summary, the findings of this study suggest that there is a tighter
coupling between CBF changes and CMRO2 changes in the MTL as
compared to sensory areas. Interestingly, the coupling was found to be
fairly insensitive to the exact values of eitherM or the BOLD response
to activation, due to the relatively small BOLD responses to the
cognitive task. The primary driver of the CMRO2 estimates was the
CBF response to activation. As a result, obtaining accurate estimates
of changes in CMRO2 in this brain region depends critically upon
robust measurements of the CBF response to activation, whereas
performing a hypercapnic calibration may be less important.
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