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Abstract

The coupling of changes in cerebral blood flow (CBF) and cerebral metabolic rate of oxygen
(CMROy) during brain activation can be characterized by an empirical index, n, defined as the ratio
between fractional CBF change and fractional CMRO, change. The combination of blood
oxygenation level dependent (BOLD) imaging with CBF measurements from arterial spin labeling
(ASL) provides a potentially powerful experimental approach for measuring n, but the reproducibility
of the technique previously has not been assessed. In this study, inter-subject variance and intra-
subject reproducibility of the method were determined. Block design %BOLD and %CBF responses
to visual stimulation and mild hypercapnia (5% CO5) were measured, and these data were used to
compute the BOLD scaling factor M, %CMRO, change with activation, and the coupling index n.
Reproducibility was determined for three approaches to defining regions-of-interest (ROIs): 1)
Visual area V1 determined from prior retinotopic maps, 2) BOLD-activated voxels from a separate
functional localizer, and 3) CBF-activated voxels from a separate functional localizer. For estimates
of %BOLD, %CMRO, and n, intra-subject reproducibility was found to be best for regions selected
according to CBF activation. Among all fMRI measurements, estimates of n were the most robust
and were substantially more stable within individual subjects (coefficient of variation, CV=7.4%)
than across the subject pool (CVV=36.9%). The stability of n across days, despite wider variability of
CBF and CMRO, responses, suggests that the reproducibility of blood flow changes is limited by
variation in the oxidative metabolic demand. We conclude that the calibrated BOLD approach
provides a highly reproducible measurement of n that can serve as a useful quantitative probe of the
coupling of blood flow and energy metabolism in the brain.
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Introduction

The relationship between cerebral blood flow (CBF) and the cerebral metabolic rate of oxygen
(CMROy) can be described by a single index n, defined as the ratio between the fractional

change in CBF and the fractional change in CMRO5, in response to functional activation. The
blood oxygenation level dependent (BOLD) effect that is the basis for most functional magnetic
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resonance imaging (fMRI) studies arises because of the larger change in CBF than CMRO»,
during activation, so the existence of the BOLD effect implies that n>1. Beyond this simple
fact, however, our understanding of n is rather poor. Because of this, any quantitative
interpretation of the magnitude of the BOLD effect is problematic: differences in n between
brain regions or in association with disease could dramatically change the magnitude of the
resulting BOLD signal despite similar underlying changes in neural activity and CMRO,.
Misestimates of n on the order of 30-50% can substantially confound any conclusions drawn
about the underlying neural activity on the basis of BOLD data alone (Buxton 2002) . This
effect is especially pronounced for n<4.

The variability of n in the reported literature is quite large. Positron emitted tomography (PET)
studies, which measure CBF and CMRO,, directly, provide the largest pool of data. Here, the
results range from an n value of 0.9 (Roland et al. 1987) to n=6 (Fox and Raichle 1986).
Calibrated-BOLD functional magnetic resonance imaging (fMRI) permits a non-invasive
approach to measuring CBF and CMRO,, (Davis et al. 1998;Hoge et al. 1999b). Through
combined measurements of BOLD and CBF using arterial spin labeling (ASL) during periods
of activation and mild hypercapnia, CMRO, can be calculated with a mathematical model of
the BOLD signal. In this approach the hypercapnia data is used to define a local BOLD scaling
parameter M, with the assumption that mild hypercapnia does not induce CMRO, changes
(Jones et al. 2005;Sicard and Duong 2005). The scaling parameter M is proportional to the
product of baseline deoxyhemoglobin content, echo time and a field strength proportionality
constant and physiologically represents the maximal BOLD signal available upon washout of
all deoxyhemaoglobin (Davis, et al. 1998;Hoge et al. 1999a; (Buxton et al. 2004). The few
studies using the calibrated-BOLD fMRI approach found n values ranging from 2—4 (Davis et
al. 1998;Hoge et al. 1999a;Kastrup et al. 2002;Kim et al. 1999;St Lawrence et al.
2003;Stefanovic et al. 2004;Uludag and Buxton 2004;Uludag et al. 2004).

The question of whether these measurements are reproducible within single subjects needs to
be addressed before making comparisons across subjects or between health and disease. A
recent study found that in terms of relative signal change, CBF has lower inter-subject variation
compared to BOLD, although intra-subject variation between sessions for CBF was not
significantly different from BOLD (Tjandra et al. 2005). The aim of the current study was to
quantify between-subject variability across the population and compare this with single-subject
inter-session reproducibility for several fMRI measurements: %BOLD, %CBF, %CMRO,,
M, n, and the cerebrovascular response to CO, (CRC). By measuring these two sources of
variance in collected data, we can begin to evaluate the application of calibrated-BOLD to a
population by quantifying the degree to which the variance in the population data can be
attributed to measurement error. These experiments employed a simple flashing checkerboard
visual stimulus with a block-design paradigm. Because these experiments necessarily involve
analyzing data collected on different days, the method for choosing a region of interest (ROI)
for averaging can potentially have a strong effect on the reproducibility of the measurement.
We assessed the reproducibility for three approaches to defining an ROI: 1) area V1 determined
by a previous retinotopy experiment; 2) BOLD-activated voxels determined in a previous
functional localizer; and 3) CBF-activated voxels determined in a previous functional localizer.

10 healthy subjects (5 male, 5 female, 32 £ 8 years) were recruited and scanned in a 3 Tesla

MR imaging system according to the guidelines set by the University of California San Diego
(UCSD) Institutional Review Board (IRB). All subjects underwent a preliminary scan session
on a different day where retinotopic mapping was performed. Each calibrated-BOLD imaging
session lasted approximately 50 minutes and was performed twice for each subject at the same
time of day to minimize effects of diurnal variations in baseline CBF. Approximately half of
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the data acquired in this study was also used to evaluate biases in estimates of CBF-CMRO,
coupling associated with voxel selection (Leontiev et al. submitted).

Experimental Task

The first portion of each calibrated-BOLD scan session was dedicated to functional activation
and consisted of four imaging runs. The first of these runs was used exclusively to construct a
functional localizer (a map of activated voxels) and the remaining runs were averaged to
measure BOLD and CBF responses in the defined region of interest (ROI). For all functional
runs, a block design paradigm was used with subjects viewing a radial black and white
checkerboard flickering at 8Hz, for 4 repeated blocks (20 s on, 60 s off) in each experimental
run. Additional baseline data were collected for 60 s before the first block and an additional
30 s after the last off period. During the off period, subjects viewed a gray screen with a white
fixation square in the middle.

For the second portion of the experiment, subjects breathed a hypercapnic air mixture (5%
COy, 21%05, 74%N,) through a non-rebreathing face mask (Hans Rudolph 2700 Series, St.
Louis, MI) for two runs (with 4 minutes between runs) without performing any task. Each
COy, run consisted of 1 minute of breathing air, 2 minutes of breathing the CO, mixture, and
another 3 minutes of breathing air. Physiological measures were recorded throughout all
experiments using a PC located in the MR console room. Respiratory motions were measured
with bellows around the lower portion of the thorax, pulse waveforms were measured with a
fingertip pulse oximeter, and end tidal CO, levels were measured via a sampling port located
inside a mixing chamber attached to the face mask worn by subjects.

Image Acquisition

Imaging data were acquired on a 3 Tesla whole body system (GE Excite, Milwaukee, WI) with
an eight-channel receive-only head coil. For the first functional localizer activation run, data
were collected with a PICORE (Wong et al. 1997) arterial spin labeling (ASL) sequence (TR
2s, T1 1400 ms, 20-cm tag width, and a 1-cm tag-slice gap) with a dual-echo gradient echo
(GRE) readout and spiral acquisition of k-space (TE1 9.4 ms, TE, 30ms, flip angle 90°, FOV
24 cm, 64 x 64 matrix). This type of image acquisition allowed for simultaneous acquisition
of perfusion and BOLD data. Four obliqgue 7mm-thick slices centered around the calcarine
sulcus were acquired in a linear fashion from bottom to top. Data from this imaging run were
used to construct a region of activation and were not otherwise used in determining functional
response curves. For the remainder of the experiment quantitative ASL images were acquired
with a PICORE QUIPSS 11 (Wong et al. 1998) sequence (TR 2.0 s, 180 repetitions, Tl{ 700ms,
Tl, 1400ms, tag thickness 20cm, 1-cm tag to proximal slice gap) with the same in-plane GRE
parameters as the PICORE localizer run. Small bipolar crusher gradients were applied to both
PICORE and QUIPSS Il runs to remove signal from large vessels (b = 2 s/mm?2). The PICORE
method is more sensitive than PICORE QUIPSS I for detecting CBF activation, but is less
accurate for quantifying the CBF change. For this reason the PICORE method was used as a
functional localizer only, while all of the reported changes are based on the QUIPSS Il data.
At the end of the experiment, a high-resolution structural scan was acquired with a
magnetization-prepared 3D fast spoiled grass sequence (FSPGR)

Retinotopic Mapping

In a preliminary scan session on a different day, subjects were presented with standard stimuli
for retinotopic mapping (Engel et al. 1997;Press et al. 2001). The flickering rate and the visual
field eccentricity of these stimuli were identical to the stimulus presented during calibrated-

BOLD experiments. During presentation of visual stimuli, images were acquired with an EPI
sequence with the following parameters: TR 2's, TE 30 ms, flip angle 90°, FOV 19cm, matrix
64 x 64, 3-mm isotropic resolution, 20 interleaved slices. The entire set of stimuli (meridian,
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ring and wedge) yielded a single representation of V1. A high-resolution whole brain structural
scan (3D FSPGR with 1-mm isotropic resolution) was acquired for each subject. The
segmented cortical gray matter of occipital cortices was flattened using surface rendering
methods described in (Wandell et al. 2000). Linear trends were removed from the datasets.
Activation was assessed by correlating detrended data with the first harmonic of the stimulus
variation frequency (Press et al. 2001). Representations of the primary visual area V1 of each
subject was delineated on the computationally flattened visual cortex to define the retinotopic
ROI for each subject. A combination of in-house Matlab (www.mathworks.com) and
mrLoadRet-1.0 code (http://white.stanford.edu/software/) was used for retinotopic mapping.

Calculation of M and CMRO»

For CMRO; calculations, the model and methods described by Davis et al.,1998 were used.
In this model, the fractional BOLD signal change (AS/S,) is related to the underlying changes
in CBF and CMRO, by

CMRO,
CMR O,

CBF
CBFO

a—f

S,

glel_
0

B
J (1]

The parameter M is the proportionality constant that reflects baseline deoxyhemoglobin content
and defines the maximum possible BOLD signal change for that region. In the context of the
model this parameter is proportional to the baseline blood volume fraction and O, extraction
fraction. The parameter o is the exponent in an assumed power law relationship between
cerebral blood flow and cerebral blood volume, and is taken to be o = 0.38 (Grubb et al.
1974;Mandeville et al. 1998). The parameter 3 was introduced as an empirical description of
the signal reduction found in Monte Carlo simulation studies of spins diffusing near cylinders
with altered magnetic susceptibility, and is taken to be p = 1.5 (Boxerman et al. 1995b;Davis
et al. 1998). The parameters o and 3 are assumed to be global properties and all calculations
are based on assumed values. Although we assume specific values for o and 8, previous error
analysis studies have found that the estimated physiological changes are not strongly dependent
on the specific values used (Davis et al. 1998;Uludag et al. 2004). The parameter M is a local
parameter estimated from the hypercapnia experiment using Equation [1] with the assumption
that mild hypercapnia does not alter CMRO,. Specifically, the ratio CMRO2/CMRO,, was
assumed to equal one during hypercapnia, and the measured changes in CBF and BOLD with
hypercapnia within a specified region of interest (ROI) are combined with Equation [1] to
calculate M. The derived value of M for each ROI was then applied to the activation data to
calculate the stimulus-evoked change in O, metabolic rate CMRO,/CMRO»,,. In addition to
this primary use of the hypercapnia experiment to calibrate the BOLD effect, this data also
provides a direct measure of the local vascular responsiveness, measured as the percent change
in CBF divided by the absolute change in end-tidal CO,.

Data Analysis

The flattened representation of the boundaries of VV1 was rendered on a high-resolution
anatomical volume. This volume was registered to the anatomical volume acquired in the
calibrated-BOLD scan session using AFNI software with displacement and rotation parameters
applied to the V1 representation to create a high resolution registered region of interest (ROI).
This ROI was then undersampled to the resolution of the perfusion and BOLD images,
including voxels that were at least 50% occupied by the high resolution V1 ROI, to define a
V1 ROI on the spiral images of the activation run.

All images were coregistered using the AFNI software package (Cox 1996). The remainder of
data processing was accomplished by using in-house Matlab code. The data from the first 8
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seconds of each functional run was discarded to ensure steady-state conditions. Perfusion-
weighted images were constructed by performing a running subtraction of consecutive control
and tag images obtained from the first echo (Liu and Wong 2005). Similarly, BOLD-weighted
images were constructed by performing a running average of consecutive control and tag
images obtained from the second echo. Zero-order and linear drift were removed from the
voxel time series. For physiological noise reduction, Fourier series components of phases
corresponding to chest excursions and pulse waveforms were constructed and used as
regressors in the BOLD and ASL time series using the modified RETROICOR approach for
ASL (Restom et al. 2006). Voxel-wise perfusion (first echo) and BOLD (second echo) time
series of the functional localizer run were individually correlated with a function representing
our block-design paradigm convolved with a gamma-variate impulse response to create two
3D correlation coefficient (r) maps (Friston et al. 1994). Two ROIs were constructed from
these maps to include voxels that exceeded a correlation coefficient of 0.5 from the perfusion
data (CBF localizer) and BOLD data (BOLD localizer). This particular value for the correlation
coefficient was arbitrary, but reasonable for reproducibility studies based on earlier studies
(Rombouts et al. 1998).

Voxel-wise perfusion and BOLD data were averaged across functional activation PICORE
QUIPSS Il runs (runs 2,3,4) to improve signal-to-noise. For functional activation runs, average
time courses of voxels for each of the four ROIs were calculated and normalized to a baseline
value determined from the initial baseline period of each run and the final 10 seconds of each
“off” period within each run and then averaged over 4 cycles of activation. In order to allow
dynamic transients to pass, the average magnitude of the %BOLD and %CBF plateau were
computed as the average of the final 12 seconds of the stimulus. Similarly, for the hypercapnia
runs, raw CBF and BOLD data were averaged for each of the four ROls and normalized to the
60s baseline period preceeding hypercapnia. The magnitudes of the %BOLD and %CBF
responses were calculated as the average of the final 60 seconds of the hypercapnic period.
The data from the CO, experiment was used to compute the maximal BOLD response, M, for
each ROI.

%BOLD and %CBF responses from the functional activation portion of the experiment were
used along with the calculated value of M to compute percent CMRO5 changes. CBF-
CMRO, coupling was characterized as the ratio n of the percent blood flow change (%CBF)
to the percent change in oxygen metabolism (%CMRO,). To compute vascular responsiveness
to CO,, an estimate of Cerebrovascular Response to CO, (CRC) was made by dividing the
fractional blood flow change in percent by the absolute change in end-tidal CO, (%/AmmHg).

Reproducibility of each measurement for each ROl was computed for both inter and intra-
subject data. The inter-subject data gives information about the variability of measurements
across our subject pool. For this purpose, the coefficient of variation (CVipr) Was computed
(Tjandra et al. 2005). The CV is defined as the standard deviation normalized to the mean of
the task-related signal change across all subjects for each ROI, expressed as a percent. This
allows adjustment for the difference in magnitude between measurements. For example, the
average BOLD signal change is on the order of 2% while CBF is on the order of 70%.

Within-subject reproducibility of measurements was computed in a way that would allow direct
comparisons to be made between intra-subject and inter-subject reproducibility. That is, the
goal was to assess whether the observed variance of these measurements in the population
could be explained just as the intrinsic variance of the methodology itself. To this end we
calculated for each subject the fractional difference between the two measurements on different
days, defined as a percentage difference relative to the mean:
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where x; and x, are measurements acquired on day 1 and day 2, respectively, and Xyq is the
mean value of these measurements. The mean of this difference (¢A)) provides information
about any order effects that may exist across scan sessions for a single measurement (e.g., a
greater BOLD response on day 1 than day 2), and the standard deviation (o) of these A values
provides information about the reproducibility of the measurement. However, for proper
comparisons with the inter-subject CV defined above, the relevant value of CV for these intra-
subject comparisons is not simply the standard deviation divided by the mean. Our goal is to
define a representative reproducibility measure that is equivalent to asking how variable a
single measurement should be compared to the true underlying mean of the population. By
taking the individual differences of two measurements, each drawn from the same underlying
probability distribution, we are effectively constructing samples from a distribution that is
broader by a factor of the square root of 2 compared to the true reproducibility distribution.
Because of this, we also calculate an appropriate CV as the ratio of the standard deviation to
the mean of the set of A’s divided by the square root of 2 (CVijnira)- In order to test for significant
differences of population variance between ROIs, an F-test (test of variance) was performed
for the pooled data comparing V1 and BOLD localizer to the CBF localizer ROI. To determine
whether A significantly differs from zero (the case where no bias in measurement exists
between the two scan sessions), a two-tailed t-test was performed for each ROI comparing the
pooled data acquired during the first scan session with the data acquired during the second scan
session. To determine whether the variance of A differs between the ROIs, an F-test was
performed comparing V1 and BOLD localizers to the CBF localizer distribution of A values.
Lastly, for the ROI that gives the most stable measurements, an F-test was performed
comparing the distribution of A values for each response metric to the A values for %BOLD.

Figure 1 shows the ROIs generated for a typical subject. The BOLD localizer clearly has the
largest volume of activation, reflecting superior SNR in the BOLD signal compared to the
perfusion signal. Figure 2 demonstrates typical average response curves for a visual stimulus
(A and B) and hypercapnia (C and D) in a single subject for the CBF localizer. Evidence of a
CMRO; increase with activation is given by comparing the BOLD signal change to activation
and hypercapnia for similar flow changes. Figure 3 illustrates average measurements across
sessions for each subject in the BOLD and CBF localizer. The red line with a slope of 1
represents the ideal case of perfect reproducibility. It is evident that the reproducibility of
several response indices is superior for the CBF localizer (black data points) compared to the
BOLD localizer (red data points) with significant differences found for %BOLD, %CMRO,
and n measurements (Table 3). As such, all comparisons of reproducibility between different
response measurements will be made for data generated with the CBF localizer ROI.

Reproducibility of hypercapnia data

Table 1 summarizes the results of intra-subject reproducibility of hypercapnia measurements
in terms of the mean and standard deviation of the fractional difference between measurements
acquired across different days ((A>£SD), and the coefficient of variation (CVintra) between
measurements acquired across different days. An asterisk next to {A) denotes a significant order
effect (p<0.05) between measurements across different days with positive values reflecting a
larger measurement on day 1 and a negative value reflecting a larger measurement on day 2.
The CBF response to hypercapnia has the poorest reproducibility of any response metric
(CV=40.6%). However, when this measurement is normalized to the change in end-tidal
CO», (CRC), reproducibility is improved (CV=23.7%), reflecting inconsistencies in the
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administration of CO5, (see bottom caption of Table 1). The BOLD response is more
reproducible in individual subjects than the CBF response (CV=26.1%), perhaps as a result of
noisy %CBF measurements for small flow changes. A significant order effect exists for %
BOLD and %CBF measurements in area V1 with larger measurements on day 1 compared to
day 2 (%BOLD, {A) = 30.3+31.8%; %CBF (%A) = 43.6+50.4%). The choice of ROl has a
non-significant effect on intra-subject reproducibility of BOLD and CBF responses to
hypercapnia. Despite relatively poor reproducibility of BOLD and CBF responses to COo,
calculated M values have a significantly improved reproducibility with a CV value roughly
one-half the %BOLD and one-quarter the %CBF responses (M, CVintra =12.3%).

Table 2 reports the mean, standard deviation, and coefficient of variation (CVijnter) Of subject-
pooled hypercapnia measurements. An asterisk next to CViner denotes a significant difference
(p<0.05) in the variance of the data observed for the specified ROI compared to the CBF
localizer as determined by an F-test. The mean values of the parameters differed depending
on the choice of ROI, possibly reflecting effects such as the inclusion of draining veins. A
systematic study of potential biases due to ROI selection has been reported as an abstract
(Leontiev and Buxton 2006) and will be presented in a separate paper (Leontiev et al.
submitted). For inter-subject data, the variability of CBF measurements is relatively insensitive
across functional localizers. However, the pooled variance of the BOLD-response in area V1
and the BOLD localizer were significantly greater than the CBF localizer. Comparing
corresponding CV values across Table 1 and Table 2, a greater variability is observed across
the subject pool than the reproducibility of individual measurements across scan sessions. The
reproducibility of M in individual subjects (CVintra =12.3%) was nearly three times better than
its pooled variance (CVinter =36.1%) for the CBF localizer.

Reproducibility of activation data

In the same manner for reporting data as Table 1 (see above), Table 3 summarizes the results
of intra-subject reproducibility of functional activation measurements as the mean and standard
deviation of the fractional difference between measurements acquired across different days (<
AYxSD), and the coefficient of variation (CVintra) between measurements acquired across
different days. An asterisk next to (A) denotes a significant order effect (p<0.05) between
measurements across different days with positive values reflecting a larger measurement on
day 1 and a negative value reflecting a larger measurement on day 2. An asterisk next to
CVintra denotes a significant difference (p<0.05) in the reproducibility of individual
measurements for the specified ROI compared to the CBF localizer. %BOLD and %CMRO,
reproducibility in the BOLD localizer was found to be significantly worse (%BOLD, CVintra
=20.2%; %CMRO,, CVjnira =22.6%) in comparison to the CBF localizer (%BOLD,
CVintra=11.7%; %CMRO,, CVjnira =10.7%). For the CBF localizer, the reproducibility of %
CBF and %BOLD activation was found to be similar. However, a significantly lower CV value
was found for n (CVinira=7.4%) compared to the %BOLD-response (CVintra=11.7%). The
BOLD localizer gave the poorest reproducibility of n (CVjnra=20.8%), possibly reflecting its
poor %CMRO, reproducibility. Table 4 reports the variance of these measurements across the
subject pool as the mean, standard deviation and coefficient of variation (CVijnter) 0Of pooled
measurements for all subjects in all sessions. For the pooled subject data, the variance of BOLD
responses was significantly greater in area V1 (CVjnter =33.9%) and the BOLD localizer
(CVinter =24.8%) compared to the CBF localizer (CVinter=16.1%). For calculated n values,
area V1 was found to have significantly smaller inter-subject variability than the CBF localizer
(CVinter= 22.4% VS CVjnter= 36.9%).

Figure 4 compares individual-subject reproducibility (CVintra) With the population variance

(CVinter) of measurements available with calibrated-BOLD fMRI for the CBF localizer. It is
evident that the population variance of calibrated bold estimates of M, CMRO, and n in the
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visual cortex cannot be explained by poor reproducibility of this technique. For this ROI,
reproducibility of n was found to be significantly better (p<0.05) than the reprodubility of the
BOLD-response. The inter-subject variation of the BOLD-response was found to be lower than
all other measurements. This is likely due to suppression of the extra-vascular BOLD signal
by diffusion gradients.

Discussion

The calibrated BOLD approach provides a potentially powerful tool for investigating the
coupling of blood flow and oxygen metabolism in different brain structures and in different
disease states. However, in order to draw conclusions about differences between response
measurements of individual subjects or between patient populations, knowledge about the
natural variance of these measurements in the healthy population and the reproducibility within
individual subjects is essential. In addition to the intrinsic day-to-day variability of the
underlying physiology in an individual and intrinsic noise in the measurements, the method
used for choosing an appropriate ROI for averaging can also affect the reproducibility of the
measurement. In these studies we did not attempt to produce a precise co-registration of the
data sets collected on different days. Instead, we tested several approaches for defining an ROI
for averaging based just on data collected separately on each day so that we could directly
compare the measured reproducibility with the observed variation across the population. We
constructed ROIs in the visual cortex based on different anatomical and functional contrast
(retinotopy vs CBF or BOLD functional localizers) in order to test whether this has an effect
on reproducibility. This study demonstrates that 1) calculated measurements (M and n) are
more stable across days than direct measurements (%BOLD and %CBF) and 2) ROI selection
plays a significant role in the reproducibility of individual measurements.

Ideally, we would like to quantify within-subject reproducibility as the standard deviation, o
', of a response measurement, x, around some true value in a single subject after an infinite
number of repeated trials. Practical consideration places a limit on this type of experimental
design, so instead we measured responses in 10 subjects on two different days and computed
the fractional difference of individual measurements across different days (A) and determined
the mean ({A)) and standard deviation (o) of this value across our subject pool (Tables 1 and
3). However, because this difference measurement involves two samples from the desired
population, the distribution of A is broadened by the square root of 2, and the values of CV
reported are corrected for this. With this definition, the intra-subject CV’s are directly
comparable to the inter-subject CV’s, in the sense that they should be equal if there is no
variation in the population and all of the variability in the measurements is due to the intrinsic
reproducibility of the measurement.

In order to evaluate any effects of habituation that may occur between two scan sessions, we
tested whether the mean A deviates significantly from zero. The only measures that
demonstrated a significant order effect were the BOLD and CBF responses in area V1 to
hypercapnia with larger responses on day 1 for both measurements (A = 22-31 + 37-57%).
This result was likely due to a leak in the the non-rebreathing face mask during delivery of
CO,, for two subjects (subjects 6 and 7 in figure 3) on day 2 of scanning, resulting in end-tidal
COs, increases of less than 5 mmHg. Although this will have the effect of degrading the
reproducibility of the blood flow change or the BOLD change to the hypercapnic stimulus, it
serves to demonstrate the stability of M at different levels of administered CO». This can be
explained by the fact that the calculation of M is essentially a reflection of the BOLD-CBF
ratio and therefore any inconsistencies in the delivery of CO»-enriched air will offset both
BOLD and CBF measurements.
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BOLD reproducibility is influenced by changes in the baseline state caused by differences in
physiologic or pharmacologic states (Brown et al. 2003;Cohen et al. 2002), or simply by
differences in attention during different runs. The majority of BOLD reproducibility studies
either examined: 1) the spatial reproducibility of the volume of activation (Rombouts et al.
1998;Tegeler et al. 1999) or 2) the stability of the dynamics of the hemodynamic response
function (HRF) in the context of an event-related study (Aguirre et al. 1998;Handwerker et al.
2004). Our study differs from these previous studies in that it evaluates the utility of fMRI in
generating robust functional response data that have direct physiological significance (%CBF,
%CMRO», M, n) rather than evaluating the robustness of fMRI in the context of brain mapping.
A recent study by Tjandra and co-workers (Tjandra et al. 2005) looked at both the
reproducibility of the spatial localization and percent signal change of BOLD and ASL data to
a block-design stimulus. They found that for relative signal change, CBF had a lower inter-
subject variation than BOLD. However, they found no significant differences in reproducibility
between relative BOLD and CBF signal change within individual subjects across scan sessions.
The CV value we report for intra-subject BOLD reproducibility in the CBF localizer
(CV=11.7%) is smaller than the reported numbers in the Tjandra study (CV=20-30%).
However, for the BOLD localizer, our CV value is more similar (CV=20.2%). Similarly for
inter-subject data, we found a decreased variance of the BOLD-effect across the subject pool
with the CBF localizer compared to either the BOLD or V1 localizers. We hypothesize that
through the use of mild diffusion gradients and selecting voxels according to perfusion
activation, both the inter-subject variability and the reproducibility of the relative BOLD signal
change can be improved by reducing the signal contribution from structures that have the largest
shifts in deoxyhemoglobin (draining veins and large venules). We found that CMRO5, increases
show similar reproducibility as CBF changes, suggesting that the reproducibility of blood flow
changes is limited by variation in the oxidative metabolic demand across days.

The coupling of CBF and CMRO», described by the single variable n, was found to be the most
reproducible measure with a coefficient of variation of roughly 7% for the flow localizer (Table
3). This finding supports the basic idea that day to day fluctuations in CBF and CMRO,
responses to the same stimulus are coupled. Moreover, calculated responses (%CMRO, and
n) are relatively insensitive to any changes in baseline CBF across scan sessions (e.g., due to
differences in caffeine intake or anxiety) because any differences in the baseline state will
similarly scale BOLD-responses to both activation and hypercapnia. The intra-subject
reproducibility of n, in part a reflection of the robustness of the measurement technique, was
found to be much better than the variance of the measurement across the subject pool
(CVintra =7.4% Vvs. CVijnter =36.9%). We conclude, therefore, that the calibrated BOLD
technique can confidently discriminate n measurements between individuals and that the large
population variance of n in the visual cortex cannot be attributed to poor reproducibility.
However, the large variance of this measurement in the visual cortex across subjects suggests
that at least for population studies, a large subject pool must be recruited. Further studies are
needed to understand the physiological source of the differences in n across a healthy
population.

We found that the reproducibility of %BOLD, %CMRO, and n measurements was
significantly better in regions selected according to perfusion activation (CBF localizer)
compared to BOLD activation (BOLD localizer) (Figure 3). The volume of activated tissue
was found to be at least twice as large for the BOLD localizer for the same level of significance
(r=0.5). In order to test whether 1) these two activated volumes of cortex correspond to spatially
distinct areas and 2) that the benefits in reproducibility of selecting ROIs according to
perfusion-activation is not merely an effect of thresholding, the statistical threshold for BOLD-
activation was adjusted for each subject until the number of voxels was made equal to the
number of voxels in the CBF localizer. We found that 1) the average percent overlap between
these two regions was 50% (range 29-62%) and 2) reproducibility was degraded even further
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for the threshold-adjusted BOLD localizer, especially for measurements of M, %CMRO, and
n. Figure 5 compares reproducibility of calibrated-BOLD measurements for the CBF localizer
(r=0.5), BOLD localizer (r=0.5) and the threshold-adjusted BOLD localizer. The average r-
value applied to BOLD-activation that produced the same number of voxels as the CBF
localizer was found to be 0.7. Upon examination of Figure 5, it appears that the source of this
phenomenon is poor reproducibility of the BOLD-response to hypercapnia. It is possible that
this ROI is dominated by draining veins, leading a high variability of the response. Further
work needs to be done to address the cause of the observed poor reproducibility of M for voxels
chosen according to a very high level of functional BOLD activation.

Itis clear that selecting a region-of-interest according to activation will likely ensure confident
estimates of activation response characteristics. However, the experimenter is still left with the
task of arbitrarily defining a minimum threshold of activation for potentially multiple types of
functional contrast (flow, BOLD, intersection of flow and BOLD). With this in mind, we chose
to perform retinotopic mapping on all our subjects in order to delineate area V1. Although
determined functionally, area V1 represents a relatively constant, well-defined anatomical
ROI. However, we found that in our hands the V1 ROI suffered from relatively poor
reproducibility of measurements within individual subjects (Tables 1 and 3). A possible
explanation for this finding is that we did not sub-mask this region for voxels activated by our
full-field flickering checkerboard stimulus and therefore it is incorrect to assume that all voxels
in this region demonstrate appreciable stimulus-modulated signal change. Additionally,
acquiring the retinotopic maps during a different scan session introduces the potential for
misalignment of ROIs due to imperfect registration. Lastly, since area V1 is projected onto a
high-resolution anatomical volume, undersampling is necessary in order to apply these masks
to functional data sets. In order to define V1 voxels on a 64x64 grid with 7mm slice thickness,
a percentage cut-off for voxels contained in the high-resolution V1 ROI has to be defined.

Conclusions

The variability of calibrated-BOLD measurements across subjects, and the reproducibility of
measurements in individual subjects across different days, were determined within the visual
cortex for regions-of-interest based on prior retinotopic mapping, CBF activation and BOLD
activation. Reproducibility of measurements within subjects across different days was best for
regions defined according to CBF activation. The poorest reproducibility of any response
metric was observed for BOLD and CBF changes to hypercapnia, likely due to inconsistencies
of CO, administration. However, the BOLD scaling factor, M, was found to be significantly
more reproducible than individual CBF and BOLD responses to hypercapnia. For the CBF
localizer, similar reproducibility was observed for BOLD, CBF and CMRO, responses.
However, the ratio n of CBF to CMRO5, responses was observed to have the best reproducibility
of any fMRI measurement. Two major conclusions can be drawn from this study: 1) the index
n describing the coupling of blood flow and oxygen metabolism is a remarkably stable
measurement in individual subjects and 2) selecting ROIs according to flow activation
significantly improves the robustness of measurements available with fMRI. These conclusions
support the use of calibrated fMRI as a quantitative probe of the coupling of blood flow and
energy metabolism. In particular, this approach may greatly expand the role of fMRI methods
in studies of disease and development where the complexity of the BOLD effect limits the
quantitative interpretation of BOLD responses alone
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Primary visual cortex (V1)

CBF localizer

BOLD localizer

Figure 1.

Visual cortex regions-of-interest generated for a typical subject. The top row of images depicts
4 slices of visual area V1 overlaid onto an oblique representation of a high resolution anatomical
scan (FSPGR). Retinotopic mapping was performed in a preliminary scan session on a different
day. The second and third rows of images depict voxels with significant CBF and BOLD
activation (r=0.5) overlaid onto their respective average perfusion and BOLD images.
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Time (s)

360

Figure 2.

Average BOLD and CBF responses for a typical subject under activation (Aand B) and
hypercapnia (C and D) conditions for the CBF localizer. Evidence of CMRO, increase with
activation is given by the observation that a larger BOLD signal is elicited by hypercapnia than
activation for similar flow changes.
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Figure 3.

Scatter plots of day 1 versus day 2 measurements for six physiological quantities available with
calibrated BOLD fMRI. Red and black data points correspond to average measurements for
individual subjects for the BOLD and CBF localizer, respectively. Different shapes and objects
are used to identify individual subject data. The red line of slope one represents the case of
perfect reproducibility. Data from subjects 6 and 7 is complicated by a CO, leak on day 2 as
described in the results section. It is evident that the reproducibility of calculated measurements
(M and n) are more stable across days than direct measurements (%BOLD, %CBF and CRC).
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Figure 4.

Bar graph depicting the coefficient of variation (CV) for inter-subject variance (purple) and
single subject reproducibility (blue-gray) of calibrated-BOLD fMRI measurements. An
asterisk next to a measurement denotes a significantly different (p<0.05) CVinter OF CVintra
value compared to the BOLD response. This figure demonstrates that discrimination of
calibrated BOLD measurements between healthy individuals is not limited by poor
reproducibility.
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Figure 5.

Intra-subject reproducibility (CVinira) for the CBF localizer (r=0.5), the BOLD localizer
(r=0.5) and the threshold-adjusted BOLD localizer (BOLD localizer*). The threshold-adjusted
BOLD localizer was constructed to contain the same number of voxels as the CBF localizer.
It is evident that BOLD-activation regions, whether constructed at the same level of
significance of activation or the same volume of activation as perfusion-activated regions, are
associated with poorer reproducibility.
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V1 CBF-localizer BOLD-localizer
<%A>iSDa CVintrab {%AY£SD CVimra <%A>iSDC CVinlra
BoLDY 3037318 214 2157+37.0 26.1 24.8+49.5 35.0
card 43.6+50.4 35.7 31.0¢57.4 40.6 29.3+68.3 483
CRcC 19.0+32.9 233 12.3+33.4 23.7 9.1+405 28.6
M 1.4+32.7 231 -3.8+17.4 12.3 2.8+5.1 10.7

a Lo . . . . .
mean (xSD) of the individual subject fractional difference between measurements acquired on different days, expressed as percent

standard deviation of the individual subject fractional difference between measurements acquired on different days for individual subjects divided by
the square root of 2, expressed as a percent

ccerebrovascular reactivity to CO2, defined as the percent change in CBF divided by the absolute change in end-tidal CO2 (1/AmmHg)

*
denotes a significant (p<0.05) difference between the means of measurements acquired on different days

this category of measurements is complicated by a leak in the CO2 delivery system for two subjects on day 2 of scanning. This experimental error will
therefore falsely increase CVintra as well as bias (%A) towards positive values.
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Table 2
Variability of hypercapnia measurements across subjects

V1 CBF-localizer BOLD-localizer
mean=SD cvint%{b mean+SD CVinter meanSD CVim;zr
BOLD? 3.99+1.97 50.3 2.52+0.82 32.7 3.77£1.54 40.9
cBF? 58.1+25.7 44.2 66.0+27.4 415 66.0+27.4 415
CRC 7.3+2.4 33.0, 7.7+2.6 30.6 7.8+2.9 32.2
M 0.111+.059 41.8 0.065+.023 36.1 0.097+.037 385

a . . . .
expressed as the mean (+SD) percent increase from baseline for all subjects all sessions
b - L .
coefficient of variation (expressed as a percent) representing the pooled data

*
denotes a significant (p<0.05) difference in the variance compared to the CBF-localizer

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Neuroimage. Author manuscript; available in PMC 2007 October 19.



Leontiev and Buxton Page 20

Table 3
Reproducibility of individual subject activation measurements

V1 CBF-localizer BOLD-localizer
(%AY*SDP CVintra® (%AYXSD CVintra (%AYXSD CVim;a
BOLD 8.6+25.7 19.2 -0.1£16.5 11.7 6.0+28.6 20.2
CBF 4.4430.2 219" —2.7£12.9 9.1 —5.4+19.2 13.6
CMRO, -2.8+30.1 21.3 -4.9+15.1 10.7 — 2271319 226"
n 7.1+12.4 8.8 2.4+10.4 7.4 12.2+29.5 20.8"

denotes a significant (p<0.05) difference in the variance compared to the CBF-localizer

**
denotes a significant (p<0.05) difference between the means of measurements acquired on different days
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Variability of activation measurements across subjects
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V1 CBF - localizer BOLD - localizer
mean+SD® CViner mean+SD CVinter mean+SD CVinter
BOLD? 1.87+0.67 33.9% 1.81+0.27 16.1 2.17+0.55 24.8*
CBF2 72.9+28.8 39.5 81.5+23.8 29.2 74.3+25.7 34.6
aCMRO, 27.2+10.4 38.0 21.549.1 425 23.7+11.4 48.0
n 2.63+.66 22.4* 3.70+1.5 36.9 3.16+2.0 51.8

a . . . .
expressed as the mean (+SD) percent increase from baseline for all subjects all sessions
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