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Abstract: The power of fMRI in assessing neural activities is hampered by inter-subject variations in
basal physiologic parameters, which may not be related to neural activation but has a modulatory
effect on fMRI signals. Therefore, normalization of fMRI signals with these parameters is useful in
reducing variations and improving sensitivity of this important technique. Recently, we have shown
that basal venous oxygenation is a significant modulator of fMRI signals and individuals with higher
venous oxygenation tend to have lower fMRI signals. In this study, we aim to test the utility of venous
oxygenation normalization in distinguishing subject groups. A ‘‘model’’ condition was used in which
two visual stimuli with different flashing frequencies were used to stimulate two subject groups,
respectively, thereby simulating the situation of control and patient groups. It was found that visual-
evoked BOLD signal is significantly correlated with baseline venous T2 (P ¼ 0.0003) and inclusion of
physiologic modulator in the regression analysis can substantially reduce P values of group-level sta-
tistical tests. When applied to voxel-wise analysis, the normalization process can allow the detection of
more significant voxels. The utility of other basal parameters, including blood pressure, heart rate, arte-
rial oxygenation, and end-tidal CO2, in BOLD normalization was also assessed and it was found that
the improvement was less significant. Time-to-peak of the BOLD responses was also studied and it
was found that subjects with higher basal venous oxygenation tend to slower BOLD responses. Hum
Brain Mapp 31:80–87, 2010. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Functional magnetic resonance imaging (fMRI) studies
often require the use of multiple subjects, in which fMRI

data from a group of participants are processed together
to yield a population activation result [Friston et al., 1996].
This is particularly the case for neurological and psychiat-
ric studies that aim for better understanding of disease
mechanism. A major challenge in finding differences in
fMRI signals between patients and controls is that the dis-
ease effect is often ‘‘buried’’ inside the large noise attrib-
uted to inter-subject variations. Therefore, it is of great
interest to understand the mechanisms of inter-subject var-
iations in fMRI signals and to develop an approach to nor-
malize the signals before the group comparison
[Handwerker et al., 2007; Kannurpatti and Biswal, 2008;
Lu et al., 2008; Thomason et al., 2007].

Recently, we have developed a T2-Relaxation-Under-
Spin-Tagging (TRUST) MRI technique to quantitatively
estimate cerebral venous oxygenation (Yv) in units of
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percentage [Lu and Ge, 2008], and have shown that task-
evoked fMRI signal is inversely correlated with Yv,baseline

across subjects [Lu et al., 2008]. Specifically, individuals
with higher baseline oxygenation tend to have a smaller
fMRI signal and vice versa, when using identical stimuli.
This provides an opportunity to use TRUST MRI as a nor-
malization factor to reduce inter-subject variations, and to
improve the sensitivity of fMRI in detecting group differ-
ences. This improvement will be beneficial for the study of
psychiatric disorders and comparison of pre/postdrug
treatment, thereby substantially extending the potential
clinical utility of fMRI.

In the present study, we aim to test the utility of TRUST
MRI in distinguishing subject groups in a model situation,
in which the neural activity differences between two sub-
ject groups are known and we ask the question that
whether or not fMRI can detect these regional differences
with and without the use of TRUST MRI. The extent of
brain activation by flashing checkerboards is known to be
dependent on flashing frequency, with 8 Hz stimulus
inducing the greatest activation which decays at higher or
lower frequencies [Fox and Raichle, 1984; Lin et al., 2008;
Parkes et al., 2004; Singh et al., 2003]. Thus, we presented
checkerboards flashing at 8 Hz and 4 Hz to two healthy
control groups, respectively, to simulate the cases of ‘‘con-
trols’’ and ‘‘patients.’’ Comparison between the groups
with and without using Yv-normalization was conducted.
Alternative normalization parameters, including blood
pressure, heart rate, arterial oxygenation, end-tidal CO2,
and breathing rate, were also assessed. Several normaliza-
tion strategies were presented, and recommendations for
ROI-based and voxel-based analysis were provided.

MATERIALS AND METHODS

MRI Experiment

All MR imaging experiments were conducted on a 3-
Tesla MR system (Philips Medical System, Best, The Neth-
erlands). A total of 20 healthy subjects (29.3 � 6.6 years
old, 11 men and nine women) were scanned for this study.
Each subject gave an informed written consent before par-
ticipating in the study. The study protocol was approved
by the Institutional Review Board of the University of
Texas Southwestern Medical Center.

The subjects were divided into two groups, one group
receiving 8 Hz visual stimuli (n ¼ 10, six males and four
females) and the other group receiving 4 Hz stimuli (n ¼
10, five males and five females). The vision of the subjects
was corrected using MR-compatible corrective lenses,
whenever necessary. This is important to minimize the
confounding effect of visual acuity on the fMRI signals.
Vital physiologic signs, including blood pressure, heart
rate, arterial oxygenation (MEDRAD, Pittsburgh, PA), and
end-tidal CO2 (Capnogard, Model 1265, Novametrix Medi-
cal Systems, CT), were measured before they entered the
magnet room.

FMRI of visual stimulation was conducted with flashing
blue-yellow checkerboard (visual angle ¼ 25�). The func-
tional paradigm consisted of 10-s stimulation followed by
50 s of fixation on a cross sign in the center of the screen,
and was repeated four times. An additional fixation period
of 50 s was used at the beginning of the experiment.
BOLD fMRI used the following parameters: TR ¼ 500 ms,
flip angle 37� (to allow for T1 relaxation and to reduce
inflow effect), TE ¼ 30 ms, SENSE factor 2, matrix 64 �
64, nine slices, voxel size 3.44 � 3.44 � 5 mm3, 1 mm gap.
The relatively high temporal resolution is used so that we
can also study the time-to-peak (TTP) of the BOLD
responses. The slices were positioned axially covering the
occipital lobes.

TRUST MRI was used to assess baseline venous oxygen-
ation in the sagittal sinus [Lu and Ge, 2008]. The subjects
were instructed to rest quietly, but not to fall asleep, as
sleeping can change the blood oxygenation [Bangash et al.,
2008]. The scan parameters were: TR ¼ 8,000 ms, TE ¼
7 ms, labeling slab thickness 80 mm, gap between labeling
slab and imaging slice 20 mm, single shot EPI, voxel size
3.44 � 3.44 � 5 mm3, four different T2-weightings with TE
of 0, 40, 80, and 160 ms, corresponding to 0, 4, 8, and 16
refocusing pulses in the T2-preparation (sCPMG ¼ 10 ms).
For each TE, four pairs of tag and control images were
acquired to improve signal-to-noise ratio (SNR). The total
scan time of TRUST MRI was 4 min and 16 s.

Data Processing

Preliminary definition of brain activation was based on
cross-correlation (cc > 0.15) between the signal time-course
and the expected BOLD response. Standard response
curve is available in most fMRI data processing softwares
and is often based on a gamma variate impulse response
function [Boynton et al., 1996]. However, BOLD signal is
known to have nonlinear components [Gu et al., 2005]
and, for long duration stimuli (e.g., 10 s), it would be
more accurate to use an experimentally determined tem-
plate response. We have therefore used a template BOLD
response determined in one of our previous studies using
identical stimuli (10-s flashing checkerboard in visual cor-
tex) [Lu et al., 2006]. A threshold on the cluster size (three
voxels) was also used. The uncorrected P value was
0.0001, and the familywise error was P < 0.06. We note
that this is a preliminary activation mask. The final mask
used for region-of-interest (ROI) analysis was based on a
subset of voxels defined later. Thus, the cutoff P value was
different for different subjects. The largest activation clus-
ter was determined and this always corresponds to the
occipital lobe regions (visually verified). To ensure the
numbers of voxels averaged are the same for all subjects,
only the 500 voxels that have the highest cc values were
included in the ROI analysis. This number was chosen
because all subjects had at least 500 activated voxels in the
visual cortex (voxel number 1,854 � 816, mean � SD, n ¼
20).
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The BOLD time course was obtained by spatially aver-
aging the MRI signals of the final mask and normalizing
against the signals during the fixation period. Two param-
eters, TTP and percentage change, were then quantified
from the time course. The TTP was determined by shifting
the standard BOLD template at 500 ms steps and, for each
step, calculating the cc with the experiment BOLD time
course. The shift at which maximum cc value is achieved
is used as the TTP for the individual time course. The
BOLD percentage change is then calculated by linear
regression of the signal time course to the optimally
shifted BOLD template.

TRUST MRI data were used to estimate venous blood T2,
which was in turn converted to venous oxygenation using
a calibration plot [Lu and Ge, 2008]. This value in the sagit-
tal sinus was used as the baseline venous oxygenation,
which is thought to be homogenous across the brain at rest-
ing state [An and Lin, 2000; Fox and Raichle, 1986]. The
baseline oxygenation is recently shown to be an important
modulator of the BOLD fMRI signal [Lu et al., 2008].

Statistical Analysis Comparing BOLD Responses

Between 8 Hz and 4 Hz Groups

For standard comparison of 8 Hz and 4 Hz responses, a
two-sample t-test was used to compare the percentage sig-
nal changes between these two frequencies.

Next, we tested to see whether the additional measure-
ments of basal physiologic parameters can help in distin-
guishing these two groups. Both ROI based and voxel-
based analyses were performed. For the ROI analysis, we
used multiple regression method. The advantage of the
regression method is that it does not depend on the mech-
anism or biophysical model of the BOLD signal [Buxton et
al., 1998; Ogawa et al., 1993; van Zijl et al., 1998]. Instead,
additional regressors are added to see if they are signifi-
cant factors in explaining the variations in the BOLD data.
Thus, the BOLD signal can be written as:

SBOLD ¼
X

i

ai � Xi þ
X

i;j

aij � Xi � Xj þ a0 (1)

where Xi is the ith regressor (independent variable), ai is
the coefficient associated with the regressor, aij is the coef-
ficient associated with the interaction between Xi and Xj,
a0 is a constant. Note that the two-sample t-test described
above is essentially a regression with flashing frequency
being the only regressor. In our regression analysis, two
regressors, X1 flashing frequency, X2 baseline venous T2,
were used and the statistical significance of the coeffi-
cients, a1, a2, and a12, was tested. Similar analysis was per-
formed using the other measured physiologic parameters
(blood pressure, heart rate, arterial oxygenation, and end-
tidal CO2) as X2. Furthermore, to assess the benefits of
including multiple signal modulators in the regression
(i.e., adding more than one variable from the list of venous
T2, blood pressure, heart rate, arterial oxygenation, and

end-tidal CO2), a stepwise regression method (with matlab
routine stepwise.m) was used in which new regressors are
added to the model in a step-by-step manner, from the
highest ranked regressor to lowest ranked regressor. The
Analysis of Variance (ANOVA) was used to access the sta-
tistical significance of the variance explained by the new
regressor.

For the voxel-based analysis, multiple regression analy-
sis was performed on a voxel-by-voxel basis with flashing
frequency and venous T2 as the regressors (using SPM2’s
‘‘Multiple regression with constant’’ functionality). For
each voxel, if the coefficient a1 was determined to be sig-
nificantly (P < 0.05, cluster size 800 mm3) different from
zero, this voxel will be showed in color in the group com-
parison map.

In addition, a secondary analysis based on a BOLD bio-
physical model was also applied in the voxel-wise data.
According to the biophysical model used by Davis et al.
[1998] and others [Chiarelli et al., 2007a, b; Hoge et al.,
1999; Uludag et al., 2004], the BOLD signal is affected by
baseline venous oxygenation as: SBOLD ! (1�Yv)

b. The
index b is associated with vascular geometry and magnetic
susceptibility effect of deoxyhemoglobin [Boxerman et al.,
1995]. The value of b is typically 1.5 at 1.5 T [Davis et al.,
1998]. At 3 T, due to the increased contribution of extrava-
scular BOLD effect, a value of 1 has been used in several
previous studies [Kannurpatti and Biswal, 2008; Thomason
et al., 2007; Uludag et al., 2004). Thus, the normalized
BOLD signal in the voxel-based analysis was calculated by:

SBOLD;n ¼ SBOLD=ð1� YvÞ (2)

This normalization was performed for all voxels inside
the brain, yielding a map of SBOLD,n. Voxel-by-voxel com-
parison between the 8 Hz and 4 Hz groups was performed
using two-sample t-test to detect brain regions that show
significant differences (P < 0.05, cluster size 800 mm3) in
BOLD responses, for both SBOLD and SBOLD,n. The reason
for testing the model-based normalization approach is
that, due to the lower sensitivity in a single voxel com-
pared with an ROI, regression analysis may not be feasible
(that is, a2 in Eq. (1) cannot be estimated accurately on a
voxel-by-voxel basis). We note that the model-based
approach has its own limitations in that additional
assumptions are made: (i) the relationship between venous
T2 and venous oxygenation [Lu and Ge, 2008]; (ii) the ana-
lytical relationship between baseline venous oxygenation
and the BOLD signal [Davis et al., 1998; Hoge et al., 1999;
Uludag et al., 2004].

RESULTS

Robust fMRI activations were detected in all subjects.
Examples of the 8 Hz and 4 Hz activation maps are shown
in Figures 1a,b. Figure 1c shows the averaged BOLD time
courses for both groups. The vital sign parameters are
listed in the Table I. TRUST MRI data yielded baseline
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venous blood T2 of 55.8 � 11.2 ms (n ¼ 10, mean � D)
and 52.4 � 14.5 ms (n ¼ 10) for the 8 Hz and 4 Hz, respec-
tively. Using an in vitro calibration plot [Lu and Ge, 2008],
these T2 values correspond to venous oxygenation of 61.1
� 7.8% and 58.5 � 9.9%, respectively. No significant differ-
ences were found between the groups in any of these basal
physiologic parameters (P > 0.4 for all parameters).

The BOLD percentage changes, SBOLD, in the ROIs were
2.64 � 0.33% and 2.27 � 0.27% for the 8 Hz and 4 Hz
groups, respectively. Regression with flashing frequency
as the sole regressor (essentially a two-sample t-test)

showed a marginal difference between the two frequency
groups with a P value of 0.0126. Addition of the venous
T2 into the regression significantly (P ¼ 0.0003, using F-
test to compare two models) improved the model. The sig-
nificance level of the frequency dependence becomes P ¼
0.0003. The coefficient associated with the flashing fre-
quency, a1, and its 95% confidence interval (CI) were 0.093
and (0.026, 0.160), respectively, without consideration of
venous T2 and these values were 0.108 and (0.061, 0.155),
respectively, after venous T2 was added to the regression
model. The CI of the coefficient estimation became nar-
rower after accounting for venous T2, suggesting a more
accurate estimation of the frequency effect. Further addi-
tion of an interaction term between frequency-dependence
and venous T2-dependence did not improve the model
(P ¼ 0.3334). We therefore only used the linear terms in
further analysis. For conceptual understanding of the
mechanism, it is sometimes helpful to calculate the ‘‘nor-
malized’’ BOLD signal, in which the venous T2-depend-
ence of the BOLD signal is first quantified and then its
effect is subtracted from the original BOLD signal, i.e.,
SBOLD,n ¼ SBOLD � a � (T2,v � T2,v), where T2,v is the group
average of venous T2. The normalized BOLD signal,
SBOLD,n, were 2.67 � 0.23% and 2.24 � 0.18% for the 8 Hz
and 4 Hz groups, respectively, and the P value from the
two-sample t-test was 0.0002, which is comparable with
the multiple regression results. It can also be seen that the
intragroup standard deviation of the normalized BOLD
signals decreased compared with the original BOLD sig-
nals, and showed a 30 and 33% reduction for the 8 Hz
and 4 Hz groups, respectively. Reduction of intragroup
variations explains why BOLD normalization is helpful in
detecting group differences.

Figure 2 shows the scatter plot between baseline venous
T2 and BOLD percentage change for all subjects. It can be
seen that both groups show a negative slope, suggesting
that subjects with higher baseline venous T2 tend to have
lower BOLD signal.

Regression analysis was also performed using each of
the other physiologic parameters and it was found that
heart rate (P ¼ 0.0099) was a significant regressor. How-
ever, the benefits in group differentiation only improved
slightly (P ¼ 0.0063) compared to simple two-sample t-test
(P ¼ 0.0126). To assess whether the inclusion of multiple
physiologic regressors are more advantageous than a sin-
gle regressor, stepwise regression was performed in which
regressors were added to the model from the most signifi-
cant to the least significant ones until no more significant

Figure 1.

Single subject visual activation results using 8 Hz and 4 Hz flash-

ing checkerboard. (a, b) Activation maps in two healthy subjects

using an 8 Hz (a) and a 4 Hz (b) flashing stimulus, respectively.

The activated voxels in the occipital lobe are shown in red. (c)

BOLD signal time-courses averaged over all subjects (n ¼ 10 for

each group). Error bars indicate the standard error across sub-

jects. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

TABLE I. Summary of physiologic parameters for the two groups of subjects and P values of statistical comparisons

Parameter
Mean blood

pressure (mm Hg)
Heart rate

(beats per min)
Arterial blood
oxygenation (%)

End-tidal
CO2 (mm Hg)

Breathing rate
(times per min)

8Hz (n ¼ 10) 89.9 � 7.4 76.3 � 10.4 97.9 � 0.9 37.3 � 4.5 15.8 � 5.4
4Hz (n ¼ 10) 91.1 � 10.5 75.1 � 10.9 98.0 � 1.3 36.0 � 2.8 15.3 � 3.4
P value 0.764 0.804 0.845 0.446 0.806

r fMRI Normalization With Baseline Physiology r

r 83 r



regressors are available. The order of the significant
regressors and their respective significant levels were: ve-
nous T2 (P ¼ 0.0003) and mean blood pressure (P ¼
0.0350). After each step of the regression, the significance
level of the flashing frequency dependence was: P ¼
0.0126 (no physiologic regressor), 0.0003 (with venous T2),
0.0001 (with venous T2 and mean blood pressure).

Voxel-wise analysis was also performed to test the util-
ity of baseline physiologic state in improving fMRI power.
Group-level one-sample t test between 8 Hz flashing and
fixation (n ¼ 10) showed robust activation (Fig. 3a) in
the thalamus and occipital cortex, which are the main vis-
ual areas in the brain. Figures 3b,c show the activation
patterns after normalization with two different app-
roaches, regression-based and model-based normalization.
Increased number of activated voxels can be seen in the
thalamus regions. Group-level two-sample t-test between 8
Hz (n ¼ 10) and 4 Hz (n ¼ 10) fMRI signals without nor-
malization showed a few clusters with significant differen-
ces across groups (Fig. 3d). Figure 3e,f show such maps
after regression and model-based normalization, respec-
tively. It can be seen that more voxels are detected after
the signal normalization, especially with the model-based
approach (Fig. 3f). As a quantitative demonstration of the
improvement, histograms of the t scores in the visual-acti-
vated voxels (red voxels in Fig. 3c) are plotted in Figure 4.
It is clear that the histogram shifted to the right after the
normalization, again with the model-based approach
showing greater improvement. The histograms were sig-
nificantly different for all three analyses (P < 0.0001).

In addition to the BOLD signal amplitude, we have stud-
ied the TTP of the BOLD responses. No significant differen-
ces in TTP were found between the 8 Hz and 4 Hz groups
(P ¼ 0.68). This is still the case after including the basal

Figure 2.

Scatter plot between baseline venous T2 and BOLD signal

changes. Each symbol in the plot represents data from one sub-

ject. The solid curves show the linear fitting of the experimental

data. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Figure 3.

Group-level activation maps with un-normalized and normalized

fMRI signals. (a–c) Activation maps comparing 8 Hz flashing

checkerboard and fixation (n ¼ 10). Threshold: P value < 0.005,

cluster > 800 mm3. (d–f) Difference maps comparing two subject

groups receiving 8 Hz (n ¼ 10) and 4 Hz (n ¼ 10) stimulus,

respectively. Threshold: P value < 0.05, cluster > 800 mm3.

Results from two normalization approaches, a regression based

and a model-based, are presented. Only activations in thalamus

and occipital lobes are shown. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

Figure 4.

Histograms of t scores of the frequency effect in the visual-acti-

vated voxels. The voxels were selected from the functional acti-

vation maps in Figure 3c. The t scores of the un-normalized

signals were obtained from the group-level two-sample t-tests

between 8 Hz and 4 Hz subjects performed on a voxel-by-voxel

basis. The regression-normalized t scores were obtained from a

multiple regression with frequency and venous T2 as the reges-

sors and testing whether the coefficient associated with fre-

quency is different from zero. The model-based t-scores were

obtained from the two-sample t-tests on the signals calculated

according to Eq. (2). [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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physiologic parameters as regressors. We therefore grouped
the 8 Hz and 4 Hz subjects together, and studied the correla-
tion between BOLD TTP and each of the basal parameters.
A significant correlation was found between the basal ve-
nous T2 and the BOLD TTP (P ¼ 0.0123, Fig. 5). Subjects
with greater venous T2 tend to have a longer TTP in their
BOLD responses. This intersubject correlation is in agree-
ment with previous findings that, within a subject, when the
basal blood flow is elevated [Cohen et al., 2002] the BOLD
TTP becomes longer. Similar, when the basal blood flow is
reduced [Liu et al., 2004], the BOLD TTP is shorter.

DISCUSSION

In this study, we used basal venous T2 to normalize
fMRI signals across subjects, and demonstrated in a
‘‘model’’ situation that the normalization process can sub-
stantially reduce P values of statistical tests and can allow
the detection of more significant voxels. The utility of
other basal parameters, including blood pressure, heart
rate, arterial oxygenation, and end-tidal CO2, in BOLD
normalization was also assessed and it was found that the
improvement was less significant. The results also suggest
that there is a significant correlation between basal physio-
logic state and time-to-peak of the BOLD response.

It is well known that physiologic noise is the largest
source of noise in MRI data [Hu and Kim, 1994; Kruger
and Glover, 2001]. In the analysis of group fMRI data,
intersubject variations in basal physiology present an im-
portant, if not the largest, source of noise, because many

of these physiologic parameters are modulators of the
BOLD fMRI signal [Cohen et al., 2002; Corfield et al., 2001;
Liu et al., 2004; Lu et al., 2008; Mulderink et al., 2002].
Therefore, when using fMRI to assess neural activities,
measurement of these basal parameters is not only impor-
tant for correct interpretation of fMRI results (e.g., whether
the fMRI signal difference before/after drug treatment is
due to changes in neural activities or to changes in basal
parameters), but is also beneficial in improving the detec-
tion power by reducing intersubject variations. Thus, while
the typical protocol for an fMRI session currently consists
of localizer, anatomic scans, and functional scans, we pro-
pose to also include a scan to measure basal physiologic
parameters.

To determine exactly which physiologic parameter to
measure for best normalization results, a survey of the
BOLD biophysical model [Davis et al., 1998; Hoge et al.,
1999; Kim and Ugurbil, 1997] suggests that the following
parameters are possible candidates and are also accessible
with MRI techniques: basal CBV, basal CBF, and basal ve-
nous oxygenation. The present study and one of our ear-
lier studies [Lu et al., 2008] have demonstrated the utility
of basal venous oxygenation. We have also assessed the
use of basal CBF previously [Lu et al., 2008]. It was found
that the correlation between basal CBF as assessed by ASL
MRI and BOLD signal is less significant than that of ve-
nous oxygenation, although a trend can be clearly seen
[Lu et al., 2008] and is recently confirmed by a study from
Liau et al. [2008]. Basal CBV may be another modulator of
the fMRI signals as more blood in the voxel would result
in greater BOLD signal with activation. This has not been
sufficiently assessed because the measurement of absolute
CBV typically requires the injection of Gd-DTPA contrast
agent [Kuppusamy et al., 1996; Lu et al., 2005; Moseley
et al., 1992; Schwarzbauer et al., 1993] and, in many cases,
the estimation of arterial input function [Ostergaard et al.,
1996]. Another basal physiologic parameter in the BOLD
model, Cerebral Metabolic Rate of Oxygen or CMRO2, can-
not yet be accurately determined in humans with existing
MRI techniques [Hyder et al., 1996; Zhu et al., 2005].

Intersubject variations in BOLD signals can also be
attributed to differences in vessel elasticity across subjects.
This factor may be particularly important in conditions
where the vessel elasticity is known to change, such as in
aging [D’Esposito et al., 2003]. Recently, Handwerker et al.
[2007] and Thomason et al. [2007] have used breathhold
(increasing arterial CO2 content) to assess vascular reactiv-
ity and used this information to normalize fMRI signals.
These methods are complementary to the basal physiology
normalization methods, and if used together, may provide
the best results. One confounding factor in breathhold
experiment is that the extent and efficacy of modulating
arterial CO2 is highly dependent on subject cooperation
and may not be feasible in all elderly subjects. Further-
more, some evidences have suggested that hypercapnia
may cause a reduction in neural activity [Zappe et al.,
2008] and CMRO2, [Xu et al., 2009] and thus is not a

Figure 5.

Scatter plot between baseline venous T2 and time-to-peak

(TTP) of the BOLD responses. Each symbol in the plot repre-

sents data from one subject. Since there are no differences in

TTP between 8 Hz and 4 Hz groups, the data are shown in one

group (n ¼ 20). The solid curve shows the linear fitting of the

experimental data. The significant correlation (P ¼ 0.0123) sug-

gests that subjects with higher baseline oxygenation tend to

have a slower BOLD response and those with lower baseline

oxygenation tend to have a more rapid response.
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purely vascular maneuver. More recently, it was suggested
that spontaneous fluctuation in breathing patterns can
cause BOLD signal changes [Birn et al., 2006], which can
be used to estimate the vessel elasticity [Kannurpatti and
Biswal, 2008]. Such techniques will be very useful in con-
trolling for intersubject variations if fully developed.

It should be noted that the normalization method used in
the present study is based on a global measurement of ve-
nous T2 in the sagittal sinus. Although a number of studies
have suggested that the oxygen extraction fraction, i.e., ve-
nous oxygenation, is homogenous across brain regions in
healthy controls [Fox and Raichle, 1986; He and Yablonskiy,
2007], the baseline venous oxygenation may be region-
dependent in patient populations. Therefore, the effect of
regional oxygenation variation on BOLD fMRI signal is not
accounted for in this study. Robust mapping of venous oxy-
genation in the brain is still challenging. The TRUST
method can be potentially applied to small veins or venules
to estimate local Yv. However, one would need to develop
a method to label the tissue and wait for the labeled spin to
enter the venules, where its T2 is determined. In this
regard, tissue-based techniques, such as the ones used by
An and Lin [2003], He and Yablonskiy [2007], and He et al.
[2008], may have an advantage if the biophysical model
used can be shown to be applicable for all vessel sizes and
orientations. Another utility of regional measurement of ba-
sal physiologic parameters is that one can account for both
interregional and intersubject variability [Liau et al., 2008],
which may further improve the power of fMRI.

The results in the present study should be interpreted in
the context of a few limitations. First, the discussion of
BOLD variations across subjects has primarily focused on
vascular physiology. The implicit assumption is that iden-
tical visual stimulus (e.g., 8 Hz flashing checkerboard) will
evoke identical neural response in all subjects, which may
not be exactly correct. Thus, the intersubject variations in
neural response will not be able to be corrected by the nor-
malization method proposed in this study or those in pre-
vious studies. A more realistic goal of the proposed
normalization method is then to reduce the intersubject
variations (the part that is related to vascular physiology)
and to improve the statistical power to some extent.
Indeed, with venous oxygenation normalization, the inter-
subject variations in our data only reduced by �30%, sug-
gesting that many other sources of variations are not yet
understood and have not be accounted for. Second, in the
present study, each subject only received visual stimula-
tion with one frequency (8 Hz or 4 Hz). Therefore, we
were only able to make frequency-dependent comparison
across groups, but not within-subject in which the 8 Hz/4
Hz signal difference would not be affected by physiologic
differences across subjects. As a result, we were not able
to compare the pre/post normalization data with that of a
paired comparison. Finally, our study has used a ‘‘model’’
situation in a group of healthy volunteers. The application
of the normalization method in patient populations using
a cognitive paradigm will need to be further tested.

CONCLUSIONS

Basal venous oxygenation can be used to normalize
fMRI signals across subjects. The utility of this method
was demonstrated in a ‘‘model’’ situation in which two
visual stimuli with different flashing frequencies were
used to stimulate two subject groups, respectively, thereby
simulating the situation of control and patient groups. It
was found that the normalization process can substantially
reduce P values of statistical tests and can allow the detec-
tion of more significant voxels. Thus, the measurement of
basal physiologic parameters may be a useful addition to
the typical protocol of an fMRI session.
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