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Abstract

Avrterial-spin-labeling (ASL) MRI provides a non-invasive tool to measure cerebral blood flow
(CBF) and is increasingly used as a surrogate for baseline neural activity. However, the power of
ASL MRI in detecting CBF differences between patient and control subjects is hampered by inter-
subject variations in global CBF, which are associated with non-neural factors and may contribute
to the noise in the across-group comparison. Here, we investigated the sensitivity of this technique
and proposed a normalization strategy to better detect such a difference. A “model” situation was
employed in which two visual stimuli (i.e. cross fixation and flashing checkerboard) were
presented to two groups of subjects to mimic “control” and “patient” groups (N=7 for each group),
respectively. It was found that absolute CBF (aCBF) in the occipital lobe in the checkerboard
group was 26.0% greater compared to the fixation group, but the level of significance was modest
(p=0.03). In contrast, when normalizing the CBF with whole-brain CBF or CBF in a reference
region (termed relative CBF, rCBF), the statistical significance was improved considerably
(p<0.003). For voxel based analysis, the rCBF indices correctly detected CBF differences in the
occipital lobe in the across-group comparison, while aCBF failed to detect any significant cluster
using the same statistical threshold. We also performed Monte Carlo simulation to confirm the
experimental findings and found that the power improvement was most pronounced when SNR is
moderate and the underlying CBF difference was small. The simulation also showed that, with the
proposed normalization, a detection power of 80% can be achieved using a sample size of about
20. In summary, rCBF is a more sensitive index to detect small differences in CBF, rather than the
much-sought-after aCBF, since it reduces data noise caused by inter-subject variations in global
CBF.
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1. Introduction

Cerebral blood flow (CBF) is a physiological parameter reflecting blood supply to the brain
and is typically written in units of ml blood per 100g tissue per min. It has been shown to be
a sensitive marker for cerebrovascular diseases such as stroke, arterial stenosis, and vascular
dementia [1-3]. Moreover, CBF measurement has played a major role in non-invasive
assessment of neural activity since it can be associated with neural activity via neurovascular
coupling [4,5]. This relationship has led to the development and wide application of human
brain mapping techniques using Positron Emission Tomography (PET) or functional MRI
[6-8]. More recently, much attention was received to assess baseline neural activity between
patient and control subject groups, by comparing the resting CBF values [9-12]. Such
applications may have great potentials in understanding disease mechanism in neurological
and psychiatric disorders.

Traditionally, CBF measurement is conducted by injecting radioactively labeled tracers
followed by imaging the signals using Single-Photon-Emission-Computed-Tomography
(SPECT) or PET [13,14]. However, the applications of these techniques in brain disorders
are limited by the need of exogenous agent as well as the use of radioactive materials.
Avrterial Spin Labeling (ASL) MRI is a non-invasive technique that has the potential to
provide a quantitative assessment of CBF within 5-10 minutes [15-22]. There have been
increasing numbers of studies that use ASL MRI in comparing resting CBF between patients
and controls, under the assumption that CBF is a surrogate of local neural activity. However,
such efforts have encountered a few difficulties, mainly because of large inter-subject
variations in CBF. These variations are due to non-neural factors such as breathing pattern,
physiologic state and even consumption of caffeine [23-25], which modulate CBF in a
global fashion and contribute to the sources of noise in group comparison. Therefore, it is
not yet clear how sensitive ASL MRI is in detecting regional neural activity differences
between patients and controls and which is the best strategy to detect such differences.

In this work, we conducted experimental measurements and numerical simulation to show
that raw CBF values should be normalized against CBF of the whole-brain or a reference
region before conducting regional comparison. Normalization is useful for factoring out
global modulation effects, thereby increasing the sensitivity of ASL MRI in detecting
regional CBF differences between two subject groups. We used a model condition in which
we simulated a “patient” group by having the subjects view a flashing checkerboard and
compared their CBF to that of a “control” group of subjects viewing a fixation. Group
comparison was conducted on the raw CBF values (denoted as absolute CBF, aCBF) and on
the CBF values normalized against whole-brain values (denoted as relative CBFyyg,
rCBFwpg) or a central brain region (denoted as relative CBFcR, rCBFcR). In addition,
numerical simulation was conducted to confirm the experimental findings and assess the
ASL detection power under typical signal-to-noise-ratio (SNR).

2. Materials and methods

2.1 Experiment

Experiments were performed on a 3T MR system (Philips Medical Systems, Best, the
Netherlands) using body coil transmission and head coil reception. The protocol was
approved by the Institutional Review Board. A total of 14 healthy subjects (10 males, 4
females; 21-54 years of age) participated in the study after informed written consent was
obtained. The subjects were divided into two groups, one group (N=7, age 28.9+12.3, 5
males, 2 females) was shown a white cross and the other group (N=7, age 29.3+7.6, 5 males,
2 females) was shown a flashing checkerboard at 4 Hz, to mimic the “control” and “patient”
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groups, respectively. In addition, the “patient” group was also shown a white cross to serve
as an intra-group control.

A balanced pseudo-continuous ASL (pCASL) sequence was used to measure CBF following
previous studies by Wu et al. and Wong [26,27]. Imaging parameters for pCASL
experiments were: single-shot gradient-echo EPI, field-of-view (FOV)=240x240,
matrix=80x80, voxel size=3x3 mm?, 27 slices acquired in ascending order, slice
thickness=5 mm, no gap between slices, labeling duration=1650 ms, post labeling
delay=1525 ms, TR=4020 ms, TE=14ms, SENSE factor 2.5, time interval between
consecutive slice acquisitions=35.5 ms, number of controls/labels= 30 pairs, RF
duration=0.5 ms, pause between RF pulses = 0.5 ms, labeling pulse flip angle=18°,
bandwidth=2.7 kHz, echo train length=35, and scan duration 4.5 min. In addition to the
pCASL scan, a time-of-flight (TOF) angiogram and a phase-contrast (PC) velocity MRI
were performed to obtain aCBF values following procedures established previously [28].
The TOF angiogram was performed to visualize the internal carotid arteries (ICA) and
vertebral arteries (VA), and to correctly position the PC velocity MRI slice. The imaging
parameters were: TR/TE/flip angle=23ms/3.45ms/18°, FOV=160x160x70 mm3, voxel size
1.0x1.0x1.5mms3, number of slices =47, one saturation slab of 60mm positioned above the
imaging slab to suppress the venous vessels, duration 1 min 26 sec. The slice of the PC
velocity MRI was oriented perpendicular to the ICA and VA and the parameters were:
single slice, voxel size=0.45x0.45 mm?, FOV=230x230 mm?, TR/TE=20/7 ms, flip
angle=15°, slice thickness=5 mm, maximum velocity encoding=80 cm/s, and scan
duration=30 sec.

A high resolution T1 weighted image was also acquired with the following parameters:
MPRAGE sequence, TR/TE=8.3ms/3.8ms, flip angle=12°, 160 sagittal slices, voxel
size=1x1x1 mm?3, FOV=256x256x160 mm?3, and duration 4 min.

2.2 Data analysis

The pCASL control and label images were realigned using SPM5 (Wellcome Department of
Imaging Neuroscience, London, UK) and the aCBF maps were calculated based on a
procedure described previously [28]. Briefly, a difference image was calculated for each pair
of the control and label images. The 30 difference images were then averaged. Slice timing
correction was conducted to account for different post-labeling delay times for different
brain slices. From the PC velocity MRI, the total flux in the four feeding arteries (left/right
internal carotid arteries, left/right vertebral arteries) was calculated and this is the blood flow
to the entire brain. The volume of the entire brain was estimated from the MPRAGE data,
from which the average blood flow per unit brain mass was calculated in units of m1/100g/
min. Next, the MPRAGE brain mask was applied to the pCASL difference images and the
whole-brain averaged pCASL signal (in units of MR signal) was calculated. Comparing
these two averaged values, the conversion constant between pCASL MR signal and the
physiologic unit was obtained and was used to calibrate the pCASL signal for individual
voxels, yielding aCBF maps. The aCBF maps were spatially normalized to the brain
template of Montreal Neurological Institute (MNI). Calculation of rCBF maps was based on
two different normalization methods. In the first method, aCBF of each voxel was divided
by the whole brain averaged aCBF, yielding a relative map rCBFg. In the second method,
the normalization used a region that is known to be minimally affected by stimuli (or a
disease) such as central region in case of visual stimulation, and yielded a map of rCBF¢p.
The central brain regions contain pre- and post-central gyrus and are defined by a
parcellation template in SPM [29].

Region-of-interest (ROI) and Voxel-based analyses (VBA) were conducted using each of
the aCBF, rCBFyg and rCBFcRr. ROI analysis was conducted by averaging the CBF values
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in a region (e.g. occipital lobe) defined by a parcellation template in SPM [29], which was
then compared across the two subject groups. In VBA, the individual CBF maps were
spatially smoothed (with full-width-half-maximum of 10 mm) to account for small
differences in sulci/gyri location across subjects. Then we conducted Student t-tests on each
voxel in the brain. A voxel level threshold of 0.05 (False Discovery Rate, FDR, corrected)
and a cluster size of 100 were used to define activated voxels. False-positive tests using
randomization [30] suggested that, with this set of thresholds, the cluster level family-wise
error is expected to be less than 0.05.

Signal and noise levels were calculated on a voxel-by-voxel basis as follows. For each
voxel, a time course with thirty measurements was obtained from the control/label pairs. The
signal level was calculated as the mean of the time course and the noise level as the standard
error (i.e. standard deviation divided by @). We then determined SNR for gray matter
(GM), white matter (WM), and the whole brain. Four ROIs were drawn on eight axial slices
for GM and WM, resulting in a total of 32 GM and 32 WM ROls. Signal and noise levels
were averaged across voxels in the ROIs to yield the respective average values. Their ratio
was then defined as the SNR for GM (or WM). The whole brain SNR was measured by
drawing an ROI around the boundary of the brain and by conducting similar calculations.

2.3 Simulation

Simulation was conducted to provide a quantitative understanding as to why CBF
normalization is beneficial in detecting group differences. The simulation also provides an
assessment of the detection power under typical SNR of ASL MRI. The aCBF of a brain
region can be written as:

aCBF(s,r, p)=g(s) x f(r,p)+n (1)

where aCBF(s, r, p) denotes aCBF value of subject “s” in region “r” under physiologic state
“p” (diseased or healthy). Conceptually, the equation can be viewed as follows. Each subject
has a specific level of CBF, g(s), which is a global factor for all brain regions. Next,
different regions have different levels of blood supply and this is also dependent on
physiologic state. For example, CBF in frontal lobe may be 80% of the whole brain average
and an individual with frontal lobe specific disease may have a CBF that is 70% of the
whole brain value. Thus f(r, p) is the region-specific deficit that we aim to detect with ASL
MRI. Finally, the measured signal contains a noise component, n, that is randomly
distributed.

When normalizing the aCBF values with the whole brain average, g(s), the resulting
rCBFwp can be written as:

rCBF (s, 1, p)=aCBF (s, r, p)/8(s)=[(r, p)+n/g(s) @

Monte Carlo simulation was performed with the following parameters. Whole brain
averaged CBF, g(s), was assumed to have a Gaussian distribution across individuals, with a
mean value of 46 ml/100g/min and a standard deviation (SD) of 6.3 ml/100g/min (based on
experimental data from a previous study [28]). It is assumed that the “patient” and “control”
groups each contained 20 subjects. The noise term, n, was added with a Gaussian
distribution of a mean of 0 and a SD based on SNR values of 2 to 10, which were typical
ranges of CBF maps using ASL MRI. Regional CBF index, f(r, p), was assumed to be 1 (i.e.
100%) for the “control” group and the deficit in the “patient” group varied from 10% to 60%
in the simulation. The probability of detecting the group difference (using p value threshold
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of 0.05) was plotted as a function of SNR and true CBF difference. Each simulation was
performed 50,000 times. The simulation was performed for one voxel in the brain. Under the
above assumptions, the signal behavior of the other voxels is expected to follow the same
detection power plot. The threshold of cluster size was not applied in the simulation as only
one voxel was considered at a time.

In a second simulation, the detection probability was calculated for different sample sizes
and p value thresholds with other assumptions identical to the first simulation. The CBF
difference between groups was assumed to be 10% and the SNR was 8.

3.1 Experiment

Robust CBF maps were obtained from all subjects. The SNR on a single-voxel level for
white matter, gray matter, and whole brain were 0.99+0.27, 4.1+0.55, and 2.6+0.49 (mean
+SD), respectively. Group average aCBF maps for fixation and flashing checkerboard
groups are shown in Figure 1. ROI analysis in the occipital lobe showed that aCBF in the
flashing checkerboard group was 26.0% higher compared to that of the fixation group
(Table 1). The p-value was marginal (p=0.03). In contrast, the p-values using rCBFyg or
rCBFcR were 10-15 times smaller (Table 1), suggesting a more sensitive comparison. Note
that the percentage change observed in the rCBF\g comparison was actually reduced to
16.5%. This is because aCBF increase in the occipital lobe resulted in a higher whole-brain
aCBEF in the flashing checkerboard group (i.e. large denominator), and thus offset some of
the effects in the rCBFyg comparison. On the other hand, when using the central region as a
reference, the normalized index, rCBFcR, showed a change (26.4%) comparable to that of
aCBF.

Voxel-wise comparison across groups also revealed advantages of normalization. With a
threshold p-value=0.05 (False Discovery Rate (FDR) Corrected) and a cluster size of 100
voxels, comparison on aCBF data yielded no significant voxels. On the other hand,
comparison on rCBFyyg correctly identified the visual cortex as having significant
differences (Fig. 2a). The central-region-normalized map, rCBFcg, yielded similar
activation clusters (Fig. 2b). We have also investigated the histogram of t scores of voxels in
the visual cortex (Fig. 3). It can be seen that the histogram shifted toward the right-hand side
comparing the rCBF to aCBF results, suggesting that normalization improved statistical
significance of the voxels.

Similar analysis was conducted on the intra-subject comparison, in which CBF maps under
the flashing checkerboard condition were compared to CBF maps under fixation condition
from the SAME group of subject. Paired comparisons using aCBF maps identified visual
cortices as regions with significant CBF changes (Fig. 4a). Normalization with whole brain
CBF or central region CBF modestly improved the activation maps (Figs. 4b and 4c). The
numbers of significant voxels were 1704, 4214 and 3425 for aCBF, rCBFyg and rCBFcR,
respectively.

Figure 5 shows the inter-correlation of aCBF in the frontal, parietal, temporal and occipital
lobes across subjects. A significant correlation was observed for all paired comparisons
(p<0.005). The results showed that, despite global CBF differences across subjects, regional
aCBF appeared to be correlated. That is, a person with higher frontal CBF tended to have a
higher CBF in the temporal, parietal and occipital lobes. Therefore, normalization of CBF as
proposed above is useful in removing this global modulation.
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3.2 Simulation

Figures 6a—b show the probability of detection as a function of SNR and amount of CBF
deficit using aCBF and rCBF, respectively. It can be seen that the rCBF plot has a higher
power compared to the aCBF plot. Figure 6¢ shows the difference in detection power
comparing aCBF and rCBF. It can be seen that the improvement is particularly pronounced
when the SNR is relatively high and the expected CBF difference is moderate.

Figures 6d—e show the probability of detection as a function of sample size and p-value
threshold. Again, rCBF showed higher power of detection compared to aCBF.

4. Discussion

In this study, we assessed the sensitivity of ASL MRI in detecting CBF differences across
subject groups and demonstrated in a “model” situation that normalization of regional CBF
using whole-brain CBF or CBF in a reference region could improve detection power. The
improvement was observed in both ROI based analysis and VBA. Monte Carlo simulation
confirmed the experimental findings and showed that the improvement was due to an
accounting of the global variations across subjects.

ASL MRI, as a biomarker for baseline neural activity, has great potentials in clinical
applications. However, questions remained as to whether ASL MRI can detect small CBF
differences on the order of 10%, which is the typical range of CBF deficit occurring in many
psychiatric and neurological disorders [31-34]. The present study provides a systematic
investigation into the detection power of ASL and the optimal strategies for data analysis.
We propose normalization of CBF with either global CBF or a region that is known to be
unaffected by a disease. Global CBF normalization is straightforward to implement.
However, this approach is applicable only when we assume that global CBF is intact,
otherwise it will reduce or eliminate the CBF difference that we are seeking. Therefore, a
tradeoff strategy would be to first perform a test on the global aCBF to assess whether there
is a significant difference between the two groups. If no group difference in whole brain
aCBF is detected, the normalization will be applied. An alternative approach is to normalize
the aCBF map with a region that is known to be unaffected by the disease or condition. In
our model situation, we normalized the aCBF map with central region as visual stimulation
is not expected to change blood flow in the somatosensory/motor areas. However, in some
neurological or psychiatric disorders, a prior knowledge of unaffected regions may not
always be available. Therefore, both of the normalization approaches have advantages and
disadvantages. In our study, we observed a drastic improvement in the across-group
comparison because normalization of aCBF removed the global CBF variation across
subjects, which if not accounted for is a significant source of noise. The improvement in the
intra-subject comparison was less pronounced because the paired test conducted for the
intra-subject aCBF data uses each subject as his own control and such a test already
accounted for the inter-subject variation in global CBF.

In the Monte Carlo simulation, we showed the conditions under which the improvement in
detection power is most pronounced (Fig. 6¢). When the CBF difference is large and SNR is
high, then the detection power is excellent for both aCBF and rCBF thus the normalization
procedures do not provide much improvement. Similarly, when the CBF difference is small
and SNR is low, everything is buried in noise and no improvement can be made. Only in the
intermediate situation where CBF difference is small but SNR is relative high, the rCBF
shows a clear advantage. Interestingly, most of neuropsychiatric studies fall into this range
(CBF difference between patient and control group is around 10-20%) [31-34]. The gray
matter SNR in our experimental data was around 4.1 on a single voxel level. With additional
spatial smoothing in the group analysis (typically applied to account for small differences in
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sulci/gyri location across subjects), a SNR of about 8 to 10 is expected. The benefit of the
proposed normalization method also relies on the assumption that the source of estimated
CBF variation across subjects is primarily physiologic rather than associated with the ASL
technique. We have calculated the technique-related uncertainty in individual CBF
estimation and found that it is about one quarter of the variation across subjects.

The findings from the present study is consistent with a previous report by Parkes et al. who
showed that a CASL scan of 6 minutes can provide reliable CBF maps with a single-voxel
reproducibility (defined as 95% confidence limit) of 26% [35]. On the other hand, the inter-
subject variation is 2-3 times greater than this value. For a ROl CBF value where many
voxels are spatially averaged, the relative contribution from inter-subject variation is
expected to be even greater.

5. Conclusions

ASL MRI is capable of detecting regional CBF changes across subject groups. Relative CBF
is a more sensitive index in terms of detection power, rather than the much-sought-after
absolute CBF, because it reduces physiologic noise associated with inter-subject variations
in global CBF.
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Difference

Checkerboard - Fixation

Fig. 1.

Averaged aCBF maps from two groups of subjects who viewed a) flashing checkerboard
and b) fixation cross, respectively. Their difference is shown in c). The aCBF maps from
individual subjects were spatially normalized to the MNI brain template and then averaged.
CBF increases can be seen in the occipital lobe.
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Fig. 2.

Results of voxel based comparison across groups using a) CBF normalized by whole brain
blood flow (rCBFwg); and b) CBF normalized by central region blood flow (rCBFcR). The
analyses were performed using an unpaired Student t-test with a threshold of p<0.05 (False
Discovery Rate corrected) and cluster size of 100 voxels. The results of aCBF comparison
were not shown because no significant cluster was detected.
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Fig. 3.

Histograms of t scores from individual voxels. The voxels were delineated from the intra-
subject comparison of aCBF to avoid bias in selection criteria. A total of 1375 voxels were
included. The histograms shown are from inter-subject comparisons using aCBF, rCBFyg,
and rCBFcRg. Since the voxels were from the visual cortex, their t scores tend to be positive.
It can be seen that the histograms of rCBFyyg and rCBFcr were shifted to the right.
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Fig. 4.

Results of voxel based comparison within the same group but under different conditions
using a) absolute CBF (aCBF); b) CBF normalized by whole brain blood flow (rCBFyg);
and ¢) CBF normalized by central region blood flow (rCBFcR). The analyses were
performed using a paired Student t-test with a threshold of p<0.05 (False Discovery Rate
corrected) and cluster size of 100 voxels.
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Fig. 5.
Scatter plots of regional aCBF values across subjects. All comparisons had a significant
correlation (p<0.005).
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Fig. 6.

Results of Monte Carlo simulation for across-group comparison. Top row: Detection power
as a function of SNR and CBF difference between the control and patient groups. The
simulation was conducted for a) aCBF and b) rCBF. Their difference is shown in c). Bottom
row: Detection power as a function of sample size and statistical threshold. Relative CBF
offers a greater power in detection of group differences. The simulation was conducted for
d) aCBF and e) rCBF. Their difference is shown in f).
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Summary of comparison of CBF maps between fixation and checkerboard groups based on various CBF

Table 1

Page 16

indices. The last row in the table is from the VBA comparisons and the other rows are from the occipital lobe

ROI comparisons.

aCBF rCBFygs rCBFcr

(ml/100g/min)  (unitless)  (unitless)

Fixation Group 49.8+3.9 1.15+0.06 1.01+0.06

Checkerboard Group 62.7+£12.1 1.34+0.10 1.28+0.16
Percent Change 26.0% 16.5% 26.4%
P-value 0.03 0.002 0.003
Number of 0 1619 2024

Significant VVoxels
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