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Abstract

The regional distribution, laterality, and reliability of volumetric pulsed continuous arterial spin
labeling (PCASL) measurements of cerebral blood flow (CBF) in cortical, subcortical, and
cerebellar regions were determined in 10 normal volunteers studied on two occasions separated by
3 to 7 days. Regional CBF, normalized for global perfusion, was highly reliable when measured
on separate days. Several regions showed significant lateral asymmetry; notably, in frontal regions
CBF was greater in the right than left hemisphere, whereas left was greater than right in posterior
regions. There was considerable regional variability across the brain, whereby the posterior
cingulate and central and posterior precuneus cortices had the highest perfusion and the globus
pallidus the lowest gray matter perfusion. The latter may be due to iron-induced T1 shortening
affecting labeled spins and computed CBF signal. High CBF in the posterior cingulate and
posterior and central precuneus cortices in this task-free acquisition suggests high activity in these
principal nodes of the “default mode network.”
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1. Introduction

Cognitive, sensory, and motor functions are dependent on the health of the local blood
perfusion in the brain. Many established approaches for measurement of regional cerebral
blood flow (CBF) require the use of moderately invasive imaging methods (for review,
Barbier, et al., 2001, Wintermark, et al., 2005), including Single Photon Emission Computed
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Tomography (SPECT) or Positron Emission Tomography (PET), both requiring injection of
radioactive tracer, x-ray CT with Xenon inhalation, or MRI methods requiring intravenous
contrast agent injection. By contrast, the MRI method of Arterial Spin Labeling (ASL)
enables measurement of cerebral perfusion without the need for exogenous tracers (Detre, et
al., 1992). The approach magnetically inverts, or “labels,” the nuclear magnetization of
water molecules of flowing blood in a region proximal to the imaged volume. As the labeled
spins enter the imaging slice, they exchange with tissue water spins and slightly attenuate
the image signal. Subtraction of the image after labeling from an unlabeled reference image
provides an estimate of the amount of blood that has flowed into the tissue (Alsop and Detre,
1996). Challenges to the technique include the low signal intensity differences (~1%), rapid
T1 decay of the labeled spins, and uncertainty of the amount of time necessary for delivery
to the image slice, i.e., the transit time, which may increase with advancing age (Campbell
and Beaulieu, 2006).

A comparison of ASL, fMRI-derived hemodynamics, and H2150 PET, which is considered
a gold standard for CBF imaging (Carroll, et al., 2002), noted high correspondence among
these three modalities based on the occipital gray matter samples examined. These data
provided convergent validity for the use of any of these approaches in quantifying CBF
despite lower signal-to-noise ratio (SNR) of ASL compared with PET (Ernst, et al., 1999,
Carroll, et al., 2002, Chen, et al., 2008). This observation is consistent with another
validation study comparing H,'O PET and single slice ASL that reported highly consistent
estimates of CBF in gray matter but less so in white matter across the two imaging platforms
(Ye, et al., 2000).

Local differences in perfusion detected with ASL have successfully differentiated
frontotemporal and Alzheimer-type dementias from each other and from healthy individuals
(Du, et al., 2006), distinguished tumor types on the basis of vascular density (Noguchi, et al.,
2008), and identified the epileptogenic hemisphere in patients with temporal lobe epilepsy
(Wolf, et al., 2001). ASL has also been useful in evaluating baseline perfusion effects on
function (Lee, et al., 2009) and in fMRI blood-oxygenation level dependent (BOLD)
differences in health (Fernandez-Seara, et al., 2007; Zou, et al., 2009), aging (Lee, et al.,
2009), and neuropsychiatric conditions (Gazdzinski, et al., 2006; Clark, et al., 2007).

Current methods enabling whole-brain coverage during perfusion scanning (Wong, et al.,
1998) have the potential of providing precise CBF profiles of sparing and compromise of
specific neural circuitry nodes, especially when merged with high-resolution, parcellated
structural MRI data. Merging CBF data with co-registered high resolution parcellation data
allows for unbiased evaluation of CBF in regions defined on structural images rather than on
the CBF images themselves, thus avoiding using the dependent variable to define itself.
Such regional information could enable differential diagnosis of dementias, for example, and
tracking of trajectories of progressive conditions with and without treatment interventions.
Establishment of normal patterns of regional CBF of specific gray matter structures across
the full extent of the brain and patterns of hemispheric laterality would be critical for
interpreting activated and resting state functional MRI data that depend on perfusion
capacity for producing the BOLD effect (Raichle, et al., 2001; Greicius, et al., 2003; Raichle
and Snyder, 2007) as well as enabling accurate interpretation of neurological conditions with
lateralized pathology, such as epilepsy.

A few ASL reliability studies have been conducted on single-slice acquisition (Ye, et al.,
2000) and multi-slice protocols (Grandin, et al., 2005). One repeatability study used a multi-
slice continuous ASL procedure to examine global and regional CBF gray matter maps
based on anterior, middle, and posterior arterial distributions (Floyd, et al., 2003). Two sets
of normal volunteers were scanned twice: one pair of scans was acquired with a 1-hour
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interval and the other with a 1-week interval. The within-subject coefficients of variation
(wsCV) with the short interval were ~6% for whole brain CBF and ~13% for regional CBF;
with a long interval, the whole brain and regional CBF were both ~14% and the difference
was attributed more to variation in physiology over time and less to measurement error.
Nonetheless, the relative distribution of CBF in various parts of the brain has been
demonstrated to be consistent from day to day in the resting state (e.g., Aguirre, et al., 2002;
Wang, et al., 2003; Parkes, et al., 2004; Maclntosh, et al.; 2008, Xu, et al.; 2009, Petersen, et
al., 2010).

Pulsed continuous ASL (PCASL) employs rapidly repeated gradient and radio frequency
(RF) pulses to achieve continuous labeling with high efficiency (Dai, et al., 2008). Here we
characterize the regional distribution and laterality of CBF and tested the reliability of
volumetric PCASL measurements of CBF in 33 cortical, subcortical, and cerebellar regions
of interest (ROIs) with gray matter segmentation. Given the recently described
differentiation of projection distributions from the anatomically heterogeneous precuneus
(Margulies, et al., 2009), we also measured perfusion in three sub-parcellated regions of this
structure.

2. Methods
2.1. Subjects

The subjects were 4 men and 6 women, age 23 to 66 years (34.8+12.5 years). All were
highly educated (college graduates or beyond), and none smoked cigarettes; all but one man
were right handed as determined by quantitative testing (Crovitz and Zener, 1962). Subjects
were scanned twice, separated by 3 to 7 days (mean=>5.8 days), and none was permitted to
have caffeinated beverages within an hour of either scanning session. Whether eyes were
open or closed during scanning was not controlled.

2.2. Image Acquisition

Data were collected on a GE 3T Signa Excite human whole-body system with a receive-only
8-channel array head coil and body transmit coil. The image acquisition protocol comprised
a whole-brain PCASL (Wu, et al., 2007) 3D perfusion sequence (Dai, et al., 2008) (TR=5.5
s, TE=5.2 ms, thick=5 mm, skip=0 mm, xy matrix=518 x 8 (spiral acquisition); flip
angle=155°, locations=36, FOV=240 mm, labeling duration=1.5 s, post labeling delay=2 s;
imaging time ~6 min) (Figure 1).

Accompanying structural data were acquired with SPoiled Gradient Recall (SPGR)
(TR=5.916 ms, TE=1.92 ms, thick=1.3 mm, skip=0 mm, xy matrix=256; flip angle=15°,
locations=124, FOV=240 mm) and dual-echo fast spin echo (FSE) (TR=5000 ms,
TE=12.248/97.984 ms, thick=2.5 mm, skip=0 mm, xy matrix=256; flip angle=90°,
locations=72, FOV=240 mm) sequences.

Regridding was performed on a 256 x 256 matrix with approximately twice the Nyquist
sampling density required by the field of view and twice the extent in k-space required by
the actual k-space coverage. After Fourier transformation, the center 128 x 128 matrix of the
image, corresponding to the prescribed field of view, was extracted. The nominal resolution
of this image, 1.9 mm, is smaller than the actual resolution, estimated from the applied
gradient trajectories to be 3.6 mm.
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2.3. CBF Quantification

Following the method of Jarnum and colleagues (Jarnum, et al., 2009), ASL quantification
was based on a two-compartment model (Alsop and Detre, 1996) with finite labeling
duration (Wang, et al., 2005). Calculation of flow was based on the following equation:

) (St — Srm)(l *f_ﬁ)
f: ( - e'llb
2(}'T;,r,(| = E’_m) S"‘.‘f'

where f is the flow; S is the signal from the control, label, or reference image as determined
by the subscript; T1y, is the T1 of blood; T1, is the T1 of gray matter; o is the labelling
efficiency; A is the brain-blood partition coefficient; 7 is the labelling duration (1.5s); and w
is the post-labelling delay. The assumed parameters were 1.2 s for T1g and 1.6 s for T1p, 0.6
for effective labelling efficiency (Garcia, et al., 2005, Dai, et al., 2008), and 0.9 for the
brain-blood partition coefficient (Herscovitch and Raichle, 1985). The quantification was
implemented using the Interactive Data Language (IDL, Boulder, CO).

2.4. Image Processing

For each subject, an intensity bias field correction was first applied to the SPGR and FSE
images (Likar, et al., 2001). The bias-corrected early-echo images were then aligned with
the bias-corrected SPGR images via nonrigid registration (Rueckert, et al., 1999; Rohlfing
and Maurer, 2003). The early-echo and late-echo FSE images were acquired in perfect
alignment, so that the early-echo-to-SPGR alignment also applied to the late-echo FSE
image. Skull-stripped images were generated by running the FSL Brain Extraction Tool
(BET) (Smith, 2002) on the SPGR, early-echo, and late-echo FSE images separately and
combining the resulting brain masks by voting (Rohlfing and Maurer, 2005) after
reformatting the two FSE masks into SPGR space. The skull-stripped SPGR images were
then segmented into three tissue classes (gray matter, white matter, and cerebrospinal fluid
[CSF]) using FSL FAST (Zhang, et al., 2001).

For each subject and each acquisition session, the CBF images were aligned with the gray-
matter probability maps obtained using FAST from the time 1 SPGR images. The rationale
behind this procedure is that CBF signal is expected to be predominantly in gray matter. We
also evaluated other possible registration protocols using proton density-weighted images
acquired in alignment with the CBF images as part of the ASL acquisition protocol. The
tissue contrast and conspicuity of these auxiliary images were poor by visual inspection and
resulted in unreliable and inaccurate registrations. Further, assessment of CBF across the
entire gray matter compartment was 2 to 3% higher for the registration via the gray-matter
probability maps than via the proton density-weighted images (paired t-test, p=.0001 for
time 1 and 2).

For ROI-based analysis and inter-subject comparison, we registered all skull-stripped
subject SPGR images to the SPGR channel of the SRI24 atlas (Rohlfing, et al., 2008, 2010)
(http://nitrc.org/projects/sri24/). Using these transformations, ROIs defined in the atlas were
transferred to each subject’s SPGR image space. The SRI24 atlas parcellation scheme,
adapted from Tzourio-Mazoyer et al. (Tzourio-Mazoyer, et al., 2002), was collapsed into 16
bilateral ROIs and a midline cerebellar vermis ROI (Table 1, Figure 2). Also, via
concatenation of SRI24-to-subject with subject SPGR-to-subject CBF images, all CBF
images were reformatted into SRI24 coordinate space for averaging and visualization.
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Using the segmentation maps in each subject’s native space, data were analyzed as CBF in
ml/100 cc of gray matter/min. for the cortical regions and total tissue for subcortical
(hippocampus-amygdala, caudate-putamen, globus pallidus, and thalamus) and all cerebellar
regions. The CBF data were corrected for inter-individual variations using two different
methods: First, they were expressed as globally normalized data by dividing the CBF value
of each voxel minus the mean of the whole brain CBF (gray matter+white matter+CSF) by
the standard deviation of the whole brain CBF [(voxel CBF — whole brain mean CBF)/
whole brain CBF SD)] and also as ratios of each ROI CBF to the total brain CBF.

3.1. Regional Distribution

The average (uncorrected) total cortical CBF was 39.5 ml/100 cc of gray matter/min. CBF
differed by almost two-fold across the cortical ROIs, with the posterior cingulate cortex
having the highest values. In general, cortical and cerebellar CBF was greater than
subcortical CBF. Among the subcortical gray matter structures, the globus pallidus had the
lowest measured CBF. The rank ordering of the native CBF all 33 ROIs was essentially the
same from time 1 to time 2 (Fig. 3 and 4).

3.2. Lateral Asymmetry

Lateral asymmetry, tested with paired t-tests on globally normalized data, revealed
significant (p<.01) laterality effects, with frontal regions having greater right than left and
posterior regions having greater left than right perfusion (Fig. 5). This pattern of asymmetry
was essentially the same at times 1 and 2 (p-values range from .01 to .0001).

The ratio method produced a similar pattern of asymmetry at both ASL sessions as the
normalization method. Perfusion ratios were significantly (p<.01) higher in the right than
left hemisphere in the lateral and medial frontal ROIs, whereas the left was higher than the
right in the precuneus, parietal, occipital, calcarine, and superior cerebellar ROIs. At the
second ASL session, the right-greater-than-left difference was not significant for the medial
frontal ROI (p=.082). The advantage of the regression normalization approach is that the
resultant data are normally distributed and can be expressed as effect sizes.

3.3. Parcellated Precuneus

Given the heterogeneity of perfusion levels within the precuneus and recently described
differentiation of projection distributions from this anatomically heterogeneous structure
(Margulies, et al., 2009), in each hemisphere we measured perfusion in three sub-parcellated
regions: anterior, central, and posterior. The regional perfusion was graded, being highest in
the central and posterior precuneus and lowest in the anterior precuneus, although all six
sub-parcellations were greater than the cortical average. As with the total precuneus,
perfusion was significantly greater in the left than right hemisphere in all three of its
divisions (Fig. 6) at both scans (p-values range from .012 to .0006).

3.4. Reliability

The average uncorrected cortical CBF was 39.5+5.7 SD at time 1 and 39.8+£6.6 SD ml/100
cc of gray matter/min. at time 2. Despite the similar means, the average uncorrected cortical
CBF at time 2 ranged from 20% lower to 41% higher than at time 1, with 5 subjects being
higher and 5 lower. The one subject with the greatest time 1-2 discrepancy was run a third
time, which resulted in a difference of only 5% from the initial scan. The correlation
between global uncorrected CBF at time 1 compared with time 2 was r=.36, p=.311. Using

the data from the third rather than second scan for the outlying subject, the correlation was
r=.60, p=.067.
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Test-retest reliability was estimated by correlating the 33 ROI measures (using the total
precuneus) across the 10 subjects for time 1 vs. time 2 (330 paired observations). For both
approaches, the coefficient of determination was high (r2=.924 globally normalized and r?=.
920 ratio) as was the intraclass correlation (ICC=.961 globally normalized and ICC=.957
ratio) (Fig. 7).

4. Discussion

Cerebral perfusion rates varied by two-fold across all 39 regions measured (that is, 33 plus
the six sub-parcellated precuneus regions), with the posterior cingulate and posterior and
central precuneus cortices having the highest perfusion and the globus pallidus the lowest.
Hemispheric asymmetry in perfusion showed a consistent pattern: frontal regions had higher
right than left perfusion, whereas posterior regions showed the opposite laterality effect,
with left greater than right. In the aggregate the normalized regional perfusion values and
hemispheric asymmetries in CBF were highly reliable when measured on separate days,
whereas uncorrected global cerebral perfusion varied considerably across individuals and
across sessions within an individual.

Knowledge of the normal regional variation and lateral asymmetry of cerebral blood flow is
critical for interpreting apparent abnormalities in clinical settings, for example, determining
location and evolution of stroke (Noguchi, et al., 2008), in localizing epileptogenic foci
(Wolf, et al., 2001), examining the effects of substance abuse and smoking (Gazdzinski, et
al., 2006; Clark, et al., 2007), and for differential diagnosis of dementias (Du, et al., 2006),
and in assessing extent, loci, and outcome of brain injury, regardless of etiology.

Reasons for the lack of repeatability of global perfusion rates can be due to many factors
including variation in cardiovascular status. For instance, the subject with the greatest inter-
scan discrepancy was a professional bicycle rider with an exceedingly low resting heart rate
and who was tested at mid-day for the two similar values and earlier in the morning for the
aberrant value. Simultaneous acquisition of pulse and respiration rate, and potentially other
measurable factors such as end tidal CO2 and hematocrit before or even during scanning
might provide additional data for adjusting global perfusion values.

The use of the higher, 3 Tesla, field for our study provides signal-to-noise advantages, but it
also has the potential to amplify other sources of error (Golay, et al., 2005; Golay and
Petersen, 2006). In particular, non-uniformities of the radiofrequency transmit and receive
fields and the static magnetic field are greater at higher field. Our sequence employed
adiabatic labeling and background suppression pulses, a fast spin echo acquisition, and a
quantification approach based on a separate reference image to reduce the contribution of
these error sources. Test-retest comparisons across field strength are a potential interesting
future direction to better understand the contribution of these effects to reproducibility.

Left-right lateral asymmetry appears to be a normal attribute of cerebral perfusion, not
dissimilar to structural asymmetry. A study using the Xenon technique reported similar
perfusion asymmetry, especially with left greater than right posterior cortical CBF
(Rodriguez, et al., 1991). Similarly, an ASL study that segmented the brain into distributions
of the vascular territories of the three main cerebral arteries did not statistically test
laterality, but inspection of the tables indicates greater left than right perfusion for the
anterior cerebral artery territory (Floyd, et al., 2003). The middle branches of the anterior
cerebral artery supply the cingulate gyrus and the posterior branches supply the precuneus
(refer to page 637 in Gray, 1964).

The observed low CBF in the basal ganglia may be due to the short arterial transit time to
the basal ganglia allowing the spins to move from the blood pool into tissue sooner than they
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do in the cortex. Additionally, in the globus pallidus the spins are exposed to the presence of
a substantial amount of iron, resulting in further T1 shortening (Hallgren and Sourander,
1958, Bartzokis, et al., 2008, Pfefferbaum, et al., 2009) and lower apparent CBF values.
Concurrently acquired relaxivity data and PCASL scans in subjects across a substantial age
range, wherein regional iron concentration varies significantly, could establish the
contribution of T1 shortening to local PCASL values.

The posterior cingulate cortex and the recently described differentiation of projection
distributions of the posterior portion of the anatomically heterogeneous precuneus
(Margulies, et al., 2009) are sites of high intrinsic task-free functional brain activity in nodes
of the “default mode network™ (Raichle, et al., 2001). These anatomical sites also have the
greatest cerebral blood flow.
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Figure 1.
CBF images from a 28 year-old woman. Top: first scan. Bottom: second scan 6 days later.
The intensity scale is in units of ml/100cc of gray matter/min.
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Figure 2.
33 color-coded gray matter or tissue-segmented regions of interest (ROIs) used to assess
CBF.
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Figure 4.

Group average axial, coronal, and sagittal CBF images, noted regions of high (precuneus,
posterior cingulate, and calcarine cortices), low (caudate and putamen), and even lower
(globus pallidus) perfusion. The intensity scale is in units of ml/100cc of gray matter/min.
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Figure 5.

CBF left-right differences (means #+ standard deviations) for 16 bilateral normalized ROIs.
PCASL 1 =black, PCASL 2 = gray. Below 0 = right greater than left. Above 0 = left greater
than right.
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Figure 6.

Precuneus subdivided into anterior (blue), central (green) and posterior (red) gray matter
ROIs superimposed on a left parasagittal group average CBF image (left). Mean+standard
error CBF from PCASL 1 of the three bilateral precuneus subsegments (right).
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Globally normalized CBF for each of the 33 ROIs for each subject (n=330 observations) for

PCASL 1 plotted against PCASL 2.
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