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Arterial spin labeling is a versatile perfusion quantification

methodology, which has the potential to provide accurate char-

acterization of cerebral blood flow (CBF) in mouse models.

However, a paucity of physiological data needed for accurate

modeling, more stringent requirements for gradient perform-

ance, and strong artifacts introduced by magnetization transfer

present special challenges for accurate CBF mapping in the

mouse. This article describes robust mapping of CBF over

three-dimensional brain regions using amplitude-modulated

continuous arterial spin labeling. To provide physiological data

for CBF modeling, the carotid artery blood velocity distribution

was characterized using pulsed-wave Doppler ultrasound.

These blood velocity measurements were used in simulations

that optimize inversion efficiency for parameters meeting

MRI gradient duty cycle constraints. A rapid slice positioning

algorithm was developed and evaluated to provide accurate

positioning of the labeling plane. To account for enhancement

of T1 due to magnetization transfer, a binary spin bath model of

magnetization transfer was used to provide a more accurate

estimate of CBF. Finally, a study of CBF was conducted on 10

mice with findings of highly reproducible inversion efficiency

(mean 6 standard-error-of-the-mean, 0.67 6 0.03), statistically

significant variation in CBF over 12 brain regions (P < 0.0001)

and a mean 6 standard-error-of-the-mean whole brain CBF

of 219 6 6 mL/100 g/min. Magn Reson Med 68:98–106, 2012.
VC 2011 Wiley Periodicals, Inc.
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Arterial spin labeling (ASL) provides a means for quanti-

fying cerebral blood flow (CBF) over mouse brain regions

in a noninvasive manner. Mouse ASL permits longitudi-

nal screening of cerebrovascular phenotypes during the

mouse lifespan of 2–3 years, which facilitates the study of

vascular factors in disease. Recent ASL applications in

mice include models of stroke (1), cerebral malaria (2),

sickle cell disease (3), and Alzheimer’s disease (4). There

is also considerable interest in quantifying CBF in mice

for studying blood flow regulatory mechanisms (5) and for

the development of disease-specific therapies. The use of

ASL in mice is generally motivated by a desire to better

understand mouse models of human disease.

Design of robust mouse ASL involves producing images
with high enough resolution and signal-to-noise-ratio
(SNR) to detect important changes in regional CBF, while
meeting experimental constraints of scan time and sample
size. The limits on available signal strength and gradient
performance as well as physiological differences between
the species prevent a simple scaling down of human imag-
ing protocols for ASL from achieving satisfactory results.

Adapting amplitude-modulated continuous ASL
(am-CASL) to brain size and carotid blood velocity of mice
requires optimization of the labeling gradient and B1

waveform within the given hardware constraints. Previous
work using simulation has shown that, for some combina-
tions of labeling parameters, inversion efficiency with
am-CASL may be unstable with respect to small variations
in blood velocity (6). It is therefore necessary to map the
stable regime to bracket the anticipated blood velocity dis-
tribution for the mouse. All ASL pulse sequences are
designed to equalize magnetization transfer (MT) signal
loss in label and control images. The control experiment
in am-CASL uses a radiofrequency pulse, which is sinu-
soidally modulated at frequency (fm) to cause arterial
spins to doubly invert as they flow through two closely
spaced inversion planes. The power and center frequency
of the radiofrequency pulse in this control experiment are
matched to those used for single inversion, thereby equal-
izing MT effects on brain tissue. To achieve optimal inver-
sion efficiency, the adiabatic inversion inequalities must
be fulfilled, namely, 1/T2b � Gv/B1 � gB1, where v is the
speed of the inflowing spins, G is the strength of the MRI
gradient during labeling, B1 is the amplitude of the radio-
frequency field, and T2b is the transverse relaxation time
of blood. It is also necessary to fulfill a condition unique
to am-CASL that balances the requirement for stable inver-
sion behavior with minimal relaxation (6), namely: Gv/
B1fm � 1. Even after satisfying these conditions, inversion
efficiency in am-CASL remains highly sensitive to veloc-
ity (7), which requires careful slice positioning to reduce
variability in CBF. With mice smaller than humans by a
factor of 15 in each linear dimension, it is not possible to
obtain high quality localizers rapidly enough to enable
accurate slice positioning by eye. Another relevant con-
straint is the small size of the mouse brain as, for com-
monly realizable gradient strengths, the 1–2-cm offset
from the labeling plane intersecting the common carotid
artery to the caudal or rostral limits of the mouse brain
corresponds to an off-resonance frequency range of 5–
20 kHz. The associated large enhancement of T1 relaxation
due to MT (8), which has been characterized for typical
CASL parameters at 7 T in rat (9), must be accounted for
in CBF modeling equations to obtain accurate CBF maps
(10). Moreover, the equilibrium magnetization of the
tissue is reduced by MT. Thus, the constraints of mouse
brain size and blood velocity necessitate judicious
selection of am-CASL parameters.
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This article describes an experimental approach to
implement mouse am-CASL in a robust manner. A rapid
slice positioning algorithm is developed to improve the
consistency of labeling plane placement and thereby
inversion efficiency. Errors in positioning the inversion
plane are evaluated. For the purpose of optimizing inver-
sion efficiency parameters, blood velocity distributions
in the mouse common carotid arteries are characterized
using pulsed-wave Doppler ultrasound. These blood ve-
locity data are used for simulations of inversion effi-
ciency, while satisfying gradient duty cycle and specific
absorption rate (SAR) constraints. The sensitivity of
inversion efficiency to velocity is determined. Following
these developments, three-dimensional (3D) am-CASL is
implemented. The final stage of this method is to calcu-
late CBF based on an MT-corrected model applicable to
the high CBF values of mice.

MATERIALS AND METHODS

All animal procedures described in this article were
approved by the Hospital for Sick Children Animal Care
Committee, subject to the Canadian Council for Animal
Care.

Development of a Rapid Slice Positioning Algorithm

A slice positioning algorithm was developed that takes
advantage of the conspicuity of vessel bifurcations in
rapidly acquired MRI localizer images that provide
inflow contrast due to short pulse repetition time (TR).
By identifying the corresponding vessel bifurcations in a
reference 3D vascular image, the prescribed inversion
plane can be mapped by landmark registration to the cor-
rect position in the in vivo MRI coordinate system. In
particular, four easily recognizable vessel landmarks
with low positional variability can be identified in mid-
sagittal brain slices (as shown in Fig. 1a).

An MRI anatomical brain atlas was used as a reference
coordinate system, with 62 labeled 3D regions (11), pre-
pared by averaging 20 female and 20 male C57BL/6 brain
MRI images of 32-mm isotropic resolution (12). The MRI
anatomical brain atlas can be accessed at http://www.
mouseimaging.ca/technologies/C57Bl6j_mouse_atlas.html.

In this reference coordinate system, the coordinates of
these four vessel landmarks were identified using nine
postmortem micro-CT images of the cerebral vasculature
of C57BL/6 mice that had previously been coregistered
to an MRI anatomical brain atlas for blood volume meas-
urements (13). Mean and standard deviation (SD) of each
vessel landmark were calculated for the nine brains.

In a postmortem micro-CT cerebral vasculature speci-
men (13), serving as the reference 3D vascular image, the
centerlines of the common carotid arteries were traced
using custom-written software. Based on the image in-
tensity gradient along rays perpendicular to the vessel
centerline, this software maintains equal distance from
the lumen wall (14). The plane perpendicular to the
common carotid artery was selected as the inversion
plane.

The anatomical brain atlas is oriented so that the þx
direction points from medial to right lateral, the þy

direction points from caudal to rostral, and the þz direc-
tion points from ventral to dorsal. In this coordinate sys-
tem, in millimeter units, the inversion plane is centered

FIG. 1. Illustration of process of correcting for MT starting with an
in vivo midsagittal localizer (a) with localized vascular landmarks
(1, confluence of transverse and superior sagittal sinuses; 2, con-

fluence of anterior cerebral artery and great cerebral vein of
Galen; 3, confluence of rostral rhinal veins and superior sagittal

sinus; and 4, confluence of medial orbitofrontal artery and azygos
of the anterior cerebral artery) and calculated position of inversion
slice (slanted blue lines). For illustration purposes, the common

carotid artery including its bifurcation is shown overlaid on the
midsagittal plane (b) of the MR image of a fixed mouse (posture is

not identical between a and b). Also shown is the calculated posi-
tion and orientation of the labeling plane. The midsagittal slice
through the map of computed distance from the inversion slice is

shown in (c) and the calculated ratio of CBF (post-MT correction)
to CBF (pre-MT correction) is shown in (d). Note the systematic
variation of the MT effect across the brain, decreasing from the

caudal to the rostral direction.
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midway between the arteries at C ¼ [0.0, �7.0, �11.3]
with normal vector of N ¼ [0.0, 0.80, 0.60], as shown in
Fig. 1b. Thus, from C and N, it follows that the equation
of the inversion plane is 4y þ 3z þ 61.9 ¼ 0. The slanted
blue lines in Fig. 1a represent the components of an am-
CASL double inversion, which are equidistant and sym-
metric to this calculated inversion plane.

Given the in vivo locations of the landmarks (as
described in the ‘‘Implementation of am-CASL in Mice’’
section), the in vivo position of the inversion plane was
calculated by rigid body vascular landmark registration
using a Procrustes matching algorithm without scaling
(15). This algorithm calculates the rigid body transforma-
tion that best matches each landmark position in the ref-
erence micro-CT image to the corresponding in vivo MRI
landmarks. Using this algorithm and reference data, the
placement of the labeling plane can be computed rapidly
and largely automatically by the operator at the MRI
console.

Analysis of Errors in Inversion Plane Positioning

A simulation was conducted to determine the extent to
which uncertainty in vascular landmark placement led
to errors in inversion plane position. Ten thousand coor-
dinates centered on the true position of each vascular
landmark were randomly generated (normal distribution
with SD 1 mm, which is the thickness of the MRI local-
izer scans). The rigid body transformation that maps
each simulated coordinate to the true position was com-
puted by the Procrustes matching algorithm without
scaling. The inversion plane was transformed accord-
ingly. Mean positional and angular shifts of the inver-
sion plane were determined.

Optimization of Spin Inversion Efficiency Parameters

The time evolution of inflowing blood magnetization
was simulated in the mouse common carotid artery. The
time–velocity profile of blood was measured in the com-
mon carotid, internal carotid, and vertebral arteries of
five C57BL/6 mice (body weight 20–25 g) using a Vevo
2100 ultrasound scanner (VisualSonics, Toronto, Canada)
equipped with a 40-MHz linear array transducer. 2D
Doppler color flow imaging was used to guide each pulse
wave Doppler recording in which the intercept angle
between the blood flow direction and the ultrasound
beam was minimized to under 60� by optimizing trans-
ducer orientation. Beam angle was accounted for in the
data analysis (16).

Inversion efficiency of am-CASL, namely (MControl �
MLabel)/2M0, was calculated in a representative blood ve-
locity distribution for the common carotid artery (span-
ning four cardiac cycles). The Bloch equations were
solved (Runge-Kutta ODE solver, Matlab, The Math-
Works Inc., Natick, MA) for a range of velocities (1–40
cm/s) assuming a 3.1-s label pulse with T2b ¼ 0.25 s (17)
and labeling gradient G ¼ 13 mTm�1 (constrained by
maximum gradient amplitude output at 50% duty cycle).
T1 effects were neglected from the simulation. The simu-
lations were conducted with B1 varying over the range
1–20 mT and modulation frequency, fm, varying from 50
to 1000 Hz. Inversion efficiency was calculated as an

average over phase (0–p) of the amplitude modulation at
the time the spins cross the center of the labeling plane.
For each combination of parameters, inversion efficiency
was weighted by the blood velocity distribution to pro-
vide velocity-weighted inversion efficiency.

The bias of inversion efficiency to inaccurate inversion
plane orientation was evaluated by calculating the reduc-
tion in velocity-weighted inversion efficiency corre-
sponding to a scaling of the velocity distribution by
cos(y). In this case, y was the mean angular shift of the
inversion plane resulting from errors in landmark identi-
fication (as described in the ‘‘Analysis of Errors in Inver-
sion Plane Positioning’’ section).

Implementation of am-CASL in Mice

3D am-CASL was performed on 10 female C57BL/6 mice
(20–25 g) by the following protocol: each mouse was
scanned using a 7-T MRI scanner (Agilent Technologies,
Santa Clara, CA) with a horizontal 30 cm inner diameter
bore gradient. The mice were anesthetized with 1.2%
isoflurane and maintained at core body temperature of
36.5 6 0.5�C, while being continuously monitored for re-
spiratory rate, temperature, and heart rate (18).

To identify the vascular landmarks needed for posi-
tioning the inversion slice, a midsagittal localizer image
was acquired using a spoiled gradient-echo pulse
sequence [echo time (TE) ¼ 4 ms, TR ¼ 100 ms, 128 �
128 matrix, number of excitations (NEX) ¼ 1, 90� gaus-
sian excitation pulse, field of view (FOV) ¼ 30 mm � 30
mm � 1 mm thick, and total scan time ¼ 13 s]. Each of
the four vascular landmarks described in the ‘‘Develop-
ment of a Rapid Slice Positioning Algorithm’’ section
could be easily recognized on 1-mm-thick slices.

Before each am-CASL scan, inversion efficiency was
measured with inversion and imaging planes positioned
on the common carotids and separated by 4 mm. The av-
erage magnetization over the common carotid cross sec-
tion was determined from the intravascular signal in
three coronal spoiled gradient-echo images of the com-
mon carotids (TE ¼ 5.75 ms, TR ¼ 200 ms, NEX ¼ 4, 90�

gaussian excitation pulse, matrix ¼ 300 � 300, and FOV
¼ 30 mm � 30 mm � 1 mm thick), one following regular
labeling (B1 ¼ 9 mT and hard pulse of 100 ms duration),
the next following sinusoidally modulation of the label-
ing pulse (fm ¼ 400 Hz, B1 ¼ (

ffiffiffi
2

p
)9 lT, and 100 ms dura-

tion) and the last by reflection of the labeling pulse (B1

¼ 9 lT and hard pulse of 100 ms duration) about the
imaging plane (to obtain equilibrium magnetization M0).
These measurements required a total of 12 min of
scan time for each mouse. This protocol was adapted
from an established method of measuring inversion
efficiency (19).

Flow-induced adiabatic inversion in the common
carotid artery was applied using a pulse with labeling
time tL ¼ 3.1 s, B1 ¼ 9 mT with G ¼ 13 mTm�1 and fm ¼
400 Hz using the slice positioning algorithm described
in the ‘‘Development of a Rapid Slice Positioning Algo-
rithm’’ section. Control and label cycles were interleaved
and a postlabel delay of 500 ms was applied to reduce
transit time dispersion artifacts and to clear the intravas-
cular signal (10). The whole brain was imaged
using a 3D fast spin echo pulse sequence (TEeff ¼ 4 ms,
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TR ¼ 6.6 s, echo train length (ETL) ¼ 12, 90� hard excita-
tion and 180� hard refocusing pulses, 60 � 96 � 80 ma-
trix, FOV ¼ 60 mm � 34 mm � 28 mm, and NEX ¼ 1)
resulting in a total CASL scan time of 141 min for each
of the 10 mice.

For estimating arterial transit time for use in CBF mod-
eling, am-CASL was applied to a second batch of five
C57BL/6 mice at multiple postlabel delays, namely,
50, 100, 200, 400, 800, and 1600 ms, while using a modi-
fied imaging matrix of 60 � 48 � 30 and FOV ¼ 36 mm
� 29 mm � 18 mm, resulting in a total scan time of
158 min for each mouse.

To provide reference tissue T1 and proton density for
CBF quantification, a third batch of five C57BL/6 mice
were imaged using an inversion recovery pulse sequence
with inversion times of 0.1, 0.3, and 2.0 s using a 2 ms
hyperbolic secant inversion pulse and a 3D fast spin
echo pulse sequence (TEeff ¼ 6 ms, TR ¼ 5s, matrix ¼ 60
� 96 � 80 with FOV ¼ 60 mm � 34 mm � 28 mm, 90�

hard excitation pulse and 180� hard refocusing pulses,
ETL ¼ 12, and NEX ¼ 1) resulting in a total scan time of
160 min for each mouse. The T1 and proton density
maps for the five mice were registered to each other and
to the control images of the am-CASL experiment,
through a rigid-body landmark-matching algorithm.

Quantification and Analysis of CBF

CBF was quantified using a single-compartment biophys-
ical model that assumes capillaries to be completely per-
meable to water (i.e. permeability–surface area product
[PS] ¼ infinity), while accounting for both transit time
and MT-enhanced T1 relaxation (10,20), namely

f ¼ lðSctrl � SlabÞ
2aS0Kðd;w;T1b ;T1;T1SATÞ ; ½1�

where

Kðd;w;T1b;T1;T1SATÞ ¼ exp
�d

T1b

8>: 9>;exp
�w

T1

8>: 9>;
� T1SAT 1� exp

�ðtL � dÞ
T1SAT

8>: 9>;8>: 9>;
�

�T1 1� exp
d

T1

8>: 9>;
�
; ½2�

S0 ¼ 1

n

Xn
i¼1

Sctrl

Ma
z ðtL þwÞ

8>>:
9>>;
i

; ½3�

Ma
z ðtL þwÞ ¼ 1� exp

�w

T1

8>: 9>; 1�Ma
z ðtLÞ

� �
; ½4�

Ma
z ðtLÞ ¼

p

r
; ½5�

R1SAT ¼ q�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 � r

p
; ½6�

and where

p ¼ RbRM
b
0 þ RrfbRa þ RbRa þ RaR;

q ¼ Ra þ RMb
0 þ Rrfa þ Rb þ Rþ Rrfb

� �
=2 ; and

r ¼ Ra þ Rrfa þ RMb
0

� �
Rb þ Rrfb þ Rð Þ � RRMb

0

� �
:

Apart from inclusion of finite tL, Eq. 1 is equivalent to
CASL model presented by Alsop and Detre in 1996 (10),

where f represents CBF, Sctrl is the magnitude signal in
the control image, Slab is the magnitude signal in the
label image, S0 is the equilibrium tissue signal that
has been corrected for MT at each voxel (Eq. 3), k is the
brain/blood partition coefficient set to equal the meas-
ured regional proton density after normalization to an
average of 0.9 mL/g (21), a is measured inversion
efficiency, d is the mean value of arterial transit time as
determined by curve fit in a selected region of gray
matter cortex, w is the postlabel delay, and T1b is the
longitudinal relaxation time of blood set to 2.3 s as pre-
viously reported in rat at 7 T (22) while T1SAT and T1

refer to the longitudinal relaxation time of brain tissue
with and without enhancement due to MT, respectively.

T1SAT and Mz
a were calculated (Eqs. 4–6) based on a

binary spin bath model of MT (8,23), using the reference
T1 maps and the known position and orientation of the
labeling plane. As described in Eq. 5, the correction of
S0 for MT accounted for the postlabel delay during
which no off-resonance irradiation was applied. This MT
model assumed Lorentzian and superLorentzian line-
shapes when computing the saturation rates, Rrfa and
Rrfb, of the liquid pool A and semisolid pool B, respec-
tively. Based on previously established curve fits of this
MT model in rat temporal cortex at 4.7 T (24), this calcu-
lation used an exchange rate, R, of 12.3 Hz, a semisolid
pool T2 of 8.5 ms, a longitudinal relaxation rate of the
semisolid pool, Rb, of 2.9 Hz and a semisolid pool size,
Mb

0, of 0.11 which is defined relative to the normalized
liquid pool size, namely, Ma

0 ¼ 1. The longitudinal
relaxation rate of the liquid pool, Ra, was calculated as
previously described (23) based on the average T1 as
measured by inversion recovery on five mice (see the
‘‘Implementation of am-CASL in Mice’’ section). Liquid
pool T2 was assumed to be 38.7 ms, as previously pub-
lished for young mouse cortex at 7 T (25). T1SAT and Mz

a

were calculated by applying this MT model to the dis-
tance offset between the labeling plane of each mouse in
which 3D am-CASL was performed, as shown in Fig. 1c.
To assess the impact of the MT correction, CBF was
calculated both with and without the use of the MT cor-
rection and the ratio was plotted, as shown in Fig. 1d.

Each CBF image was registered to the MRI anatomical
brain atlas through a rigid-body landmark-matching
algorithm. Mean CBF was computed in the 12 largest
anatomical regions of the brain as shown in Fig. 2a–c.

To test whether there was significant regional variation
in CBF, an analysis of variance (ANOVA) was performed
on a linear mixed effect model of the data, with one
fixed effect (region) and one random effect (specimen)
using the statistical program R, available at http://
www.r-project.org/. Significant regional variation in T1

was tested using an analogous ANOVA.
To determine if CBF significantly differed between

brain hemispheres, nine of the 12 brain regions were seg-
mented into portions in each hemisphere and the mean
CBF was graphically compared as illustrated in Fig. 3.
An ANOVA was performed using a mixed effect linear
model with hemisphere and region as fixed factors and
specimen as a random factor.

A power analysis for a t-test was conducted (two-
sided, two-sample, probability of type I error ¼ 0.05, and

Robust Method for 3D Arterial Spin Labeling in Mice 101



probability of type II error ¼ 0.2) using the measured
variation in hippocampal CBF as a representative region
of interest.

All computed parameters were expressed as mean 6
standard-error-of-the-mean unless stated otherwise.

RESULTS

The simulation of inversion efficiency in am-CASL
provided an optimized parameter set corresponding to a
gradient of 13 mTm�1. As illustrated in Fig. 4a, the
velocity-weighted inversion efficiency peaked at B1 ¼
9 mT and reached a maximum value of 0.87. The effect
of varying modulation frequency, illustrated in Fig. 4b,
was to increase inversion efficiency until saturation after
300 Hz. Figure 4c illustrates the dependence of longitu-
dinal magnetization on velocity for the labeling and con-
trol experiment. Despite the oscillatory nature of the
magnetization in the control experiment at high veloc-
ities and the steep drop at low velocities, there is a rela-
tively flat region for both control and label magnetization
in the range of 5 and 15 cm/s. Further, in Fig. 4d, which
plots the dependence of inversion efficiency on velocity
alongside a representative velocity distribution for the
common carotid artery, it is apparent that the inversion
efficiency is relatively constant for the velocity window
that contains the bulk of the velocity distribution. This,
of course, is noncoincidental as the optimized parameter
set from the simulation (B1 ¼ 9 mT, fm ¼ 400 Hz, and
G ¼ 13 mTm�1) were derived from the pulse-wave Dopp-
ler ultrasound measurements. Similar time averaged
mean velocities were observed in all feeding arteries
to the brain, with mean 6 SD of 12 6 1, 12 6 2, 14 6 3,

11 6 2, 10 6 2, 11 6 1 cm/s for the left common carotid
artery, right common carotid artery, left internal carotid
artery, right internal carotid artery, left vertebral artery,
and right vertebral artery, respectively.

Analysis of errors in inversion plane positioning deter-
mined that, in the event of a large variability in land-
mark positioning in the range of 1 mm per landmark, the
mean positional and angular shifts of the inversion plane

FIG. 2. Regions of interest in MRI atlas (top row) for coronal (a), sagittal (b), and transverse (c) images with corresponding mean CBF
map (d, e, and f, respectively). In this figure, CBF images were interpolated by a factor of two. Legend: AMG, amygdala; CRB, cerebel-
lar cortex; CER, cerebral cortex; COR, corpus callosum; HIP, hippocampus; HYP, hypothalamus; MED, medulla oblongata; MID, mid-

brain; OLF, olfactory bulbs; PON, pons; STR, striatum; and THA, thalamus.

FIG. 3. Bilateral symmetry of CBF for nine brain regions (amyg-
dala, cerebellar cortex, cerebral cortex, corpus callosum, hippo-

campus, hypothalamus, olfactory bulbs, striatum, and thalamus)
illustrated by plotting left versus right portion of CBF. Error bars
represent 6 standard-error-of-the-mean for n ¼ 10. For reference,

the line of symmetry is indicated.
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were 2.4 mm and 18.6�, respectively. Misalignment of
this magnitude would result in an inversion efficiency
loss of 0.5%. The selected vascular landmarks, based on
micro-CT images, were found to have low intermouse
variation (SD 0.19 mm).

Statistically significant differences in CBF [F(11,99) ¼
19.28, P < 0.0001] and T1 [F(11,44) ¼ 176.31, P <
0.0001] were observed over the 12 regions examined,
with values listed in Table 1. T1 for the total brain was
1.53 6 0.01 s. Based on the MT model, the group average
T1SAT and Ma

z(tL þ w) were 0.57 s and 0.48, respectively.
CBF for brain was found to be 219 6 6 mL/100 g/min,
based on the measured inversion efficiency of 0.67 6
0.03 and the fitted arterial transit time of 0.08 6 0.02 s.
In comparison, CBF calculated without MT correction
was 217 6 5 mL/100 g/min. As summarized in Table 1
and Fig. 1d, accounting for MT led to notable increases
in CBF in caudal regions of the brain, while CBF in ros-
tral regions decreased due to MT correction. Maps of
mean CBF with the corresponding regions of interest are
shown for coronal, sagittal, and transverse views in
Fig. 2. CBF was found to be highly symmetric bilaterally
and there was no significant hemispheric difference
in CBF [F(1,153) ¼ 0.12, P ¼ 0.73]. The bilateral symme-
try of volumetric CBF measurements is displayed in
Fig. 3. Based on the power analysis, displayed in Fig. 5,
CBF differences as low as 10% should be statistically
significant for studies conducted with 12 animals per
group.

DISCUSSION

Selecting a mouse ASL protocol involves making a series
of choices: first, the protocol for spatially selective label-
ing can either be pulsed ASL, where blood water
magnetization is labeled in a large slab proximal to the
imaging slice, or CASL, where blood water magnetization
is continuously labeled as it flows through a plane inter-
secting the carotid arteries. CASL was selected for this

FIG. 4. a: Dependence of velocity-

weighted inversion efficiency on B1

for an am-CASL experiment. Simula-
tion parameters were G ¼ 13 mTm�1

and fm ¼ 400 Hz. Velocity-weighted
inversion efficiency reaches its peak
of 0.87 at B1 ¼ 9 mT. b: Dependence
of velocity-weighted inversion effi-
ciency on fm for an am-CASL experi-

ment. Simulation parameters were
G ¼ 13 mTm�1, B1 ¼ 9 mT. c:
Dependence of longitudinal magnet-

ization on blood velocity for control
pulse (dashed curve) and labeling

pulse (solid curve) in an am-CASL
experiment with G ¼ 13 mTm�1, B1

¼ 9 mT, and fm ¼ 400 Hz. d:
Dependence of inversion efficiency
(thick curve) on blood velocity. Blood

velocity distribution is also shown
(thin curve). Simulation parameters
were G ¼ 13 mTm�1, B1 ¼ 9 mT, and
fm ¼ 400 Hz.

Table 1

Regional Values (Mean 6 Standard-Error-of-the-Mean) of T1
(n ¼ 5) and CBF (n ¼ 10)

Brain region T1 (s)

CBF (mL/

100 g/min)
uncorrected

for MT

CBF (mL/

100 g/min)
corrected

for MT

Amygdala 1.65 6 0.03 176 6 7 183 6 7
Cerebellar cortex 1.50 6 0.02 187 6 12 209 6 13

Cerebral cortex 1.59 6 0.01 240 6 6 240 6 6
Corpus callosum 1.54 6 0.01 202 6 6 199 6 5

Hippocampus 1.55 6 0.01 273 6 7 277 6 7
Hypothalamus 1.50 6 0.01 228 6 9 231 6 9
Medulla 1.33 6 0.01 175 6 13 203 6 15

Midbrain 1.33 6 0.01 189 6 10 189 6 10
Olfactory bulbs 1.61 6 0.01 258 6 7 247 6 6

Pons 1.38 6 0.02 190 6 11 201 6 12
Striatum 1.63 6 0.01 190 6 5 189 6 5
Thalamus 1.45 6 0.01 202 6 7 199 6 7
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work due to its inherently higher signal strength (26).
Second, an image readout portion of the protocol must
be selected. This article focused on a 3D approach to
ASL. By imaging the entire brain, one can screen mutant
mice for regional CBF phenotypes, while permitting
regions of interest to be defined retrospectively. Relative
to single slice imaging, whole brain imaging also facili-
tated automated registration to an MRI atlas and subse-
quent data mining. Furthermore, 3D imaging has the
advantage that overlap of slice excitation profiles and
saturation of arterial blood by proximal slice excitation
can be avoided. Third, a choice must be made between
implementing CASL using a separate coil for labeling or
using only the imaging coil (27). Single-coil CASL was
implemented to avoid the need for additional hardware.
This choice forces one to choose a strategy to control for
MT. This article used the am-CASL labeling protocol
(28), which places lower demands on the MRI gradient
than pseudo-continuous ASL while maintaining high
inversion efficiency (29). Moreover, relative to the simul-
taneous proximal and distal irradiation method, am-
CASL provides more consistent control of MT effects
over the entire brain (30).

A slice positioning algorithm was developed to posi-
tion the labeling plane perpendicular to the common ca-
rotid arteries to ensure that the apparent velocity through
the plane is high enough to avoid inefficiency associated
with low velocity. In the mouse, this slice positioning
algorithm is robust, as demonstrated by the simulated
reduction of only 0.5 in inversion efficiency associated
with the hypothetical case of large variability in land-
mark selection. Furthermore, this method is easy to
implement when labeling blood in the long and parallel
common carotid arteries. By using the inversion
plane position recommended in this article, comparable

inversion efficiency is expected for the vertebral and
common carotid arteries, given their similar orientation
and velocity distribution. Variation in neck posture
between micro-CT and MRI scans was reduced by the
use of an anatomically molded sled during MRI scanning
and by careful positioning during fixation in the previ-
ous micro-CT study. Observed variation in the angula-
tion of the common carotids among micro-CT specimens
was �10�, suggesting that any systematic effect of pos-
tural differences on inversion efficiency was small com-
pared to other factors. Labeling of the common carotid
arteries is preferable to the internal carotid arteries, as
MT enhancement of T1 in the vicinity of the labeling
plane will reduce the magnitude of the difference signal
and, hence, reduce the precision of the CBF estimate.

Pulsed Doppler ultrasound measurements provide an
efficient method to characterize common carotid blood
velocity in mice. Furthermore, the calculated inversion
parameters were robust with respect to blood velocity
variation. This suggests that remeasurement of blood ve-
locity should only be necessary in cases where very large
changes in carotid velocity are expected (e.g. a stroke
model) or measured inversion efficiency is suboptimal.
Although the difference between measured and simu-
lated inversion efficiency may be partly explained based
on the known bias in favor of measuring slower moving
spins (31), another potential factor is T2b. There is con-
siderable variation in the literature on measured T2b

(17,32–34), which is likely related to both physiological
factors such as oxygenation and hematocrit as well as
the timescale over which refocusing occurs. Short refo-
cusing intervals lead to significantly larger T2b estimates
(35). The relatively rapid transition that occurs during
am-CASL inversion can be treated as a short refocusing
period and justifies the use of longer T2b values when
calculating inversion efficiency. For comparison, inver-
sion efficiency for a shorter T2b of 70 ms was estimated
at 0.64 when compared with 0.87 with a T2b of 250 ms.
A benefit of using measured inversion efficiency in cal-
culations of CBF is to reduce variability due to individ-
ual velocity differences. Although the mean velocity as
measured by ultrasound was consistent across the group,
it is still possible to find individual mice with atypical
velocity distributions, which can ultimately impact
inversion efficiency.

As depicted in Fig. 2d–f, the described 141-min CASL
protocol provided high enough SNR to reveal blood flow
contrast between neighboring brain structures such as
the cerebral cortex and surrounding white matter. Based
on recorded heart rate, respiration, and temperature,
physiological parameters were stable throughout each
CASL scan. This is consistent with a previous study that
found that under similar anesthesia conditions, CBF was
stable over 70 min (36). Where necessary it should be
possible to reduce scan times by using a shorter labeling
period, leading to lower SNR. The reduced SNR may,
however, increase variability in the CBF data, which
may in turn compromise statistical power. Additional
SNR could be gained by reducing postlabel delay to sig-
nificantly less than 500 ms, which was an overly con-
servative selection given that the measured arterial
transit time was only 80 ms.

FIG. 5. Power analysis (two-sample, two-sided, probability of type
I error ¼ 0.05, and probability of type II error ¼ 0.2) for difference
in hippocampal CBF.
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As shown in Table 1, the observed regional CBF values
were larger in gray than white matter structures. Brain
stem structures such as the medulla, pons, and midbrain,
which have a mixture of gray and white matter, tended
to have only slightly lower CBF than major gray matter
regions such as the cerebral cortex. A diverse range of
CBF values in mice have been reported under similar
experimental conditions. For example, three single-coil
CASL studies on horizontally loaded mice maintained at
37�C and anesthetized with average isoflurane concentra-
tion (mean 6 SD) of 1.3 6 0.6%, reported whole brain
CBF (mean 6 SD) of 208 6 12 mL/100 g/min (37), 215 6
27 mL/100 g/min (5), and 165 6 13 mL/100 g/min (4).
The whole brain MT-corrected CBF (mean 6 SD)
reported in this study of 219 6 18 mL/100 g/min,
whereas similar to other single-coil CASL studies, is
higher than that reported by autoradiography (38,39).
Although the explanation for this difference between au-
toradiography and CASL is presently unclear, a similar
discrepancy has been previously reported for single-coil
CASL studies applied to the rat brain (40). Differences in
body temperature (36), anesthesia level (41), and subject
orientation (5) may account for some of the reported dif-
ferences in CBF.

The need to account for MT enhancement of T1 could
be avoided by using a much higher gradient
(>200 mTm�1) or much lower B1. The former option is,
however, challenging due to hardware overheating lim-
its, whereas the later option may restrict the inversion ef-
ficiency to impractically low values. In this study, CBF
was modeled to account for MT effects, which has not
been routinely applied in mouse ASL studies. Although
local CBF values were affected by the MT correction, the
relatively minor global effect of the correction may partly
explain why this effect has been underreported in past
mouse ASL studies. As shown in Fig. 1d and tabulated
in Table 1, the observed pattern of variation of the MT
effect on CBF is dependent on position and orientation
of the labeling plane. MT effects were accounted for in
the CBF modeling to avoid having to measure this effect
for each mouse. To improve accuracy of MT modeling,
this study used T1 and T2 of the liquid pool based on
mouse brain data at 7 T. Four parameters in the binary
spin bath model were based on 4.7-T rat brain data,
namely, exchange rate, semisolid pool size, semisolid
pool T1, and semisolid pool T2. The accuracy of this
extrapolation of MT parameters to 50% higher field
strength is supported by a study that compared these MT
parameters over a wider field strength range in three
concentrations of agar and reported little variation (23).
Furthermore, CBF as computed by Eq. 1 was found to be
relatively insensitive to substantial variations in those
MT parameters that were adopted from 4.7 T. It is, how-
ever, possible that direct measurement of T1SAT and the
equilibrium tissue signal may further refine CBF model-
ing (9,42).

Two-compartment CBF models have been proposed as
an enhancement for human ASL. The single-compart-
ment model applied in this study assumes complete
permeability of the capillary wall to water exchange
(i.e. PS ¼ infinity). Applying the two-compartment
model, namely, the fast flow solution proposed by Parkes

and Tofts (43), to data in this study using a PS reported
for rat cerebral cortex of 3.3 mL/(g min) (44), a blood vol-
ume of 0.04 (45) and a blood water content of 0.7 (46),
provided a whole brain CBF estimate of 221 mL/100 g/
min, which is within 1% of the value computed using
the single-compartment model. In fact, the single- and
two-compartment models differed by less than 10% pro-
vided that PS was selected to be more than 1.7 mL/(g
min). This suggests that the single-compartment model is
realistic for use in computing mouse brain CBF.

The development of robust am-CASL in mice was
motivated by a desire to pursue large-scale applications
that would greatly benefit from high-throughput proto-
cols. As demonstrated by the power analysis, it is feasi-
ble to detect small differences in CBF when screening
moderate numbers of mutant mice.
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