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Significant gaps exist in our knowledge of pedi-
atric cerebral blood flow (CBF) and its relation to
the timing and cause of brain injury, despite a
growing wealth of literature on the relation and
significance of structural brain MR imaging data
and neurocognitive development [1–4]. Pediatric
stroke and perinatal hypoxic-ischemic encepha-
lopathy (HIE) are two prominent examples where
valuable knowledge in cerebral perfusion is lacking.
CBF (cerebral perfusion) mirrors cerebral meta-

bolic demand and neuronal function, and there-
fore, is a vital parameter in the evaluation of
pediatric brain injury and recovery. Until recently,
measurement of CBF involved intravenous bolus
injection of contrast agents or nuclear medicine
methods that were technically difficult or ethically
problematic in pediatrics. The development of
arterial spin label (ASL) perfusion MR imaging as
a noninvasive method for measuring CBF allows
for the increased ability to measure this vital physio-
logic parameter in any age group. This article
presents the technical aspects of performing ASL
perfusion MR imaging in pediatrics, and discusses
its current use in clinical studies and its potential
in influencing important management strategies for
specific disease entities.
Methodologic background

The dynamic susceptibility contrast (DSC) ap-
proach remains the primary MR imaging method
to assess cerebral hemodynamics, although its ap-
plication in children has been less widespread
than in adults [5,6]. DSC MR imaging captures
the first passage of a susceptibility contrast agent,
such as gadolinium–diethyltriaminepentaacetic acid
(Gd-DTPA), through the cerebral vasculature. Mul-
tiple hemodynamic parameters, including CBF,
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cerebral blood volume (CBV), and mean transit
time (MTT), can be estimated from temporal char-
acteristics of the first-pass time course [7]. Although
these parameters are, in general, relative, in many
clinical cases they are indicative of regional patho-
logic changes in hemodynamics. Another advan-
tage of DSC is that the susceptibility contrast
agent causes a large change in MR imaging signal
(20%–50%, depending on the dosage, imaging
sequence, and magnetic field strength), which ren-
ders a high signal-to-noise ratio (SNR) and reli-
ability in clinical diagnoses. The disadvantage of
DSC is the requirement of an intravenous catheter
for power or manual injection of contrast agent,
which may be technically difficult in small children
and infants. DSC measurements cannot be repeated
during a single scanning session because of cumu-
lative effects, and comparison between multiple
scans in a longitudinal study is difficult without
absolute quantification. The article by Cha else-
where in this issue explains DSC perfusion imaging
in greater depth.
ASL perfusion MR imaging is an alternative and

emerging noninvasive method to measure CBF di-
rectly by using magnetically labeled arterial blood
water as an endogenous contrast agent (tracer)
[8,9]. Its methodologic scheme is analogous to
that used in positron emission tomography (PET)
and single-photon emission CT (SPECT) [10]. Ar-
terial blood water is magnetically labeled through
inversion or saturation proximal to the tissue of in-
terest, and image acquisition usually is performed
after a delay time that allows the labeled blood
to flow into the imaging slices. Perfusion can be
determined by pair-wise comparison with separate
images that are acquired without labeling (control).
Repeated measurements of interleaved label and
control acquisitions are performed to improve the
SNR of perfusion images, which often requires a
few minutes of scan time. By taking into account
the tracer decay rate of T1, absolute CBF can be
quantified in well-characterized physiologic units
of mL/100 g/min. Because ASL does not require
administration of contrast agent or radioactive
tracer, it is much safer, more economical, and con-
venient compared with existing radioactive and
dynamic contrast MR approaches. The improved
safety of ASL, without the need for intravenous
injection, is particularly appealing for the pediatric
population, and allows perfusion imaging in a
wide range of age groups from adolescents to neo-
nates. Additionally, ASL scans can be repeated as
often as required during the same scanning ses-
sion without cumulative effects.
During the past decade, theoretic and experimen-

tal studies have been performed to improve the
accuracy of CBF quantification using ASL by taking
into account multiple parameters, such as arterial
transit time [11–15], magnetization transfer effect
[14,16,17], T1 [18,19], labeling efficiency [20–22],
and capillary water permeability [23–25]. CBF mea-
surements with ASL perfusion MR imaging recently
were shown to agree with results from 15O-PET [26]
and the DSC approach [27,28]. ASL perfusion mea-
surements at rest and during task activation were
demonstrated to be highly reproducible across in-
tervals that varied from a few minutes to a few
days [29,30]. In clinical applications, ASL also is a
valuable tool in various neurologic and psychiatric
disorders in adults [31–34]. The primary weakness
of ASL, as compared with DSC MR imaging, is the
small labeling effect (< 1% raw signal) [8,9]. This
limitation arises from the fact that the volume of
arterial blood that is available for labeling is only
on the order of 1% to 2% of total brain volume.
The labeled blood further relaxes during the tran-
sit from the labeling region to the brain, which
results in a net labeling effect of less than 1% of
raw MR imaging signal in brain tissue. Because the
arterial transit time from the labeling region to the
brain is comparable to the tracer decay rate that
is determined by the T1 of blood, ASL technique is
sensitive to transit effects, and often results in focal
intravascular signal in perfusion images.
Aspects of pediatric physiology provide a natu-

ral solution to overcoming the two limitations of
ASL (low SNR and transit effect). First, normally
increased blood flow in children [35] provides
improved ASL perfusion contrast as compared
with adult studies. Previous evidence also suggested
that the water content of brain is higher in children
than in adults [36]. This results in increased equilib-
rium MR signal and spin-lattice, spin-spin relaxa-
tion time (T1, T2), and thereby, improves pediatric
ASL signal through increased tracer concentration
and lifetime. Second, data from Doppler ultra-
sound studies suggest that blood flow velocities in
carotid arteries are higher in healthy children com-
pared with adults, with the peak velocity during the
age range of 5 to 8 years [37]. This effect can be
translated into normally reduced arterial transit
time for labeled blood to flow from the labeling
region to the brain, which results in reduced relaxa-
tion of the labeling effect and reduced transit effect
(focal intravascular signal) in pediatric perfusion
images. In a feasibility study at 1.5 T, we observed
that brain T1 and proton density image intensity
(M0), and thereby, the SNR of ASL perfusion
images, decrease linearly with age. On average, a
70% improvement in the SNR of perfusion images
was observed in neurologically normal children as
compared with healthy adults [38]. Fig. 1 clearly
demonstrates prolonged brain T1 in children as
compared with adults. The representative child



Fig. 1. T1 line graph averaged across seven children and five adults with representative T1 and M0 images acquired
in a 16-month-old child and 29-year-old adult (displayed using same scale). The child T1 and M0 images have
higher intensities than do the adult images.
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M0 image also is much brighter than adult M0
images because of increased water content. Fig. 2
displays four representative sets of pulsed ASL
(PASL) perfusion images that were acquired at
three delay times in three children (a–c) and one
adult (d) at 1.5 T. Pediatric perfusion images pro-
vide much stronger perfusion signal and improved
delineation of cortical and subcortical structures
compared with adult perfusion images. Given the
unique and reciprocal benefits in terms of safety
and image quality, ASL methods may be ideally
suited for pediatric perfusion imaging.
Continuous versus pulsed arterial spin
labeling

ASL techniques can be divided generally into two
categories: continuous ASL (CASL) and PASL. In
CASL, a labeling plane is applied at the base of
the brain for 1 to 2 seconds, during which arterial
blood that is flowing through the plane is mag-
netically tagged (inverted). In PASL, a thick slab
of blood inferior to the imaging slices is inverted
instantly using radiofrequency (RF) pulses with
high peak amplitude, but short duration (10–
20 milliseconds). Although CASL provides stronger
perfusion contrast, it is more challenging for imple-
mentation and deposits a higher level of RF power
into the subject compared with PASL. The long
labeling pulses in CASL also partially excite the
imaging slices through an effect that is termed
magnetization transfer. This has to be balanced
during the control acquisitions to quantify CBF
accurately. Conversely, PASL methods require a
well-designed slice profile for the labeling pulse
with a sharp edge to eliminate residual signal
from static tissue.
Because of the technical simplicity and low RF

power level, initial testing in the pediatric popula-
tion was performed using a PASL method at 1.5 T.
The PASL method was modified from the flow
sensitive alternating inversion recovery (FAIR) tech-
nique [39] by applying a saturation pulse at a
certain time point after the labeling pulse to exter-
nally define the tagging bolus duration [19].
Although feasibility has been demonstrated in chil-
dren of various ages, the authors encountered a few
technical challenges. As displayed in Fig. 3, the
FAIR technique uses a spatially extended inversion
band for arterial labeling, especially in combina-
tion with the body transmitter coil. In adults, the
inversion band primarily covers the carotid arteries,
whereas in the infant it covers the upper thorax and
beyond. Although the total magnetization of the
labeled blood may be increased, this labeling
scheme may not be optimal because of uncertain-
ties in the labeled arterial blood volume. For
instance, because the blood flow velocity is fast in
normal children, labeled arterial blood in the sys-
temic circulation may reach the brain before being
spoiled by the saturation pulse; this causes a larger
than expected tagging bolus, and thereby, an over-
estimation of blood flow. In neonates who have



Fig. 2. Four representative sets of PASL perfusion images acquired at three delays in three children (A–C ) and one
adult (D) at 1.5 T.
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congenital heart defects (CHDs), blood flow is ex-
tremely low, whereas the tracer lifetime (blood T1)
is long [40]. A considerable amount of labeled
blood from the systemic circulation will not be
spoiled by the saturation pulse and flows into
the brain tissue when the subsequent (control)
acquisition is performed. This may lead to cross-
contamination of the label and control acquisitions
and a negative signal in the resultant perfusion
images. The mixing (intra- and extracardiac shunts)



Fig. 2 (continued ).
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of blood between the pulmonary and systemic
circulations in infants who have CHDs also may
be a factor, because the labeled blood from the
body may have a shorter transit to the brain. The
authors observed negative perfusion values in an
average of 40% of brain pixels in neonates who
had severe CHDs. When the labeling slab was
restricted spatially to exclude systemic circulation
[see Fig. 3C], the number of pixels with negative
values and the intersubject variability of perfusion
measurements were reduced [41]. These observa-
tions suggest that a well-defined, or even tailored
tagging slab, in conjunction with effective spoiling
saturation pulses for PASL perfusion imaging, is
necessary in children who have different ages (par-
ticularly infants) or diseases.
In contrast, the CASL method uses a thin labeling

plane proximal to the tissue of interest, and there-
fore, is not sensitive to the effect of the tagging slab
as in PASL. Furthermore, CASL offers an improved
SNR over PASL. In the past, the use of CASL in
children has been limited by the safety concern of
Fig. 3. Diagram showing the labeling scheme of the PASL
PASL method with restricted label volume in infant (C ).
the high level of RF power. Theoretic and experi-
mental data showed that the specific absorption
rate (SAR) of RF power is roughly proportional to
the square of the head size (radius) [42,43], which
results in a lower SAR level in children compared
with adults. CASL methods generally use the strat-
egy of flow-driven adiabatic inversion, which has
an optimal flow velocity range to reach the theo-
retic tagging efficiency. Although existing CASL ap-
plications in children followed parameters that
were derived from adults, optimization and simu-
lation may need to be performed for pediatric
perfusion imaging, because the variability of flow
velocities in children may be large. Another issue
that is related to CASL is that not all commercial
MR imaging scanners allow long (a few seconds)
RF pulses for labeling, and many vendors set a limit
on the duty cycle for the RF amplifier. Nevertheless,
multislice CASL recently was implemented success-
fully on the MR imaging scanners of several major
vendors, although complete commercialization
may take years.
method in adult (A) and infant (B), and the modified
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High versus low magnetic field

The low SNR is the primary limitation that ham-
pers the widespread application of ASL perfusion
MR imaging. Performing ASL at a high magnetic
field offers a natural solution to improve the image
quality and to reduce transit-related effects [18].
SNR is proportional to the main field strength,
and there is an improved labeling effect because
of prolonged tracer lifetime (T1) at a high field.
Because of the shortened T2/T2*, the net SNR gain
in high-field ASL is compromised, as shown in
Fig. 4A, which demonstrates the theoretic calcula-
Fig. 4. (A) Theoretic ASL signal as a function of field stre
experimental data that were reported in reference 18; th
in adults and children, respectively. (B) Representative ch
AM CASL at 3 T, showing image quality approaching rout
tion of PASL and CASL signals as a function of the
static field strength. As shown, a twofold signal gain
is readily achievable by performing PASL at 3.0 T
and 4.0 T, as compared with PASL methods at 1.5 T
[18,44]. This allows improved spatiotemporal reso-
lution and longer postlabeling delay times to coun-
teract delayed transit effects that usually are present
in a patient population. The implementation of
CASL at a high magnetic field is expected to provide
even greater perfusion contrast and SNR gain (more
than threefold) than PASL methods [18].
Two important challenges for using continuous

labeling are controlling for the off-resonance effects
ngth. The black circles indicate the conditions for the
e red and green circles indicate the 3.0-T CASL signals
ild (8-year-old boy) perfusion images acquired using
ine structural MR imaging.
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that are caused by RF irradiation (magnetization
transfer effect) and achieving ample labeling effi-
ciency within the safety constraints for RF power
deposition. Recently, two approaches have been
performed successfully for the implementation of
CASL at 3.0 T: the use of separate small RF coils
for labeling of carotid arteries [45,46] and the use
of amplitude-modulated (AM) control pulses to
mimic the off-resonance effect of the labeling
pulse [47,48]. Although the total RF power is
lower in the dual-coil approach, it requires special
hardware that may limit its application in clinical
settings. For AM CASL, the amplitude of the label-
ing pulses has to be reduced to keep the power of
RF irradiation within the SAR limitation at 3.0 T.
Optimal perfusion contrast can be achieved by
keeping the magnitudes of the labeling pulses and
gradients in proportion (simultaneously reduced).
Experimental data demonstrated a 30% to 40%
improvement in SNR using AM CASL, compared
with PASL, at 3.0 T [48]. The advantage of this
AM CASL approach is that high-quality perfusion
images with whole-brain coverage can be obtained
within a few minutes using standard clinical MR
hardware. The benefit of high-field CASL, in con-
junction with the natural ASL signal gains in chil-
dren, yield impressive pediatric perfusion images at
3.0 T, the quality of which approaches that of
routine anatomic MR scans [Fig. 4B]. Because 3-T
MR imaging scanners are becoming available at
many neuroimaging centers, high-field CASL is
Fig. 5. An example of the processing steps for FEAST tran
woman) who had right middle cerebral artery (MCA) sten
without (ΔM) and with (ΔM

,
) gradients, respectively. Tra

the ratio of the two measurements that display prolonge
expected to have widespread applications, particu-
larly in the pediatric population.
Multicontrast hemodynamic neuroimaging
using arterial spin labeling

DSC MR imaging is capable of providing estima-
tions of multiple hemodynamic parameters, includ-
ing CBF, CBV, MTT, and time-to-peak. Although
these parameters are related through the central
volume principle, each represents a different aspect
of cerebral circulation, and has a specific meaning
in clinical use, especially in combination with
other parameters. ASL methods, in contrast, gener-
ally provide a single estimation of CBF. Transit-
related effect is the major confounding factor that
affects the accuracy of perfusion measurements
using ASL; however, the measurement of arterial
transit time itself is clinically significant, because
it may indicate collateral sources of blood supply
in cerebrovascular disease. Recent technical devel-
opments have demonstrated that arterial transit
time—the duration for the labeled blood to flow
from just below the circle of Willis to the brain
tissue—can be imaged using the flow-encoding
arterial spin tagging (FEAST) technique [49]. This
method uses appropriate bipolar gradients to dif-
ferentiate the ASL signals in the vascular and micro-
vascular compartments. The ratio of these two
quantities yields an estimation of transit time,
because more labeled blood water enters the micro-
sit time measurement of an adult patient (37-year-old
osis. The upper two panels are ASL images acquired
nsit time images (bottom panel ) are calculated from
d transit time in posterior right MCA district (arrow).
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vascular compartment with shorter transit time and
vice versa [Fig. 5]. The significance of transit time
measurement is that it can detect (correct) transit-
related artifact in ASL perfusion images and provide
additional information regarding collateral blood
supply. Because of the autoregulation effect, nor-
mal perfusion can be maintained in the presence
of decreasing arterial pressure until the vascular re-
serve is exhausted. Conversely, transit time is more
sensitive to, and generally follows, the change in
arterial pressure. The combination of transit time
and perfusion measurements provides the poten-
tial to grade the status of cerebral hemodynamic
impairment into two stages of ‘‘hemodynamic
compromise’’ and ‘‘misery perfusion’’ [50]. This in-
formation is expected to improve accuracy in the
diagnosis of childhood cerebrovascular disease,
such as pediatric stroke.
Cerebral blood flow quantification in age
groups

Another issue that is related to pediatric perfusion
imaging is the potential error in CBF quantification
using perfusion models with physiologic parame-
ters that were derived from adults. In the single-
compartment model, assuming that all of the
labeled blood stays in the vasculature, perfusion
errors arise mainly from the choice of two pa-
rameters: the T1 of blood (T1a) and the blood brain
partition coefficient of water (λ). Blood T1 in chil-
dren is expected to be longer than the adult value
because the blood water content is higher than in
adults [51]. As a result, adopting adult blood T1 for
perfusion quantification in children may lead to
overestimation of CBF. Conversely, previous data
suggest that the blood brain partition coefficient of
water is greater in children (1.1 mL/g in neonates)
[51] than in adults (0.9 mL/g), which would cause
underestimation of child CBF by using the adult λ.
Because the effects of λ and T1a tend to be counter-
balanced by each other, the adult perfusion model
provides a reasonable approximation of child CBF
quantification, and yields CBF measures that are
comparable to values that are obtained using radio-
active methods [35]. Based on simulation, there
may be a slight (10%) overestimation of perfusion
in neonates, but the overall error is approximately
5% across the entire age span (0–18 years). Given
the sparse literature and large variability of these
parameters in pediatric age groups, CBF quantifi-
cation that is based on adult perfusion models
seems to be a reasonable solution. Nevertheless,
optimizing the specific perfusion model for pediat-
ric populations bears considerable importance and
significance in clinical diagnosis, because these
parameters may vary with the pathologic state.
Recent literature also suggested that the two-
compartment perfusion model, which takes into
account the limited water exchange (permeability)
between capillary and brain tissue, may provide
a more accurate perfusion estimation compared
with the single-compartment model [25]. The
two-compartment perfusion model involves more
parameters that may vary with age, such as the per-
meability surface (PS) product and the T2/T2* of
blood and brain tissue. The effects of the choice
of these parameters on CBF measurement in chil-
dren awaits further investigation.
The following sections discuss the specific appli-

cations of ASL perfusion MR imaging in pediatric
neurologic disorders. These studies were performed
primarily using PASL and CASL methods at 1.5 T.
Although it is too soon to include high-field (3.0 T)
studies (in progress) in this article, the authors
believe that high-field ASL represents the future
direction for pediatric perfusion imaging.
Normal development

Human brain maturation and development is in-
complete at birth. Brain development is associated
with changes in cellular metabolism and CBF that
progress in stages through the first decade of life
before trailing off and dropping to adult levels at
approximately 15 years of age [35,52]. Whereas
several studies have measured CBF in premature
infants or infants who had critical illness [53–55],
studies of normal infants and children are scarce.
Only two studies have attempted to catalog norma-
tive CBF data across age groups; one used transcra-
nial Doppler to measure CBF volumes [56], and the
other analyzed SPECT scans that were performed
for clinical indications (not specified) and ret-
rospectively were found to be transient or not
accompanied by CNS pathology [35]. In both stud-
ies, sample size was small and the conclusions
are limited.
The authors performed PASL perfusion MR imag-

ing on seven neurologically normal children and
five healthy adults [38]. The SNR of the perfusion
images, CBF along with T1, M0 were measured and
compared between the two age groups. In the
cohort of neurologically normal children, a 70%
increase in the SNR of the ASL perfusion images
and a 30% increase in the absolute CBF, compared
with the adult data, were observed. The measures of
ASL SNR, T1, and M0 decreased linearly with age.
Fig. 6 displays the measured ASL SNR and global
CBF as a function of age. Although the small sam-
ple size did not allow detailed analysis of the devel-
opmental curve of CBF, the observed ratio (1.3) of
CBF in the child versus adult group was highly
compatible with previous studies [35,57].



Fig. 6. Measures of whole-brain based ASL SNR (A) and CBF (B) as a function of age. ASL SNR shows a negative
linear relationship with age. The triangle symbols and error bars represent the mean and SD of the CBF mea-
surements in child and adult groups.

Fig. 7. Average and template anatomic and perfusion images in five normal children. Each individual’s images are
first normalized to the template using the HAMMER method and then averaged.

157Pediatric Perfusion MR Imaging



158 Wang & Licht
Recently, the authors also performed the AM
CASL method at 3.0 T to obtain normative per-
fusion data of the developing brain. Because of
improved image quality and whole-brain coverage,
these perfusion images can be coregistered with
high-resolution anatomic MR imaging that is
acquired during the same scanning session. This
provides the potential to construct a template or
atlas of normal brain perfusion in children of dif-
ferent ages. Fig. 7 displays an example perfusion
template that was constructed from five normal
children aged 7 to 10 years. After skull stripping,
the structural MR images of these children were
normalized automatically using a nonlinear elastic
algorithm termed HAMMER (hierarchical attribute
matching mechanism for elastic registration) [58].
Perfusion images were normalized and averaged
following the transformation matrix that was de-
termined from the structural MR imaging. Com-
pared with the statistical parametric mapping
(SPM) template of brain perfusion that is based
on nuclear medicine approaches, the ASL perfusion
template offers improved anatomic detail and is
acquired using completely noninvasive methods.
Congenital heart defects

Concurrent with the growing interest in neuropro-
tective strategies in the injured newborn, there has
been an increasing awareness of brain injury in
children who are survivors of early heart surgeries.
Approximately 30,000 infants are born with con-
genital heart disease in the United States each year.
One third of these infants have severe, complex
cardiac lesions that require surgical repair in the
first few months of life. Cardiac surgery for serious
forms of CHDs in the neonatal period has pro-
gressed to the point where mortality is minimal
and impaired neurodevelopmental outcome repre-
sents a major morbidity for survivors. After surgery,
several large studies demonstrated that more than
50% of these patients develop lesions of the white
matter of the brain in the form of periventricular
leukomalacia (PVL) [59–61]. One study performed
preoperative brain MR imaging, and demonstrated
PVL in almost 20% of the infants who were tested
[59]. The PVL in patients who have CHDs resem-
bles a milder form of PVL than that which results
from premature birth, and PVL in prematurity has
been attributed, in part, to cerebral hypoperfusion.
Hypoplastic left heart syndrome (HLHS) is a par-

ticularly severe form of CHD that is characterized
by a diminutive left ventricle and atresia, or severe
hypoplasia, of the aortic valve and aorta. The left
ventricle outflow obstruction that is created by the
atretic aortic valve forces all systemic blood flow
through the ductus arteriosus. Retrograde blood
flow up the descending aorta fills the neck vessels.
Other forms of complex CHD (non-HLHS), includ-
ing transposition of the great arteries and tetralogy
of Fallot, also necessitate corrective surgeries early
in life. These forms of CHD also are dependent on
an open ductus arteriosus, but the blood flow is for
pulmonary, and not systemic, perfusion. With this
physiology, the low-resistance pulmonary vascular
bed steals blood flow in diastole. As such, whether
related to reversal of blood flow in the ascending
aorta or diastolic run-off, there are physiologic rea-
sons for decreased CBF in both groups.
Because ASL does not require bolus contrast in-

jection and no wash-out time is required, several
CBF measurements can be made in a single sit-
ting. This allows for measurements of resting CBF
and CBF measurements under the condition of
increased inspired carbon dioxide (CO2). Further-
more, test–retest measurements could be made
with both conditions. CO2 is a potent cerebral arte-
riolar vasodilator and an equally potent pulmonary
arteriolar vasoconstrictor. Increased inspired CO2

was shown by near-infrared spectroscopy to in-
crease mixed venous oxygenation significantly in
neonates who had HLHS [62], and to increase
CBF during hypothermic cardiopulmonary bypass
[63,64]. Measuring the CBF response to CO2 is a
marker for physiologic reserve in the cerebrovascu-
lar bed. CO2 reactivity (change in CBF/change in
PCO2) is of interest because impaired CO2 reactivity
has been associated with poor neurodevelopmen-
tal outcome and a higher risk of death in all age
groups [65,66].
The authors conducted an investigation, at 1.5 T,

using PASL perfusion MR imaging to quantify pre-
operative CBF in 25 infants who had CHD [60],
in an attempt to test the hypothesis that CBF is
low and may be associated with observed PVL,
and to measure cerebral vascular responsiveness
to inspired CO2. In the authors’ cohort, CBF values
were measured and regarded as specific risk factors
for the observed preoperative structural brain
abnormalities. The mean CBF value for the cohort
was 19.7 ± 9.1 mL/100 g/min (representative im-
ages are presented in Fig. 8), which was much less
than the normal value of 50 ± 3.4 mL/100 g/min
that was reported by Chiron and colleagues [35] in
term infants under conditions of conscious seda-
tion. Lou and colleagues [53], using xenon-133
clearance methodology, studied 19 sick neonates.
They demonstrated that global CBF of less than
20 mL/100 g/min was highly predictive of cerebral
atrophy at autopsy or follow-up head CT. Signifi-
cantly, 5 neonates (20%) in the authors’ study had
CBF values that were less than or equal to 10 mL/
100 g/min, the level that was shown to cause mod-
erate ischemic changes in piglets [67]. In the



Fig. 8. Representative images from three patients (Pt-22, -8, and -21) who were enrolled in the Congenital Heart
Defect Study. CBF images at baseline (B) and under hypercarbic (H) conditions are shown. The histograms at the
far right are the global measurements of baseline (blue) and hypercarbic CBF (red). TOF, tetralogy of Fallot.
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authors’ study, baseline CBF varied directly with
systolic blood pressure and inversely with hemo-
globin concentration (P ≤ .001 for both). Our ob-
served low CBF measurements also were congruent
with the study of Greeley and colleagues, which
included neonates, although specific neonatal
CBF values were not detailed [63,64,68]. CO2 reac-
tivity for the cohort averaged 0.96 ± 0.61 mL/min/
100 g/mm Hg with a wide range from 0.22 to
2.17 mL/min/100 g/mm Hg. In previous pediatric
studies, CO2 reactivity of more than 2 mL/min/
100 g/mm Hg was associated with survival, whereas
reactivity of less than 1.0 mL/min/100 g/mm Hg
was associated with death or poor neurologic out-
come [65,66]. In the authors’ study of 25 preopera-
tive infants who had severe CHD, PVL occurred in
28% (7/25) and was associated with decreased
baseline CBF values (P = .05) and lower CO2 reac-
tivity (P = .02). In addition, the neonatal perfusion
images showed greater blood flow in brain stem,
thalamus, basal ganglia, and sensorimotor cortex,
which are in excellent agreement with a previous
study that used a nuclear medicine approach [69].
Low baseline CBF measurements in our study are

consistent with earlier reports of elevated preopera-
tive white matter lactate [59], which indicates early
ischemia, and is supported further by the occur-
rence of ischemic lesions (PVL) in more than 20%
of the patients. The study suggests that the pre-
operative CBF levels are extraordinarily low, and
in most cases, the cerebral vascular resistance is low
and cannot be altered by inspired CO2. These data
draw attention to the important role of preopera-
tive cerebral perfusion as an underrecognized pre-
operative risk factor for brain injury.
Pediatric stroke

Emerging neuroimaging techniques have allowed
minimally invasive, rapid assessment of brain le-
sions in adults who have an acute stroke [70–72].
Although imaging and treatment protocols for
adults who had a stroke have been well established,
the same degree of attention has not been applied
to children who have had a stroke. Stroke affects
from 2 to 8 children per 100,000 who are younger
than age 18 every year in Europe [73] and North
America [74], and ranks among the top 10 causes
of death in this age group [75]. Long-term motor
and cognitive deficits that interfere with activities of
daily life and academic performance affect 40% to
60% of survivors of childhood stroke. Studies to
examine the relation of clinical symptoms at pre-
sentation with neuroimaging data are lacking.



Fig. 9. (A) PASL perfusion MR imaging acquired at 48 hours and 72 hours from symptom onset in a 6-year-old boy
who presented with Varicella vasculopathy and stroke are shown in the top two rows. Also shown are DWI
(third row), and T2-weighted images that were taken at long-term follow-up (bottom). (B) 15-year-old boy who
had HIV-associated vasculitis. CBF and diffusion images are shown in the top and second rows respectively. Overlay
of perfusion (green) and diffusion (red) deficits is displayed in the bottom row.

160 Wang & Licht



161Pediatric Perfusion MR Imaging
In adult strokes, a mismatch between perfusion
and diffusion defects (penumbra) has been sug-
gested as an indicator that the untreated stroke
will expand with time and is an emerging indica-
tion for therapy [76]. Therefore, the potential indi-
cations for perfusion imaging in pediatric stroke
are to identify viable tissue that is at risk of infarc-
tion and to select suitable patients for thrombo-
lytic therapy. With this background, stroke imaging
protocols were constructed for the evaluation of
acute (< 6 hours from symptom onset), subacute
(> 6 hours from symptom onset), and chronic
(> 72 hours from symptom onset) vascular changes
at our institute (Children’s Hospital of Philadel-
phia). All imaging protocols include diffusion-
weighted imaging (DWI) and ASL perfusion
MR imaging, among other sequences. To date,
29 cases of stroke (14 arterial ischemic strokes)
have been scanned with this protocol.
Fig. 9A shows a case of pediatric ischemic stroke

in a 6-year-old boy. ASL perfusion and DWIs were
acquired at 48 and 72 hours after symptom onset.
Regions of hypoperfusion are present in the left
middle cerebral artery (MCA) territory, which is
consistent with the infarct location that was de-
tected in the DWI. The two CBF measurements
with a 1-day interval are reproducible, which dem-
onstrates the stability of the technique and its
potential use in longitudinal studies to track
stroke development. A mismatch between the defi-
cits in the CBF and DWI is observed, akin to the
ischemia penumbra pattern in adult stroke. When
compared with follow-up T2-weighted images at
3 months, the eventual infarct did not extend
beyond the initial diffusion lesion volume. Another
case of hyperacute ischemic stroke (15-year-old
boy) is shown in Fig. 9B. Perfusion and diffusion
images were acquired within 4 hours after symp-
tom onset. A close match between the perfusion
and diffusion deficits in the left MCA territory is
observed, yet perfusion images indicate reduced
CBF in the posterior right MCA territory. Delayed
transit effects (bright focal signal) are present in
both cases, and suggest that blood flow in the
affected region may be compensated through col-
lateral blood supply. The volume of perfusion and
diffusion lesions can be determined by using a
semiautomatic segmentation program with human
guidance [see Fig. 9B].
In addition to acute infarction, the authors also

assessed the usefulness of PASL perfusion MR im-
aging in pediatric patients who had arteriopathies.
The patients ranged in age from 3 days to 15 years,
and the vascular abnormalities included moya
moya, focal segmental stenosis, HIV, and congeni-
tal absence of the internal carotid arteries. Com-
pared with DWI and T2 MR imaging sequences,
ASL showed defects that matched infarct location
and equaled or exceeded infarct size in all pa-
tients who had acute or chronic infarcts. In patients
who had arterial stenoses without infarct on their
clinical imaging, perfusion imaging demonstrated
resting deficits in the arterial territory or focal intra-
vascular signals because of a prolonged transit
time [77].
Transit time estimation

Besides CBF quantification, arterial transit time
from tagging region to brain tissue can be imaged
using the FEAST technique. Arterial transit time in
ASL methods is conceptually analogous to the time-
to-peak in DSC methods. When arterial perfusion
pressure decreases as a result of vasculopathy, per-
fusion can be maintained through reduced vascular
resistance and collateral sources of blood supply
until the autoregulatory capability is exhausted.
Arterial transit time is more sensitive to the change
in arterial perfusion pressure, and provides addi-
tional information (eg, collateral blood supply)
that is not available with ASL measurement alone.
Fig. 10 shows a representative data set of perfusion
and transit time images of a patient (3-year-old
boy) who had congenital left internal carotid artery
stenosis that was indicated clinically by MR angi-
ography (MRA). CBF images show normal global
perfusion (62 mL/100 g/min) with potential transit
effects in the left hemisphere. The transit time mea-
sured using FEAST is prolonged in the left hemi-
sphere, which suggests that perfusion in these
regions is maintained through collateral blood sup-
ply, and also explains the transit-related hyperin-
tensity in the CBF images.
Silent ischemia in sickle cell disease

Children who have sickle cell disease (SCD) and
who have no history of overt stroke are still at risk
for brain injury that is manifested by cognitive
impairment—a major source of morbidity in this
population [78]. Conventional diagnostic meth-
ods, such as anatomic MR imaging, MRA, and
transcranial Doppler, are not sensitive for demon-
strating the extent and severity of brain injury, and
may be normal in most of these children [78].
Understandably, conventional diagnostic methods
do not interrogate fully the mechanisms of brain
injury in SCD, which, in addition to macrocircula-
tory disease, consist of microcirculatory occlusion
and chronic regional tissue hypoxia and acidosis
[79]. Thus, there is a need for more sensitive diag-
nostic tools that can identify children who are at
risk before the onset of brain injury.



Fig. 10. Three-year-old boy who had congenital left internal carotid artery stenosis (red arrow, top right). CBF and
FEAST transit time maps are shown in left top and bottom, respectively.
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Perfusion MR imaging may provide information
about the effects of small vessel disease, hemoglo-
bin, PaO2, and PaCO2 on brain tissue perfusion that
usually is unattainable with conventional MR im-
aging, MRA, or transcranial Doppler sonography.
CASL perfusion MR imaging was used, at 1.5 T, to
assess CBF in 7 control subjects and 14 children
who had SCD. Patients who had SCD had a sig-
nificant increase in gray matter CBF in all cerebral
arterial territories as compared with control sub-
jects. The observed elevated baseline CBF in
patients who had SCD concurred with previous
studies [80,81] that used PET and xenon-enhanced
CT, and was attributed, in part, to low hematocrit
levels. The consequence of this chronic adaptive
cerebral vasodilation is secondary depletion of the
brain’s reserve capacity in the face of occasional
decreases in cerebral perfusion pressure; this ren-
ders children who have SCD susceptible to distal-
field metabolic dysfunction, ischemia, and eventual
infarction. There also was a significant decrease in
baseline CBF in territories that were depicted as
unaffected on conventional MR images and MRAs
in 4 children who had SCD. The ability to show
territorial reductions in CBF in 4 patients, under-
scored the potential of CASL perfusion MR imaging
for further study of the effects of small vessel dis-
ease on brain tissue perfusion in SCD, although
the ability of ASL perfusion imaging to identify
patients who are at risk for clinical and subclinical
brain infarcts and cognitive decline remains to be
assessed [1].
Future directions

Perinatal hypoxic-ischemic encephalopathy

Perinatal HIE is another example where knowledge
of cerebrovascular physiology could affect manage-
ment strategies greatly. The prevalence of HIE has
remained constant at two to nine cases per 1000
births over the past 4 decades. Therapeutic inter-
vention in the form of selective brain cooling to
reduce delayed neuronal death or programmed cell
death after birth asphyxia will become possible
within the next few years [82]. The report that
was issued by the CoolCap Study Group found
that selective brain cooling was neuroprotective in
infants who had less severe abnormalities on
amplitude-integrated electroencephalogram (EEG)
[82]. The ultimate neurocognitive outcome of these
interventions will not be known for years after
birth. Neurodevelopmental testing at 1 year has
poor predictive value [83], and patients with poor
long-term outcome frequently are missed during
testing at 12 months. For more details regarding
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the epidemiology, pathophysiology, and imaging
of perinatal HIE see the article by Barkovich else-
where in this issue.
The goal of selective brain cooling in infants who

are exposed to HIE is to reduce metabolic demand
in neurons during the delayed energy failure that
occurs 6 to 15 hours after injury [84]. Because CBF
mirrors cerebral metabolism, ASL measurements
of regional CBF before, during, and after selective
hypothermia allow insight into the efficacy of ther-
apy and better define optimal treatment strategies.
When coregistered with anatomic MR imaging,
these studies hold promise as a surrogate marker
for brain injury and neurodevelopmental outcome.

Epilepsy

Epilepsy affects approximately 45,000 children each
year, which results in approximately 315,000 af-
fected children through age 14 [85]. Of these
children, more than 10% do not respond to con-
ventional medical therapies, and often are referred
to a pediatric epilepsy center for possible surgical
intervention. Although surgical intervention is not
applicable to all refractory patients, improvements
in EEG monitoring and neuroimaging are mak-
ing this a possibility for more children. Therefore,
localization of the seizure focus is of the ut-
most importance if the surgical intervention is to
be successful.
At most epilepsy centers, the current standard

evaluation of a child who has medically refractory
extratemporal epilepsy includes high-resolution
anatomic imaging (conventional or volumetric MR
imaging) and EEG mapping. Assessment of tissue
metabolism using SPECT [86] also is standard prac-
tice with the assumption that the epileptogenic
focus is abnormal tissue that has a decreased meta-
bolic rate and, likewise, blood flow between
seizures. Coregistration of these data are accom-
plished primarily by visual inspection. ASL perfu-
sion MR imaging has been used successfully to
identify abnormal hippocampal tissue in adults
who have temporal lobe epilepsy [87]. It is non-
invasive and allows for immediate correlation and
coregistration of CBF with volumetric conventional
MR imaging in one sitting.

Childhood neoplasm

Childhood neoplasm is another area in which the
understanding of cerebral hemodynamics may con-
tribute to the diagnosis and prognosis of disease.
Using DSC MR imaging, it was shown in adult
[88,89] and pediatric [90,91] brain tumors that
measures of higher blood flow and blood vol-
ume are associated with advanced tumor grade.
Recently, similar results were demonstrated using
PASL and CASL methods [92–94]; however, these
observations have not been replicated in childhood
brain tumors. The article by Young-Poussaint else-
where in this issue provides further information on
advanced imaging of pediatric cerebral neoplasms.
The use of DSC and ASL may have complemen-

tary roles in perfusion imaging of brain tumor. The
microvasculature in brain tumor may be character-
ized by angiogenesis changes in capillary perme-
ability, and volume. Because ASL methods use
arterial blood water as a freely diffusible tracer
(actually there is limited exchange rate of water
across the brain–blood barrier), perfusion measure-
ment of tumor using ASL is much less sensitive
to changes in permeability and capillary blood vol-
ume than are DSC methods. Conversely, although
DSC MR imaging is difficult to use for the absolute
quantification of tumor blood flow, it can be used
to image permeability changes in brain tumor
because of its sensitivity to impaired function of
the brain–blood barrier. The authors’ experience in
adult brain tumor imaging supports the above
point [94]. Nevertheless, because of their capability
for absolute quantification and completely non-
invasive measurement, ASL methods provide an
important option for hemodynamic neuroimaging
of brain tumors, especially in children.
The effect of sedation is another important factor

in pediatric perfusion imaging using ASL. The ef-
fects of sedatives on childhood brain metabolism,
including CBF, CBV, and oxygen consumption, are
complicated and not well understood. A general
trend of suppressed cerebral metabolism has been
reported during anesthesia in humans and animals
[95,96]. For relative CBF/CBV measures using DSC
MR imaging, the sedation effect is small because
of its focus on regional change in hemodynamics.
For ASL perfusion measurements, however, the
sedation effect has to be taken into account, espe-
cially for multiple scans in longitudinal studies. The
type and dosage of sedatives for each scan need to
be recorded and considered for final analysis. ASL
methods also may offer a practical way to study the
cerebral effects of different procedures of seda-
tion and anesthesia.

Functional MR imaging

The hemodynamic response, based on the blood
oxygenation level–dependent (BOLD) contrast, may
be dramatically different in children compared
with adults, and it affects the interpretation of
results of cognitive neuroimaging studies on chil-
dren of different ages [97]. ASL perfusion MR imag-
ing may provide a noninvasive means to elucidate
the biophysical mechanism that underlies altered
hemodynamic response in children. For example,
it was reported that sedated children responded to
visual stimulation with a decrease in perfusion
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and BOLD signals [98]. Although these observa-
tions are not understood fully, the combination
of absolute physiologic information that is ob-
tained with ASL and relative hemodynamic changes
probed with BOLD holds great potential in devel-
opmental neuroscience.
Summary

During the past decade, technical developments of
ASL perfusion MR imaging have brought this tech-
nique from feasibility studies to the frontier of
clinical usage. Pediatric perfusion imaging, given
its unique advantages of increased blood flow
and water content of the childhood brain, may
offer the most promising clinical field where ASL
perfusion MR imaging will eventually become a
practical tool influencing patient care and manage-
ment. With feasibility already demonstrated and
valuable clinical information obtained in several
pediatric neurologic disorders, more exploratory
and validation studies need to be performed in
other childhood diseases using more advanced
techniques. Because we know so little about hemo-
dynamic variations in various brain disorders in
children, ASL perfusion MR imaging is bound to
provide ground-breaking information in many
fields of pediatric neuroimaging.
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