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Perfusion refers to the delivery of oxygen
and nutrients to tissues by means of
blood flow and is one of the most funda-
mental physiological parameters. Disor-
ders of perfusion also account for most of
the leading causes of medical disability
and mortality. While measurements of
perfusion are of direct diagnostic value in
vascular disorders, perfusion measure-
ments also serve as biomarkers for a
broader range of physiological and patho-
physiological functions. A close coupling
between cerebral blood flow and metab-
olism allows regional brain function to

be assessed through measurements of
cerebral perfusion and increased vascu-
larity of neoplasms allows tumor perfu-
sion to be used as a measure of tumor
grade and to monitor the response to tu-
mor therapy.

Classical tissue perfusion is measured us-
ing a diffusible tracer that can exchange
between the vascular compartment and
tissue. This yields a perfusion measure-
ment in units of milliliters of blood flow
per gram of tissue per unit time (ml/g/
min). However, owing to the relative ease
of inferring hemodynamic function from
the passage of an intravascular tracer, the
term “perfusion imaging” has also been
applied to measurements of perfusion-
related parameters such as mean transit
time and blood volume that can be relat-
ed to perfusion through the Central Vol-
ume Principle. In the field of MRI, most
people associate the concept of perfusion
imaging with dynamic susceptibility con-
trast imaging using a relaxation contrast
agent. However, there are also several
methods for the measurement of classical

tissue perfusion using MRI. Diffusible
tracers that can be monitored with MRI
include fluorinated halocarbons [1], deu-
terated water (2H20) [2, 3], 7O-water
[4], and potentially *C labeled hydrocar-
bons.

Magnetically labeled endogenous blood
water can also be used as a tracer for per-

o decay

50 infusion
or inhalation

fusion MRI. To accomplish this, the longi-
tudinal magnetization of arterial blood
water must be manipulated so that it dif-
fers from the tissue magnetization. It is
quite analogous to the use of 150-water
for PET perfusion imaging except that
the magnetic tracer decays with T1 in-
stead of a radioactive decay and the ASL

T1 relaxation

PAN!

arterial
spin labeling

Kl Concept of Arterial Spin Labeling (ASL), comparing 150-PET (Fig. 1A)) and ASL
(Fig. 1B) approaches. In ASL, endogenous arterial blood water is magnetically labeled
instead of exogenously administered tracer, and the magnetic label decays with T1

instead of radioactive decay ().
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Schematic diagram illustrating arterial spin labeling strategies. Continuous ASL (CASL, left) labels arterial spins as they flow through a
labeling plane. Pulsed ASL (PASL, middle and right) labels arterial spins using a spatially selective labeling pulse. Applications to single-slice
imaging are illustrated for simplicity. Somewhat more complex schemes are used for multislice imaging.

approach is completely noninvasive. Be-
cause T1 relaxation is approximately 100
times faster than the radioactive decay
rate of 150, only a small amount of la-
beled water accumulates, though the
temporal resolution is also correspond-
ingly higher. The subtle difference be-
tween images acquired with and without
arterial spin labeling (ASL) can be mod-
eled to derive a calculated blood flow im-
age showing perfusion in ml/g/min at
each voxel. Key parameters required for
ASL quantification include knowledge

or assumptions about the T1 values in
blood and tissue, the labeling efficiency,
and the arterial transit time [5, 6]. ASL
can be combined with any imaging se-
quence and theoretically provides a flow
image that is completely independent of
scanning parameters; As such, it repre-
sents one of the few MRI contrast mecha-
nisms for which the physiological basis is
really well understood. In practice, most
ASL measurements are made with some
compromises trading off sensitivity and

convenience for a less pure measurement
of tissue blood flow.

Arterial spin labeling can be accomplished
using a variety of approaches and in nearly
any organ. Most ASL has been carried out
in the brain because the arterial supply is
extremely well defined and perfusion to
brain tissue is high. However, ASL studies
have also successfully been carried out in
kidney, lung, retina, heart, and skeletal
muscle. The most common ASL approach-
es use either pulsed labeling (PASL) with
an instantaneous spatially selective satura-
tion or inversion pulse [7], or continuous
labeling (CASL), most typically by flow
driven adiabatic fast passage [8]. In some
PASL methods, a spatially selective inver-
sion pulse is administered to the tissue
rather than to arterial blood [9]. More re-
cently there have also been efforts label
based on velocity rather than spatial selec-
tivity for tissue arterial supply [10]. The
first publication on ASL perfusion MRI ac-
tually used pseudocontinuous saturation
to dephase arterial blood water in the neck

of arat [11]. Prior to that time, the idea

of labeling arterial blood water had been
considered primarily as a means for visual-
izing intraluminal flow in arteries and veins
[12, 13]. Continuous labeling schemes
allow brain magnetization to reach a
steady-state that maximizes the signal dif-
ference between labeled and unlabeled
conditions [14], though this occurs at the
expense of both increased SAR deposition
and magnetization transfer effects that
complicate both the accurate measure-
ment of the control (unlabeled) condition,
and the extension to multislice imaging.
Some groups have addressed this using a
separate labeling coil [15], while others
have pursued single coil approaches [16].
The myriad technical details of ASL imple-
mentation are beyond the scope of this
article, but key advances have focused on
improved labeling, improved measure-
ments of the subtle effects of ASL on
tissue signal, and improved modeling of
measured signal changes in terms of
tissue blood flow. For CBF, current tech-
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The original demonstration of ASL using pseudocontinuous

ASL in the rat brain [11]. (Fig. 3A)

Multislice PASL of human brain acquired from a normal

volunteer at 3T [18]. (Fig. 3B)

nology provides a reasonably good
whole-brain image in just a few minutes
of scanning. ASL methods particularly
benefit from high magnetic field trengths
because not only is the sensitivity higher,
but T1 also lengthens, allowing more
label to accumulate [17, 18]. ASL methods
also benefit from the increased sensitivity
provided by multicoil receivers and are
minimally degraded by parallel imaging
[19]. The use of a body transmitter bene-
fits PASL by allowing a larger region for
arterial inversion but necessitates a more
elaborate approach for CASL, termed
pseudo-continuous labeling [20].

In clinical neuroscience, while the appli-
cation of ASL perfusion MRI to the diag-
nosis and management of acute stroke is
both obvious and feasible, the clinical
utility of ASL is likely much broader since
only a minority of acute stroke patients
undergo MRI. ASL perfusion MRI could
greatly enhance the evaluation of both
TIA (Transient Ischemic Attack) and
chronic cerebrovascular disease by quan-
tifying regional CBF in specific vascular
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B Representative clinical applications of ASL showing

hypoperfusion in an acute stroke (Fig. 4A) and

hyperperfusion in a glioblastoma (Fig. 4B). For more

details on clinical applications of ASL see [31].

territories where interventions may be
planned, or by allowing the effects of
pharmacological therapies on CBF to be
evaluated. Several approaches now also
exist for selective arterial labeling, allow-
ing the perfusion distribution of specific
arteries to be assessed independently [21,
22]. A challenge in the application of ASL
to cerebrovascular disorders is that sensi-
tivity decreases in regions with very low
CBF and the presence of prolonged arterial
transit times that can create regions of ap-
parent hyperperfusion when labeled spins
remain in large vessels due to prolonged
arterial transit times. This artifact is usual-
ly easy to recognize and can be verified by
the addition of spoiler gradients that de-
phase coherently flowing spins. Arterial
transit times can even be quantified by
comparing ASL images with and without
spoiler gradients [23], providing access

to a novel physiological parameter that
likely reflects the recruitment collateral
flow sources. Another significant applica-
tion of ASL is in degenerative diseases,
where specific patterns of hypoperfusion
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may be used to aid in differential diagno-
sis of disorders such as Alzheimer’s dis-
ease [24] and frontotemporal dementia
[25]. Finally, as noted above, perfusion of
brain tumors typically correlates with their
grade and potentially their response to
therapies [26]. Undoubtedly, the clinical
availability of noninvasive and quantita-
tive CBF imaging will lead to numerous
additional applications as further experi-
ence with this modality develops.

In basic neuroscience, ASL perfusion MRI
can be used to localize task activation in
a manner similar to BOLD fMRI (Blood
Oxygen Level Dependent functional MR
Imaging). Indeed, ASL based contrast
derived from inversion recovery imaging
of task activation was included in one

of the earliest reports of fMRI in human
brain [28]. Although relative CBF can be
inferred from ASL images acquired with-
out control labeling, acquisition of both
labeled and control pairs are required for
quantification of CBF. While this reduces
the temporal resolution of ASL perfusion
fMRI as compared to BOLD fMRI, it also



dramatically changes the noise properties

of the data, providing sensitivity over
much longer timescales [29]. ASL perfu-
sion fMRI can also be used as a measure
of brain function at rest, independent

of any sensorimotor or cognitive task, and
reveals regional changes in brain function
associated with development [30], behav-

ioral states [31], or genetic traits [32].

Because ASL measures a purely biological

parameter, it should also be particularly
valuable for multisite studies examining
brain function on a variety of scanner
platforms or longitudinally.

A limitation in the widespread use and
dissemination of ASL perfusion MRI has
been the absence of product sequences

provided by vendors. The recent develop-

ment of an ASL product by Siemens
should help alleviate this limitation, at
least for Siemens users. Other vendors
will hopefully follow suit. The Siemens
ASL product provides a robust PASL
sequence with echoplanar readout and
online calculation of CBF maps from
the acquired data. Many of us involved
in the early development and validation
of ASL perfusion MRI are eager to see it
translated to routine clinical use.

Dr. Detre is an inventor of ASL technology
and has received royalties from the University
of Pennsylvania for its licensure.
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