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Perfusion is a fundamental biological function that refers to the delivery of oxygen and nutrients to tissue by means of
blood flow. Perfusion MRI is sensitive to microvasculature and has been applied in a wide variety of clinical applications,
including the classification of tumors, identification of stroke regions, and characterization of other diseases. Perfusion MRI
techniques are classified with or without using an exogenous contrast agent. Bolus methods, with injections of a contrast
agent, provide better sensitivity with higher spatial resolution, and are therefore more widely used in clinical applications.
However, arterial spin-labeling methods provide a unique opportunity to measure cerebral blood flow without requiring an
exogenous contrast agent and have better accuracy for quantification. Importantly, MRI-based perfusion measurements are
minimally invasive overall, and do not use any radiation and radioisotopes. In this review, we describe the principles and
techniques of perfusion MRI. This review summarizes comprehensive updated knowledge on the physical principles and

techniques of perfusion MRI.

Index terms: Perfusion; Perfusion MRI; Dynamic susceptibility contrast; Dynamic contrast-enhanced; Arterial spin-labeling

INTRODUCTION

Magnetic resonance techniques have been powerful in
visualizing tissue perfusion in the brain and other parts
of body. Perfusion normally refers to the delivery of blood
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at the level of the capillaries, and measures in units of
milliliters per 100 gram per minute. Perfusion is closely
related to the delivery of oxygen and other nutrients to
the tissue. Perfusion is, therefore, an essential parameter;
and for this reason, much effort has been put into its
measurement. It is important to distinguish between
perfusion and bulk blood flow, which occurs along major
arteries and veins.

Two main perfusion MRI approaches have been developed:
those with and without the use of an exogenous contrast
agent. The first group of techniques includes dynamic
susceptibility contrast (DSC)-MRI and dynamic contrast-
enhanced (DCE)-MRI; while the second group relates to
arterial spin-labeling (ASL). DSC-MRI is used only in the
brain for the clinical evaluation of perfusion in cerebral
ischemia and brain tumors. This technique involves the
rapid intravenous injection of a magnetic resonance
contrast agent and the serial measurement of signal loss
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during the passage of the bolus through the tissue, using
T2 or T2*-weighted images. DCE-MRI is another perfusion
MRI method that relies on the injection of a contrast
agent, but where T1-weighted magnetic resonance images
are acquired dynamically before, during, and after bolus
injection of a contrast agent. The data can be interpreted
in terms of physiological tissue characteristics by applying
the physical principles of tracer-kinetic modeling. This
method has become standard in many applications. In
contrast, ASL is a perfusion MRI method for quantitatively
measuring cerebral perfusion, which is also referred to as
cerebral blood flow (CBF), by taking advantage of using the
magnetically labeled blood itself as an endogenous tracer.
ASL has been extensively performed in the research arena,
and sporadically applied in diseases.

Contrast-based perfusion imaging methods require a
high temporal resolution to capture the pass of the bolus,
particularly when most of the contrast agent remains
intravascular. These perfusion-imaging methods allow the
estimation of several important hemodynamic parameters,
which include blood flow, blood volume, and the mean
transit time (MTT). So far, the major applications have been
in the assessment and management of patients with acute
stroke and tumors. Changes in hemodynamic parameters
can precede abnormalities on conventional MRI, and
knowledge of whether a lesion is associated with increased
or decreased blood flow or blood volume can frequently
help narrow the differential diagnosis and aid patient
management. Additionally, measurement of contrast agent
permeability, such as a transport constant related to the
permeability-surface area (K™™) and the fractional volume
of the extravascular extracellular space (EES, ve), may be
useful to evaluate diverse diseases. Given their relationship
with the underlying biology, they have been proposed as

Table 1. Three Types of Perfusion MRI Techniques
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sensitive biomarkers to assess medical or surgical therapies.
The objective of this review is to describe the basic
physical principles behind these techniques. The review
discusses the following sections: 1) perfusion MRI methods
and sources of perfusion signals, 2) physical principles of
perfusion MRI, 3) perfusion MRI protocols, 4) perfusion MRI
parameters, 5) perfusion signal dynamics, 6) quantifications
of perfusion MRI signals, 7) sources of error, 8) current
development issues, 9) outlines of clinical applications,
and 10) summary of perfusion MRL. This review summarizes
comprehensive updated knowledge of the physical principles
and techniques of perfusion MRI.

Perfusion MRI Methods and Sources of
Perfusion Signals

Table 1 lists the three major types of perfusion MRI
techniques, which are the DSC-MRI, DCE-MRI, and ASL
methods.

Dynamic Susceptibility Contrast (DSC)-MRI

Dynamic susceptibility contrast-MRI is one of the
exogenous contrast-based methods, and relies on the
intravenous injection of a paramagnetic contrast agent,
such as those involving gadolinium (Gd) chelates, to
generate a well-defined bolus. Most of the Gd chelates, e.g.,
Gd-diethylenetriaminepentacetate, are non-diffusible blood
pool tracers. This technique utilizes very rapid imaging
to capture the first pass of the contrast agent, and it is
therefore also known as bolus tracking MRI. After the bolus
of the contrast agent is injected, hemodynamic signals
of DSC-MRI depend on the T, or T,* relaxation time, and
transiently decrease because of the increasing susceptibility
effect (1).

DSC

DCE ASL

Full term

Bolus handling
Acquisition point
Exogenous or endogenous
Contrast media

Dynamic susceptibility contrast

Bolus tracking

First pass of contrast agent

Exogenous method

Intravenous bolus injection of
Gd-based contrast agent

Tracer Non-diffusible blood pool tracer

Relaxation mechanism

Effect

Signal behaviors

T,/T,* relaxation
Increased susceptibility effect
Decreased signal

Dynamic contrast enhanced

Bolus passage

Accumulation of contrast agent

Exogenous method

Intravenous bolus injection of
Gd-based contrast agent

Flow or permeability-limited
diffusible tracer

T, relaxation

T, shortening effect

Increased signal

Arterial spin labeling

Bolus tagging

Accumulation of tagged blood
Endogenous method

Without contrast agent

Diffusible tracer
Magnetic labeled blood T, relaxation

Blood magnetization inversion
Subtracted signal
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Dynamic Contrast-Enhanced (DCE)-MRI

Dynamic contrast-enhanced-MRI is the other exogenous
contrast-based method. After the bolus of the contrast
agent is injected, hemodynamic signals of DCE-MRI depend
on the T; relaxation time, and increase because of the
T: shortening effect associated with the paramagnetic
contrast agent (2). DCE-MRI uses rapid and repeated T1-
weighted images to measure the signal changes induced by
the paramagnetic tracer in the tissue as a function of time.
In this method, the contrast agent is also intravenously
injected to generate bolus. T1-weighting is not affected
by extravasation. Extracellular contrast media diffuse from
the blood into the EES of tissue at a rate determined by
tissue perfusion and permeability of the capillaries and
their surface area. Shortening of the T, relaxation rate
caused by the contrast medium is the mechanism of tissue
enhancement (so-called T, or relaxivity-based methods).

Arterial Spin Labeling (ASL)

Arterial spin labeling gives absolute values of perfusion
of tissue by blood. This technique utilizes arterial water as
an endogenous diffusible tracer, which is usually achieved
by magnetically labeling the incoming blood (3). Therefore,
ASL is completely noninvasive, using no injected contrast
agent or ionizing radiation and is repeatable for studying

Jahng et al.

normal or abnormal physiology and its variation with time.
ASL requires the subtraction of two images, one in which
the incoming blood has been labeled and the other in
which no labeling has occurred. The signal difference, which
is the ASL signal and which removes the static tissue signal,
is approximately < 1%, which makes the signal-to-noise
ratio (SNR) of this method relatively low. The ASL difference
signal depends on the blood T, relaxation time and the
labeling decays after a long delay time.

Physical Principles of Perfusion MRI

Table 2 lists sources of signals of the three types of
perfusion MRI techniques. The T; and T, relaxation rates (i.e.,
R: and R;) of bulk water protons increase in the presence
of paramagnetic ions and chelates, such as the gadolinium-
based MRI contrast agents. This increase results from the
interaction of the water protons with the unpaired electrons
of the paramagnetic ion or chelate and is proportional to
the concentration of the contrast agent.

DSC-MRI

This technique is based on the susceptibility changes
after injecting the contrast agent. The contrast agent is a
paramagnetic material, which distorts the magnetic field,

Table 2. Sources of Signals of Three Types of Perfusion MRI Techniques

DSC

DCE ASL

Signal
contribution

Changes in T/T.* relaxation

Changes in T; relaxation

Magnetic blood labeling

Mechanism Contrast agent: Contrast agent: Tagged blood by inversion
- Paramagnetic material -Caused by “dipole-dipole” -Flows into capillary sites
- Distorts magnetic field interactions -Exchanges into brain tissues
- More susceptibility effect -Interaction of protons in water from capillary vessel
-Reduces T,/T.* around vessel molecules -Flows out in venous vein
-T: reduction
- Produce signal enhancement
Intravascular  Intravascular T,/T,* relaxation rates Intravascular T; relaxation rate Ri: Intravascular T; blood relaxation:
effect (Ro/R2*) Ri=Rp+r-C -Decay with T, of blood after
Ro* = Rao* + 12* - Gy tagging
AR>* = Ro*, post - Re*, pre Ry = R + f/A
Extravascular  Extravascular To/T.* relaxation: Extravascular T, relaxation: Extravascular Tiap, relaxation:
effect -Minor contribution of T, changes by -Water exchange by diffusion - Free water exchange

slow water exchange

-Tissue T,/T.* changes by dephasing
of extravascular spins
-Decrease of T,/T,* of protons

in extravascular compartment

induces T, change

-Tracer extravasation

- T is shortened by short-range
interactions between contrast
agent particles and proton spins

-Mixed with tissue water exchange
-Produce apparent T, relaxation

Note.— ASL = arterial spin-labeling, DCE = dynamic contrast-enhanced, DSC = dynamic susceptibility contrast
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and reduces T, around the vessel because of an increased
susceptibility effect. The contrast agent increases the R,
relaxation rate in a tissue by the relationship of (4):

Rz* = Rzo* + rg*'Cb (1)

where, R,* = 1/T,*, Ryp* is the intrinsic gradient-echo
transverse relaxation rate on the brain tissue without

the contrast agent, r,* is the transverse relaxivity of the
contrast agent, which depends on the blood volume and
vascular morphology, and C, is the intravascular blood
concentration of the contrast agent. This relationship can
also apply in a spin-echo sequence as R, = Ry + 12Ch.

Two compartments must be considered: the intravascular
and extravascular compartments. When the tracer remains
intravascular, the compartmentalization of the contrast
agent creates strong, microscopic susceptibility gradients,
which extend beyond the vessel size. The contrast agent
modifies the blood T,/T,* relaxation rates (R;/R.*). The
change of T,/T.* relaxation rate (AR,*) is the subtraction
of R.* between post- and pre-contrast injection. The T,/T,*
relaxation times in tissue are changed by dephasing of the
extravascular spins created by the susceptibility gradients,
and are thus decreased in the extravascular compartment.
An approximate linear relationship exists between tissue
contrast agent concentration and change in the T,
relaxation rate, as AR* = r.*C, (5).

DCE-MRI

The relation between the DCE-MRI signal and T, relaxation
time is dependent on the details of the MR sequence used.
The contrast agent increases the R; relaxation rate in a
tissue by the relationship of

R1= R10+r1-C (2)

where, R; = 1/Ty, Ry is the intrinsic longitudinal relaxation
rate of the tissue in the absence of contrast agent, r; is the
longitudinal relaxivity of the contrast agent, and C is the
concentration of the contrast agent in either blood or EES.
The relaxivity is dependent upon the field strength, the
chemical nature of the contrast agent and the tissue (6).
The contrast concentration in tissue can be calculated if the
values of ry, T1, and T, for the tissue are known. However,
if assuming the relaxivity is independent of the tissue type
(7), the outcome of the kinetic analysis of DCE-MRI data

is independent of the value chosen for r;. Recent evidence
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suggests that with appropriate sequence optimization,

the effect of water exchange in DCE-MRI is negligible (8).
Contrast agents that are rapidly extracted into the tissue are
mainly monitored by T1-weighted imaging, as the resulting
change is a positive increase in signal intensity, which can
be clearly visualized.

ASL

This technique is based on the subtraction of an image
obtained with magnetic blood labeling (known as the ‘label’
image) from an image obtained without labeling (known
as the “control or reference” image). Typically, for one
image the water protons in the blood are tagged, such as
by inverting their magnetization at the level of the large
feeding arteries. Tagged blood flows into the imaging slab,
following a transit delay to allow these tagged spins to
enter the imaging plane and exchange with tissue. Thus,
tagged blood flows into capillary sites with T, of blood
(Tw) and exchanges into tissues from capillary vessel
of T, of tissue (T+). Some of the tagged blood can also
flow out through the venous system. The resulting ‘label’
image reflects how, after a delay, these protons reach the
capillaries in the slice of interest and diffuse in the tissue
water space. The second image (the ‘control’ image) is
obtained without labeling the incoming blood. In ideal
conditions, the difference signal is proportional to the
amount of blood delivered to the slice during the delay
period, and therefore should reflect perfusion, since all
other static effects should cancel out. In the blood vessel,
the T; relaxation time of blood decays with the T; of blood
after tagging. In the tissue, the T, of blood is exchanged
almost freely and is mixed with the T; of tissue water. The
mixed T, relaxation produces the apparent R; relaxation rate
of the following equation,

Rlapp - thissue +f/>\' (3)

where f is the flow and A is the brain-blood partition
coefficient (3).

There are three broad types of labeling methods (9):
pulsed ASL (PASL), continuous ASL (CASL), and velocity-
selective ASL (VSASL). In CASL, the magnetization of the
arterial blood flowing through a major artery is continuously
labeled (usually by inversion) using radiofrequency pulses;
it is based on a steady state approach (3, 10). One of the
CASL labeling methods is double adiabatic inversion (11) for
multi-slice acquisition. A continuous radiofrequency field
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is applied for a few seconds along with a field gradient. In
contrast, PASL involves a relatively short radiofrequency
pulse, which results in the labeling (usually inversion)

of the blood in a large region adjacent to the imaging
volume. PASL labeling methods include: signal targeting
with alternating radio frequency (12), flow alternating
inversion recovery (13, 14), proximal inversion with control
for off-resonance effects (15), transfer insensitive labeling
technique (16), double inversion with proximal labeling of
both tagged and control images (17), and in-plane slice-
selective double inversion for both the control and the
labeling scans (18). Finally, VSASL is based on a different
approach and does not label the blood based on its spatial
location (as in CASL and PASL), but rather does so based on
its velocity (19), e.g., using binominal pulses to selectively
label blood flowing below a certain velocity. This labeling is
not spatially selective, avoiding transit time problems, and
can be made sensitive to different blood velocities.

Perfusion MRI Protocols

Table 3 lists imaging sequences for the three types of
perfusion MRI techniques.

DSC-MRI
This technique is usually based on a T2- or T2*-weighted
imaging sequence, with two-dimensional (2D) or three-

Jahng et al.

dimensional (3D) dynamic acquisition. Microscopic
gradients cause dephasing of spins as they diffuse among
these gradients, which results in signal losses in T2-

and T2*-weighted images (20). When a gradient-echo

(GE) acquisition is used, static field inhomogeneities are
experienced in large vessels, resulting in signal losses,

due to the presence of microscopic field perturbation

in the vessels. In addition, dephasing in small vessels
causes signal losses due to diffusion. An advantage of

GE acquisitions is their increased contrast-to-noise ratio
(CNR); however, a major disadvantage is their large vessel
contamination. When spin-echo (SE) acquisition is used,
the signal loss is greatly reduced because the dephasing

is partially refocused. As with GE acquisitions, dephasing
in small vessels causes signal losses due to diffusion.
Therefore, SE measurements are mainly sensitive to vessel
sizes comparable to the water diffusion length during

the time of echo, which corresponds to capillary size
vessels; whereas GE measurements are equally sensitive to
all vessel sizes (4). Therefore, the SE signal theoretically
yields preferential sensitivity in detecting changes in small
vessels: SE-based perfusion-weighted imaging (PWI) shows
a reduced appearance of large vessels and may therefore be
more representative of capillary perfusion, while GE-based
techniques exhibit higher CNR (21). Typically, a double dose
of standard Gd chelate (0.2 mmol/kg) is injected for SE-
echo planar imaging (EPI), while a single dose (0.1 mmol/

Table 3. Imaging Sequences for Three Types of Perfusion MRI Techniques

DSC

DCE ASL

Imaging types T2 or T2*-weighted imaging

Acquisition 2D or 3D dynamic acquisition

Signal contributions  Large vessel:
- GE: signal loss due to static
inhomogenity
- SE: minimizing large vessel
contamination since no
dephasing
Small vessel:
- GE and SE: dephasing and signal
loss due to diffusion

T1-weighted imaging

2D or 3D dynamic acquisition

Large vessels:
T: shortening and refocusing
dephasing and therefore large
vessel contamination in both GE
and SE

Small vessel:
T: shortening and contribution of
diffusion effect

The tissue concentration is sum

A sequence with short TE and
long TR

2D or 3D single time-point or
Look-Locker acquisition

Large vessel:

- GE and SE: macrovascular
contribution is present when
no crushers or short delay
times after label are used

Small vessel:

- GE and SE: main signal,

independent on using crushers

of contribution of each subspace

Sequences Common: 2D single-shot GE EPI

sequence

Common: 3D GE (FSPGR, FLASH,
THRIVE)

Common: single-shot GE EPI

Note.— ASL = arterial spin-labeling, DCE = dynamic contrast-enhanced, DSC = dynamic susceptibility contrast, EPI = echo planar
imaging, FLASH = fast low angle shot, FSPGR = fast spoiled gradient echo, GE = gradient-echo, SE = spin-echo, TE = echo time, THRIVE =
T1-weighted high resolution isotropic volume examination, TR = repetition time, 2D = two-dimensional, 3D = three-dimensional
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kg) is generally injected in GE-EPI. This requires larger
gauge intravenous catheters and higher injection rates (>
3 mL/s), coupled with repeated rapid cine imaging of a
volume of interest, while the contrast passes through the
capillary network. This acquisition requires rapid imaging
sequences, such as Cartesian or spiral EPI.

DCE-MRI

This is usually scanned with a T1-weighted imaging
sequence with 2D or 3D dynamic acquisition. GE
measurements are sensitive to all vessel sizes, but
SE measurements are more sensitive to small vessels.
Commonly, 3D GE acquisition methods, such as fast spoiled
gradient echo, fast low angle shot (FLASH), or T1-weighted
high resolution isotropic volume examination, are used to
obtain volume. For quantitative DCE-MRI, a pre-contrast
mapping of T, is often performed. In the 3D strategy this
is usually achieved by varying the flip angle (22), which
runs immediately before the DCE-MRI sequence. Values of
baseline T, for each voxel are used to calculate the post-
injection Ti. In the clinical application, a constant baseline
T: value is often used rather than mapping it because of
scan time limitation. Inflow effects in the larger vessels
should be minimized if arterial input function (AIF) needs
to be measured. This can be done with a non-selective
inversion- or saturation prepulse in a 2D acquisition.

ASL
Since the contrast for this technique is related to the

preparation module (i.e., the blood labeling), ASL does not
rely on the T,/T,*/T: contrast of the acquisition module. It
is usually scanned with a sequence with short echo time
(TE) to maximize SNR and with long repetition time (TR)
to allow the labeled blood to reach an imaging plane. A
single time-point or dynamic acquisition using the Look-
Locker method is used with 2D or 3D excitation (23-25).
Commonly, a single-shot GE EPI sequence is used to obtain

Korean Journal of Radiology

several slices. Furthermore, 3D-based imaging acquisition is
being developed to improve the SNR (26-28).

Macrovascular signal contributions are usually dependent
on two factors: a crusher gradient and a post-delay time.
With a short post-delay time, the labeled blood still
remains in large vessels at the time of imaging. Bipolar
gradients with a very small b-value have been used to crash
signals from the large vessels. Therefore, ASL signals are
contributed by large vessels if crusher gradients are not
used or if a short post-delay time is used after labeling;
this applies for both GE and SE sequences. In contrast, this
contribution can be minimized by using the crusher gradient
and the long post-delay time. In this case, ASL signals are
mainly contributed by small vessels. Recent developments
in ASL pulse sequences were reviewed in detail in reference
(29).

Perfusion MRI Parameters

Table 4 lists common imaging parameters for the three
types of perfusion MRI techniques.

DSC-MRI

In DSC-MRI, a bolus of a Gd-based contrast agent
administered as a short venous injection of a few seconds
duration will have a width of approximately 10-15 seconds
by the time it reaches the brain, creating a signal dip of
about ten to twenty seconds or longer. To faithfully record
the tracer concentration during this passage, images must
be acquired at a rate much faster than the time it takes the
bolus to pass through the tissue (i.e., MTT), which is usually
of the order of several seconds. Adequate coverage of the
whole brain with T2*-weighted images at a time resolution
of TR < 2 seconds needs rapid imaging sequences, like EPI.
TE is chosen long enough to produce sufficient CNR due to
susceptibility effects, but not long enough to diphase all
signals during the maximum contrast agent concentration. A

Table 4. Common Imaging Parameters for Three Types of Perfusion MRI Techniques

Imaging Parameters DSC

DCE ASL

Intermediate TR< 2 s
Intermediate TE = 30-40 ms for GE
FA Intermediate FA = 60-90°

One TR

Relatively short (< 2 min)

TR and TE

Volume scan time
Total scan duration

Shortest TR < 0.5 s

Shortest TE < 10 ms

Small FA = 20°

One TR*phase-encoding steps*slices
Long (= 5 to 6 min)

Long TR=3-4s
Shortest TE = 15 ms
Large FA = 90°
2*TR (for tagged and control scans)
Long with multiple averaging
(= 4 min)

Note.— ASL = arterial spin-labeling, DCE = dynamic contrast-enhanced, DSC = dynamic susceptibility contrast, FA = flip angle, GE =

gradient-echo, TE = echo time, TR = repetition time
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relatively large flip angle is used, although not long enough
to introduce unwanted T; contamination (30). The volume
scan time is depended on TR. The scan duration is relatively
short.

DCE-MRI

Dynamic contrast-enhanced MRI is scanned with very
short TR and TE to generate T1-weighted images. The flip
angle is also small due to short TR. The optimal setup
depends to some extent on the tissue under investigation,
and the clinical constraints in terms of coverage and spatial
resolution, but also on the objective of the measurement.
The temporal resolution of the imaging sequence is dictated
by the chosen analysis technique. Thus mapping kinetic
parameters from DCE-MRI traditionally requires compromise
in terms of spatial resolution, temporal resolution, and
volume coverage. With current MRI technique, the volume
scan time is usually between 5 and 10 seconds. For the
breast or other large field-of-view areas, this time is
increased up to 20 seconds. The volume scan time must be
as short as possible to track the contrast agent. In order to
provide adequate data for pharmacokinetic analysis data,
collection will typically continue for in excess of 5 minutes.
The length of the total acquisition time is particularly
important for accurate measurement of the fractional
volume of EES, ve.

Recently, a new dual temporal resolution-based, high
spatial resolution, pharmacokinetic parametric mapping
method has been described (31). In the protocol, a high
temporal resolution pre-bolus is followed by a high spatial
resolution main bolus to allow high spatial resolution
parametric mapping for tumors. The measured plasma
concentration curves from the dual-bolus data were used
to reconstruct the high temporal resolution AIF necessary
for accurate kinetic analysis. The high temporal resolution
(sampling interval = 1 second) pre-bolus data can also be
used for tissue perfusion mapping.

ASL

Arterial spin labeling is scanned with a relatively long TR
to allow for the labeled blood to travel and exchange with
the tissue and short TE to maximize SNR. The arrival time
of the labeled blood into the imaging slices is even longer
in CASL than in PASL. Since the long labeling duration
and the long arterial transit time are longer in CASL, TR
in CASL is usually longer than that in PASL. The exchange
time from the intravascular to extravascular space is about
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1 second for both CASL and PASL. Because of the long TR,
a large flip angle is also used. The ASL volume scan time
is dependent on 2 x TR because two images (the label

and control images) must be acquired for each volume.
The scan duration is also relatively long because of the
need for multiple repeated scans to increase SNR. It is

not uncommon to acquire at least 40 averages to improve
SNR. A group consensus recommendation for a protocol for
clinical applications was recently published in reference
(32).

Perfusion Signal Dynamics

DSC-MRI

The model used for perfusion quantification is based on
the physical principles of tracer kinetics for non-diffusable
tracers (33) and relies on the assumption that the contrast
material remains intravascular in the presence of an intact
brain-blood barrier (BBB). The DSC-MRI signal intensity
time course (in arbitrary units) for a voxel represents the
hemodynamics of the contrast agent (Fig. 1). Series images
are acquired before, during, and after injecting the contrast
agent. While passing through the microvasculature, a bolus
of the contrast agent produces decreases in the MR signal
intensity. The time course images can be divided into three
stages: the baseline, the first passage of the bolus, and
the recirculation period (34). During the baseline period,
images are acquired before the arrival of the bolus, and
the time course signals are therefore usually constant.
During the first passage of the contrast agent, the contrast

-100+

-200

=#-Unaffected

-3001
—s=Tumor

400

-500-

Fig. 1. Hemodynamics of contrast agent obtained with dynamic
susceptibility contrast MRI signal intensity time course (in
arbitrary units), for voxel. Series images are acquired before,
during, and after injecting contrast agent. While passing through
microvasculature, bolus of contrast agent produces decreases in
magnetic resonance signal intensity.
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agent arrives at the voxel and the DSC-MRI signal quickly
decreases until the peak signal change (corresponding

to the time of maximum contrast agent concentration).
After the minimum signal is reached, the signal intensity
(partially) returns to baseline values. Finally, during the
recirculation period (which often partially overlaps with the
first passage), the DSC-MRI signal decreases again (although
to a smaller degree and a slower rate), due to re-entering
the contrast agent. After this period, signals theoretically
recover up to the baseline. The signal intensity-versus-
time curves are converted into concentration-versus-time
curves, assuming a linear relationship between the change
in relaxation rate, and the concentration. A gamma-variate
function (35) is then sometimes fitted to the resulting
concentration time course, to eliminate the contribution of
tracer recirculation.

DCE-MRI

The time course of enhancement is related to the
changes, which depend on the physiological parameters
of the microvasculature in the lesion and on the volume
fractions of the various tissue compartments. Three major
factors determine the behavior of low-molecular-weight
contrast medium in tissues during the first few minutes
after injection: blood perfusion, transport of contrast agent
across vessel walls, and diffusion of contrast medium in
the interstitial space. Overall, for a bolus injection of the
contrast agent into the blood circulation, there is always
an initial increase in its concentration in the plasma
and possibly some leakage into the interstitium for the

1000+
800
600
= -naffected
400+ =s—Tumor
200+
0 R i AT i A k1 S e ke
T T T T T T
20041 11 21 31 41 51 61

Fig. 2. Hemodynamics of contrast agent obtained with
dynamic contrast-enhanced MRI signal intensity time course
(in arbitrary units), for voxel. Time course of enhancement is
depended on physiological parameters of microvasculature in lesion,
and on volume fractions of various tissue compartments. For bolus
injection of contrast agent into blood circulation, there is always
initial increase in its concentration in plasma.
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duration of the injection (Fig. 2). Afterwards, the plasma
concentration continuously decreases because of diffusion
into the body and clearance through the kidneys to the
urine; whereas the tissue concentration can increase for a
while and then decrease, depending on various physiological
variables. The dynamic acquisition pattern is similar to that
of DSC-MRI: images are acquired before, during, and after
injecting the contrast agent. Most benign and malignant
lesions show signal enhancement in the first few minutes
after bolus administration of a Gd-based contrast agent.
The normal tissue may also show enhancement.

ASL

In routine PASL and CASL approaches, the signal at a
single inversion time or post-labeling delay of around 1.5-
1.8 seconds is often used in clinical studies; this single-
time point approach can approximately calculate blood flow
(32) without having information about the arterial transit
time. To minimize the definition error of the bolus width of
labeled blood in a single-time point experiment on PASL,
two labeling times were introduced in a sequence known as
quantitative imaging of perfusion using a single subtraction
(QUIPSS II) (36). In this sequence, the first labeling time
(TI1) was defined by the interval between the labeling
pulse and a saturation pulse, which effectively defined the
labeled bolus width. The second labeling time (TI2) was
defined by the interval between the labeling pulse and
the excitation pulse of image acquisitions. This method
can be used with any labeling techniques and is involved
by the saturation of the inverted region a short time after
inversion. This saturation acts to chop off the tail of the
bolus, reducing the arrival time sensitivity. This method
can be used to minimize quantification errors of blood
flow with a long TI2 labeling time for PASL during data
acquisition (36, 37). A similar strategy was also proposed
for CASL to minimize the arterial transit time error in the
single measurement, which is based on a long post-labeling
delay (PLD) time of typically 0.9-1.5 seconds between the
tagging and the readout (38, 39); this PLD must be longer
than the longest transit time. For the single-time point ASL,
a single compartment model is used for flow quantification
with the concept of free diffusible water and, despite their
simplifying assumptions, they are recommended for most
clinical studies (32).

Alternatively, ASL signals can be acquired with increasing
labeling times or delay times. Figure 3 shows the subtracted
hemodynamic signal between control and labeled images on
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Fig. 3. Subtracted hemodynamic signal between control and
labeled images on arterial spin labeling (ASL) experiment.
Curve shows three phases, which are baseline period, arterial transit
and exchange period of labeled protons, and decayed period of labeled
protons. PS = permeability surface area product

an ASL experiment. The curve shows three phases. The first
phase is the baseline period. The ASL signal in this phase
is zero since the labeled protons have yet to reach the
tissue voxel in the slice. The second phase is the arterial
transit and the exchanging period of the labeled protons.
The ASL signal in this phase increases as the labeled
protons enter the voxel and exchange from intravascular to
extravasular tissues. The signal peaks at around 1 second
delay time. Protons in blood diffuse from intravascular
space to extracellular space with a certain exchanging time.
At higher flow rates, the exchange appears restricted (40),
as though the water channels have been saturated. The
third phase is the decayed period of the labeled protons.
The ASL signal decreases as labeled protons leave the tissue
voxel and decay due to the longitudinal T; relaxation time.
This whole dynamic scan acquired with multi-time point
data has the benefit of also providing measures of arterial
transit time (ATT) of the tagged blood in the voxel and the
exchanging rate (Te) in addition to the blood volume and
flow (41).

Quantifications of Perfusion MRI Signals

Table 5 lists quantifications of the three types of
perfusion MRI signals.

DSC-MRI

In DSC-MRI data, original model assumptions are intact
BBB, stable flow during the measurement, and negligible

562

Jahng et al.

T: changes after injecting the contrast media. Additional
assumptions are no recirculation of the tracer, which can

be removed by fitting to a gamma-variate function, and no
dispersion or delay of the bolus for estimating the AIF. The
physical principles of the indicator dilution theory are based
on the central volume principle which is that cerebral blood
flow equals cerebral blood volume divided by mean transit
time (42). The convolution theory was used to evaluate the
concentration of the hemodynamic changes of the contrast
agent (34):

C(t) = CBF-AIF(t) ® R(t) (4)

Furthermore, a leakage correction technique was used to
consider the effect of leakage of the contrast agent from
the vessel to tissue, such as the method to correct for
leakage in cerebral blood volume (CBV) quantification (43).

Quantitative parameters, often referred to as ‘summary
parameters’ (44), can be obtained without considering a
physiological basis, or using deconvolution and an AIF.
Those parameters are time-to-peak (TTP), TO (bolus arrival
time), full width at half maximum, the first moment of
the peak (FM or C), and maximum peak concentration.
Alternatively, quantitative hemodynamic indices with
physiological basis can be derived by measuring an AIF
a deconvolution analysis, such as CBF, CBV, MTT, and the
permeability.

In particular, CBV can be determined from the ratio of
the areas under the tissue and arterial concentration time
curves, respectively (45). In general, relative CBV values
are reported because of the complexities in measuring an
absolute AIF (46). Assuming uniform arterial concentration
areas in all arterial inputs, relative CBV measurements
are determined by simply integrating the area under the
concentration time curve (47), and by applying a gamma
variate function (48) or an independent component analysis
(49) to correct for tracer recirculation. CBV is proportional
to the area under the peak and its measurement can be
insensitive to bolus delay and dispersion.

To obtain CBF, the feeding artery of tissue element and
the tissue retention of tracer must be calculated. The first
term is termed the AIF and the second term is termed the
residue function, R. The concentration of contrast agent
present in the tissue at a given time is the multiplication
of a constant, which is termed the CBF, and the amount
of blood with tracer concentration AIF passing through
the tissue element per unit time. The residue function R
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Table 5. Quantifications of Three Types of Perfusion MRI Signals
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DSC

DCE ASL

Model assumptions
and considerations

Original model assumptions:
-Intact BBB
-Stable flow during the measurement
-Negligible T, change

Model considerations:
-Known T, maps before
injection of Gd to calculate Gd
concentration
-Instantaneously and well mixed
contrast agent

CBF under conditions of:
-High PS (i.e., flow-limited)
-Blood plasma volume (v,) not
too big (IV tracer not modeled

Flow-limited or high permeability
model for small MW agents:
K™ = EF = F where E ~ 1

= E*F = (extraction * flow)

where E = (1 - exp [-PS/F])

PS limited model or low
permeability model for MW > 50
kD agents:

-K™" = E*F = PS where E = PS/F

Quantitative, but no physiological

-Initial AUC (uptake part only)

Model considerations:
-Inversion efficiency (o = 0-1)
-Blood (T1) and tissue (Tw) Ty
-Inflow and outflow effects
-Blood-tissue partition coefficient of
water (L)

Additional considerations:
- Arterial transit time
-Vascular signal contamination

Single TI quantification:
-Instantaneous or fast exchange
-Single compartment model with

uniform plug flow

-PWI is directly related to CBF
-Developed a general kinetic model
or Buxton model

Dynamic ASL quantification:
-Multiple TI or PLD times
-Hemodynamic model

Single TI quantification:
-Calculate CBF only

Dynamic ASL quantification:

-TO, TTP, and Tex

-Maximum signal difference

-Uptake rate (maximum slope)

Quantitative, with physiological

Quantitative, with physiological basis:
-Absolute CBF

Additional Additional assumption:
assumptions and -No recirculation of tracer
considerations -No dispersion and delay of
bolus for estimating AIF
well)
Theoretical Dilution theory:
modeling -Central volume principle
(CBF = CBV/MTT)
-Gamma-variate function to remove Mixed condition:
recirculation <K
Convolution:
-C(t) = CBF (AIF(t) ® R(t))
-Leakage correction for CBV
Quantitative Quantitative, but no physiological
parameters basis: basis:
-TTP -AUC
- BAT or TO
-FWHM -TO
- First moment of peak -TTP
-MPC
Physiological Quantitative, with physiological
quantitative basis: basis:
parameters -Absolute CBF - Krens
-Relative CBF “kep
-CBV, MTT -V,
- Permeability v,

Note.— AIF = arterial input function, ASL = arterial spin-labeling, AUC = area under curve, BAT = bolus arrival time or T0, BBB = brain-
blood barrier, CBF = cerebral blood flow, CBV = cerebral blood volume, DCE = dynamic contrast-enhanced, DSC = dynamic susceptibility
contrast, E = extraction, F = flow, FWHM = full width at half maximum, Gd = gadolinium, MPC = maximum peak concentration, MTT =
mean transit time, MW = molecular weight, PLD = post-labeling delay, PS = permeability surface area product, PWI = perfusion-weighted

imaging, Tex = exchanging time, TTP = time-to-peak

describes the probability that a molecule of tracer that
entered a voxel at t = 0, following an ideal instantaneous
input, is still inside that voxel at a later time t. It depends
on the transport of the tracer between blood and tissue and
the subsequent clearance from the tissue volume. The tissue
concentration time curve becomes the convolution of the
tissue impulse response function and the shape of the AIF.
The product CBF*R is termed the tissue impulse response
function, which is the tissue concentration as a result of
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the aforementioned impulse input. With known AIF, the
tissue impulse response function has to be determined

by deconvolution, essentially estimating CBF*R from the
experimental data. Finally, CBF is determined as the initial
height of the tissue impulse response function at t = 0 (note:
due to the presence of bolus dispersion and other possible
deconvolution related errors, CBF is most commonly
estimated from the maximum value of the impulse response,
rather than from its initial value (50)). The most commonly
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used approaches to perform the deconvolution are based on
a model-independent method, in which no functional shape
assumptions are made regarding the residue function; these
include singular value decomposition (SVD) (34, 51-53) and
its delay-insensitive variant circular SVD (53), Fourier-based
methods (54), Tikhonov-based methods (55, 56), iterative
methods (57-60), and Bayesian methods (61-63). To obtain
CBF, values for the density of tissue, large-vessel hematocrit
values, and a uniform value for the capillary hematocrit are
often assumed. AIF in practice is estimated from a major
artery, such as the middle cerebral artery or the internal
carotid artery with the assumption that this represents the
exact input to the tissue.

The calculation of MTT requires knowledge of the
transport function or CBF, by the central volume theorem,
which is MTT = CBV/CBF. A further common parameter in
clinical studies that can be obtained after deconvolution
is the so-called Tn.x parameter: the TTP of the impulse
response function (64). This parameter has been shown to
primarily be a measure of macrovascular status (65).

DCE-MRI

Signal enhancement seen on a dynamic acquisition of
T1-weighted images can be assessed in two ways: by the
analysis of signal intensity changes (semi-quantitative)
or by quantifying contrast medium concentration change
using a pharmacokinetic modeling technique. Semi-
quantitative parameters describe tissue signal intensity
enhancement using a number of descriptors (66). These
parameters without considering physiological basis include
area under curve (AUC), initial AUC (uptake part only),
initial time (T0), TTP, maximum signal difference, uptake
rate (maximum slope), and signal enhancement ratio.
A recent publication (67) compared semi-quantitative
and pharmacokinetic parameters for the analysis of DCE-
MRI data and investigated error-propagation in semi-
quantitative parameters.

Quantitative hemodynamic indices can be derived
with physiological basis. Most methods have used a
compartmental analysis to obtain some physiological
parameters: the transfer constant (K™™), the rate constant
or reflux rate (ke, = K™™/ve), the EES fractional volume (ve),
and fractional plasma volume (v,). The transfer constant
K™ has several physiologic interpretations, depending on
the balance between capillary permeability and blood flow
in the tissue of interest. The rate constant ke, is formally
the reflux rate constant between the EES and blood plasma.
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Both the transfer constant and the rate constant have the
same units (1/minute). The rate constant k., is always
greater than the transfer constant K™ (because ve < 1).
The general equation to express the hemodynamic event
after injecting the contrast agent is:

trans

Cu(t) = vaG(t) + K™ Jo Co(t) exp (- [t-t])de  (5)

Ve
This is often referred to as the extended Tofts model
(68). In the extended Tofts model, K™™ is interpreted
differently under flow-limited and permeability-limited
conditions. If the delivery of the contrast medium to a
tissue is insufficient (flow-limited situations or where
vascular permeability is greater than inflow), then blood
perfusion will be the dominant factor that determines
contrast agent kinetics and the transfer constant, K™,
approximates to tissue blood flow per unit volume (66).
If tissue perfusion is sufficient, and transport out of the
vasculature does not deplete intravascular contrast medium
concentration (non-flow-limited situations), then transport
across the vessel wall is the major factor that determines
the contrast medium kinetics (K™™ then approximates
to the permeability surface area product). A computer
simulation work has demonstrated that using a sampling
interval shorter than half the duration of the first pass of
AIF will be essential in kinetic analysis using the extended
Tofts model (31). A temporal resolution of around 5 seconds
is typically used in these studies. Efforts have been made
on developing models that enable separate estimates of
perfusion and capillary permeability, rather than a single
parameter K™™ that represents a combination of the two. A
variety of such models have been proposed in the literature
(69-71). However, these models demand both high temporal
resolution (typically 1 second), and good SNR in the data
and have therefore not been widely employed.

ASL

In ASL data, a quantification model should consider the
inversion efficiency (o = 0-1), blood (T:) and tissue (T)
T, relaxation time, inflow and outflow effects, and blood-
tissue partition coefficient of water (1), ATT (3), and
vascular signal contamination. The subtracted images from
control to label are PWI. The relationship between the PWI
signal and the actual CBF depends mainly on the proton
density and T, relaxation rates of tissue and inflowing
blood, and their respective differences. In addition, the
ATT from the inversion slab to the observed region in the
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images is also an important factor.

A simple way to obtain the quantitative blood flow is
carried out using the tracer clearance theory originally
proposed by Kety and Schmidt (72), which was first adapted
to ASL experiments by Detre et al. (3) and Williams et al.
(10). In single labeling delaying time (TI) quantification,
it is assumed that the tagged arterial blood water is a free
diffusible tracer, implying that the exchange of blood water
with tissue water happens instantaneously upon its arrival
at the parenchyma. Therefore, this model corresponds
to a single compartment tracer kinetic, described by a
mono-exponential tissue response function. A general
kinetic model for analyzing the difference in longitudinal
magnetization in the tissue due to labeled blood (73) is:

AM = 2-Mo.f Tc(x)-r(t-1)- m(t-t)dz (6)

where, M, is the equilibrium magnetization in a blood filled
arterial voxel, and c(t) is the delivery function or AIF similar
to DSC and DCE-MRI. The residue function r(t-t) describes
the washout of tagged spins from a voxel, and m(t-1)
includes the longitudinal magnetization relaxation effects.
The magnetization difference due to tagging is proportional
to the equilibrium magnetization of the blood and to blood
flow. For the quantification of dynamic ASL MRI data, a
hemodynamic model can be used for the multiple TI times
for PASL or the multiple PLD times for CASL. In this case, in
addition to blood flow (BF), the arrival time (T0) of tagged
blood in the voxel, TTP, and the exchanging time (T.) from
the intravascular to extravascular space can be obtained
(41).

Sources of Error

DSC-MRI
A number of sources of error can affect CBF quantification
using DSC-MRI (74). The major sources of error include:

Linear Relationship between Magnetic Resonance Signals
and the Concentration of the Contrast Agent

One of the fundamental assumptions in the magnetic
resonance tracer model is that the relaxation rate is linearly
proportional to the intravascular concentration of the
contrast agent (20). However, the relaxation rate measured
inside arteries will vary nonlinearly and thus the linear
assumption can introduce systematic errors for absolute
quantification (75).
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Delay of the Bolus for Estimating Arterial Input Function
Depending on the choice of deconvolution algorithm,
bolus delay can introduce an underestimation of the
calculated flow and overestimation of the MTT with carotid
stenosis or occlusion (52); this is particularly the case for
the standard SVD method (34, 51, 52), and modifications
have been proposed to make it delay-insensitive (53).

Dispersion of the Bolus

In patients with vascular abnormalities (e.g., stenosis
or occlusion), it is possible for the bolus not only to get
delayed in its transit to the tissue, but also to get spread in
time (i.e., dispersed) (76, 77). This effect has been shown
to lead to CBF underestimation and MTT overestimation (52).
One way to minimize this source of error is by measuring a
local AIF, closer to the tissue of interest (78-80).

Partial Volume Effect

The measurement of AIF is also associated with partial
volume effects as a result of the relatively low spatial
resolution of the images commonly used in DSC-MRI (81).
Interestingly, it has recently been shown that despite the
presence of partial volume, a good estimate of the shape of
the AIF can be obtained by measuring the signal changes in
specific location near (but completely outside) the middle
cerebral artery (82, 83).

Leakage Correction

The presence of a BBB breakdown results in leakage of
the tracer into the extravascular space. In this situation,
tissues have the direct strong relaxation effects that the T,
and T,* of the tissue are decreased. This leads to systematic
errors in the DSC signal change. To minimize this effect,
more sophisticated models of the first pass kinetics should
be applied (84).

Uniform Tissue r; Relaxivity

The relaxivity between the MR signal and the contrast
agent concentration is assumed to be uniform across
different tissues. Tissue with different proportions of blood
vessels could have different relaxivities (20, 85). The
relaxivity of the extravascular tissue signal could depend
on the pulse sequence parameters. However, any systematic
errors in the assumption of r, relaxivity will be canceled in
the calculation of the MTT because of the ratio of CBV and
BF.
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Absolute Units

In order to quantify CBF in absolute units (i.e., milliliters
per 100 gram per minute) it is important that a patient-
specific scaling factor is used. Several such methods
have now been proposed, including those based on
complementary CBV measurements (86), ASL measurements
(87), and phase contrast MR angiographic measurements (88).

DCE-MRI

Imaging Artifacts

Echo planar imaging is not good for DCE-MRI, since it
has a high susceptibility-related artifact. Snapshot FLASH
is also not good because of suffering from point-spread
function problems (89). Motion artifacts generally cause a
degradation in image quality.

Temporal and Spatial Resolutions

A model requires high temporal resolution to provide
a comprehensive description of the underlying causes of
contrast agent uptake in a tissue. With a low temporal
resolution, inaccurate AIF may be obtained. With low
spatial resolution, a partial volume effect may also cause
inaccurate measurements of AIF.

Kinetic Modeling

First, the use of less detailed or less accurate models
may introduce systematic errors into the kinetic parameters
being evaluated. For example, non-inclusion of a vascular
volume v, can lead to significant errors in the fitted values
of K™™ (90). Second, a value for the in vivo relaxivity of
the contrast agent has to be assumed to calculate the
concentration of the contrast agent based on the value
obtained from in vitro measurements. However, the relaxivity
value depends on tissue types and water compartments
(6), leading to errors in concentration values. Third, the
measurement of contrast agent concentration may be
inaccurate during the determination of kinetic parameters
when water exchange between the compartments is not
accurately considered (91). Fourth, kinetic parameters may
have errors if the plasma transit time is not considered
in the kinetic model. Finally, most of the significant
source of error is related to the T; values used. In clinical
applications, an additional scan to measure T, is not
performed because of time limitation. Although people
try to scan T, measurement, a rapid acquisition technique,
such as a two-point method, is often used, which causes
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unreliable measurement of T, values in tissues. This can
cause inaccurate estimation of kinetic parameters.

ASL

Labeling Efficiency

An error in the labeling efficiency produces large errors
in the perfusion estimation. In order to include all signals
from perfusing blood, they must be efficiently labeled. It
is not practical to measure the labeling efficiency for every
subject, so this will cause some error to the measurement.
For the CASL technique, the labeling efficiency is about
70% for multi-slice imaging (11), owing to the added
inefficiency of the amplitude modulated control. For the
PASL techniques, the labeling slab can only extend as far as
the head coil, and a gap must be present between the image
slice and the labeling slab to avoid errors due to imperfect
slice profiles of the labeling pulses. To improve the labeling
efficiency, better labeling pulses have been developed,
such as the hyperbolic scant pulse (92), frequency offset
corrected inversion pulse (93), and bandwidth-modulated
adiabatic selective saturation and inversion pulse (94).

Contribution of Static Tissue Signals

During the subtraction between control and labeled
images, a perfect canceling-out of static tissues is
usually assumed. However, this tissue contribution in the
subtracted signals degrades PWI contrast. To minimize
these static tissue signals, background suppression
techniques were developed (95, 96). Since background
suppression does reduce ASL signals, there is still debate
as to whether or how much background suppression to use
(97). Furthermore, the labeling pulse can cause substantial
magnetization transfer (MT) effects in the static tissue of
the image slices, particularly with CASL, due to the long
labeling. The control image has the same MT effects as the
labeling image, so that they will cancel on subtraction.

Quantification Model Errors

The ASL signal is dependent on several factors:
the inversion efficiency, blood T, tissue T,, capillary
permeability, arrival time, and perfusion. These factors can
be sources of error in the quantification of ASL signals if we
do not take them into account in the model. These factors
can either be assumed or measured. The first factor is the
blood T, value. An accurate measurement of blood T, is
difficult due to the movement of the blood. Most models
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use a constant value, which will be a source of error in
perfusion quantification. In addition, tissue T, should be
measured to eliminate errors in perfusion quantification.
However, T, measurement in tissue can usually take a
relatively long time, thus extending the total acquisition
time. A fast mapping technique was proposed to map tissue
T: within a few seconds (98). The further source of error
for perfusion quantification is the assumption of the free
diffusion of water in a well-mixed tissue compartment (3,
13). More complex models, such as a two-compartment
model with separate blood and tissue components, are
recommended to reduce the error (39). Neglect of the
arrival time or capillary permeability can lead to large errors
in perfusion quantification.

Arterial Transit Time

Arterial transit time is one of the major sources of errors
in the quantitative estimate of cerebral perfusion. This
value differs across the brain even in healthy subjects,
being longest in distal branches, especially in the regions
between perfusion territories also known as border-zone
areas. Most clinical applications of ASL are used with a
single time-point scan to minimize the total scan time.
In this situation, the CBF value in each voxel is under- or
over-estimated due to varying ATT from the labeling region
to the imaged tissue in each voxel. Previous functional
MRI studies showed that ATT varies between baseline
and activation conditions (99, 100). Several techniques
were proposed to minimize transit time errors in the
measurements of perfusion (36, 39). These include the
QUIPSS II technique with a single time-point measurement
on PASL (36). For CASL, an increase in the delay time
before imaging reduces arrival time sensitivity on the single
time-point measurement (39). Measurement of transit time
typically requires the acquisition of multiple images with
different delay time in CASL or different labeling time in
PASL (23, 100, 101). However, this causes an extension
of scan time. Mapping of ATT can help to improve CBF
quantification and may also provide additional information
of a vascular condition.

Partial Volume Errors

Arterial spin-labeling is most often acquired with relative
low spatial resolution and, therefore, partial volume
effects can be substantial. This can lead to significant
quantification errors, for example, in patients with atrophy.
To minimize this source of error, partial volume correction
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methods have been proposed for single time-point ASL
protocols (102, 103) and multi-delay protocols (104).

Current Development Issues

DSC-MRI

For DSC-MRI, the AIF is obtained from a major large
supplying artery. To improve the detection of AIF, local AIF
near the lesion or voxel of interest could be used (78-80).
However, in this case, the partial volume effect could be a
source of error. Therefore, a method should be developed to
minimize the partial volume effect.

To improve the quantification of data, nonlinear
behaviors between AR2* and the contrast agent should be
taken into account (75, 81, 105). In addition, corrections
of hematocrit amount for each subject and dispersion
need to be considered (61). To minimize the bolus
dispersion, a local small vessel close to the tissue voxel
rather than a global large vessel can be used to detect AIF;
however, further work is needed to validate such local AIF
approaches. There is also much interest and potential in the
use of phase information to obtain AIF estimates (106).

Finally, there has been increasing interest in developing
fully automatic methods, with embedding more sophisticated
mathematical approaches to take account of susceptibility-
induced relaxation alternations in tissue, AIF automatic
searching methods, robust deconvolution algorithms, etc.
(107-109). These automatic methods should facilitate the
widespread use of advanced DSC-MRI analysis methods, as
well as improve reproducibility, and offer faster analysis.

DCE-MRI

For DCE-MRI, the quantification model should be
improved, to consider the incomplete exchange of
intravascular and extravascular water. This is termed a
tissue homogeneity model. In addition, plasma transit time
or plasma MTT needs to be considered. There is a tradeoff
between the temporal resolution and spatial resolution.
The imaging protocol has to improve to increase both
resolutions, for example, using the compressed sensing (CS)
technique. Measurement of AIF in DCE-MRI was performed
as that in DSC-MRI. The effects of variable proton exchange
rates need to be incorporated into a kinetic model. To
increase acquisition speed to improve the detection of
AIF, it can be of benefit to apply a new acquisition and
reconstruction method, such as a CS technique.
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ASL

Pseudo CASL (PCASL)

Recently, PCASL was introduced, to address some of the
weaknesses of the CASL approach (110). PCASL uses a long
series of short radiofrequency and gradient pulses to replace
the continuous pulse in CASL. PCASL optimizes pulse
trains to adapt to pulsatile flow, reduces sensitivity to off-
resonance conditions, and reduces specific absorption rate.
Advantages of PCASL over CASL are improvement of the
magnetization transfer effect, and ease of implementation
on clinical imaging systems for radiofrequency and
gradients without using any special additional hardware.
Currently, the PCASL tagging method provides the best SNR.
However, one of PCASLs possible problems is its increased
sensitivity to off-resonance effects, which lead to reduced
labeling efficiency. Various methods are currently available
to minimize this effect (29).

Minimization of Static Tissue Contribution

For ASL MRI, SNR can be improved by minimizing
static tissue contributions with saturation of static tissue
signals. It is beneficial to reduce the signal from static
tissue to improve SNR and reduce physiological sources,
such as cardiac, respiratory, and subject motion. Currently,
multiple inversion recovery pulses known as background
suppression are applied to minimize tissue signals, in the
subtraction of control and tagged images (95, 96, 111). For
sequential acquisition of the multi-slice images, background
suppression has different levels of effectiveness across
slices, as each slice is acquired at a different point in time.
This is most effective for 3D imaging methods, where there
is only one excitation following each label.

Vascular Territory Mapping

In addition to providing quantitative measures of CBF,
ASL methods have recently been developed to provide
anatomic delineation of the vascular territories of feeding
arteries, such as the internal carotid arteries and the
vertebral arteries in the brain. The selective ASL methods
can be used to visualize the individual territories of brain-
feeding and cerebral arteries, rather than to provide
nonselective cerebral perfusion maps. Vascular territory
imaging techniques for perfusion imaging are currently
employed in CASL (112-114), PASL (115-118), and PCASL
(119-121). Detailed reviews of the perfusion territory
mapping using ASL are found in the literature (29, 122).
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These methods are potentially useful for risk assessment,
and treatment planning and monitoring in cerebrovascular
disease, as well as in the identification of blood supplies to
tumors and arteriovenous malformations.

Multiband Radiofrequency Excitation

General ASL scan methods have a limitation on the
number of image slices for spatial coverage possible within
the time between delivery of labeled water to capillaries
with exchange into the brain parenchymal and T, decay.
This limitation can be overcome in pulse sequence design to
allow simultaneous multi-slice scans, with a method known
as multiband excitation (123). This is a parallel imaging
technique that simultaneously excites multiple slices with
a multiband excitation pulse and reads out these images in
an echo train. This technique was incorporated in ASL with
the aim of increasing spatial coverage without lengthening
the time window of image readout within the capillary
phase of blood circulation (124, 125). The application of
this technique can be extended to any ASL variant, such as
PASL, CASL, and PCASL.

Beyond CBF Measurements

Arterial spin-labeling can provide information on the
vascular supply to tissue and is developed to map several
physiological parameters, in addition to CBF. ASL methods
can be used to obtain angiography (126, 127), to quantify
the blood volume of the arterioles and capillaries prior to
the diffusion of the tracer out of the microvasculature (24,
128), and to assess vascular permeability to water, and
characterize the BBB (41, 129).

Outlines of Clinical Applications

This is a methodological and technological review of
perfusion MRI methods and, therefore, we do not intend
to thoroughly cover the clinical applications. However,
we include this brief section to illustrate some of their
clinical applications. The technical, physical, and contrast-
related properties of the methods affect how they can be
and are used clinically. For example, for stroke, neurons die
at a rate of 2 million per minute (130), and the success of
thrombolytic therapy is critically dependent on minimizing
the ‘door-to-needle’ time. Therefore, minutes matter in
the diagnostic imaging of patients. This is a challenge for
ASL because of its longer protocols-and even DSC-MRI is
under increasing pressure, because some clinicians save
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time by just acquiring diffusion-weighted imaging. So we
must develop and prove the clinical utility of perfusion MRI
methods in a clinical setting. For cerebrovascular diseases
(carotid stenosis, etc.), it is crucial to quantify the change
in CBF to a standardized vasodilator signal to ascertain
whether the patient has exhausted cerebrovascular reserve
capacity, and needs surgery. Due to some of the issues
associated with quantifying DSC-MRI in absolute units

and the need for repeated measurement to measure the

CBF change, ASL might be preferable for this application.

In Alzheimer’s disease, CBF is not a diagnostic criterion,
but progression of hypoperfusion over time may be

an important tool for the evaluation of therapeutic
interventions. Again, quantitative CBF is crucial for this, so
ASL might be preferable. Finally, a related issue that must
be taken into consideration is that of availability: for many
hospitals, DSC-MRI is easier to perform than ASL, which is a
likely reason for the limited work carried out so far to prove
ASU’s clinical utility. The recently published ASL consensus
paper with recommendations for its implementation for
clinical applications is expected to make a big step towards
addressing this issue. Table 6 lists some of the most
common clinical applications of the three types of perfusion
MRI methods.

DSC-MRI

Dynamic susceptibility contrast-MRI remains the standard
for perfusion MRI of the brain (131, 132), but several
studies have shown that DCE-MRI is a viable alternative
(133-137). DSC-MRI is only applied in brain diseases, such
as stroke and tumors. Permeability imaging with DSC-MRI
has been proposed (138-141), but DCE-MRI remains the
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method of choice for this purpose (131, 142, 143). Clinical
applications of DSC-MRI continue to evolve in the diagnosis
and management of brain diseases, including acute stoke,
intracranial neoplasms, and dementia. Figure 4 shows MR
images (A) and parameter maps calculated from DSC-MRI
(B) and DCE-MRI (C) data obtained from a patient who has
anaplastic astrocytoma (World Health Organization grade
IIT) in the frontal lobe in the brain. Figure 4A shows the
T2-weighted image, fluid attenuated inversion recovery
image (FLAIR), and T1-weighted images before (Pre-T1WI),
and after (CE TIWI) contrast enhancement. The lesion has
high signal intensity on both the T2-weighted and FLAIR
images, but has low intensity on both T1-weighted images.
The lack of signal enhancement on contrast-enhanced T1WI
indicates that the BBB in the lesion is intact. Figure 4B
shows the parameter maps calculated from DSC-MRI data
obtained from the patient shown in Figure 4A. Increased
CBV, CBF, and leakage (K2) values are shown in the frontal
lesion, indicating that tumor vascularity is increased.

DCE-MRI

Dynamic contrast-enhanced-MRI is also often applied in
brain diseases, especially tumors. Nowadays, this method
is routinely applied in patients with breast, prostate,
pelvic, and muscle diseases. This method is popular in
assessing drug therapy. DCE-MRI is the standard approach
for perfusion imaging outside the brain (144-150). DCE-
MRI is useful in accurately mapping blood volumes in a
tumor lesion in addition to K™™. This technique can be
used in investigations of tumor grades, the treatment effect
of radiotherapy, or the monitoring of treatment response
to chemotherapy. Figure 4C shows the parameter maps

Table 6. Common Clinical Applications of Three Types of Perfusion MRI Signals

DSC DCE ASL
Brain Brain (most) Brain (less) Brain (some)
Stroke Tumor
Tumor
Other than brain Breast Heart
Prostate Kidney
Pelvic Muscle
Muscle

Good indications Popular to define ischemic

penumbra in stroke

Popular in assessing drug
therapy

Attractive for poor IV access, infants
and children, pregnant women,
functional MRI including functional
connectivity and connectome
applications, vascular reactivity
studies, and vessel selective labeling

Note.— ASL = arterial spin-labeling, DCE = dynamic contrast-enhanced, DSC = dynamic susceptibility contrast

kjronline.org Korean J Radiol 15(5), Sep/Oct 2014

569



Korean Journal of Radiology

KJR

Pre-T1WI — g B Leakage (K2)

Ktra ns

Fig. 4. Case of clinical application of perfusion MRI methods in patient with brain tumor.

MR images and parameter maps (A) calculated from data of both dynamic susceptibility-contrast MRI (B), and dynamic contrast-enhanced MRI
(C), obtained from patient who has abaplastic astrocytoma (World Health Organization grade III) in frontal lobe in brain. Brain-blood barrier is
intact (CE TIWI), but tumor vascularity is increased. AUC = area under curve, CBF = cerebral blood flow, CBV = cerebral blood volume, CE TIWI
= T1-weighted image after injecting contrast agent, FLAIR = fluid attenuated inversion recovery image, MTT = mean transit time, PE = peak
enhancement, Pre-T1IWI = T1-weighted image before injecting contrast agent, TTP = time-to-peak, T2WI = T2-weighted image

570 Korean J Radiol 15(5), Sep/Oct 2014 kjronline.org



Perfusion MRI

calculated from DCE-MRI data obtained from the patient
shown in Figure 4A. Increased AUC, peak enhancement, and
K™ values are shown in the frontal lesion, also indicating
that tumor vascularity is increased.

ASL

Beyond its role in functional MRI, ASL is mainly applied in
brain diseases (Fig. 5), such as neurodegenerative diseases
to compare the quantitative CBF values among subject
groups by voxel-based comparisons. CBF is altered in
Alzheimer’s disease and even in mild cognitive impairment
(151-154). Due to its non-invasiveness, serial measurements
with ASL could be useful in a number of applications,
including the assessment of vascular reactivity (155). ASL
was also applied to investigate treatment response in brain
tumor (156, 157). Moreover, ASL was recently applied to
evaluate heart, kidney, and muscle diseases. This method
is especially attractive for patients with poor intravenous
access, infants and children, and pregnant women. A further
recent application for ASL is in functional connectivity
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(158, 159) and functional connectome studies (160), as a
complementary method to blood-oxygen-level dependent
functional MRI, but with the added benefit that it also
provides information about a physiological parameter (i.e.,
CBF).

Summary

Dynamic susceptibility contrast-MRI is good for quick
measurement of transit time, whole brain coverage, and
fast scan time. DCE-MRI is good for measurements of blood
volume and K™™ and for reducing imaging artifacts (Table
7). ASL is good for blood flow measurement, repeatable
studies, and applications in children. Bolus methods with
injections of a contrast agent provide better sensitivity
with higher spatial resolution, but ASL methods provide
the unique opportunity to provide CBF information without
injections of the contrast agent and have better accuracy
for quantification. The use of combined protocols that
incorporate bolus methods of DSC and DCE with ASL

Fig. 5. Case of clinical application of arterial spin-labeling MRI in patient with brain infarction.

Magnetic resonance images (A), and perfusion-weighted imaging (B), before (Pre-op) and after (Post-op) bypass surgery, in 59-year-old male
with border zone infarction. A. Image shows DWI obtained with b-value of 1000 s/mm?, and corresponding ADC map, time-of-flight MRA, and
CE MRA. High signal intensity on DWI at left side of brain indicates area with decreased diffusion, and MRA shows occlusion of middle cerebral
artery. B. Image shows two slices of perfusion-weighted images before, and after bypass surgery. Slightly increased CBF is shown after bypass
surgery. Only small amount of CBF is observed, because images were obtained immediately after bypass surgery. ADC = apparent diffusion
coefficient, CBF = cerebral blood flow, CE MRA = magnetic resonance angiography with injecting contrast agent, DWI = diffusion-weighted
imaging, MRA = magnetic resonance angiography with time-of-flight technique
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Table 7. Advantages and Disadvantages of Perfusion Signals
DSC ASL cT
Basis T,/T,* T, Spin tag Density
Contrast agent Gd-based Gd-based Blood label Todine
SNR Very good Good Fair Good
CBF Fair Poor Very good Good
CBV Good Very good Poor Very good
Transit Very good (MTT) Very good (K™™) Fair Very good
Coverage Very good Good Good Good
Scan time Very good Fair Good Very good
Repeatable Good Fair Very good Good
Child application Good Fair Very good Poor
Image artifact Fair Very good Good Good

Note.— Very good (+++), Good (++), Fair (+), Poor (-). ASL = arterial spin-labeling, CBF = cerebral blood flow, CBV = cerebral blood
volume, CT = computed tomography, DCE = dynamic contrast-enhanced, DSC = dynamic susceptibility contrast, MTT = mean transit time,

SNR = signal-to-noise ratio

techniques should have great impact on future clinical
applications in patients.
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