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Foreword

Diseases of the brain remain the largest single cause of
human suffering worldwide [1], and an extraordin-
arily wide range of symptoms can be observed with
brain ischemia, including both acute and chronic
neurological and/or psychological deficits. These two
facts have prompted a very long quest to better under-
stand, observe, and quantify blood flow in the living
human brain - more than a century-long quest, in
fact [2]. The advent of in vivo advanced imaging
techniques in humans has therefore perhaps naturally
been put to use to study blood flow to the brain, and
indeed all organs.

While routine imaging of the larger vessels has
become relatively straightforward, with a variety of
imaging methods ranging from ultrasound to X-rays
and beyond to magnetic resonance imaging (MRI), the
measurement of tissue-level blood flow has been more
challenging. The ability to measure capillary-level
blood flow, or tissue perfusion, is of perhaps greater
medical importance since the cell is the critical func-
tional entity of human biology. However, methods to
measure the various parameters that characterize
tissue perfusion have been frankly more challenging
than the imaging of the larger vessels in living humans.
A variety of methods were initially developed using
radioactive tracers, including planar imaging as well as
tomographic methods such as positron emission tom-
ography (PET) or single-photon emission computed
tomography (SPECT). The fundamental principles of
these methods have since been adapted for use with the
currently far more widely available modalities of X-ray
computed tomography (CT) and MRI.

In 1991, Belliveau and colleagues [3] at the Massa-
chusetts General Hospital demonstrated that brain
perfusion could be measured in humans with MRI
using bolus injection of MR contrast agent, a tech-
nique which has become known as dynamic suscepti-
bility contrast (DSC) MRI. This technique is a use of
contrast agents that has regulatory approval in some
countries, with more countries actively considering

approval at the time of this writing. Initial applica-
tions were in the brain, most notably for studying
functional brain activation and the evaluation of
patients with cerebrovascular disease, and this meth-
odology is now widely used in clinical practice. The
related technique of dynamic contrast-enhanced
(DCE)-MRI also looks at contrast agent kinetics
following bolus injection, but over a slightly slower
time scale, and has found application in oncological
imaging applications, perhaps most frequently in the
clinical evaluation of lesions of the breast. In the early
1990s, landmark papers by Detre et al. and Williams
et al. [4, 5] demonstrated the ability to image cerebral
blood flow entirely non-invasively, without the injec-
tion of an exogenous tracer, a technique now known
as arterial spin labeling (ASL)-MRI. Although the
utilization of this method in routine clinical neuroi-
maging has been somewhat less compared to DSC,
perhaps because of some of the technical difficulties
(now mostly overcome), the method is beginning to
be used with increasing frequency. For all of these
methods, the greatest volume of studies to date have
been performed in the brain, with applications to
other organ systems mostly still at an earlier stage of
development.

In 2000, when Peter Reimer and I wrote the book
Cerebral MR Perfusion Imaging: Principles and Cur-
rent Applications [6], only DSC was in routine clinical
use. Since then, the use of ASL, DCE, and DSC has
steadily progressed, both for neuro- and non-neuro
imaging applications. The current book covers these
more recent advances, and gives the reader an excel-
lent understanding of the theoretical and experimen-
tal aspects of perfusion MRI. For the clinician or
researcher, in addition to a knowledge of data acqui-
sition methods, it is of particular importance to
understand the algorithms and analysis methods used
to generate perfusion maps from the raw MR image
data. Careful consideration of many factors is
required in order to generate reproducible,
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Foreword

quantitative perfusion images. This book not only
describes recommended acquisition and analysis pro-
cedures, but also discusses limitations and potential
pitfalls that may be encountered. While not every
clinical case may require quantitative measurement,
without a firm grasp of the techniques and their
associated strengths and weaknesses, the interpreter
will ultimately be limited in their ability to draw
conclusions, and hence the need for this book. Case
reports at the end of the clinical chapters describe
how such methods can be applied in real-life
situations.

With the popularity of perfusion MRI and its
ability to aid in sorting through clinical questions
has come greater support from equipment manufac-
turers. All major equipment vendors now provide
substantial support for clinical perfusion MRI, and
the role of microvascular flow continues to be of
critical importance, indeed increasingly appreciated
importance, in many diseases. One recent example is
the advent of anti-angiogenic therapy, where the need
to understand tumor- and organ-level microvascular
flow has taken on tremendous importance. I expect
that many additional areas will emerge as we gain
greater insight into human physiology, and I also
expect perfusion MRI to continue to develop and
mature technically. This book, therefore, is timely

and needed, as it provides both clinicians and
researchers with a comprehensive and state-of-the-
art evaluation of perfusion MRI.

Gregory Sorensen

Chief Executive Officer Siemens Healthcare North
America

Boston, Massachusetts

2012
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Preface

Blood flow is one of the most fundamental physio-
logical parameters. Maintenance of adequate blood
flow is vital for the health of biological tissue. The
growth and function of many organ systems are linked
tightly to their blood supply. In addition, many disease
processes are associated with either increases or
decreases in flow compared with normal values. The
development and validation of non-invasive tools for
the measurement of flow have been longstanding goals,
both in biomedical research and in clinical practice.

Traditionally, the imaging of flow, or perfusion,
has been accomplished using either nuclear medicine-
based techniques involving radioactive isotopes, or X-
ray computed tomography (CT) methods using
radio-opaque contrast agents. However, soon after
the introduction of magnetic resonance imaging
(MRI) for anatomical imaging, research began on
techniques for depicting flow. Since then, progress
has been rapid, not least because MR methods have
the advantage of not involving radiation, and in the
case of arterial spin labeling-based techniques, are
completely non-invasive. This makes them particu-
larly appealing for use in a wide range of populations,
including children and normal subjects. In addition,
MR perfusion can be combined with the armament-
arium of other structural, vascular, physiological,
metabolic, and functional techniques available with
MR to provide a comprehensive, “one-stop” examin-
ation for the patient.

Perfusion MRI is now a part of clinical practice,
most notably for evaluating neurological disease. In
particular, these techniques have been most developed
for studying cerebrovascular disease and tumors of
the central nervous system (CNS). However, perfu-
sion MRI also has had a major impact in certain
organ systems outside the CNS, including the breast,
heart, and prostate. Techniques and applications con-
tinue to be developed, and over time perfusion MRI is
likely to become widely used in organ systems
throughout the body.

This book is divided into two major parts, the first
section covering the theoretical background of the
measurement of perfusion, technical aspects of
dynamic susceptibility contrast (DSC) and dynamic
contrast enhancement (DCE), and arterial spin label-
ing (ASL). Chapters are also included on its use in
neuroscience (including functional MRI), and MRI
methods for measuring blood volume and oxygen-
ation. The second section contains a comprehensive
review of clinical applications of perfusion MRI, in
neurological diseases including stroke and brain
tumors, neurodegeneration, as well as applications
throughout the body (breast, heart, prostate, and
other organ systems). Finally, there is a chapter dedi-
cated to perfusion MRI in pediatrics.

This book is mainly focused on perfusion MRI in
humans; however, on occasion, reference is made to
preclinical studies when appropriate. However, it is
not intended to be a reference work for researchers
using preclinical MRI in animal models, even if many
of the principles and techniques for clinical and pre-
clinical perfusion MRI are similar. Other areas that
this book does not specifically cover include vascular
imaging (i.e., MR, CT, or X-ray angiography), MR
perfusion using unconventional or unapproved
tracers, or other non-MR methods of measuring per-
fusion, such as X-ray CT perfusion (CTP) or positron
emission tomography (PET). These topics are beyond
the scope of the current volume.

Despite the popularity of perfusion MRI in clinical
use, there is currently a need for a book that covers this
topic in detail. Clinical Perfusion MRI: Techniques and
Applications aims to fill this gap, and to provide the
reader with a comprehensive, yet readable, treatment of
this topic. In a single volume, it provides clinicians with
the basic knowledge needed to use this technique in their
clinical practice. The widespread adoption of high-
quality, clinical perfusion MRI will result in improved
diagnoses and management decisions, resulting in better
clinical outcomes in individual patients worldwide.
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Abbreviations
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ACE-1
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ADC
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AMI
ASE
ASL
ASPECTS
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quantitative susceptibility mapping
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Techniques

e Indicator dilution techniques for measuring
blood flow have existed for more than 100
years.

e Indicators may be either intravascular, or
freely diffusible.

e Early techniques establishing the
mathematical framework for flow (the Fick
principle, Kety-Schmidt method, and central
volume principle) were mainly based on
arterial and venous blood sampling.

e Tissue perfusion measured by MR techniques
may be either based on bolus contrast agent
injection, or non-invasive, endogenous
“magnetic” labeling of inflowing blood.

e MR perfusion is one of a variety of techniques
now available for tomographic imaging of
flow; competing techniques such as SPECT,
PET, and CT are also able to produce
perfusion images.

Introduction

The flow of blood to an organ is a fundamental
physiological factor affecting tissue health, growth,
and repair. Blood flow and volume are perturbed in
many disease conditions, most notably in vascular
disease and in tumors. The ability to determine non-
invasively blood flow and blood volume using
imaging methods therefore has important diagnostic
and therapeutic implications. Since the early days of
radiological imaging, scientists and physicians have
been searching for methods that can accurately
and non-invasively depict the major blood vessels of
the body, and measure blood flow in tissue. For
instance, X-ray projection imaging of blood vessels

Imaging of flow: basic principles

James R. Ewing, David Bonekamp, and Peter B. Barker

(angiography) was first demonstrated in 1927 by
Moniz [1], using iodinated contrast agents injected
intravascularly, while early measurements of tissue
blood flow were based on the inhalation of freely
diffusible tracers (e.g., nitrous oxide [N,O] [2], or
radioactive xenon or krypton [3]). Subsequently, stable
(i.e., non-radioactive) xenon was used in conjunction
with X-ray computed tomography (CT) to image cere-
bral blood flow (CBF) [4], while other methods such as
single-photon emission CT (SPECT) [5, 6] and posi-
tron emission tomography (PET) (7, 8] imaging using
a variety of radiotracers also became available. More
recently, dynamic CT perfusion imaging using bolus
injection of iodinated contrast agents has been growing
in popularity [9], particularly as fast multi-slice CT
scanners have become widely available.

With the emergence of magnetic resonance
imaging (MRI) as a clinical imaging modality in
the 1980s and 1990s, MRI methods were developed
for both angiography and perfusion. Perfusion
imaging methods based on exogenous contrast
media [10, 11] as well as completely non-invasive
methods based on “magnetic labeling” of inflowing
blood [12, 13] were developed. Compared to
radioactivity- or X-ray-based perfusion methods,
MR perfusion offers the advantage of the absence
of radiation (particularly important for patients sen-
sitive to radiation, such as children) as well as a
synergistic combination with other MRI techniques
that offer exquisite soft tissue contrast and spatial
resolution. Today, MR perfusion imaging is increas-
ingly being used in clinical practice. However, accur-
ate quantitative perfusion imaging using MRI also
involves many technical challenges.

This chapter describes methods for measuring
blood flow, looks back at the history of such

Clinical Perfusion MRI: Techniques and Applications, ed. Peter B. Barker, Xavier Golay, and Greg Zaharchuk. Published by
Cambridge University Press. © Peter B. Barker, Xavier Golay, and Greg Zaharchuk 2013.



Section 1: Techniques

measurements, and presents the central concepts for
flow measurements with their corresponding math-
ematical expressions. Indicator dilution techniques
are the main focus, and will be discussed mainly in
the context of perfusion in the brain, but with the
understanding that such techniques can often be
applied to other organ systems. While this chapter
will briefly consider measures of bulk flow in large
vessels, it will principally focus on measures of perfu-
sion, i.e., measures of flow that estimate the delivery
of blood to the microvessels of an organ.

The Fick principle

Modern measurements of vascular physiology began
with Adolf E. Fick’s description of a method based on
the conservation of mass [14]. The heart-lung system
has a single flow input, the vena cava, and a single
output, the aorta. The difference in oxygen concen-
tration in arterial and venous blood, ¢, — c,, is the
change of oxygen concentration in the blood as a
result of oxygen consumption by the body’s metabol-
ism. If we assume that the rates of cardiac flow (F. -
the cardiac output or “minute volume”) and oxygen
consumption are constant, then F.c,—c¢,) is the
amount of oxygen per unit time consumed by the
body. Mass balance requires that the quantity per unit
time of oxygen exiting the heart-lung system via the
aorta equals the amount that came in via venous
blood, plus the amount of oxygen added during blood
passage through the lungs:

PL'CH:FCC|’+VOZ (11)

where VO, is the rate of oxygen extraction from the
lungs. Thus, cardiac output can be calculated as:

(1.2)

The Fick principle, relying as it does on mass balance
in flow, provides a robust and remarkably simple
basis for an important physiological measurement,
cardiac output. However, it is invasive in that it
requires arterial and venous blood sampling, and
the measurement of VO, requires that a closed-
circuit breathing apparatus be constructed, with pro-
vision for in-line carbon dioxide capture, and a
means of replacing the oxygen consumed by the
patient. While the Fick principle’s clinical signifi-
cance as a means of measuring cardiac output
has declined, its underlying principle - mass balance

in flow - remains the theoretical basis for nearly
every method of flow measurement.

The central volume principle

The central volume principle was first stated by Stew-
art [15] as a corollary of the Fick principle, and
reiterated by Hamilton et al. [16]. Using a linear
systems approach, Meier and Zierler [17] generated
a closely reasoned presentation of this principle. That
paper and subsequent elaborations [18, 19] remain
the most elegant and easily understood presentations
of indicator dilution theory.

Figure 1.1, similar to that in Meier and Zierler’s
article [17], represents all the paths that a particle of
indicator might take in a vascular system (with
volume V) from point A to B. It is assumed that the
system is stationary or time-invariant, i.e., that flow
rates and paths do not change with time, and that the
system has a single input and output. The separate
pathways show additive behavior in this linear
system, and the system can be decomposed into a
sum of smaller and smaller components with single
inputs and outputs, until only single capillaries
remain. In linear systems terminology, the microvas-
culature is a “passive reciprocal linear two-port net-
work” [20]. It is reciprocal because the same behavior
of the system would be observed if the input and
output (points A and B in Figure 1.1) were reversed.
It is also assumed that all possible pathways are in-
line with the supplying and draining vessels. The
indicator injected at point A can be freely diffusible,
entirely intravascular, or confined to the vasculature
plus specific tissue compartments. The only restric-
tion is that the indicator not be trapped in the system,
which is equivalent to the absence of pools in the
system (which would equal unaccounted losses of
mass flow). Note, however, that the nature of the
indicator does affect the inference drawn about the
volume of the system.

gure 1.1 A schematic illustration of the paths of the particles of a
flow indicator in a vascular system with a single input (A) and output
(B). For a freely diffusible indicator, these paths do not necessarily
correspond to the paths taken by blood.
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Figure 1.2 Concentration of
phenolphthalein dye sampled at various
points in the arterial tree of a dog after a

bolus venous injection (left ventricle, expts
9,10, 11, 13; right ventricle, expt. 12; and
femoral artery, expt. 14). The log-linearity

of a portion of each of the clearance
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If a quantity Q of indicator is injected at point A as
an ideal bolus (i.e., a Dirac “delta function”) at time
t =0, there will be a time lag before the first appearance
of the indicator at the exit of the flow system (point B),
followed by a rapid rise to a peak concentration, and a
more gradual clearance. Figure 1.2, taken from experi-
ments conducted in dogs by Moore et al. [21], shows
examples of such data, with the concentration of an
easily detectable dye (phenolphthalein) sampled at
various points in an arterial tree. Note the semi-
logarithmic scale of the ordinate in those plots, and
the log-linearity of the terminal portion of each clear-
ance curve, indicating that the tracer concentration is
decreasing exponentially with time, a sign of a “well-
mixed” flow system. The logarithmic slope of the

15 20 25 30 35 40 45 50

clearance in a well-mixed system should be propor-
tional to the system’s flow divided by its volume. The
early use of dyes such as phenolphthalein in flow
experiments generated the label of “dye dilution,” or
“indicator dilution” for experiments that utilized a
substance that could be assumed not to be metabolized
or otherwise trapped in the system.

To derive the central volume principle, consider
Q(t), the quantity of tracer that has left the system at
point B at time t. The instantaneous quantity of the
tracer (dQ(t)/dt) leaving the system at point B during
the time interval dt equals the (assumed constant)
flow F times the instantaneous concentration cp(t) at
point B times dt: dQ(t) = F x cg(t) x dt. Thus, if
Q is the total amount of tracer injected,
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[d

JEQ(t)dt =Q (1.3)
0

and thus

Q= FJ cp(t)dt (1.4)

0

If tracer quantities and concentrations can be meas-
ured directly, this leads to the calculation of the flow
according to

po_Q

JCB(I)dt
0

(1.5)

The transport function, or the frequency function of
transit times, h(t), is defined as follows
cp(t)

h(t) Q

This quantity has units of inverse time (e.g., 1/min or 1/s).
These units result because the product h(t)dt — a unitless
quantity — represents an infinitesimal (or instantaneous)
probability that a particle of indicator injected at
point A at time ¢ = 0 will appear at point B at time ¢.
The product h(t)dt therefore is the probability density
function (i.e., normalized distribution) of transit times.
The ratio on the right-hand side of Eq. (1.6) expresses
the amount of tracer passing through point B at the
instant f as a fraction of the total injected amount Q.

(1.6)

Therefore[ h(t)dt = 1.

To continue with the analogy to probability
theory, the cumulative density function (or cumula-
tive distribution function, H(#)) and the residue
function R(f) are defined:

t

H(t) = Jh(r)dr (1.7)
0
R(f) = 1 — H(t) (1.8)

H(t) is the proportion of indicator particles that have
traversed the system from A to B from time 0 to time
t, and R(t) is the proportion that remain in the
system. Clearly, since all the fluid that enters the
system must eventually leave, H(f) — 1.0 as t — oo,
Note that the major difference between classical
indicator dilution experiments and modern imaging-
based perfusion techniques is the sampling location

(see below, External monitoring of indicator concen-
tration). After a bolus input in classical indicator -
dilution experiments, with sampling performed at
point B, the common output vessel of the system,
the recorded concentration over the time course of
the experiment is a scaled version of the transport
function h(t). In imaging experiments, the concen-
tration of indicator in the tissue under observation
(voxel) measured over time is a scaled version of the
tissue residue function R(t).

The flow rate at which the subset of fluid with transit
time f leaves the system is Fh(f)dt, where F is the flow in
unit volume per unit time. The volume of fluid con-
tained in all microvascular pathways with common
transit time t therefore is TFh(t)dt. To calculate the
total volume occupied by tracer (i.e., the distribution
volume) between points A and B, we can sum all these
separate microvascular pathways, by integrating over all
possible values of T, assuming constant flow (F):

V= FJTh(T)dT (1.9)
0

oo

Remembering thatJ h(t)dt = 1, it follows from the

second mean value theorem for integration that
the mean transit time for all indicator (and there-
fore fluid) particles in the system is expressed as
the h(t)-weighted average of transit times:

= [th(t)dt
0
The combination of Egs. (1.9) and (1.10), then, yields

the central volume theorem:

V=Ft

(1.10)

(1.11)

where ? is the mean transit time between point A and
point B for an indicator particle, and V is the volume
of the system accessible to the indicator between point
A and point B.

Note that the residue function R(f) has a special rela-
tion to the mean transit time since R(f) = 1 — H(t). We
can integrate by parts to demonstrate that:

jR(t)dt = J[l — H(t)|dt = {[1 — H(t)]t}

+ Jth(t)dt = Jth(t)dt = (1.12)
0 0



