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Clinical Applications of MR Perfusion

Imaging

Seyed Ali Nabavizadeh and Ronald L. Wolf

Introduction

Perfusion is a physiologic term describing the delivery of
blood flow to an organ or tissue. This is expressed in units of
blood volume per tissue weight per time (ml/g/min) and in
the brain corresponds to cerebral blood flow (CBF).
Clinically, however, the term perfusion is often used more
generally to describe other hemodynamic parameters in the
brain including cerebral blood volume (CBV) and transit
measures such as time to peak (TTP), mean transit time
(MTT), or time to peak of residue function (Tmax). Several
techniques are available for assessing brain perfusion or
hemodynamics in a clinical setting, in general falling into
two basic categories: those using diffusible versus nondiffus-
ible tracers. H,’O positron emission tomography (PET),
PmTc-HMPAO or "Tc-ECD single photon emission com-
puted tomography (SPECT), stable xenon computed tomog-
raphy (CT), and arterial spin labeled magnetic resonance
imaging (MRI) are examples of diffusible tracer techniques,
where the tracer is not confined to the vessels and enters the
tissue. The major nondiffusible tracer techniques in use are
bolus contrast CT and MR perfusion methods, where the
tracer remains within the vasculature as long as the blood—
brain barrier (BBB) is intact [1]. Clinical experience in MRI
is greatest for bolus contrast or dynamic susceptibility con-
trast (DSC) perfusion MRI, although application of dynamic
contrast-enhanced (DCE) and arterial spin labeled (ASL)
perfusion MRI is increasing in the clinical setting [2].

Bolus contrast perfusion techniques, for MRI primarily
dynamic susceptibility contrast (DSC), are more extensively
used in daily clinical practice. One reason for this is the sim-
ple fact that DSC perfusion MRI has been in use longer and
experience in using this approach is thus greater. In addition,
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this approach is easier to implement, more widely available
on clinical scanners, and many postprocessing packages are
readily available on- and offline, many of which are now
U.S. Food and Drug Administration (FDA)-approved.
Compared to ASL perfusion MRI, DSC perfusion MRI has
higher signal-to-noise ratio (SNR) and acquisition time is
shorter. In addition to CBF, relatively straightforward calcu-
lation of perfusion metrics such as CBV and TTP is available
with DSC perfusion MRI as compared to ASL methods,
though there are potential solutions for the latter [3, 4].
Disadvantages include need for intravenous (IV) contrast
and adequate IV access for rapid infusion, conspicuity of
large vessels, and the need to address breakdown of the BBB
in acquisition and/or postprocessing.

On the other hand, ASL perfusion MRI techniques have
several advantages compared to DSC techniques. A primary
advantage is that ASL methods are completely noninvasive.
Another is that absolute quantitation is possible. In addition,
ASL methods are relatively insensitive to permeability
effects, and are less affected by large vessel signal. Multiple
(and unlimited) repeated measurements can be obtained and
CBF measurements can be repeated immediately with ASL,
such that changes with one or more interventions can easily
be studied. CBF maps can be obtained with temporal resolu-
tion as fast as 3-8 s for perfusion-based functional MRI—as
opposed to relying on the (blood oxygen level dependent)
BOLD effect [5-7]. Finally, it is possible to selectively label
vascular territories or even individual vessels noninvasively,
which is impossible to accomplish with DSC perfusion MRI
[8-10]. Disadvantages include lower SNR, longer acquisi-
tion time, and artifacts from prolonged transit times.

Improvements such as higher field strength scanners,
pulse sequence design, background suppression, parallel
imaging, coil technology, and postprocessing techniques
have led to improvements for both DSC and ASL perfusion
MRI. Practical utility of perfusion methodology has been
demonstrated for several applications, including acute and
chronic cerebrovascular disease, central nervous system
(CNS) neoplasms, epilepsy, and aging and neurodegenera-
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tive disorders [1, 2, 11, 12]. This chapter focuses primarily
on practical clinical applications of perfusion imaging in
cerebrovascular diseases and CNS neoplasms, using selected
examples to illustrate strengths, weaknesses, or complemen-
tary roles of these perfusion MRI approaches. Other applica-
tions for perfusion MRI including neuropsychiatric, epilepsy,
and neurodegenerative diseases will not be discussed in this
chapter revision.

Principles
Dynamic Susceptibility Contrast Perfusion MRI

DSC implementations use some form of snapshot imaging
such as echo-planar imaging (EPI) to follow the first pass of
an injected contrast agent, allowing for the acquisition of
baseline data prior to arrival of the bolus. When the BBB is
intact, the injected contrast agent (the tracer) remains intra-
vascular and microscopic susceptibility gradients are created
around vessels as the tracer passes through. This creates sig-
nal loss, which depends on the concentration of the tracer.
Though the relationship of signal loss to concentration is
nonlinear, the time-intensity curve can be used to estimate a
time-concentration curve. Parametric maps describing perfu-
sion can be created from these data, including CBV and esti-
mates of delay such as TTP. With more sophisticated analysis
accounting for dispersion in the arterial input function (AIF),
CBF, MTT, and other parametric maps including Tmax can
be created. The acquisition strategy has an effect on the sig-
nal change in such experiments, where gradient echo or spin
echo EPI sequences can be used to obtain T2*-weighted or
T2-weighted image data, respectively, with the T2-weighted
approach yielding less signal change for a given concentra-
tion of tracer but less sensitivity to large vessels [13].

In practice, the assumption of an intact BBB is often vio-
lated causing unwanted T1 and T2* relaxation effects lead-
ing to inaccurate relative CBV (rCBV) measurements [14].
There are several strategies for correcting for this pitfall;
however, preload contrast injection to reduce any T1 changes
followed by postprocessing correction for leakage a voxel-
wise basis and dual-echo spiral-based acquisition are consid-
ered to be the most effective techniques [15]. Another
approach is replacing gadolinium-based contrast agent with
blood pool agents that remain intravascular regardless of
leakiness of BBB. Multiple investigators used ferumoxytol,
which is an ultrasmall superparamagnetic iron oxide
nanoparticle in DSC perfusion imaging. Ferumoxytol is
FDA approved for iron replacement therapy and can act as a
blood pool agent. In an animal study, Gahramanov et al.
compared DSC perfusion using a gadolinium-based contrast

agent without preload, with single-dose preload, and with
double-dose preload to DSC perfusion using ferumoxytol.
They demonstrated that tumor rCBV was underestimated
without preload and became dose dependent with preload
correction, while ferumoxytol provided consistent assess-
ment of tumor rCBV [16]. The same group also studied 14
patients with glioblastoma multiforme (GBM) following
chemoradiation who underwent DSC perfusion with gado-
teridol on day 1 and ferumoxytol on day 2 and demon-
strated that gadoteridol-DSC showed low rCBV in 3
patients and high rCBV in 4 patients, whereas ferumoxytol-
DSC showed high rCBV in 7 patients with active tumor.
They concluded that ferumoxytol may better differentiate
tumor progression from pseudoprogression [17]. Despite
these preliminary promising results, use of ferumoxytol is
not suitable for repeated follow-up studies because of
potential iron overload [18]. Another limiting factor would
be hypersensitivity reactions and/or hypotension that can
occur in a small percentage of patients receiving intrave-
nous ferumoxytol [19]. In addition, contrast enhancement
on follow-up studies can be altered by the presence of resid-
ual ferumoxytol such that short interval follow-up studies
can be difficult to interpret.

Dynamic Contrast-Enhanced Perfusion MRI

This technique is based on relaxivity measurements using a
steady-state T1-weighted sequence during gadolinium con-
trast administration. In brief, basic data acquisition involves
the use of a three-dimensional (3D) T1-weighted sequence
with temporal resolution on the order of 5 s, imaging at base-
line and during and after a contrast bolus over a period of
several minutes to obtain time-concentration curves. DCE
perfusion MRI can be analyzed using 2 general approaches.
The first approach, which is frequently used in non-CNS
tumors such as breast but also can be used in CNS neo-
plasms, is model-free analysis of the area under the time—
signal intensity curve (AUC) during a selected part of the
curve. The approach is straightforward and does not require
complex postprocessing models. The second approach to
analyze DCE data is to use pharmacokinetic models, most
commonly a modified Tofts model where each voxel con-
tains 3 components: an intracellular space, an intravascular
space, and an extracellular extravascular space (EES).
Typical calculated parameters include: Ktrans, which is a
measure of microvascular permeability; Kep, which is the
reflux rate of gadolinium from the EES back into plasma;
total plasma space volume (Vp); and total extravascular-
extracellular space volume (Ve), [20, 21]. This approach is
addressed in further detail in Chap. 7.
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Arterial Spin Labeled Perfusion MRI

ASL perfusion MRI uses the patient’s own water molecules
in blood as an internal contrast agent to measure tissue perfu-
sion. In brief, arterial blood water is labeled and allowed to
flow into the imaging plane(s), during which time there is T'1
decay of the label. Subtraction of labeled images from unla-
beled control images yields a difference image, in which
measured signal change is proportional to CBF. Multiple
labeled/control image pairs are typically acquired and aver-
aged since the SNR is inherently low with this technique,
with a signal change of only a few percent between labeled
and control images. ASL studies require no I'V contrast and
no delay between acquisitions [22, 23]. There are many strat-
egies for acquiring ASL data with pulsed, continuous, and
more recently pseudocontinuous labeling, all based on the
same basic principle. In routine clinical practice, pulsed and
pseudocontinuous ASL are readily available on most of the
current MR scanners, the latter labeling strategy supplanting
continuous ASL.

Clinical Applications
Cerebrovascular Disorders

The primary goals of perfusion techniques in acute and sub-
acute cerebrovascular disorders are to determine presence and
extent of tissue that is either dead or likely injured despite
intervention and presence and extent of tissue that is at risk but
salvageable. For chronic cerebrovascular disease, the primary
goal is to evaluate impaired perfusion leading to impaired
function (transient or chronic) and to assess future risk of isch-
emic injury. Several perfusion techniques have been applied in
this setting, including SPECT, bolus contrast CT perfusion
(CTP), stable xenon CT, and MR perfusion techniques. This
section discusses the use of MR perfusion techniques in the
evaluation of cerebrovascular disorders, with a focus on non-
acute ischemia (outside treatment windows for tissue plasmin-
ogen activator [tPA] and/or mechanical thrombolysis).
Perfusion in acute ischemic stroke is briefly addressed here,
but this topic is covered in more detail in Chap. 6.

Acute Ischemia

MR Perfusion and Acute Ischemic Syndrome

MR and CT perfusion (MRP and CTP) techniques are well
suited for the evaluation of acute ischemic injury and are the
most commonly used perfusion methods in the United States
in this setting. MRP can also be easily combined with
diffusion-weighted imaging (DWI) and MR angiography
(MRA) for a comprehensive ischemic stroke evaluation. The
superior contrast resolution in MRI, particularly the avail-

ability of DWI, is a distinct advantage compared to CT. The
addition of MRP and MRA to a basic MRI evaluation of the
brain (e.g., DWI, gradient echo or susceptibility-weighted
sequence, and FLAIR) provides a comprehensive evaluation
for ischemic stroke and can be completed in as little as 6 min
[24]. For bolus contrast or ASL MR perfusion, one advan-
tage over CTP is the lack of ionizing radiation. Allergic reac-
tions and renal dysfunction are less of a problem with
gadolinium-based contrast agents; however, these agents are
not without risk as allergic reactions do occur and other rare
reactions including nephrogenic systemic fibrosis (NSF)
have been described [25]. Gadolinium deposition in neural
tissues in patients with normal renal function have also been
described in many publications, although the clinical signifi-
cance of this phenomenon remains to be determined [26].

Access to the unstable patient is not optimal in MRI, and
simply preparing and moving a critically ill patient to the
MR scanner is not always trivial due to issues such as logis-
tics related to the MR environment including adjustment of
lines for IV recombinant tPA (rtPA) administration and
clearing the aphasic patient for MRI. Relative and absolute
contraindications to MRI such as pacemakers/defibrillators
and other devices must also be taken into account, and
though one can still obtain MRI in many of these cases,
unacceptable delays may occur.

CTP can be easily combined with noncontrast head CT
(NECT) and CT angiography (CTA) of the head and neck to
obtain a fast and comprehensive evaluation of the acute isch-
emic stroke patient. It is less expensive than MRI and more
widely available at all hours of the day in most centers.
Quantitation of perfusion parameters is more easily obtained
for bolus contrast CT than MR perfusion, where the concen-
tration of iodine and attenuation are linearly related, while
the concentration of gadolinium is not linearly related to sig-
nal intensity. There are some disadvantages to CTP such as
exposure to ionizing radiation, iodinated contrast and poten-
tial impact on renal function, and potential allergic reaction.
Limited coverage (2—4 cm), which used to be a limiting fac-
tor on the older version of multidetector scanners (4—-64
channels) but this is less of an issue with current multidetec-
tor scanner configurations, and whole brain CTP is now con-
sidered the standard of care. Other alternatives for routine
clinical perfusion imaging include SPECT and stable xenon
CT. An excellent discussion of the relevant literature as well
as a summary of the strengths and weaknesses of these tech-
niques in acute ischemic stroke can be found in multiple
resources for interested readers [27-29].

The primary goal of perfusion imaging in this setting is to
evaluate tissue viability. MRI with DWI is superior to CTP
for demonstration of infarct core, but CTP can estimate core
using CBV or CBF as a surrogate. MRP can be combined
with DWI to estimate hypoperfused but viable tissue at risk
for infarction (i.e., penumbra) (Fig. 5.1) though quantitation


https://doi.org/10.1007/978-3-031-10909-6_6

122

S. A.Nabavizadeh and R. L. Wolf

Dl CBWV-hSWD
b-factor = 1000
a

Fig. 5.1 (a, b) DSC perfusion MRI in acute ischemia: a 56-year-old
with gradual onset expressive aphasia approximately 8 h prior.
Diffusion-perfusion mismatch is evident on left with prolonged Tmax >
5 s, decreased rCBF = 0.80, increased rCBV = 1.15, and prolonged

MTT-hSVD

MTT. Chemical thrombolysis (IA-tPA) was performed with successful
recanalization. *DSC perfusion using “PMA” image analysis software
(copyright owner: Kohsuke Kudo) provided by ASIST-JAPAN
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of metrics such as CBF is not as straightforward. Nevertheless,
using DSC MR perfusion, hemodynamic parameters includ-
ing TTP, MTT, and Tmax can be used to evaluate tissue at
risk. Tmax is a relatively robust marker of hypoperfusion and
has been used in multiple stroke trials in the past 10—15 years
[30-32]. Application of automated postprocessing stream-
lines workflow, increases speed and efficiency, and decreases
variability between different centers. Despite the widespread
application of Tmax in acute stroke clinical trials, there is
still not consensus on which value should be used in mis-
match analysis. For example, in the DEFUSE trial (Diffusion
and perfusion imaging Evaluation For Understanding Stroke
Evolution), a mismatch was a priori defined as a ratio greater
than 1.2 between the hypoperfused regions with Tmax >2 s
and restricted diffusion [32]; however, a post-hoc analysis of
DEFUSE trial data demonstrated that a Tmax threshold
between 4 and 6 s was more optimal for early identification
of critically hypoperfused tissue [33]. In the DEFUSE 2 trial,
a Tmax > 6 s was used to define the target mismatch volume
[30]. Overall, despite the lack of consensus, more recent
clinical trials moved toward using stricter thresholds for
Tmax (> 6 s rather than 2 s) in order to avoid overestimation
of penumbra volume [34, 35]. This includes the very recently
published DEFUSE 3 trial, which indicated the superiority
of endovascular thrombectomy plus medical therapy com-
pared to medical therapy alone for ischemic stroke 6-16 h
after the patients were last known to be well [35].

ASL imaging has also been used to evaluate the penum-
bra in multiple studies and several studies reported concor-
dant results in comparison to DSC perfusion [36-38]. In
addition, focal curvilinear bright signal on ASL images can
be used to help identify the level of vascular occlusion [39,
40]. It can be particularly helpful when normal or hyperper-
fusion is present, indicating lack of perfusion-diffusion mis-
match or helping identify an AIS mimic [41].

DSC MR perfusion has been used to determine the col-
lateral state in patients with acute stroke in multiple studies
predominantly focusing on measures of delayed transit.
Olivot et al. demonstrated that a smaller hypoperfusion
intensity ratio (volume Tmax > 6-second/Tmax > 10-second
delay) was associated with good collateral status [42]. Lee
et al. demonstrated that severely delayed perfusion with a
Tmax of 16-22 s is associated with poor collateral state [43].
Recently, Nael et al. applied a multiparametric approach and
demonstrated that Perfusion Collateral Index—defined as
volume of ATD (arterial tissue delay)*>® x rCBV?*%—pro-
vides an accurate estimation of baseline collateral status in
patients with anterior circulation proximal arterial occlusion
[44]. ASL perfusion has also been used to assess collateral
circulation in acute ischemic stroke. De Havenon et al. dem-
onstrated that the subjects with ASL collaterals have better
neurological outcome at hospital discharge [45]. Lyu et al.
used 3D pseudocontinuous ASL in patients with unilateral

middle cerebral artery (MCA) stenosis with postlabeling
delays of 1.5 and 2.5 s and demonstrated moderate to strong
correlation with cerebral angiography for estimation of ante-
grade and collateral flow [46].

Lou et al. applied a multidelay ASL technique and dem-
onstrated that higher leptomeningeal collateral scores can be
predictive of clinical outcome in patients with acute MCA
ischemic stroke after endovascular treatment [47].

Luxury Perfusion and Reperfusion Injury

Reperfusion after recanalization can lead to edema and hem-
orrhage, as well as neuronal injury in the penumbra [11, 48].
A potential indicator for hemorrhagic transformation includes
extent of parenchymal injury on CT [49], and this is also true
for extent of diffusion and perfusion abnormalities [S0-53].
In a retrospective study based on xenon CT perfusion [54], it
was found that CBF values below 10 and perhaps even less
than 15 ¢c/100 g/min in aggressively managed acute MCA
infarct patients could be associated with increased risk of
hemorrhage, edema, and herniation with or without reperfu-
sion. MRI-derived permeability measurements have also
been applied in this setting [55-58]. Finally, hyperperfusion
on ASL can be a predictive biomarker for prediction of post-
ischemic hemorrhagic transformation in acute infarction [59].

Subacute and Chronic Ischemia
As in the acute setting, the significance of a particular patient’s
cervicocranial stenotic-occlusive disease is modified by many
factors. In the head, quality of collaterals, autoregulation and
cerebrovascular reserve (CVR), metabolic rate of oxygen
(CMRO:,) and oxygen extraction fraction (OEF) modify the
impact of a particular lesion. Extracranially, modifying fac-
tors include blood pressure, cardiac status, and type of plaque
(i.e., “vulnerable” plaque). While most cerebrovascular
events are probably thromboembolic, perfusional or low-flow
events also result in symptoms and can modify the impact of
a thromboembolic event [60]. Perfusion imaging is thus a
logical approach in assessing the hemodynamic status of the
brain or the hemodynamic significance of a particular lesion.
An instructive model of hemodynamic failure divides
increasing severity into stages: (stage 0) cerebral perfusion
pressure and other hemodynamic parameters are normal;
(stage 1) cerebral perfusion pressure (CPP) decreases but
autoregulation allows compensatory vasodilation, which
maintains CBF, OEF and CMRO,; (stage 2) CBF cannot be
maintained and begins to decrease and OEF increases to
maintain CMRO,; (Stage 3) CBF decreases enough that
CBY, OEF, and CMRO, decrease and anaerobic metabolism
increases. Depending on the duration of hemodynamic status
in stage III, ischemia develops and cell death occurs [61, 62].
There is likely to be some blurring between stages; for exam-
ple, autoregulatory vasodilation and increased OEF may
occur together [63, 64].
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This model illustrates that a simple measurement of base-
line CBF is inadequate for assessment of hemodynamic com-
promise. Absolute CBF values can be informative in the sense
that thresholds have been reported for suppression of electri-
cal activity in neurons (CBF about 20-40% of normal) and
cell death (CBF <20% of normal), modified by duration [65];
however, not only can hemodynamically stressed tissue main-
tain normal CBF in the face of abnormal CPP, but CBF can be
low in tissue, which is not at risk in some situations such as
when metabolic rate is low (e.g., with some anesthetic agents).
In addition, absolute measures of CBF are not necessarily
straightforward. As noted previously, the relationship between
gadolinium concentration and signal intensity is nonlinear;
and thus, while reasonable estimates of CBF are possible, a
relative measure is often used. Qualitative analysis compar-
ing abnormal side to contralateral side can be useful, but may
be misleading when both sides are abnormal or when more
global perfusion impairment is present as with moyamoya or
poor cardiac output. ASL techniques provide a better estimate
of absolute blood flow, but can be misleading when long
delays are present leading to transit artifacts.

Typical strategies to more completely assess hemody-
namic compromise using perfusion methods such as MRP
fall into two main categories: (1) CBF measures before and
after a vasodilatory challenge (e.g., hypercapnea or acetazol-
amide) and (2) measuring CBV and other perfusion param-
eters in addition to CBF (Fig. 5.2). A third strategy would be
to measure OEF directly using PET, though this is not trivial
and not widely available. In recent years, MRI techniques
such as susceptometry-based oximetry (SBO) and
T2-relaxation-under-spin-tagging (TRUST) were developed
for quantifying the cerebral metabolic rate of oxygen
(CMRO:,) and oxygen extraction fraction (OEF) [66—68], but
their added value in the context of cerebral ischemia still
needs to be validated. Finally, MR perfusion strategies can
provide an indirect assessment of OEF; for example, there is
a negative correlation of CO, reactivity and OEF such that
regions of the brain with impaired CVR and prolonged CBV/
CBF ratio (MTT) show the highest OEF values [62, 69].

Perfusion Patterns in Stenotic-Occlusive Disease

There are many reports describing detectable differences in
hemodynamic parameters in cerebral vascular territories
and/or border zones on the side of high-grade carotid steno-
sis or occlusion. Many of these studies report asymmetric
increase in TTP or MTT on the side of stenosis/occlusion
with more variable results regarding changes in CBF or CBV
[70-79]. It makes sense that detection of a delay in transit
can be a sensitive and early indicator of hemodynamic dis-
turbance, but this is not necessarily specific or predictive of
hemodynamic compromise and likely overestimates risk [80,
81]. Note is made that many of these studies were also per-
formed with symptomatic patients (recent infarcts or tran-
sient ischemic attacks [TIAs]), and interpretation in the

setting of recent ischemia is more complex [61, 62]. Also,
improvements in perfusion analysis including delay-
insensitive methods should refine understanding in the set-
ting of transit delays and feeding vessel dispersion [13, 82,
83]. Olivot et al. [84] studied patients with subacute or
chronic ischemia and found that Tmax correlated better than
MTT with absolute CBF measured with stable xenon CT
MTT, with Tmax greater than 4 s and MTT greater than 10 s
associated with Xe-CT CBF less than 20 mL/100 g/min.

Historically most MR-based studies of subacute or chronic
cerebrovascular disease to date have employed DSC PWI tech-
niques, but ASL techniques were subsequently being applied to
acute and chronic cerebrovascular disease [85-87]. Here again,
transit delays were a primary issue [88-91]; for example, Wolf
et al. [90] studied patients with acute/subacute or chronic cere-
brovascular with continuous ASL and spin-echo DSC perfu-
sion MRI, finding that perfusion deficits on ASL correlated
best with prolonged TTP in the presence of a major transit
delay related to stenotic occlusive disease. CBF measurements
for both techniques correlated best when major transit delay
cases were excluded. Kimura et al. [89] used a CASL tech-
nique to measure CBF and compared to O15-labeled CO, PET
measurements of CBF, also estimating arterial and tissue tran-
sit times. Though ASL and PET CBF measurements correlated
well, the slope of the regression lines varied and they concluded
that long transit time in occlusive cerebrovascular disease may
underestimate CBF on the affected side.

Simply incorporating a postlabeling delay reduces sensi-
tivity to transit artifact and improves accuracy [92]. For
PASL methods, limiting the bolus width decreases sensitiv-
ity to variable transit times. Long postlabeling delay times
are increasingly feasible with improvements in technique
including improved labeling schemes such as pseudocon-
tinuous ASL (pCASL), phased array coils, 3D techniques
with background suppression, and use of higher field
strength with associated T1 prolongation and longer label
lifetime [12, 93, 94]. Postlabeling delays of 2400 ms or lon-
ger are feasible (Fig. 5.3). Techniques with multiple delay
(inversion) times can be used to generate CBF measure-
ments accounting for variable transit times as well as calcu-
lating the transit times and arterial blood volume [3, 95].
Using such a technique, Hendrikse et al. [96] studied
patients with carotid occlusion and reported decreased CBF
in the ipsilateral MCA territory compared to the contralat-
eral hemisphere and to control subjects. In another study,
ASL with multiple delays was used to show border zones
based on prolonged arterial transit times in normal volun-
teers, also measuring differences in CBF and arterial blood
volume (decreased values) in the border zones [97]. Bokkers
et al. [98, 99] studied patients with symptomatic ICA steno-
sis or occlusion using ASL PWI with multiple delay times,
finding decreased regional and border zone CBF and pro-
longed transit time and trailing edge of the label in the hemi-
sphere ipsilateral to the occlusion compared to control
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Fig. 5.2 DSC perfusion MRI before and after acetazolamide for
assessing CVR: a 44-year-old with occluded right ICA, left intracranial
ICA stenosis, and worsening left-sided weakness without territorial
infarct, prior history of surgery and radiation for suprasellar neoplasm.
At baseline (top image), right MCA territory perfusion parameters
compared to left were rCBF = 0.86, rCBV =1.06, and tMTT = 1.14.
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Fig. 5.3 Improved quantification of absolute CBF using 3D ASL tech-
nique based on GRASE with background suppression and pseudocon-
tinuous labeling (pCASL): a 60-year-old status post STA-MCA bypass
for left MCA stenosis, now asymptomatic. (a) Perfusion acquisition at

post-labeling delays of 1200 ms shows watershed perfusion deficit with
large vessel signal indicating transit delay artifact. Longer postlabeling
delays of (b) 1800 ms and (c) 2400 ms show progressive loss of large
vessel transit artifact and improved depiction of cortical blood flow
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subjects. ASL measurement of white matter CBF may be
less accurate, but this is also of interest not only in the set-
ting of border zone hemodynamics [100] but also with
regard to the potential relationship of white matter hypoper-
fusion and ischemic leukoaraiosis [101, 102].

Cerebrovascular Reserve (CVR)

CVR can provide prognostic information in chronic cerebro-
vascular disease [64, 103—105], and this can be accomplished
with MR perfusion techniques in addition to PET, SPECT,
xenon CT, and TCD techniques. Typically, paired measures
are obtained, one baseline acquisition at rest and another
after a vasodilatory challenge with acetazolamide, CO, inha-
lation or physiologic task such as motor activity or breath-
holding. The problem with these challenges is that it is
difficult to generate standard stimuli that can be compared
between individuals or in the same individual over time
[106]. For example, in the case of acetazolamide injection,
the dose, rate of injection, and volume of distribution will
affect the blood concentration. In addition, there is variabil-

ity in different subject’s response to acetazolamide [107].
The same unpredictable response applies to administration
of a fixed inspired concentration of CO, [108]. The most
effective technique to standardize the vasodilatory challenge
is to control the partial pressure of end-tidal CO, [107].
Interested readers can refer to a detailed review by Fisher
comparing these two methods [108].

DSC perfusion MRI acquisitions can be repeated (e.g.,
after a challenge as with acetazolamide) and this approach
has been used in several studies (Fig. 5.2) [109, 110]; how-
ever, there are certain limitations including total gadolinium
dose in multiple repeated acquisitions and the potential for
the contrast agent to change the relaxation properties of the
blood for a relatively long period of time making it less reli-
able to compare the serial perfusion measurements during
the same MRI session. ASL perfusion MRI is particularly
attractive in this setting since it is not dose-limited and
repeated measures can be more efficiently obtained [111,
112] (Fig. 5.4). The limitation of ASL imaging in CVR in
steno-occlusive disease is inaccuracies in flow measure-

Fig. 5.4 PASL perfusion MRI before and after acetazolamide for
assessing CVR: a 60-year-old with left MCA stenosis, presenting with
intermittent right-hand numbness and weakness and expressive aphasia
(same patient as in Fig. 5.3). (a) Baseline perfusion images show perfu-

sion deficit left MCA territory, with bright signal in large vessels indi-
cating transit delay artifact. (b) Post-acetazolamide perfusion shows
increase in extent of perfusion deficit
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ments secondary to delayed transit times [107], recent stud-
ies focusing on multiple and/or long postlabeling delay ASL
imaging to address this limitation. Choi et al. compared ASL
imaging with 7 PLDs ranging from 1-3.32 s in 30 patients
with unilateral internal carotid artery (ICA) or MCA steno-
occlusive disease to Tc99m-HMPAO SPECT and demon-
strated that transit time-corrected CBF and arterial transit
time based on arterial spin-labeling perfusion MRI can pre-
dict cerebrovascular reserve impairment [113]. Recently,
Fan et al. compared standard, multidelay ASL, and long-
label long-delay ASL acquisitions with ['*O]-PET CBF maps
in 15 moyamoya patients and demonstrated that long-label
long-delay ASL scans (postlabel delay = 4.0 s) showed the
strongest correlation relative to PET [93] (Fig. 5.5).

CVR measured using BOLD techniques has also been
described [112, 114-116]. For example, Mandell et al. found
reasonable agreement in evaluating CVR with BOLD and
ASL methods using a CO, challenge [112]. The main limita-
tion of this technique is that it does not provide an absolute
measure of CBF; the relationship with CBF is not linear
especially at high flow rates [107].

Territorial Mapping and Collateral Evaluation

in Stenotic-Occlusive Disease

Early studies of collateral circulation and its effect in the set-
ting of cerebrovascular stenotic-occlusive disease used a

combination of MRA and bulk macrovascular flow measure-
ments with MR phase contrast techniques [117, 118].
Kluytmans et al. [119] studied the relationship of hemody-
namic alterations on DSC perfusion MRI and collateral sta-
tus as judged by MRA (for circle of Willis) and sonography
(for ophthalmic artery) in patients with severe carotid steno-
sis, unilateral carotid occlusion, or bilateral carotid occlu-
sion, finding that collateral status significantly influenced
hemodynamic status. Bokkers et al. [99] used PC MRA or
DSA to assess effect of circle of Willis and leptomeningeal
collaterals on CBF measured using ASL with multiple delay
times, finding hemodynamic impairment in frontal regions
when leptomeningeal collaterals were present as compared
to when they were not.

ASL methodology provides the ability to separately label
individual cerebral arteries and measure the anatomic extent
and contribution to CBF in the respective vascular territories
on a microvascular scale [120]. This can be done with sepa-
rate labeling and imaging coils [121], tilted or offset labeling
planes or slabs [8, 9, 122—125], or more selective labeling of
individual arteries [10, 126]. Examples of clinical applica-
tions of selective labeling schemes include studies of the
variability of major vascular territories [127], assessment of
functional contributions of circle of Willis and leptomenin-
geal collateral pathways in the setting of ICA or MCA steno-
sis [128, 129], demonstration of functional contribution of

26-year old female with bilateral Moyamoya disease
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Fig. 5.5 A 26-year-old female patient with bilateral moyamoya dis-
ease. Time-to-maximum (Tmax) images from dynamic susceptibility
contrast MRI are shown on the leftmost panel. Cerebral blood flow
(CBF) maps (mL/100 g/min) from each of the 3 arterial spin labeling
(ASL) acquisitions are depicted at 2 slice locations, as well as arterial
transit time from multidelay ASL. Arrows indicate areas of lower and
higher signal on standard single-delay ASL relative to the [°O]-water
positron emission tomography (PET) reference (far right). Improved

Multi-delay ASL

LLLD ASL
CBF

['°O)-water PET

Artenial transit time rCBF

—

700 __ - 3500s 0 - 140

cortical CBF measurement compared with PET is seen on multidelay
and long-label long-delay (LLLD) ASL scans. rCBF indicates relative
CBF. Reprinted with permission from Fan AP, Guo J, Khalighi MM,
Gulaka PK, Shen B, Park JH, et al. Long-delay arterial spin labeling
provides more accurate cerebral blood flow measurements in moyam-
oya patients: A simultaneous positron emission tomography/MRI study.
Stroke. 2017;48(9):2441-9
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Fig. 5.6 Selective PASL perfusion MRI before and after CEA: a
67-year-old with asymptomatic right ICA stenosis (70% by area at level
of stenosis). Preoperative (a-c) and postoperative (d-f) perfusion stud-
ies with bilateral labeling (a, d), left-sided labeling (b, e), and right-
sided labeling (c, f) are shown. Before surgery, CBF in MCA territory

extracranial to intracranial (EC-IC) bypass in patients with
occluded carotid arteries [130], assessment of contribution
of ECA to cerebral perfusion in the setting of ICA occlusion
[120], and evaluating effect of intervention on relative con-
tributions of major cervicocranial arteries to regional cere-
bral perfusion [123] (Fig. 5.6).

Moyamoya

Moyamoya disease refers to an occlusive arteriopathy involv-
ing proximal anterior circulation (ICA, MCA, and anterior
cerebral artery [ACA]), more common in Asian populations.
It is slowly progressive, and collateral vessels develop at the
base of the brain as occlusive disease increases. It is a nonin-
flammatory, nonatherosclerotic fibrotic process that affects
children and young adults, but progressive occlusive arteri-
opathy in patients with other defined arteriopathies including
atherosclerosis who demonstrate similar morphology angio-

measured with label ipsilateral to CEA (¢) was 46 ml/100 g/min, and
supply from contralateral side (b) was 20 m1/100 g/min. After surgery,
CBF in MCA territory measured with label ipsilateral to CEA (f) was
90 ml/100 g/min, and supply from contralateral side (e) was 5 ml/100 g/
min

graphically are often also referred to with the term moyam-
oya syndrome [131]. Both DSC and ASL MRI perfusion
techniques have been applied in this setting [132—138]. For
either MR perfusion approach, marked transit delay and ves-
sel dispersion create problems in implementation. There will
be some variability in perfusion pattern depending on sever-
ity of disease, but at least for those with bilateral disease the
perfusion pattern is generally one of prolonged transit in
anterior circulation territories, especially deep watershed,
accompanied by relative hyperperfusion in posterior circula-
tion territories and basal ganglia (Fig. 5.7). Schubert et al.
[136] used xenon CT and DSC perfusion MRI, finding that
TTP > 4s indicated impaired CVR in moyamoya patients.
Tanaka et al. [137] compared PET and DSC perfusion MRI,
reporting that MTT prolongation greater than 2s compared to
cerebellum correlated with abnormally elevated OEF and
CBV. MR-derived CBV and MTT correlated with PET mea-
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Fig. 5.7 PASL perfusion MRI with and without vascular crusher gra-
dients: a 45-year-old with moyamoya syndrome. (a) PASL CBF images
with vascular crusher gradients on show normal or increased blood flow
in posterior circulation and in deep gray matter perforator territories,
with nonvisualization of significant label in anterior circulation territo-
ries in general. (b) With crusher gradients off, arterial label can be seen
in anterior circulation distributions, though still with left greater than

Crusher gradients off

right perfusion deficits, indicating marked transit delay. Stable xenon
perfusion CT provides a better evaluation of CBF in this setting, in this
case performed (c¢) before and (d) after acetazolamide challenge and
showing augmentation of flow in posterior circulation and deep gray
matter perforator territories, poor augmentation on right (CBF in right
MCA cortex increased by about 17%) and steal on left (CBF in left
MCA cortex decreased by about 12%)
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Fig. 5.7 (continued)
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surements, but CBF did not. One of the recent solutions to
overcome the delayed transit time in ASL imaging is to use
multidelay acquisition. Fan et al. studied 15 moyamoya
patients and demonstrated that long-label long-delay ASL
scans (postlabel delay = 4.0 s) showed the strongest correla-
tion relative to PET [93]. Wang et al. compared four postla-
beling delay pCASL with CT perfusion in 17 patients with
moyamoya disease and demonstrated improved correlation
between perfusion data from ASL and CT perfusion imaging
using the multidelay pCASL protocol [139]. Future applica-
tion of more advanced MR techniques such as ASL MRI fin-
gerprinting can further improve our understanding of cerebral
hemodynamics in patients with moyamoya disease [140].

Interventions

In symptomatic or asymptomatic patients with cerebrovascular
disease, the primary goals in evaluating hemodynamic effects
of a particular lesion or lesions are to not only assess risk as
discussed above, but also to assess the potential for intervention
to minimize that risk. Several studies have utilized MR perfu-
sion techniques to assess the effect of different interventions
such as carotid endarterectomy (CEA) [71, 114, 141-144],
carotid artery stent (CAS) [114, 145], encephalomyosynangio-
sis or encephaloduroarteriosynangiosis (EDAS) and superficial
temporal artery to middle cerebral artery (SMA-MCA) bypass
[131, 133, 146, 147] on hemodynamics in this setting (Fig. 5.8).
The effects of medical therapy have been less well studied.

Fig. 5.8 Left MCA stenosis before and after STA-MCA bypass: a
60-year-old initially presenting with intermittent right-hand numbness
and weakness and expressive aphasia, resolving after bypass. (a)
Preoperative PASL and (b) DSC perfusion MRI show left MCA terri-
tory perfusion deficit (Tmax > 8 s). Postoperative study shows decreased
perfusion deficit left MCA territory on PASL images (c¢), though hyper-

intense vessels indicating transit artifact persist. (d) DSC perfusion
MRI likewise shows decrease in perfusion deficit (Tmax < 5 s corre-
sponding to regions with highest Tmax preop), though border zones
anterior and posterior still show perfusion abnormality (Tmax = 6-7 s).
*DSC perfusion using “PMA” image analysis software (copyright
owner: Kohsuke Kudo) provided by ASIST-JAPAN
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Fig. 5.8 (continued)

Multiple studies using DSC perfusion MRI techniques
were able to show hemodynamic asymmetries that resolved
after CEA or CAS [71, 142-144]. Kluytmans et al. [143]
found no difference in rCBV or MTT (normalized to cere-
bellum) ipsilateral to a severe >70% stenosis as compared to
controls or contralateral hemisphere; however, if contralat-
eral carotid occlusion was also present rtCBV, MTT, and TTP
were asymmetrically increased on the occluded side, which
normalized after CEA. Doerfler et al. [71] found a delay in
normalized first moment and increased rCBV (normalized to
contralateral hemisphere) for symptomatic patients with
>80% ICA stenosis, which normalized after CEA, but did
not find a preoperative asymmetry for patients with <80%
stenosis. Soinne et al. [144] found greater hemodynamic
asymmetries in symptomatic patients compared to asymp-

tomatic patients, with increased MTT and decreased rCBV
in the ipsilateral hemisphere, which resolved after
CEA. Chang et al. [114] showed CBF increase ipsilateral to
CAS was significantly greater in patients with impaired
CVR, correlation between CVR impairment (measured with
a BOLD technique and breath-holding).

Absolute measures of CBF available with ASL techniques
are particularly attractive for longitudinal studies. Ances
et al. [141] reported an inverse relationship between preop-
erative CBF and percent change in CBF in anterior circula-
tion after CEA, with a significant increase in CBF after CEA
for patients with preoperative CBF <50 ml/100 g/min. Jones
et al. [123] studied symptomatic and asymptomatic patients
with carotid stenotic/occlusive disease using a hemispheric
labeling strategy, allowing quantitative assessment of CBF
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as well as the contribution of flow from cervicocranial ves-
sels on each side to ipsilateral and contralateral hemispheres.
CBF supplied by the side ipsilateral to CEA or CAS increased
after the procedure and the degree of change was inversely
related to the preoperative CBF supplied from that side,
while contralateral contributions to the side of CEA or CAS
decreased after the procedure.

Improved perfusion metrics after interventions such as
EDAS [131, 133, 146] have been reported. For example, Yun
et al. [146] showed that relative TTP and CBV (referenced to
cerebellum) improved after revascularization surgery (EDAS)
and extent of change in TTP correlated with clinical outcome.
Hui et al. used DSC perfusion MRI in 33 patients after unilat-
eral STA-MCA bypass and demonstrated that combination of
preoperative perfusion weighted imaging and Alberta Stroke
Program Early Computerized Tomography Score (PWI-
ASPECTS) is a useful predictive index for the long-term prog-
nosis of STA-MCA bypass patients [147]. A recent large study
in 145 patients who underwent STA-MCA bypass demon-
strated an increase in CBF and normalized CBF in MCA terri-
tory using ASL imaging with moderate to good agreement in
collateral grading and anastomosis patency when compared to
cerebral angiography [148].

Hyperperfusion

After CEA or CAS, some patients may experience a hyper-
perfusion syndrome—a substantial increase in CBF exceed-
ing metabolic demand of tissue. Symptoms may include
hypertension, headache, seizures, and intracranial hemor-
rhage (Fig. 5.9). A region of hemodynamic impairment with
decreased CVR in the presence of a flow-limiting arterial
stenosis lesion (with or without modifying factors such as
hypertension, poor collaterals or contralateral disease) is
suddenly subjected to a normal CPP after revascularization
[149, 150]. Autoregulation is impaired or overwhelmed lead-
ing to development of minutes to hours after the procedure,
potentially mimicking infarct on clinical exam. Imaging may
demonstrate breakdown of the blood—brain barrier, edema,
and hemorrhage. Evaluation of cerebral perfusion can help
not only with the diagnosis of hyperperfusion but also its
anticipation [149]. Fukuda et al. [151] found a significant
correlation between CBV measured preoperatively with
DSC perfusion MRI and increased CBF after CEA (CBF
measured pre- and postoperatively with SPECT). They
observed hyperperfusion (>100% increase in CBF) in just
under half of the patients with elevated preoperative CBV
and in none with normal preoperative CBV.

Hyperperfusion has also been described in posterior
reversible encephalopathy syndrome (PRES), migraine head-
aches, status epilepticus, hypercapnea, and hypoxic anoxic
injury [152, 153] (Figs. 5.10 and 5.11). Altered perfusion in
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Fig. 5.9 Hyperperfusion syndrome: status post CEA 2 days prior to
imaging with new dizziness and headache. Image courtesy of Jeffrey
Pollock, Oregon Health and Science University

many of these entities can also include hypoperfusion, how-
ever, depending on etiology and timing of injury [154, 155].

Spasm
Vasospasm developing after aneurysmal subarachnoid hem-
orrhage (SAH) is a difficult problem in neuroimaging for
multiple reasons. In order to minimize cerebral ischemic
injury resulting from vasospasm, the neurointensivist needs
areliable, and optimally a real-time measure of cerebral per-
fusion. Such a combination does not exist for clinical use as
yet. Transcranial Doppler (TCD) measurements can be
obtained frequently at bedside, but are not always reliable,
are operator dependent, and do not provide a measure of
cerebral perfusion. Nuclear medicine techniques such as
PET or SPECT have been utilized in this setting, but are not
always practical with critically ill intensive care unit (ICU)
patients and expose the patient to ionizing radiation. Stable
xenon CT perfusion or bolus contrast CT perfusion tech-
niques have been applied in this setting as well and are often
combined with CTA. These can even be done at bedside,
although with the drawback of additional exposure to ioniz-
ing radiation. Since multiple assessments may be required
during the course of treatment for vasospasm, this is obvi-
ously suboptimal.

MRI is attractive because of the superior sensitivity to
ischemia afforded by diffusion weighted imaging and the
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Fig. 5.10 Hyperperfusion (2 cases) on PASL perfusion MRI: anoxic
injury and hypercapnia. (a) An 11-year-old male 9 days after cardiac
arrest (mean CBF in gray matter 191 ml/100g/min). (b) A 60-year-old

ability to assess cerebral perfusion at the same time. This
can be done relatively quickly once the patient is on the
table, with a complete study of the brain including diffusion,
perfusion, and angiographic imaging achievable in less than
15 min. However, transport of a critically ill patient and sta-
bility and safety in the MR scanner require more attention
and effort than CT or nuclear medicine techniques, and
without adequate planning and practice this can create
obstacles for routine clinical use in this setting. It remains
attractive if it can be efficiently done, and its use has been
described [156-160]. Hattingen et al. [157] prospectively
studied 51 patients in the first week after SAH, finding vaso-
spasm in just under half. They measured decreased rCBV
and rCBF in territories involved by spasm, hypothesizing
that this reflects autoregulatory dysfunction in involved
regions. Weidauer et al. [161] prospectively studied infarct
patterns in patients after SAH, correlating patterns with
degree of spasm and cerebral circulation time on DSA as
well as delay time on MR perfusion studies (TTP). They
studied 117 patients selected at high risk for spasm, finding
DSA evidence for spasm in 87.5% in the second week with
52.5% of these showing new ischemic injury, with the
majority of infarcts related to severe spasm and perfusion
delays (TTP 6.52 +4.52 s), and decreasing infarct rates with
mild or moderate spasm and shorter perfusion delays. All
infarct patterns, especially watershed or territorial, increased
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male with hypercapnea (pCO2 = 76.6, normal 35-45) and hyperperfu-
sion (CBF in gray matter 169 ml/100 g/min). Images courtesy of Jeffrey
Pollock, Oregon Health and Science University

in frequency with increasing degree of spasm, with the
exception of laminar cortical patterns, which were seen
more with moderate or mild (or no) spasm. Of course, the
pattern of infarcts depended also on collateral flow and pat-
tern of involvement of the circle of Willis and intracranial
arteries. Perfusion disturbances can also be seen without
angiographically significant spasm [157, 161] for many
potential reasons, including microvascular spasm, increased
intracranial pressure (ICP) related to hydrocephalus or
edema, hypotension, etc. Beck et al. [162] used bolus con-
trast MR perfusion and diffusion in 10 patients to diagnose
vasospasm (along with clinical indicators including TCD),
confirming with DSA, and then repeating the MR study to
assess the effects and outcome of angioplasty. They defined
tissue at risk by perfusion delay (TTP), and found that
angioplasty resulted in decreased mismatch in perfusion
versus diffusion abnormalities, with reductions in TTP pre-
venting or reducing extent of infarction in a given vascular
territory compared to territories with delays that did not
undergo angioplasty. MR perfusion and diffusion weighted
imaging may also be helpful in vasospasm unrelated to sub-
arachnoid hemorrhage [163].

The literature on application of ASL imaging in patients
with SAH is sparse. In a small study of 15 patients with
SAH and 14 healthy volunteers, Labriffe et al. found global
or regional hypoperfusion pattern when SAH was compli-
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Fig. 5.11 Complicated migraine headache: an 8-year-old with severe
headache and progressive left hemiparesis over a few hours, completely
resolving within 2 days. PASL perfusion MRI shows hyperperfusion

cated by vasospasm. In addition, they observed serpiginous
high signals likely secondary to retention of labeled pro-
tons in arteries with vasospasm [164]. Finally, in a recent
small prospective study, Russin et al. performed DCE MRI
in day 4 after SAH and demonstrated that Ktrans was sig-
nificantly higher in aSAH patients who subsequently devel-
oped delayed cerebral ischemia compared to patients with
radiographic spasm but no infarct and patients without
vasospasm [165].

AVM

Arteriovenous shunting with arteriovenous malformation
(AVM) or arteriovenous fistula (AVF) leads to rapid transit
arterial transit, which can also cause artifact on ASL perfu-
sion MRI. In this situation, the assumption that labeled arte-

right frontal and parietal cortex (a) without abnormality on diffusion-
weighted images (b). Images courtesy of Arastoo Vossough, The
Children’s Hospital of Philadelphia

rial blood is in microvasculature or tissue is violated, with
the tracer moving through the AVM behaving as an intravas-
cular as opposed to a diffusible tracer. Just as transit delays
can cause artifact with bright signal in arteries and arterioles,
rapid transit leads to bright signal in the presence of a shunt.
Arterial label traveling normally through tissue with a nor-
mal capillary bed will still behave as a diffusible tracer. The
feasibility of using this approach to detect the presence of a
shunt and potentially evaluate effects on perfusion distant
from and in proximity to AVM was shown by Wolf et al. in a
pilot study of seven patients with AVM [166] (Fig. 5.12). Le
et al. subsequently demonstrated that identification of venous
ASL signal intensity improved detection of dural arteriove-
nous fistulas and small AVMs [167]. Studies using a combi-
nation of ASL and susceptibility-weighted imaging
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Fig. 5.12 Shunt visualization in AVM using CASL perfusion MRI: 3
different patients with AVM in left frontal lobe (a), along left central
sulcus (b), and in right frontal lobe (¢). For each patient, 2 of 12 CASL
imaging locations are shown on the left and slab maximum intensity
projections from 3D time of flight MRA through the AVM on the right.

AVM nidus and draining vessels (arrows) are clearly seen on CASL
CBF maps, as is labeling in cortical veins and sagittal sinus (arrowhead)
indicating rapid transit or AV shunting. Reprinted with permission from
Wolf RL, Detre JA. Clinical neuroimaging using arterial spin-labeled
perfusion MRI. Neurotherapeutics 2007;4(3):346-59
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demonstrated increasing sensitivity and specificity compa-
rable to contrast-enhanced MRA, but still lower than catheter
angiography [168, 169]. DSC perfusion MRI has also been
used to evaluate AVM effects on perfusion and effects of
treatment such as stereotactic radiosurgery on AVM hemo-
dynamics [170, 171].

Neoplastic Disorders

The primary target of perfusion MRI methodology is neo-
plastic vasculature. Neoplasm vascularity and angiogenesis
can be assessed using estimates of blood volume, and integ-
rity of the blood—brain barrier or the “leakiness” of neoplas-
tic vessels can be assessed with measurements of endothelial
permeability. Methods based on first pass T2*-weighted
(DSC MRI) and steady state T1-weighted (DCE MRI) acqui-
sitions have been applied to this end [20, 172-174], though
routine clinical work tends to rely more on DSC perfusion
MRI to date. The majority of studies employ a T2*-weighted
approach, although some have used a T2-weighted [175-
177] or combined T2*/T2-weighted approach [178, 179].
The advantage of dual-echo, combined T2*/T2-weighted
approach is the ability to measure to the vessel size, which
has been used to evaluate vascular normalization in the con-
text of antiangiogenic treatments [180, 181]. ASL techniques
have been increasingly utilized in this setting as well [12,
182, 183]. In this section, blood flow or volume in neoplasms
(more broadly termed tumors) will be referred to as TBF and
TBYV (tumor blood flow and volume, as opposed to cerebral
blood flow and volume). While the focus here is on perfusion
imaging of neoplasms, it is important to note that perfusion
imaging should be interpreted in the context of clinical find-
ings and other conventional and advanced imaging tech-
niques including diffusion and spectroscopic imaging [173,
184, 185].

Diagnosis and Grading

Differentiation of Neoplastic from Non-neoplastic
Lesions

Inflammatory lesions such as tumefactive demyelinating
lesions (TDLs) show decreased rCBV compared to neo-
plasms. For example, Cha et al. [186] evaluated 10 patients
with suspected TDLs and compared blood volume measures
in these lesions as compared to a selection of neoplasms (6
high-grade gliomas, 1 low-grade glioma, and 4 lymphomas)
in 11 patients, finding mean rCBV of 0.88 (range: 0.22-1.79)
in TDLs compared to mean rTBV of 6.47 (range: 1.55-19.2)
in neoplasms (Fig. 5.13). Other reports regarding inflamma-
tory lesions are concordant [187, 188]. However, inflamma-
tory lesions may show increased rCBV [189], though marked
hypervascularity or elevations in rCBV are uncommon. While
the increase may be mild, there can still be enough overlap
with rTBV from some brain neoplasms that the distinction
between non-neoplastic and neoplastic processes is blurred.
Infectious lesions also typically show decreased blood vol-
ume [190-194]; however, elevated rCBV can be seen, for
example, in fungal infections and tuberculomas secondary to
reactive neovascularization [195, 196]. Review of clinical
findings with conventional imaging results and other advanced
imaging studies such as diffusion and spectroscopic imaging
remains necessary [197, 198]. A recent study using ASL per-
fusion imaging in 60 subjects with intra-axial brain masses
demonstrated higher rCBF in neoplastic compared to non-
neoplastic lesions with rCBF of higher than 1.89 to have 90%
sensitivity and 73% specificity for differentiation [199].

Intra-Axial Neoplasms
DSC and DCE Imaging Blood volume of gliomas has

been shown to correlate with grade in many studies imple-
menting DSC perfusion MRI [175, 198, 200-202]. Vascular

Fig.5.13 Lack of increased blood volume in non-neoplastic disease: a
38-year-old with tumefactive demyelinating lesion (TDL). (a) FLAIR
and (b) post contrast T1-weighted images show mass with incomplete
enhancement at margins. (c¢) Relative blood volume was low, and there

was facilitated diffusion except for margin of lesion where diffusion
was decreased on (d) diffusion-weighted and (e) ADC maps. The con-
stellation of findings is most consistent with TDL, with the lesion
decreasing in size and enhancement resolving within 6 months
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morphology has also been evaluated with studies of vascular
tortuosity [203, 204] and size [179, 180, 205, 206].
Permeability measured using T2* or T1-based approaches
also correlates with grade [201, 207-210]. In general, the
more aggressive a neoplasm the more abnormal the vascula-
ture with greater vascular density and tortuosity (higher
TBYV) and greater permeability. There are exceptions, how-
ever, the most troublesome of which are gliomas with oligo-
dendroglial components, which may show increased TBV
(or TBF) [177, 211-213]. Hemangioblastoma, gangliogli-
oma, and pilocytic astrocytoma may show increased TBV as
well [214, 215].

Despite the demonstrated correlation of blood volume
with grade, there is a fair amount of overlap between grades,
and this complicates interpretation. Some authors have found
that using a T2*-weighted approach (gradient echo EPI) pro-
vides better discrimination between low- and high-grade
gliomas [178, 179, 205], while others have suggested
T2-weighted (spin echo EPI) approach is superior for at least
some applications. For example, Young et al. proposed that
the decreased sensitivity to larger vessels associated with
T2-weighted DSC MRI may improve distinction between
glioblastoma and metastasis [206]. A combination of these
can also be used, where AR2*/AR2 ratio can be used as an
index of vessel diameter [178, 179].

A commonly used interpretation strategy for clinical eval-
uation of TBV is to obtain a maximum relative TBV in the
neoplasm by manually placing regions of interest (ROIs) and
normalizing to contralateral white matter, which has been
demonstrated to be reproducible [216, 217]. A large study in
160 patients with glioma demonstrated that the rCBV thresh-
old of 1.75 provided a sensitivity of 95% and specificity of
57.5% in differentiation of high-grade and low-grade glio-
mas [218]. Histogram analysis has also been proposed to
address heterogeneity in neoplasms and to improve reliabil-
ity for such measurements [204, 216, 219, 220] and has been
shown to be as effective as rCBVmax analysis in the correla-
tion with glioma grade [216]. Evaluation of peritumoral tis-
sue outside of enhancing margins with histogram analysis
has been found to be helpful in reproducible grading of glio-
mas, even when no ROI is placed and analysis is performed
on the entire imaging sections covering the neoplasm [220].

More recently investigators used DCE imaging for gli-
oma grading. Jia et al. showed significantly higher K™ and
V, values in high-grade compared to low-grade gliomas
[221]. Jung et al. performed histogram analysis of pharma-
cokinetic parameters and demonstrated that the 98th percen-
tile of K" could best differentiate high-grade from
low-grade gliomas [222]. A recent multicenter study of
DSC perfusion and DCE MRI in 94 patients demonstrated
that both techniques have a comparable, high diagnostic
accuracy for grading gliomas. Among DCE-derived param-

eters, V, and V, had the highest accuracy, and rTBV had the
highest accuracy in DSC imaging [223]. Multiparametric
evaluations have also been employed to improve diagnostic
accuracy [210, 218, 224, 225].

ASL Perfusion Imaging

The first studies evaluating brain tumors using ASL imple-
mented pulsed ASL (PASL) methodology [226, 227]; and
while contrast-enhanced methods are more commonly used
clinically, experience with ASL perfusion methodology is
increasing given improved image quality and more wide-
spread availability on clinical MRI scanners in the last sev-
eral years. Potential advantages of ASL perfusion MRI
include complete noninvasiveness, diffusible tracer with
improved quantitation capability, and decreased sensitivity
to errors from altered permeability [12, 213]. Relative insen-
sitivity to permeability may be viewed as a drawback,
although preliminary work has shown that it is possible to
address this [228]. Other disadvantages include low SNR,
although this is improving with advances in software and
hardware. Several studies demonstrated correlation of blood
flow with blood volume and also with neoplastic vascularity
as measured by histopathologic assessment of vascular den-
sity [210, 215, 227]. Though absolute measures of CBF and
TBF can be obtained with ASL techniques, relative or nor-
malized measures may be more useful in this setting [213,
227]. In general, ASL measures of TBF correlate with DSC
and DCE measures of TBF and permeability, TBF increasing
with increasing grade and aggressiveness for intra-axial
brain neoplasms [210] (Fig. 5.14). Oligodendroglial neo-
plasms create difficulties for this approach as well [213]. In
a recent study of 34 patients with glioma, Arsawa et al. used
histogram analysis of cerebral blood flow and demonstrated
a strong correlation between the ASL and DSC in the 75th
percentile, mean, median, and standard deviation values;
however, the area under the curve values was greater for
DSC compared to ASL technique, DSC-MRI superior to
ASL for glioma grading in this study [229].

Extent of Infiltration: Glioma Versus Metastasis

Versus Lymphoma

High-grade gliomas, lymphomas, and metastases can look
very similar on conventional imaging, and all can be solitary
or multifocal. Although lymphomas almost always enhance,
they tend not to develop the neovascularization typical of
other aggressive neoplasms. Vascular abnormalities are pres-
ent, however, including angiocentric growth pattern, exten-
sion into perivascular spaces, disturbance of blood—brain
barrier, and potentially angioinvasion [198, 230]. Lymphomas
tend to show less striking changes in TBV as compared to
glioblastoma or metastases, usually with rTBV less than 2.5
compared to contralateral white matter and often ranging
close to 1 [198, 231-233]; however, some lymphomas do
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(grade III), and (c) glioblastoma (grade IV) are shown. Reprinted with
permission from Wolf RL, Detre JA. Clinical neuroimaging using arte-
rial spin-labeled perfusion MRI. Neurotherapeutics. 2007;4(3):346-59

Fig.5.14 CASL perfusion MRI: 3 cases showing increasing CBF with
increasing glioma grade. From left to right, FLAIR or T2-weighted,
post-contrast T1, and CASL perfusion MRI are shown. Examples of (a)
oligodendroglioma (WHO grade II), (b) anaplastic oligoastrocytoma
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show markedly elevated TBV (i.e., greater than 5) [234].
Metastases do develop neovascularity and thus also show
increased permeability and blood volume.

Blood volume and permeability measures show sufficient
overlap that differentiation of the lesions in an individual is
problematic; however, attempts at evaluating the tissue out-
side of the enhancing mass have shown promise. For exam-
ple, Law et al. [235] reported elevated relative blood volume
(ratio greater than 1 compared to contralateral white matter)
in the peritumoral region of high-grade gliomas just outside
of the enhancing component, where metastases showed
ratios less than 1 (Fig. 5.15).

Another approach that has been shown to be helpful in
differentiating of high-grade glioma, metastasis, and lym-
phoma is analysis of time intensity curve of DSC perfusion
images. In lymphoma, percentage of signal recovery (PSR)
is higher compared to glioblastoma and metastasis second-
ary to contrast extravasation with a resultant T1 effect and
can even overshoot over the baseline signal intensity [236,
237]. Cha et al. demonstrated that the percentage of signal
intensity recovery is reduced in both enhancing and peritu-
moral region in metastasis compared to glioblastoma, likely
due to leakier vessels in metastasis [238].

Multiparametric studies have also proven to be useful in
differentiation of glioblastoma from lymphoma. In one such
study of 28 patients with glioblastoma and 19 patients with
lymphoma, Kickingereder et al. demonstrated that com-
bined multiparametric assessment of mean ADC, mean
rCBYV, and presence of ITSS (intratumoral susceptibility
signal) significantly improved the differentiation between
lymphoma and glioblastoma when compared to 1 or 2 imag-
ing parameters [239]. In another study, of 42 patients with
glioblastoma and 18 patients with lymphoma, significantly
higher K" and V, were found in lymphoma compared to
GBM; however, the combination of rADC and K" signifi-
cantly improved the diagnostic accuracy for discriminating
between the lesions [240].

Extra-Axial Neoplasms

Multiple studies have evaluated extra-axial masses using
perfusion MRI, in general describing high relative TBV
[198, 232, 241] or TBF [215, 226, 242]. Conventional imag-
ing techniques are usually adequate for the evaluation of
straightforward extra-axial masses; however, there are some
cases where conventional imaging fails to determine whether
a mass is intra-axial or extra-axial. The surgical approach
may not be substantially altered in this case, but the surgeon
would prefer to know in advance what is expected so that
plans can be made to resect the dura with an appropriate mar-
gin if the lesion is likely a meningioma. Other helpful infor-
mation may include a determination of whether a meningioma
is likely typical versus atypical. Dural-based metastases or
non-neoplastic disease may have an imaging appearance

similar to meningioma, and this potential would be important
for the surgeon to know as well. Perfusion MRI techniques
have been applied to the evaluation of extra-axial neoplasms
in this light [198, 241-245].

One of the problems with meningiomas illustrated in the
studies above is that they are quite hypervascular, and lack of
a BBB leads to immediate contrast agent leakage such that
the intravascular compartmentalization of the contrast agent
needed for first-pass DSC perfusion MRI analysis is not
present. Another problem is the common presence of mineral
in meningiomas. This can be extensive and leads to suscepti-
bility artifact that further limits accuracy. Mineral can also be
a problem for ASL techniques especially with echoplanar
readouts, but they are less sensitive to the problem of high
permeability. Estimates of tumor blood volume may be unre-
liable as a result, even with correction schemes, but small
series have suggested elevated TBV in meningiomas and
other extra-axial neoplasms versus intra-axial neoplasms
[198, 245]. Other series have described meningiomas tend-
ing to show higher TBV than other extra-axial neoplasms
such as metastases [246] and schwannomas [244]. The shape
of the time intensity curve in DSC MRI experiments may
provide an additional clue that a mass is extra-axial, where
the signal drop does not return to baseline or does so more
slowly as compared to intra-axial masses [198, 241].

Uematsu et al. [244] used a double echo dynamic MRI
perfusion method to estimate tumor vascularity and perme-
ability in meningioma as compared to vestibular schwan-
noma, finding substantial overlap in TBV but good separation
based on a leakage index derived from the difference between
AR2* values with and without T1 correction measured after
the first pass. Meningiomas had higher vascularity, while
schwannomas had higher leakage or permeability. Yang et al.
[245] found that calculation of permeability was helpful in
grading meningioma, with K™ = 0.0016 s~! = 0.0012 in
typical meningioma (mean and SD) and K" = 0.0066 s~! +
0.0026 in atypical meningiomas, a statistically significant
difference, where tumor blood volume showed substantial
overlap in values and was not helpful.

Kimura et al. [242] used CASL perfusion MRI measures
of blood flow and DSC MRI measures TBF, TBV, and MTT
to study meningiomas, correlating findings with measures of
vessel density (microvessel area or MVA). They found that
TBF derived from ASL or DSC methods was significantly
correlated, and that CASL-derived TBF was correlated with
MVA. They found differences in TBF between meningioma
subtypes, with highest TBF in angiomatous subtypes and
lowest TBF in fibrous subtypes, though atypical meningio-
mas were excluded in this analysis. Qiao et al. studied 54
patients with meningioma using pCASL and described three
patterns: homogeneous hyper-perfusion (pattern 1), hetero-
geneous hyper-perfusion (pattern 2), and no substantial
hyper-perfusion (pattern 3). They demonstrated that patterns
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Fig. 5.15 DSC perfusion MRI, infiltration and grade (2 cases): glio-
blastoma (a, b) and metastatic melanoma (c, d). Aggressive enhance-
ment pattern is seen on T1-weighted post contrast image (a) in the
patient with glioblastoma, with elevated rTBV on T2-weighted DSC
perfusion MRI (b) well away from enhancing margins suggesting

extensive infiltrating component. Aggressive enhancement is also seen
for the melanoma metastasis (c), but edges appear better defined and
T2*-weighted DSC perfusion MRI confirms defined edges arguing
against infiltrative component
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2 and 3 were predictive of World Health Organization
(WHO) Grade II and III meningioma [247]. In a study of 34
patients with parasellar extra-axial lesion, Xiao et al. showed
that nCBF was significantly higher in meningioma than cav-
ernous hemangioma [248]. Finally, territorial ASL imaging
has been used to determine the vascular supply of meningio-
mas. Lu et al. demonstrated that territorial ASL can comple-
ment 3D-TOF-MRA and increase the accuracy for
determining the supplying arteries of meningiomas [249].

Pre-treatment Planning

Biopsy Guidance
Brain neoplasms can be quite heterogeneous, and this becomes
critical when complete resection of an enhancing mass is
impossible, such as with unacceptable risk related to location
and when neoplastic etiology is uncertain such as with sus-
pected TDL. Though higher grade components of neoplasms
tend to show greater enhancement, which can be targeted in
biopsies, the relationship is not adequate for assessing grade
and therefore is not optimal for determining biopsy sites.
Many low-grade neoplasms enhance, some intensely, and not
all high-grade neoplasms enhance. Since perfusion and per-
meability metrics better correlate with grade and apparently
with angiogenesis, it is logical to target the most abnormal
regions of a mass on these types of studies to maximize likeli-
hood of sampling the highest grade portions of the mass and
thus decrease risk of sampling error [200, 250-252] (Fig. 5.16).
Maia et al. [252] used a T2-weighted DSC MRI technique
to generate rTBV measurements and used these to target
areas of increased blood volume for stereotactic biopsy prior
to resection in nonenhancing supratentorial gliomas. In six
cases where heterogeneous blood volume was demonstrated
in the glioma, biopsies from higher rTBYV foci yielded diag-
noses of oligoastrocytoma and anaplastic astrocytoma, while
completely resected specimens were primarily diffuse low-
grade astrocytoma on histology. Chaskis et al. [251] also
reported added value of biopsy guided by rTBV values, with
areas of high rTBV showing histological features of endo-
thelial proliferation, increased vascularity and cellularity,
and enhancing areas corresponding more to necrosis with or
without pseudopalisading. Ningning et al. used ASL perfu-
sion imaging to target biopsies in 47 patients with treatment-
naive brain gliomas and demonstrated a statistically
significant correlation between CBF and microvascular den-
sity of biopsied specimens [253]. Finally, in a study of 22
patients with glioma, combined MR spectroscopy and ASL
improved the accuracy of target selection for the stereotactic
biopsy of intracranial tumors [254].

Prognosis
Multiple studies have shown the potential for perfusion MRI
to predict outcome for primary [177, 184, 255-257] and

secondary [258] CNS neoplasms. In general, lesions with
lower rTBV have a longer time to progression compared to
those with higher rTBV. For example, Law et al. [256] found
that low-grade gliomas with maximum rTBV less than 1.75
on preoperative imaging had a median time to progression of
4620 days + 433, while maximum rTBV greater than 1.75
had median time to progression of 245 + 62 days. Bisdas
et al. [259] studied patients with low- and high-grade glio-
mas, excluding gliomas with oligodendroglial components.
They found maximum rTBV values predictive of outcome,
with values less than or equal to 3.8 a significant predictor of
1-year survival and values greater than 4.2 at 11 times greater
risk for shorter progression-free survival. Studies in high-
grade gliomas [260-262] also have reported that maximum
rTBV measured prior to initiation of chemotherapy and radi-
ation can be useful as a prognostic biomarker. In a study of
135 patients with newly diagnosed glioblastoma, Paik et al.
demonstrated that higher skewness and kurtosis of rCBV
histogram were associated with longer progression-free sur-
vival after partial tumor resection [263]. In a study of 58
patients with glioblastoma, Coban et al. found that maximum
rCBYV was significantly higher in patients with short survival
compared to those with longer survival. They demonstrated
that a maximum rCBYV cutoff value of 5.79 can differentiate
patients with low and high survival with an area under the
curve of 0.93 [264]. Maralani et al. evaluated the prognostic
value of DSC perfusion in elderly patients with glioblasto-
mas and demonstrated that rCBV parameters were higher in
elderly compared to younger patients. They also showed that
high rCBYV in elderly patients was independently associated
with shorter survival [265]. The result of this study can be
explained by the fact that the vast majority of GBMs in
elderly patients develop de novo, without a preexisting lesion
(primary glioblastomas), while in younger patients second-
ary GBMs progress from lower-grade diffuse astrocytoma
[266]. Permeability metrics have been evaluated along these
lines as well, also showing predictive value with regard to
survival and time to progression [267]. An association
between increased rTBV and 1p or 1p19q deletions has also
been described, the deletions associated with improved sur-
vival [212, 268].

Radiogenomics

Radiogenomics is a recently established field that extracts
information from different imaging features to predict genet-
ics and molecular characteristics of tumors. The ultimate
goal of radiogenomics approach is to longitudinally follow
the clonal evolution of glioma cells without the need for
repeated biopsies, which are invasive and frequently associ-
ated with sampling error. In recent years, multiple studies
investigated the relationship of MR perfusion metrics with
genomic features of glioma. In a study of 106 patients with
glioblastoma, Gupta et al. demonstrated that higher median
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Fig. 5.16 Sampling error and potential value of perfusion weighted
imaging: a 47-year-old with multicentric infiltrating glioma, preopera-
tive study. (a) FLAIR and (b) postcontrast T1-weighted images show
nonenhancing mass left frontal and left temporal parietal regions with
enhancing component left temporal parietal region. (¢) Calculated
tumor blood flow (TBF) using CASL perfusion MRI and (d) relative
tumor blood volume (rTBV) using DSC perfusion MRI are increased in

not only enhancing component of mass (arrows) but in nonenhancing
portions anterior to this as well (arrowhead). Left frontal mass would
have been preferred for biopsy but did not show enhancement, elevated
TBF, or elevated rTBV. Biopsy revealed grade III astrocytoma, but
abnormal perfusion anterior to enhancing component may have indi-
cated higher grade. Proximity to language areas precluded more exten-
sive resection
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rCBV and lower percent signal recovery were associated
with high levels of EGFR amplification [269]. Ryoo et al.
studied 25 patients with glioblastoma and demonstrated that
tumors with aggressive genetic alterations had higher rtCBV
[270]. Tan et al. studied 91 patients with grade 2—4 gliomas
and demonstrated that the rCBV was higher in the IDH wild
type compared to IDH mutants for all grades [271]. Similarly,
Xing et al. demonstrated that a combination of conventional
MR, DWI, and DSC-perfusion imaging features has high
accuracy for predicting IDH mutations in grade IT and III
astrocytomas [272]. In a study of 33 patients with IDH-
mutated and 1p/19q co-deleted oligodendrogliomas, Lin
et al. found that rCBV and rCBF from DSC perfusion imag-
ing were significantly different between grades 2 and 3 and
the combination of SWI and DSC-PWI provided the highest
accuracy for the differentiation [273]. Additionally, Bakas
et al. studied the peritumoral region in 64 patients with glio-
blastoma and validated the findings in 78 cohorts and dem-
onstrated that a peritumoral heterogeneity index derived
from DSC perfusion imaging is highly accurate to predict
EGFRVIII status [274].

Post-Treatment Planning

Response to Therapy and Recurrence/Progression
MR perfusion techniques have shown promise as a quantita-
tive measure of response to treatment as well as predictor of
outcome [180, 227, 260, 275-278]. Early studies showed
that MR perfusion measures of blood volume could be used
to evaluate response to radiation in low-grade gliomas and
normal brain [276, 278]. ASL perfusion imaging has also
been applied in this setting. For example, using PASL and
DSC perfusion MRI to evaluate metastases before and after
radiation, Weber et al. [277] found that a drop in the ratio of
rTBF to gray matter from pre-treatment study to 6 weeks
after stereotactic radiosurgery using either approach was pre-
dictive of outcome, and a decrease in rTBF to gray matter
ratio predicted ultimate treatment response.

Multiple investigators applied DSC perfusion imaging as
a predictive marker in the setting of treatment with antian-
giogenic agents and demonstrated that baseline rCBV cor-
relates with overall survival in patients with high-grade
glioma [279, 280]. Schmainda et al. studied 36 subjects with
high-grade glioma who underwent bevacizumab treatment
and demonstrated that the overall survival was significantly
longer if either the pre- or post-treatment standardized rCBV
was <4400 [281]. This finding was corroborated in a subse-
quent study, which demonstrated that patients with at least 1
year of overall survival had large decreases in normalized
rCBV at week 2 and week 16 [282].

Multimodality MRI with longitudinal assessment of treat-
ment with a vascular endothelial growth factor (VEGF)

inhibitor illustrated normalization of tumor vasculature as
measured by rTBV, permeability (K"), and relative vessel
size [180]. A recent meta-analysis of 13 DSC and DCE per-
fusion studies in patients with recurrent glioma treated with
bevacizumab-based regimens demonstrated the usefulness
of rCBV in predicting tumor progression and eventual out-
come after treatment. This meta-analysis also showed that
rCBYV, K", CBVmax, Vp, Ve, and Kep demonstrated a con-
sistent decrease on the follow-up MRI after treatment [283].
Perfusion MR techniques have also been used to study
effects of corticosteroids on brain neoplasms and associated
edema [284-287].

Post-Treatment Imaging of Brain Tumors: Tumor
Recurrence, Pseudoprogression and Radiation

Necrosis

Immediately after radiotherapy, especially when combined
with chemotherapy, a treated brain neoplasm may initially
show apparent progression with increased edema and con-
trast enhancement but with subsequent stabilization or
improvement (pseudoprogression). The timing of pseudo-
progression is different than classic radiation necrosis,
which usually occurs 9-12 months or even years following
radiation [288, 289]. In addition, classic radiation necrosis
tends to stabilize or worsen over time in contrary to sponta-
neous resolution in pseudoprogression. Neurooncologists
have been familiar with the concept of pseudoprogression
for some time and tend to delay postradiation MRI for sev-
eral weeks to better assess true treatment response; how-
ever, pseudoprogression remains an issue, typically seen
within the first several months after completion of radio-
therapy [290, 291]. With standard of care radiation and
concurrent temozolomide (chemoradiation) for glioblas-
toma, this is commonly seen and rates of pseudoprogres-
sion as high as 64% have been reported [292, 293]. Two
basic problems arise as a result: (1) pseudoprogression
could be mistaken for progression of disease and a poten-
tially beneficial treatment could be stopped or altered, and
(2) improvement after initial pseudoprogression could be
mistaken for actual response to a given treatment strategy
[290] (Fig. 5.17). MR techniques evaluating diffusion, per-
fusion, and metabolic characteristics of these lesions have
shown improved differentiation between recurrence and
post-treatment changes. For perfusion MRI imaging, DSC
MRI techniques have been the primary focus [176, 258,
294-296] (Fig. 5.18).

Gasparetto et al. used a T2-weighted DSC perfusion MR
technique to assess the fraction of malignant histologic fea-
tures in enhancing masses appearing after treatment [176].
They found that a rCBV threshold relative to normal-
appearing white matter of 1.8 was an efficient and accurate
cutoff for a fraction of 20% malignant histological features.



Fig. 5.17 Response to therapy monitored with conventional MRI,
T2*-weighted DSC perfusion MRI, and T1-weighted DCE permeabil-
ity MRI: a 48-year-old with glioblastoma. From top to bottom, FLAIR,
post-contrast T1-weighted spin echo or gradient echo, relative tumor
blood volume (rTBV), and permeability (K", bottom) are shown.
Time point O indicates post-resection, pre-chemoradiation exam, fol-
lowed by 3-month interval follow-up studies. Chemoradiation was
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0- and 3-month time points, with pseudoprogression in

anteriorly on FLAIR and post-contrast imaging and
improvement in other enhancing lesions, but apparent response on
rTBV and K™ maps at 3- and 6-month time points, and with improve-
ment on all sequences by 9-month time point. Image locations are not
perfectly registered between studies
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Fig. 5.18 Treatment related necrosis (TRN) versus progression: 2  (b). Enhancing masses are also seen for the case of progression (c),
glioblastoma cases status post-surgery and chemoradiation. Despite ~ while rTBV is increased in this case (arrows), especially for smaller
aggressive enhancement and mass effect (a), rTBV was low for TRN  focus (closed arrow) (d)
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Wang et al. demonstrated that using a cutoff value of rCB-
Vmax =2.77 provides 82% sensitivity and 63% specificity to
differentiate pseudoprogression from true progression and
mixed tissue [297]. In a recent study in 19 patients with
GBM with progressive enhancement on postchemoradiation
MRI, Boxerman et al. demonstrated that the initial r*CBV
was not significantly different in between pseudoprogression
and the true progression group on initial MRI; however,
there was a significant difference in the overall linear trend in
rCBV on follow-up MRIs between the two groups [298]
(Fig. 5.19).

Hoefnagels et al. [258] studied metastases treated with
stereotactic radiosurgery using a T2*-weighted DSC MRI
technique, reporting an optimal cutoff for maximum rCBV
of 2.0 relative to white matter for sensitivity and specificity
of 85 and 71.4%, respectively; although survival after time
of suspected recurrence (defined as time of the perfusion
MRI) was only minimally and not significantly increased for
the radiation necrosis group compared to the recurrence
group (13.4 + 8.6 months vs. 8.4 + 7.1 months). Barajas et al.
[294] studied brain metastases after gamma knife radiosur-
gery, using DSC perfusion MRI and evaluating perfusion
metrics rCBV, rPH (relative peak height), and PSR (percent
signal recovery) in this setting. They found that measures of
PSR were best in making this distinction, with PSR lower in
cases of recurrent metastatic disease (cutoff of PSR =76.3%
gave sensitivity = 95.65% and specificity of 100%). However,
rCBV and rPH measures were also significantly different
between these groups, showing higher values in cases of
recurrent metastatic disease but with more overlap between
groups as compared with PSR.

In recent years, multiple investigators used DCE MRI to
differentiate true progression from pseudoprogression.
Thomas et al. studied 37 patients with glioblastoma treated
with radiation and temozolomide after surgical resection
and demonstrated lower plasma volume and Ktrans values
in pseudoprogression compared to tumor progression
[299].

Bisdas et al. prospectively studied 18 patients with high-
grade glioma, analyzing DCE data with both pharmacoki-
netic modeling and model free analyses. They demonstrated
that both the initial area under the signal intensity curve
(1AUC) and Ktrans were significantly higher in the recurrent
glioma compared to radiation necrosis group [300]. In
another study, Chung et al. applied a bimodal histogram
analysis of AUC using DCE MRI and demonstrated that ratio
of the initial area under the time signal intensity curve
(TAUC) to the final AUC was the best indicator to differenti-
ate recurrent GBM from radiation necrosis with a sensitivity
of 93.8% and a specificity of 88.0% [301].

ASL imaging has also been used in post-treatment evalu-
ation of brain tumors. Ye et al. studied 16 cases of recurrent
glioma and 5 cases of radiation necrosis suing both DSC and
ASL perfusion. They demonstrated that both normalized
CBF and rCBV ratio were significantly higher in patients
with tumor recurrence compared to radiation necrosis [302].
In a retrospective study, Choi et al. included 117 patients
with GBM following resection and chemoradiation to inves-
tigate the added value of ASL compared to DSC perfusion
alone. They used a semiquantitative grading system for ASL
imaging based on comparing tumor perfusion signal inten-
sity to the white matter (grade I), gray matter (grade II), and
blood vessels (grade III). They found that adjunctive ASL
improved the diagnostic accuracy of DSC perfusion in dif-
ferentiating pseudoprogression from early tumor progres-
sion [303]. It should be noted that pseudoprogression may
also occur with immunotherapy. Though experience with
assessing response to these agents is evolving, the under-
standing of the application of perfusion techniques in this
setting is incomplete. Alternative approaches such as those
employing ferumoxytol are of particular interest and may
become more relevant in assessing immune response and
inflammation in this setting, but these are beyond the scope
of this chapter [304].

Pseudoresponse

An additional consideration is that radiographic response
based on conventional or advanced imaging techniques,
including perfusion and permeability imaging, may be mis-
leading; specifically, an apparent improvement may not truly
indicate tumor response (pseudoresponse) [290, 305]. This is
also increasingly seen, primarily with antiangiogenic thera-
pies such as with bevacizumab. Briefly, a dramatic response
to antiangiogenic therapy may be seen [180], but viable neo-
plasm persists such that removal of the drug may reverse the
effect with resurgence of disease. The radiographic response
with “normalization” of vessels and the resulting decrease in
abnormal permeability with restoration of the BBB does not
necessarily translate to tumor response. In fact, antiangio-
genic agents may promote progression of invasive nonen-
hancing tumor by selecting tumor cells and/or growth
patterns that are not relying on angiogenesis [306].
Progression in nonenhancing neoplasm can occur by co-
opting normal vessels and without angiogenesis or increased
tumor vascularity, such that progressive neoplasm is better
seen on conventional imaging sequences such as FLAIR,
while maps of tumor blood volume and permeability under-
estimate extent of disease [290, 305] (Fig. 5.20). Nevertheless,
the patient may still benefit from antiangiogenic treatment
by reducing symptoms and steroid dependence.
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Pre-PPX

Day 379

Fig. 5.19 PPX, TMZ, and radiation-treated anaplastic astrocytoma
(WHO III). The radiation field included all pretreatment regions of
FLAIR hyperintensity, including the right frontal opercular source of
lesion C. Longitudinal postcontrast T1-weighted MRI and correspond-
ing rCBV maps demonstrate concomitant PsP (lesions A, B) and PD
(lesion C). Pseudoprogressive enhancement peaked 172 days after PPX
+TMZ with decreasing rCBV after appearance of enhancement.
Progressive tumor enhancement appeared later and monotonically grew
with increasing rCBV. Note the prolonged course of pseudoprogressive

Day 172

Day 134

enhancement characteristic of PPX +TMZ therapy. MRI magnetic reso-
nance imaging, PD progressive disease, PPX paclitaxel poliglumex,
PsP pseudoprogression, rCBV relative cerebral blood volume, TMZ
temozolomide. Reprinted with permission from Boxerman JL,
Ellingson BM, Jeyapalan S, Elinzano H, Harris RJ, Rogg JM, et al.
Longitudinal DSC-MRI for distinguishing tumor recurrence from pseu-
dopro ion in patients with a high-grade glioma. Am J Clin Oncol.
2017; :228-34
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Fig.5.20 Pseudoresponse: patient with glioblastoma on bevacizumab.
Two different time points are shown: (a) 6 weeks before (b) with resec-
tion cavity and surrounding mixed neoplasm and treatment effect on
right showing relatively little change compared to increase in infiltrat-

Conclusion

DSC, DCE, and ASL perfusion MRI approaches have been
discussed in multiple clinical settings, focusing on cerebro-
vascular disease (especially in subacute and chronic settings)
and intracranial neoplasms. Most of the literature to date has
employed contrast-enhanced perfusion methodology, espe-
cially DSC perfusion MRI, but use of DCE and ASL perfu-

ing nonenhancing neoplasm medial left frontal lobe and more focally in
left parietal lobe. Blood volume maps calculated with different tech-
niques—(a) DSC T2*-weighted and (b) DCE T1-weighted approach—
showed no striking increase in blood volume

sion techniques is increasing (Table 5.1). Each technique has
advantages and disadvantages, discussed briefly herein but
also in greater depth in chapters elsewhere in this book.
Improvements in acquisition and postprocessing strategies
over the last several years have made efficient implementa-
tion of both approaches a reality not only in clinical trials but
also in routine daily clinical practice.
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Table 5.1 Summary of key articles discussing perfusion

Perfusion
Authors Topic, type of study technique
Tofts et al. (1999) Dynamic contrast enhanced DCE
[21] imaging principles, theory
Alsop et al. ASL perfusion MRI, ASL
(2015) [94] recommended implementation
and consensus statement
Haller et al. ASL clinical applications, review
(2016) [41]
Lanzman and MR perfusion techniques and ASL, DSC,
Heit (2017) [307] clinical applications, technical DCE, IVIM
review
Fan et al. (2017)  Cerebrovascular occlusive disease ASL, DSC,
[93] and long transit times, PET
optimization and validation of
ASL, controlled crossover study
Dehkharghani Acute Ischemic Syndrome (AIS), DSC, CTP,
and Andre (2017) review ASL
[27]
Ellingson et al. Glioblastoma and post-treatment ~ DSC
(2017) [304] evaluation, review
Fisher et al. Chronic cerebrovascular disease
(2018) [107] and cerebrovascular reactivity,
review
Albers et al. Acute Ischemic Syndrome (AIS) DSC, CTP
(2018) [35] and intervention, multicenter,
randomized, open-label trial
Anzalone et al. DSC and DCE MRI metrics for DSC, DCE

Summary

Discussion of DCE principles along with useful references, addresses
standardization of parameter names and symbols

Consensus statement of ISMRM perfusion study group and the European
consortium for ASL in dementia, provides summary of recommended
implementations of ASL for clinical work

Review of primary clinical applications for the main ASL perfusion
implementations: pulsed and pseudocontinuous labeling techniques.
Applications in stroke, vascular malformations, dementia, epilepsy,
neoplasia, and neuropsychiatric disorders including TBI and PTSD are
discussed as well as future directions and implementations

Succinct overview of cerebral hemodynamic assessment techniques and
primary clinical applications

Utilization of longer post-labeling delays for ASL perfusion MRI
evaluation of patients with prolonged transit times, validated with
['*O]-PET CBF

Review of imaging approaches in AIS including perfusion imaging

Review discussing imaging approaches in post-treatment glioblastoma
including immunotherapy effects, perfusion imaging focusing on DSC
perfusion MRI

Review of pathophysiology and methods in measuring CVR, with focus
on implementation and standardization for clinical application in
cerebrovascular stenotic occlusive disease

Trial with randomization of large vessel occlusion in 6 to 16 hours
window to endovascular plus medical therapy or medical therapy alone,
showing better functional outcome with addition of endovascular
intervention

Standardized multicenter acquisition and analysis protocol studied

(2018) [223] grading glioma, prospective

multicenter study

showing good accuracy and reproducibility for routine clinical
application

DCE dynamic contrast enhanced, DSC dynamic susceptibility contrast, ASL arterial spin labeled, /VIM intravoxel incoherent motion, CVR cerebral

vascular reactivity, CTP CT perfusion
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