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Entering the Brain
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and Tetsuya Suhara

Abstract A good understanding of the in vivo pharmacokinetics of radioligands is
important for accurate PET quantification in molecular brain imaging. For many
reversibly binding radioligands for which there exists a brain region devoid of
molecular target binding sites called “reference tissue,” data analysis methods that
do not require blood data including the standardized uptake value ratio of target-to-
reference tissue at a “fixed time point” (SUVR) and reference tissue model to
estimate binding potential (BPyp) are commonly used, the latter being directly
proportional to the binding site density (B,y.i1).- Theoretically, BPnp is the tissue
ratio minus 1 at equilibrium. It is generally believed that radioligands should not
ideally produce radiometabolites that can enter the brain because they might
complicate accurate quantification of specific binding of the parent radioligand.
However, the tissue ratio that contains the contribution of radiometabolite can also
be theoretically a valid parameter that reflects the target binding site density. This
article describes the validation of the tissue ratio concept using, as an example of
our recent PET data analysis approach for a novel radioligand, ''C-PBB3, to
quantify pathological tau accumulations in the brain of Alzheimer’s disease patients
in which the SUVR and reference tissue model methods using the cerebellar cortex
as the reference tissue were validated by the dual-input graphical analysis model
that uses the plasma parent and radiometabolite activity as input functions in order
to take into account the contribution of the radiometabolite entering the brain.

Keywords PET quantification « SUVR ¢ Binding potential « Radiometabolites ¢
Tau « ''C-PBB3 « Alzheimer’s disease

M. Ichise, MD, Ph.D. (><) « Y. Kimura, MD, Ph.D. « H. Shimada, MD, Ph.D. « M. Higuchi,
MD, Ph.D. ¢ T. Suhara, MD, Ph.D.

Molecular Imaging Center, National Institute of Radiological Sciences, 4-9-1 Anagawa,
Inage-ku, Chiba, Chiba 263-8555, Japan

e-mail: ichisem@nirs.go.jp

© The Author(s) 2016 219
Y. Kuge et al. (eds.), Perspectives on Nuclear Medicine for Molecular Diagnosis
and Integrated Therapy, DOI 10.1007/978-4-431-55894-1_17


mailto:ichisem@nirs.go.jp

220 M. Ichise et al.
17.1 Introduction

Molecular brain imaging with positron emission tomography (PET) using
radiolabeled ligands (radioligands) that target neuroreceptors/transporters and neu-
ropathological biomarker proteins such as amyloid § (Ap) proteins and pathological
tau proteins has many exciting clinical and research applications. The major
advantage of PET imaging is that PET using suitable radioligands allows for the
accurate quantification of the target binding site density. For accurate PET quanti-
fication, however, a good understanding of the in vivo pharmacokinetics of
radioligands is important.

For many reversibly binding radioligands for which there exists a brain region
devoid of molecular target binding sites called “reference tissue,” data analysis
methods that do not require blood data including the standardized uptake value ratio
(SUVR) method and reference tissue models to estimate binding potential (BPnp)
are commonly used to quantify specific molecular target binding sites. The validity
of these simple methods can be evaluated by detailed pharmacokinetic modeling of
dynamically acquired PET data and radiometabolite corrected arterial plasma
parent radioligand activity as an input function. In this respect, it is generally
believed that radioligands should not ideally produce metabolites that can enter
the brain because they might complicate accurate quantification of specific binding
of the parent radioligand.

The purpose of this article is to show that PET quantification using the SUVR
and reference tissue model methods can also be valid even when the metabolite
contributes to the measured brain radioactivity. In the theory section, the concept of
PET measured “brain tissue ratios” in the context of radiometabolites entering the
brain will be explored first, and then our recent PET data analysis approach for a
novel radioligand, ''C-PBB3 (2-(1E,3E)-4-(6-(''C-methylamino)pyridin-3-yl)
buta-1,3-dienyl) benzo[d]thiazol-6-ol) [1], to quantify pathological tau accumula-
tions in the brain of Alzheimer’s disease (AD) [2] will be highlighted as an example
in which the SUVR and reference tissue model methods were validated by the dual-
input graphical analysis model [3] that takes into account the contribution of the
radiometabolite entering the brain.

17.2 Materials and Methods

17.2.1 Theory

PET data in molecular brain imaging are commonly analyzed by applying kinetic
compartment models, which assume a compartmental system and derive the target
binding parameters that reflect the densities of target binding sites in brain regions
of interest (ROIs) [4]. Brain regions containing target binding sites (target tissue)
have at least three compartments (or two-tissue (2T) compartments) (Fig. 17.1a
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Fig.17.1 Compartment configurations used to model in vivo radioligand kinetics when the parent
only enters the brain (a) and both the parent and metabolite enter the brain (b). Terms are defined
in the text

top). The first compartment is the arterial plasma (C,), from which the
unmetabolized parent radioligand passes into the second compartment or the first
tissue compartment known as the nondisplaceable compartment (Cnp). The third
compartment or the second tissue compartment (Cs) is the specific target binding
sites. Reference tissue regions do not have the specific binding compartment (Cs)
(Fig. 17.1a bottom). In Fig. 17.1a, K; (mL-mL™"min™") is the delivery rate
constant; k, (min~ '), k3 (min~'), and k4 (min~"') are the first-order kinetic rate
constants. Throughout the text, the prime sign is used to indicate the reference
tissue. Cp(f) = Cnp(f) + Cs(r) and Ci (1) = Cyp(7) represent the target and refer-
ence tissue time activity, respectively, and C,(¢) is the plasma parent radioligand
activity at time ¢ after the bolus radioligand administration.

Using C,(#) as an input function, compartment model approaches allow for the
estimation of the distribution volume, V, which is the brain-to-plasma radioactivity
ratio, Cg(#)/C,(f), at equilibrium in which there is no net transfer of radioligand
activity between all compartments. Of note is that this equilibrium condition cannot
be achieved in the PET experimental paradigm with a bolus radioligand adminis-
tration. However, the compartment model analysis allows for the estimation of
parameters defined at equilibrium. By assuming that the nondisplaceable distribu-
tion volume in the target tissue (Vyp) is the same as in the reference tissue (VND),
the target binding parameter, binding potential (BPnp), is calculated as
V —V'/V' =Vg/Vxp, which is directly proportional to the binding site density
B.vails 1.€., BPND = fnp (Bavail/Kp), Where fyp and Kp represent the fraction of
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nondisplaceable compartment from which the radioligand can exchange with the
specifically bound compartment (free tissue fraction) and the equilibrium dissoci-
ation constant for radioligand-binding site complex, respectively [5]. The above
relationship between BPyp and B, ,; is derived from the principle used in in vitro
binding assays, which is in turn based on the bimolecular enzymatic reaction
described by Michaelis and Menten [6] Of note is that BPyp can also be expressed
as

BPyp =~ = Sl e = ) (17.1)

where ¢ represents the time at which the compartment system is in equilibrium.
BP\p is, therefore, equivalent to the tissue ratio minus 1 at equilibrium.

Reference tissue models derived from the above compartment model estimate
BPyp by using C;;;(t) as an input function without requiring arterial plasma data
(C,(?)) [4]. On the other hand, SUVR is the target-to-reference tissue ratio measured
at a “fixed time point” after the bolus radioligand administration. The advantage of
SUVR is that it can be calculated from static PET imaging data without the
requirement of arterial data. SUVR = Cg(f)/Cj(¢) is, therefore, closely related to
BPnp (Eq. 17.1), the differences between the two being that BPyp is independent of
radioligand delivery (blood flow) or its systemic clearance because it is defined at
equilibrium,

On the other hand, in the situation where the metabolite enters the brain, the
compartment system is more complex as shown in Fig. 17.1b in which superscripts
P and M refer to “parent” and “metabolite,” respectively, and the metabolite is
assumed not to bind specifically to targets (see the discussion about the situation
where the metabolite also binds specifically) [3]. Here, let’s consider the tissue ratio
minus 1 at equilibrium assuming that Vyp is the same in the reference and target
tissues, which is given by

BP" _Ce() . Ci(t) + (o) - VP 4+ svM .
ND - A - / - /
Cy (1) Cot)+C 0 VP sv™ (172)
Vs

Vi + Vi,

where 6 is the metabolite-to-parent activity ratio in plasma at equilibrium
(6 =CM(r)/CE (1)) and it is a constant value. This tissue ratio minus 1 at equilib-
rium has an additional term, SV{f, the contribution of the metabolite
nondisplaceable distribution volume in the denominator of Eq. 17.2, and it is here
denoted by BP;D to distinguish it from BPyp, which is the tissue ratio minus 1 at
equilibrium when only the parent enters the brain. To estimate this tissue ratio
minus 1 by the reference tissue model, in fact, no knowledge of the metabolite
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status is needed because it uses Cg(¢) as an input function. The same argument
applies to the SUVR. Importantly, BP;ID like BPyp is directly proportional to the
target binding site density, B,yai, as shown below.

E3 V P B vai
BPND = S - fp « avail
Vi + 9VND

17.3
IFysly Ko 73

Fao Ib

where f g or f %’[ the free fraction of parent (P) or metabolite (M) in plasma is a
constant and so are f gD,_}"%I’ID, and 9 in the same individual. Note that Vg = f’ 11; Bavail
/Kp and Vyp can be expressed as fp/fnp because the free radioligand or metabolite
activity in the plasma and the tissue compartments are the same at equilibrium
(fpCa(t) = fapCnp (7)) [4, 51. The validation of the reference tissue model BPyp,
can be accomplished by the dual-input graphical analysis model derived from the
model illustrated by Fig. 17.1b that takes into account the contribution of
radiometabolites entering the brain using the combined plasma radioactivity
(Cf (tH+C }iw(t)) as an input function [3]. The operational equation is given by

J[CB(Z)dt JI (CX()+CM(t)) dt

%W = a([) 0 CB({) +ﬁ(l) (174)

Eq. 17.4 becomes linear when the system reaches transient equilibrium between the
brain and plasma compartments at time #* and both the slope o and intercept § can
be considered constant beyond #*. The tissue ratio minus 1 at equilibrium is
calculated as

* Vs Qtarget tissue
BPyp, = — 1.

P M
VND + 5VND Qreference tissue

The tissue ratio minus 1 at equilibrium can also be estimated by the traditional
compartment model (Fig. 17.1a) using the parent-only input function (CF (7)) if data
fitting can be adequately accomplished. However, it may not match the tissue ratio
minus 1 estimated by the reference tissue model or the dual-input model if a
significant amount of the metabolite is entering the brain because the tissue
radioactivity includes the metabolite contribution, which is not accounted for by
the traditional compartment model (Fig. 17.1a).

17.2.2 Radioligand

"'C-PBB3 is a novel radioligand developed at the National Institute of Radiological
Sciences, Chiba, Japan, for PET imaging of pathological tau aggregates in the brain
[1]. Neurofibrillary tau tangles are one of the two pathological hallmarks of AD, the
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other being the senile plaques containing A deposition [7]. ''C-PBB3 binds
reversibly to neurofibrillary tau tangles of a wide range of isoform compositions
with high affinity (Kp =2.5 nM) and selectivity [1]. ''C-PBB3 upon intravenous
administration is rapidly converted in plasma to one major radiometabolite identi-
cal chemically in both humans and mice, a significant amount of which enters the
mouse brain (30% of radioactivity in brain 5 min after injection) [8]. ''C.PBB3
SUVR in AD patients has previously been shown to reflect the known pathological
tau distribution at various stages of AD [9].

17.2.3 PET Data

The reader is referred to our recent ''C-PBB3 PET data analysis study [2] regarding
the detail of PET data acquisition and full data analysis. Here, the description is
limited to information relevant to illustrating the concept of tissue ratio estimation
considering the contribution of radiometabolite to the brain activity.

''C-PBB3 PET data consisted of 70 min dynamic scans after a bolus injection of
approximately 400 MBq of ''C-PBB3 in 7 AD patients (76 +7 y) and 7 elderly
healthy control subjects (70 £ 6 y). Input functions (CE (f) and Ci’[(t)) were obtained
from multiple arterial samples by determining plasma fractions of the parent and its
radiometabolites with high-performance liquid chromatography.

To improve the statistical quality of PET ROI data, we generated cerebral
cortical ROIs pooling all voxels of high (>0.3, high), medium (0.15-0.3, middle),
low (0-0.15, low), and non-binding (<0) BP;ID values on preliminarily generated
parametric images by the original multilinear reference tissue model (MRTMg)[10]
using the cerebellar cortex as the reference tissue because tau accumulation is
known to be histopathologically absent in the cerebellar cortex of either normal
or AD brains [11].

17.2.4 Data Analysis

The tissue ratio minus 1 was estimated in four ways using cerebral cortical ROI data
with the cerebellar cortex as the reference tissue:

1) BPjy, estimation by the dual-input graphical analysis using (C, (1) + C)'(1)) as
an input function (Eq. 17.4)

2) BPxp estimation by 2T compartment kinetic analysis using CF(¢) as an input
function (Fig. 17.1a)

3) BPjy, estimation by the reference tissue model MRTM, using Cy(#) as an input
function

4) SUVR minus 1 at a fixed time point (50 min—70 min)
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The tissue ratio minus 1 values obtained by the above 4 methods were then
compared to validate the use of SUVR and the reference tissue model BPy,.
Additionally, parametric images of MRTMg and (SUVR-1) were generated and
compared.

17.3 Results

The brain ''C-PBB3 time activity curves (TACs) quickly peaked within a few
minutes of intravenous injection of ''C-PBB3 with gradual decreases thereafter
with a significantly slower washout for high binding cerebral cortex in ADs than in
HCs (Fig. 17.2a). Plasma parent TACs peaked very quickly and decreased also
quickly thereafter (Fig. 17.2b). One major radiometabolite of ''C-PBB3 appeared
very quickly in the plasma and slowly decreased thereafter (Fig 17.2b). Both
plasma parent and metabolite TACs in ADs and HCs were very similar (Fig. 17.2b)
Graphical plots (Eq. 17.4) with a combined C; () + CM () plasma input became
linear beyond t* =11 min when both « and § could be considered constant. BPY,
estimations were very stable for all regions. On the other hand, the 2T kinetic
analysis to estimate BPnp was unstable in some regions with a large parameter
estimation variability in the rest of the regions. The 2TC BPyp values were
numerically quite different from the corresponding BPy, values with a very poor
correlation between the two-tissue ratio minus 1 estimations (BPnp = 1.06 + 0.66
vs. BPyp, = 0.36 & 0.07 with 7* = 0.04 in the high binding region, for example.
The reference tissue model MRTM, robustly estimated BP;ID for the ROI data
and enabled stable voxel-wise parametric imaging of BP;;D. The BP;ID estimated by
the ROI-based MRTMg analysis closely matched the corresponding BPY,
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Fig. 17.2 Time activity curves (TACs) in the brain (a) and arterial plasma (b) after the injection of
'C_.PBB3 in AD patients and healthy controls (HCs). (a) TACs are shown for the high tau binding
(A) cerebral cortical region and cerebellar cortex (¢) in ADs, and the cerebral cortical region (A)
and the cerebellar cortex (¢) in HCs. (B) Plasma TACs are shown for the total radioactivity (thick
(ADs) and thin (HCs) solid lines), metabolite (thick (ADs) and thin (HCs) dotted lines), and parent
(thick (ADs) and thin (HCs) dashed lines). Data represent mean of all 7 ADs or 7 HCs
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Fig. 17.3 (a) Correlation of ROI BP;D estimated by dual-input graphical model and reference
tissue model MRTMg,. (b) Correlation of ROI BPLD estimated by MRTMg and SUVR minus
1 (50 min—70 min)

estimated by the dual-input graphical analysis with a perfect correlation between
the two (2 = 1.00) (Fig. 17.3a). On the other hand, SUVR minus 1 values (calcu-
lated from the averaged 50 min to 70 min data) overestimated MRTMq BPy,
values by up to 38%. However, there was an excellent correlation between the two
(*=0.97) (Fig. 17.3b). Both the MRTMg BPy, parametric images and SUVR
minus 1 images showed a clear delineation of tau pathology in the cerebral cortices
including the hippocampal formation in AD (Fig. 17.4a, ¢) compared with HC
(Fig. 17.4b, d).

17.4 Discussion

In the present article, we have shown that the reference tissue model-based binding
potential (BPyp) that reflects the target binding site density (B,y.;) is theoretically
equivalent to the tissue ratio minus 1 at equilibrium, whereas closely related SUVR
minus 1 is the tissue ratio minus 1 at a fixed time point after the bolus radioligand
administration. We have shown that the tissue ratio minus 1 at equilibrium (BPy,)
also reflects B,,,j; even in the situation where the radiometabolite enters the brain.
The definition of binding potential, BPNp, therefore can be extended to this
situation (expressed as BPYyp, here). The validity of the reference tissue model
BP{, and SUVR, both of which do not require arterial plasma data, can be
evaluated by the dual-input (C;(f) + C(¢)) model but not by the conventional
single input (Cf: (1)) model because the tissue ratio minus 1 at equilibrium includes
the radiometabolite contribution to the tissue activity, which is not accounted for by
the parent-only model. Of note is that the reference tissue BPy, or SUVR estimation
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Fig. 17.4 Coronal parametric images of AD and HC. The MRTMg BP;D images in ADs (a) and
HCs (b). SUVR-1 images (50 min—70 min) in ADs (¢) and HCs (d)

does not require any assumption of metabolite, because the estimation is performed
without blood data.

Although we assumed here that the radiometabolite does not bind to the target
site, it can be shown that BPnp is also directly proportional to B,y,; When the
metabolite binds specifically (17.2). BPj, has additional term, 5V, in the denom-
inator (Eq. 17.2), which may increase the intersubject variability of BPY, compared
with BPyp. In our "1C.PBB3 analyses, there was no difference in the mean
(VﬁD + 6\/11\}4])) values between ADs and HCs [2].

SUVR minus 1 at 50 min—70 min overestimated BPy,. However, there was an
excellent correlation between the two. SUVR is potentially affected by blood flow
and systemic radioligand clearance, while BP{, is independent of these factors
because BPy, represents the tissue ratio minus 1 at equilibrium. Therefore, a larger
variability of cerebral blood flow in AD patents than in normal elderly subjects may
result in a larger intersubject SUVR variability compared with BP{,, although a
longer dynamic imaging needed for BPy, estimation might be less well tolerated
for elderly patients than a shorter static imaging for SUVR measurements. The
advantage of the reference tissue model-based estimation of the tissue ratio over the
SUVR measurement has recently been shown for a long-term longitudinal A PET
imaging study [12].
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17.5 Conclusions

The reference tissue-based binding potential (BPnp) that reflects the target binding
site density (Bayaj) 1S equivalent to the tissue ratio minus 1 at equilibrium. The
tissue ratio minus 1 at equilibrium (BP{,) also reflects B,y,i €ven in the situation
where the radiometabolite enters the brain. The validity of the reference tissue
model BP{ and SUVR can be evaluated by the dual-input model not by the
conventional single input model because the tissue ratio minus 1 at equilibrium
includes the radiometabolite contribution to the tissue activity, which is not
accounted for by the parent-only model.
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Chapter 18
Hypoxia Imaging with '*F-FMISO PET
for Brain Tumors

Kenji Hirata, Kentaro Kobayashi, and Nagara Tamaki

Abstract Tumor hypoxia is an important object for imaging because hypoxia is
associated with tumor aggressiveness and resistance to radiation therapy. Here, '*F-
fluoromisonidazole (FMISO) has been used for many years as the most commonly
employed hypoxia imaging tracer. Unlike F-18 fluorodeoxyglucose (FDG), FMISO
does not accumulate in normal brain tissue making it able to provide images of
hypoxic brain tumors with high contrast. Clinical evidence has suggested that
FMISO PET can predict patient prognosis and treatment response. Among gliomas
of various grades (WHO 2007), it has been known that grade IV glioblastoma
resides under severe hypoxia and is a cause of development of necrosis in the
tumor. For this study we tested whether FMISO can distinguish the oxygen condi-
tion of glioblastomas and lower-grade gliomas. Twenty-three glioma patients
underwent FMISO PET for the study. All the glioblastoma patients (N =14)
showed high FMISO uptakes in the tumor, whereas none of the other patients
(i-e., gliomas of grade III or lower, N=9) did, demonstrated by both qualitative
and quantitative assessments. The data suggest that FMISO PET may be a useful
tool to distinguish glioblastomas from lower-grade gliomas. Our results, however,
were slightly different from previous investigations reporting that some lower-
grade gliomas (e.g., grade III) showed positive FMISO uptake. Many of these
acquired the FMISO PET images 2 h after the FMISO injection, while for the
study here we waited 4 h to be able to collect hypoxia-specific signals rather than
perfusion signals as FMISO clearance from plasma is slow due to its lipophilic
nature. No optimum uptake time for FMISO has been established, and we directly
compared the 2-h vs. the 4-h images with the same patients (N =17). At 2 h, the
gray matter had significantly higher standardized uptake value (SUV) than the
white matter, possibly due to different degrees of perfusion but not due to hypoxia.
At 4 h, there were no differences between gray and white matter without any
significant increase in the noise level measured by the coefficient of variation
between the 2-h and the 4-h images. At 2 h, 6/8 (75 %) of glioblastoma patients
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showed higher uptakes in the tumor than in the surrounding brain tissue, whereas at
4 h this was the case for 8/8 (100 %). In addition, at 2 h, 3/4 (75 %) of patients with
lower-grade gliomas showed moderate uptakes, while at 4 h none did (0/4 or 0 %).
These data indicate that 4-h images are better than 2-h images for the purpose of glioma
grading. In conclusion, we evaluated the diagnostic performance of FMISO PET for
gliomas and suggest that FMISO PET may be able to assist in the diagnosis of
glioblastomas when PET images are acquired at 4 h post injection.

Keywords Hypoxia ¢ 18 F-Fluoromisonidazole ¢ Glioma * Glioblastoma

18.1 Introduction

This review article summarizes our recent studies with '®F-fluoromisonidazole
(FMISO) positron emission tomography (PET) applied to brain tumors [1, 2]. A
variety of tumors which can be divided into two categories develop in the brain:
primary brain tumors that originate from the brain tissue and metastatic brain tumors
that originate from malignant tumors in other organs. Gliomas account for 60 % of
primary brain tumors. Gliomas comprise a range of tumors, from benign to malignant,
that are derived from glial cells such as astrocytes, oligodendrocytes, and ependymal
cells. Among gliomas, the glioblastoma is the most aggressive astrocytic tumor.
Glioblastomas are categorized as grade I'V in the WHO classification [3]. The standard
treatment for glioblastomas is surgery followed by radiotherapy and chemotherapy [4].
With state-of-the-art multidisciplinary therapy, the 1-year survival rate of glioblas-
toma patients is reported to be 56 %, which is significantly poorer than with grade III
(78 %) or less malignant gliomas [5]. A pathological diagnosis of surgical specimens
by biopsy or resection is necessary to establish the diagnosis for glioblastomas [6], but
brain surgery involving eloquent regions can exacerbate the prognosis by causing
neurological morbidity and should be avoided if possible [7]. Patients with impaired
performance status or elderly patients especially would benefit from nonsurgical
methods of establishing the diagnosis, substituting surgical tissue sampling.

The basic in vivo imaging modality for brain tumors is magnetic resonance
(MR) imaging. Intratumoral characteristics and tumor expansion states are shown
accurately with MR imaging. The use of PET with '®F-fluorodeoxyglucose (FDG)
is a well-established method for many different types of tumors in the body,
including lung cancer, head and neck cancers, and others. FDG PET also plays
important roles in the diagnosis of glioblastomas. The diagnosis of a glioblastoma is
generally suggested if there is a ringlike enhancement by gadolinium on MR images
or an intense uptake of FDG [6, 8—15]. However, there are cases of false-negative
MRI findings as some glioblastoma lack the ringlike enhancement [6]. In discrim-
inating glioblastoma from grade III tumors, FDG PET is also not always adequate
as a large number of patients of grade III gliomas show high FDG uptakes [13, 14].
This makes a biopsy necessary in many cases, and a noninvasive in vivo
imaging tool would be of benefit to omit invasive biopsy procedures in clinical
settings [11].
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The WHO 2007 criteria determine the glioma grade based on microscopic
characteristics present in the malignancy. Grade II tumors show cell atypia and
grade III tumors tissue anaplasia and cell mitosis in addition to cell atypia. Grade IV
glioblastomas have pathological features that are not found in grade III or lower-
grade gliomas, particularly microvascular proliferation and necrosis [3]. Basically,
necrosis is considered to be closely related to hypoxia as low oxygen concentrations
do not allow the energy metabolism to proceed as in unaffected tissue. In fact,
glioblastomas are known to be in a state of severe hypoxia possibly due to vascular
abnormalities and high oxygen demand, whereas the hypoxia of grade III or lower-
grade gliomas is less severe [16—-19]. We hypothesized that imaging the hypoxia of
glioblastomas could be useful to distinguish glioblastomas from lower-grade
gliomas.

Measuring hypoxia in living tissue uses needle electrodes; however, this tech-
nique presents significant shortcomings. First, it is invasive to insert a needle into
deep layers of tissue in humans. Second, it requires considerable skill and the
reproducibility is not high. Third, needles may alter the tissue structure and so
influence the local oxygen partial pressure, and for these reasons needle electrodes
are not used in clinical practice. An alternative is presented by '*F-fluoromiso-
nidazole (FMISO) PET which is a widely used method for in vivo hypoxia imaging
[20-23]. Valk et al. first introduced the use of FMISO for glioma imaging in 1992
[24], and the usefulness of FMISO for glioma imaging has been extensively
investigated [25-32]. The FMISO is also known to accumulate in severe hypoxic
structures but not in mildly hypoxic structures, suggesting that FMISO would be
able to discriminate severe from mild hypoxia. This made us hypothesize that much
FMISO may accumulate in glioblastomas and only little in lower-grade gliomas. If
such a difference could be substantiated, hypoxia imaging using FMISO would
provide an avenue to discriminate glioblastomas from lower-grade gliomas. The
first paper of our project was to test the hypothesis [1]. We evaluated the diagnostic
usefulness of FMISO PET in terms of glioma grading in comparison with diagnosis
with FDG PET in patients suspected of having glioblastomas on MR images.

With FMISO there is a trade-off problem regarding uptake time (the interval
between the FMISO injection and the PET emission scanning). A longer uptake
time is theoretically desirable to image hypoxia with good lesion-to-background
signal ratios, but the longer time leads to lower signal-to-noise ratios due to
radiological decay of the F-18. Early reports by Grunbaum et al. [33] and
Thorwarth et al. [34] addressing this issue suggested a 4-h acquisition as suitable.
Despite this, most research adopted 2-h protocols [24, 25, 27-32], possibly because
a shorter protocol would be more generally acceptable in clinical settings. Based on
this, the second part of our project was to directly compare 2-h and 4-h images from
the same patients [2].
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18.2 Materials and Methods

The first of the studies reported here was conducted for the purpose of testing the
ability to discriminate between glioblastomas and lower-grade gliomas with
FMISO PET. Twenty-seven patients with possible high-grade gliomas were con-
sidered for the study [1]. The patients included showed cerebral parenchymal
tumors surrounded by edematous tissue on MR images but no known malignancy
in other organs. We excluded patients where previous tumorectomy, chemotherapy,
or radiotherapy for lesions had been performed. The only exception was a patient
with a recurrent tumor 6 years after tumorectomy combined with
chemoradiotherapy for a low-grade glioma. Among the 27 patients, two were
excluded because they had contraindications of surgical operations. The remaining
25 patients underwent either a tumoral resection (n = 16) or biopsy (7 =9) at most
2 weeks after the PET scanning. The surgical specimen was investigated by two
experienced neuropathologists to determine the pathological diagnosis based on the
2007 WHO classification. Among the 25 patients, two were diagnosed as having
metastatic adenocarcinoma and multiple sclerosis, respectively, and these two
patients were excluded from the analysis. Finally 23 patients (M/F=10:13, age
57 £+ 15 years old) all with the pathological diagnosis of gliomas were included in
the study.

With these 23 patients, we acquired FMISO and FDG PET images following the
same protocol for all the patients. The interval between FMISO and FDG was at
most 1 week. The FMISO synthesis protocol was previously described in detail
elsewhere [35, 36]. On the day of FMISO, the patient was not asked to fast before
the PET, and 400 MBq of FMISO was intravenously injected. Then, 4 h later, the
emission scanning was initiated to acquire static PET images of the entire brain.
FDG PET was performed on another day; here the dosage of FDG was also
400 MBq. The uptake time for FDG was 1 h, and the scanning range for the FDG
PET was the same for the FMISO PET with a high-resolution PET scanner (ECAT
HR+ scanner; Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan) operated
in a three-dimensional mode for 22 patients. For one patient the FMISO images
were acquired using an integrated PET-CT scanner (Biograph 64 PET-CT scanner;
Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan). The duration of the
emission scanning using the ECAT HR+ scanner was 10 min. The duration of the
transmission scanning using the ECAT HR+ scanner with a ®*Ge/°®*Ga retractable
line source was 3 min. This acquisition protocol was the same for both FDG and
FMISO. With the Biograph 64 PET-CT scanner, the duration of the emission
scanning was also 10 min. The transmission scanning was performed using an X-
ray CT, and the attenuation correction used the CT images. The attenuation-
corrected radioactivity images from both scanners were reconstructed using a
filtered back projection with a 4 mm full width at half maximum Hann filter.

For our second study, to compare the 2-h vs. 4-h images of FMISO PET, we
investigated 17 different patients with brain tumors (M/F =7:10, age 62 & 14 years
old, range 33-85 years old). The study populations for first and second studies were
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different, and none of the patients included in the first study were included in the
second study. The PET images for each patient in the second study were acquired
twice, 2 and 4 h following the injection. The injected dosage of FMISO was
399 £25 MBgq. The first scanning took place 115.9 & 14.6 min after the injection
and the second 227.4 £ 15.1 min after injection. The scanner was a Gemini GXL 16
PET-CT (Philips). The duration of the emission scanning was 20 min. Transmission
scanning was performed using the X-ray CT which was used for attenuation
correction. Attenuation-corrected radioactivity images were reconstructed using
ordered subset expectation maximization.

For the first study, the images were analyzed both qualitatively and quantita-
tively. An experienced nuclear physician who was blinded from the pathological
diagnosis visually evaluated all the images in the qualitative assessment for the first
study. In the qualitative assessment of the FMISO PET images, the FMISO uptake
was visually categorized into three groups. Where the highest uptake in the tumor
was weaker than that in the surrounding brain tissue, the patient was considered as
showing low FMISO uptake. Where the highest uptake in the tumor was equal to
that in the surrounding brain tissue, the patient was considered as showing inter-
mediate FMISO uptake. Where the highest uptake in the tumor was stronger than
that in the surrounding brain tissue, the patient was considered as showing high
FMISO uptake. This grouping rule was however not efficient as no patients were
assigned to show low FMISO uptake. As a result the low FMISO uptake and the
intermediate FMISO uptake patients were combined in one group of FMISO-
negative patients. The remaining patients, those assigned to the high FMISO uptake
group, were designated as FMISO-positive patients. This binary division was
presented in a previous paper [27]. Similarly, in the qualitative assessment of the
FDG PET images, we evaluated the FDG accumulation in the tumor using the
grouping detailed elsewhere [14]. First, the FDG uptake was visually categorized
into three groups: low, intermediate, and high. Where the highest uptake in the
tumor was weaker than or equal to that in the contralateral white matter, the patient
was considered as showing low FDG uptake. Where the highest uptake in the tumor
was stronger than that in the contralateral white matter but weaker than that in the
contralateral gray matter, the patient was considered as showing intermediate FDG
uptake. Where the highest uptake in the tumor was equal to or stronger than that in
the contralateral gray matter, the patient was considered as showing high FDG
uptake. Like the FMISO categorization, the low FDG uptake and intermediate FDG
uptake patients were combined and termed FDG-negative patients, and those of
high FDG uptake were termed FDG-positive patients.

For the second study, the grouping of the FMISO uptake in the tumor was
performed slightly differently, here it was visually assessed. The degree of uptake
was assigned as either high, medium, or low. Low uptake here means the uptake
compared to the surrounding brain tissue.

Such qualitative assessments may be subjective and a quantitative assessment
was also made. For the first study, the PET images were coregistered with individ-
ual MR images (FLAIR) using a mutual information technique implemented in the
NEUROSTAT software package [37, 38]. Then, polygonal regions of interest
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(ROI) were manually drawn to enclose the entire tumor on every slice that also
included peritumoral edematous regions. The single voxel having the highest
radioactivity concentration in the tumor was determined in the PET images using
in-house software. The highest radioactivity concentration was used to calculate a
maximum standardized uptake value (SUVa0). A SUVe value has recently
come into use to overcome the shortcomings of SUV,,... However, the concept
of SUV ¢4 is not unique as different researchers use different definitions. Here, we
use the term SUV g, to explicitly show the meaning: a 10-mm-diameter circular
ROI with the center at the maximum voxel was created. The averaged value for the
circular ROI was assigned as SUVg,m, and the SUV was calculated as (tissue
radioactivity [Bq/ml])*(body weight [g])/(injected radioactivity [Bq]). Next, fur-
ther ROIs were created on the following reference regions: the cerebellar cortex, the
contralateral frontoparietal cortex on the level of the centrum semiovale, and the
contralateral frontoparietal white matter on the level of the centrum semiovale. The
lesion-to-cerebellum ratio of the FMISO was determined as the ratio of the
SUViomm to the cerebellar averaged SUV. The lesion-to-gray matter and lesion-
to-white matter ratios of the FDG were the ratios of SUV g, to gray matter and
white matter SUV, respectively [13]. The ROI placement process was performed by
an experienced nuclear physician, and where the tumor occupied bilateral lobes, the
hemisphere with the larger part of the tumor was considered as the tumor side. We
further measured the hypoxic tissue volume showing significant FMISO uptake in
the tumor with the cerebellum used as the reference tissue for this purpose. The
voxels having higher SUV than 1.3 times that of the cerebellar SUV were extracted
in the tumoral polygonal ROI described above. No threshold for FMISO uptake
volumes has been established, and the 1.3 value was empirically adopted from
image segmentation in ''C-methionine brain PET [31, 39, 40]. The FMISO uptake
volumes were expressed as a percentage of the extracted voxels in the whole
tumoral ROI.

For the second study, the 2-h and 4-h images were coregistered to CT. To obtain
reference values from normal tissue, circular 10-mm-diameter ROIs were defined
on gray matter, white matter, and the cerebellar cortex. The SUV ey, standard
deviation (SD), and coefficient of variation (CV) were measured within these ROIs.
To express tumor uptake values, the SUV,,,,x and lesion-to-cerebellum ratios were
calculated in the same way as in the first study.

In the following, all parametric data are expressed as means = SD. The patients
with grade III or with less malignant gliomas were grouped together as non-
glioblastoma patients to simplify the analysis. The relationship between the histo-
pathological diagnosis and the visual assessment results was examined using
Fisher’s exact test. The differences in age, tumor size, SUVs, lesion-to-normal
tissue ratios, and uptake volume for glioblastoma vs. non-glioblastoma patients
were examined using the Mann-Whitney U-test. The 2-h vs. 4-h values were
compared using paired t-tests; P-values smaller than 0.05 were considered statisti-
cally significant. The statistical analysis and figure drawing used R 2.14.0 and R
3.1.3 for Windows.



18 Hypoxia Imaging with '"SF-FMISO PET for Brain Tumors 235
18.3 Results

In the first study, 14 patients were diagnosed with glioblastomas and categorized as
grade IV in the WHO classification. Among the remaining nine patients, one had
anaplastic astrocytoma (grade III), one had anaplastic oligodendroglioma (grade
III), three had anaplastic oligoastrocytomas (grade III), one had diffuse astrocytoma
(grade II), one had oligodendroglioma (grade II), and two had oligoastrocytomas
(grade II). Necrosis was identified in all the glioblastoma patients, while none of the
non-glioblastoma patients showed necrosis within the tumor. The age of the
glioblastoma patients was 65.5£9.9 years, and the age of non-glioblastoma
patients was 43.7 £ 12.2 years; the age difference was statistically significant
(p <0.01). The tumor sizes were measured on FLAIR MR images and were not
significantly different for glioblastomas vs. non-glioblastomas (64.4 + 17.5 mm vs.
77.6 +22.5 mm in diameter) (p =NS). Gadolinium enhancement was observed in
3/9 non-glioblastoma patients and in14/14 glioblastoma patients. By visual assess-
ment, all of the glioblastoma patients (14/14) were classified as FMISO positive and
all of the non-glioblastoma patients as FMISO negative. There was a significant
association by Fisher’s exact test between the histology (glioblastoma or non-
glioblastoma) and FMISO uptake (FMISO positive or FMISO negative)
(p <0.001). This visual assessment of the FMISO PET images correctly discrim-
inated glioblastoma patients from non-glioblastoma patients with sensitivity, spec-
ificity, and accuracy of 100 %, 100 %, and 100 %, respectively. For the FDG PET
results, after excluding a diabetic patient with hyperglycemia at the time of the FDG
PET, all glioblastoma patients (13/13) were FDG positive and 3/9 non-glioblastoma
patients were FDG positive. This relationship reached statistical difference
(p <0.01), but the diagnostic performance of the FDG PET was poorer than the
FMISO PET, with sensitivity, specificity, and accuracy being 100 %, 66 %, and
86 %, respectively. Figures 18.1, 18.2, 18.3, 18.4, and 18.5 show representative
cases.

In the quantitative assessment of the first study, the SUV .« of the FMISO was
3.09 +0.62 (range, 2.22-4.31) in glioblastoma patients, significantly higher than in
non-glioblastoma patients (1.73 £ 0.36; range, 1.36-2.39) (p < 0.001). As detailed
above, we introduced the SUV g, term to be able to minimize noise effects. The
SUV 0mm of FMISO was similar to the SUV,,,,, of FMISO, with the values being
3.00£0.61 (range, 2.15-4.18), significantly higher than in non-glioblastoma
patients (1.64 £0.38; range, 1.29-2.35) (p <0.001). The lesion-to-cerebellum
ratio of the FMISO (the SUVgm/cerebellar SUV) was higher in the glioblastoma
patients (2.74 +0.60; range, 1.71-3.81) than in the non-glioblastoma patients
(1.22 +0.06; range, 1.09-1.29) (p < 0.001). The quantitative results of the FDG
PET were slightly different from those of the FMISO PET. Here the diabetic patient
was also excluded from the analyses of SUV and the lesion-to-normal tissue ratio of
the FDG PET. The SUV,,.x of the FDG was not significantly different for the
glioblastoma and non-glioblastoma patients (7.55 &+ 3.72; range, 4.34—16.38, vs.
8.21 +6.04; range, 4.75-23.49) (p=0.95). Similarly, the SUV ppmm of the
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Fig. 18.1 A glioblastoma case. (a) The FLAIR image showed a high-signal tumor in the left
hemisphere. (b) The tumor was enhanced by gadolinium contrast material. (¢) The FDG uptake in
the tumor was comparable to that of contralateral cerebral cortex. (d) The FMISO uptake was
higher in the tumor than in the surrounding brain tissue

FDG was not significantly different for the glioblastoma and non-glioblastoma
patients (7.41 4+3.63; range, 4.26-15.90, vs. 8.03+5.96; range, 4.64-23.12)
(p=0.95). The lesion-to-gray matter ratio of the FDG (the SUV ¢,/ SUV in the
contralateral gray matter) was higher in the glioblastoma patients (1.46 £0.75;
range, 0.91-3.79) than in the non-glioblastoma patients (1.07 +0.62; range,
0.66-2.95, p < 0.05). The lesion-to-white matter ratio of the FDG (the SUV g/
SUV in the contralateral white matter) was not significantly different for the
glioblastoma (2.81 4= 1.23; range, 1.87—6.44) and non-glioblastoma (2.66 £ 1.60;



18 Hypoxia Imaging with '"SF-FMISO PET for Brain Tumors 237

Fig. 18.2 A glioblastoma case. (a) The FLAIR image showed a tumor in the left frontal lobe. (b)
The tumor showed a ringlike enhancement by gadolinium contrast material. (¢) The FDG uptake
was observed in a part of the gadolinium-enhanced area. The FDG uptake was comparable to the
right cerebral cortex. (d) The FMISO PET showed a similar distribution of FMISO as FDG but
with stronger tumor-to-background contrast than FDG

range, 1.71-6.51) (p =0.16) patients. Finally, the uptake volume of FMISO was
larger in the glioblastoma than in non-glioblastoma patients (27.18 £10.46 %;
range, 14.02—46.67 %, vs. 6.07 £2.50 %; range, 2.12-9.22 %), (p < 0.001).

In the second study, the 2-h images and the 4-h images of FMISO PET were
directly compared for the same subjects. Figure 18.6 shows representative images
that do not show tumors. Visually, the SUV in the brain was higher at 2 h than at 4 h.
More specifically, the gray matter SUV was higher at 2 h than at 4 h, whereas the
white matter SUV was comparable in the images at 2 h and 4 h. Profile curves
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Fig. 18.3 An anaplastic oligoastrocytoma case (grade III). (a) The FLAIR image showed a tumor
in the right frontal lobe. (b) A small part of the tumor is enhanced after treatment with gadolinium
contrast material (arrowhead). (¢) The FDG uptake was observed in the enhanced part (arrow-
head). The FDG uptake was higher than that in the left cerebral cortex. (d) No FMISO accumu-
lated in the tumor

demonstrate these differences in Figure 18.6. At 2 h, the gray matter was distin-
guishable from the white matter, as the gray matter showed higher SUV than the
white matter while at 4 h; the curve was almost flat. Figure 18.7 shows scatter plots
of gray and white matter SUV at 2 h vs. 4 h. In all cases the gray matter SUV
decreased with time and all the points plot under the line of identity. White matter
SUV was not significantly different at 2 and 4 h. Figure 18.8 shows the CV of gray
and white matter, compared at 2 h and 4 h. The gray matter CV increased slightly
from 2 to 4 h (P =0.0008), while the white matter CV was not significantly
different at 2 and 4 h.
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Fig. 18.4 An anaplastic oligodendroglioma case (grade III). (a) The FLAIR image showed a
tumor in the left frontal lobe. (b) A part of the tumor enhanced by gadolinium contrast material. (¢)
The FDG uptake was observed even outside the enhancing area. The FDG uptake was much higher
than that in the right cerebral cortex. (d) No FMISO uptake was observed in the tumor

In the visual assessment of the tumors, we first looked into grade IV tumors
because based on the first study we believed that the grade IV tumors would have a
hypoxic volume and thus should show FMISO uptake. At 2 h, six out of eight grade
IV patients showed high FMISO uptakes, and the remaining two patients showed
medium uptakes. At 4 h, however, eight out of eight (100 %) patients showed high
FMISO uptakes. Then, we looked into grade II and III tumors that we thought
would not have developed severe hypoxia and thus would not show FMISO uptake.
At 2 h, three out of four patients showed medium uptakes and the fourth patient
showed a low uptake. This was changed at 4 h where four out of four (100 %)
patients showed low uptakes. The results of the visual assessment can be
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Fig. 18.5 An oligodendroglioma case (grade II). (a) The FLAIR image showed a tumor in the left
temporal lobe. (b) The tumor slightly enhanced by gadolinium contrast material. (¢) The FDG
uptake was weaker than in the right cerebral cortex. (d) No FMISO uptake was observed in the
tumor

summarized as those 4-h images provide more definitive information for discrim-
inating grade IV tumors from lower-grade tumors. The quantitative analysis further
supported this; in all the cases, the SUV .« and tumor-to-normal ratio increased
from 2 h to 4 h (Fig. 18.9). Here, lower-grade gliomas (grades II and III) showed
decreases in SUV ., and in the tumor-to-normal ratio from 2 h to 4 h (Fig. 18.10).
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Fig. 18.6 A brain slice FMISO PET image (a) 2 h after administration of FMISO and (b) after 4 h.
No tumor existed on these slices. (¢) 2-h SUV profile corresponding to the horizontal line in (a).
The red arrows indicate gray matter, and the white arrows indicate white matter. (d) 4-h profile
corresponding to the horizontal line (b)

2 hours

Fig. 18.7 SUV of (a) gray and (b) white matter at 2 h vs. 4 h
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Fig. 18.9 All glioblastoma cases showed increases in both the (a) SUV,,,, and (b) tumor-to-
normal ratio from 2 hto 4 h
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Fig. 18.10 All grade II to III cases showed decrease in (a) SUV,,,x, and 3/4 cases showed
decrease in (b) tumor-to-normal ratio from 2 hto 4 h
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18.4 Discussion

We have detailed two studies in this article. The results of the first indicated that
much FMISO accumulated in all the glioblastomas here but not in the lower-grade
gliomas. Different from this, FDG accumulated in both glioblastomas (100 %) and
in some lower-grade gliomas (33 %). This suggests that FMISO PET is superior to
FDG PET in a differential diagnosis. Visual analysis was confirmed by analyses of
the SUV, lesion-to-normal tissue ratio, and FMISO uptake volume. The results of
the second study indicated that FMISO PET 4 h after administration is superior to
the images after 2 h in differentiating glioblastomas from non-glioblastomas.

In the 2007 WHO definition, grade IV gliomas show microvascular proliferation
and necrosis as well as anaplasia and mitotic activity [3]; necrotic tissue is not
observed in grade III or lower-grade gliomas. In brain tumor specimens, necrotic
change is an important histopathological landmark that distinguishes glioblastomas
from lower-grade gliomas. In previous reports, the necrosis in glioblastoma is
considered to be associated with tissue hypoxia [16, 17]. The FMISO PET identi-
fication of hypoxia proceeds through several steps. Injected FMISO is first
transported by the blood flow and taken up by viable cells. Then, FMISO is
oxidized by intracellular oxygen if there is a sufficient amount of oxygen available
in a cell, and the oxidized FMISO is excreted from the cell. The FMISO is not
oxidized when there is insufficient oxygen available (hypoxic conditions) and the
FMISO is here retained in the cell [41]. Considering these mechanisms, we may
expect that FMISO accumulates in perinecrotic hypoxic tissue but not in the central
necrotic region. We observed that only little FMISO accumulates in non-glioblas-
toma patients. Some studies used needle electrodes to measure oxygen partial
pressures in human gliomas [18, 19, 42] and have suggested that both glioblastomas
and grade II and III gliomas are present under hypoxic conditions. Lower-grade
gliomas do not develop necrosis and may be expected to suffer from only a milder
degree of hypoxia than that of glioblastomas [18, 19]. FMISO accumulation
requires severe hypoxic conditions (pO2 < 10 mmHg) [43, 44], and the results
here are consistent with this.

Cher et al. investigated FMISO uptake in various tumors and the correlation with
histological findings [27]. They reported that all grade IV tumors showed high
FMISO uptakes (they were FMISO positive as we define it here) and that all grade I
and II tumors showed FMISO uptakes comparable to the surrounding tissue (they
were FMISO negative as we define it). However, there was a slightly elevated
FMISO uptake in one of three grade III patients and low uptakes in the remaining
two grade III patients [27]. Our results in the first study are consistent with this
previous data, except for the grade III patients, as all of our grade III gliomas were
FMISO negative. Cher et al. used 2 h as the waiting time before conducting the
FMISO PET scanning, while the study here used 4 h. Many FMISO PET protocols
have used 2 h as the uptake time [24, 25, 27-32], while Thorwarth et al. questioned
the adequacy of 2 h for imaging of FMISO [34]. There, the kinetic analysis of
dynamic datasets of FMISO PET suggested that the hot spots at 2 h did not reflect
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actual hypoxia but rather showed a high initial influx of the FMISO due to increased
blood flow to the tumor. In our first study, no grade III patients showed high FMISO
uptakes, and we speculated that this was possibly because the relatively long uptake
time allowed the tracer to be excreted from the tissue without severe hypoxia. To
further elucidate this, we conducted the second study, to directly compare images at
2 and 4 h after FMISO injection in the same patients. At 4 h, the background gray
matter SUV was lower, and the presence of the tumor uptake was fully substanti-
ated: all the glioblastomas were FMISO positive, and all the non-glioblastomas
were FMISO negative. These results are consistent with the Thorwarth observations
[34].

Recent advances in molecular targeting therapies and image guided therapies are
remarkable, and it may be expected that in the near future the therapy of first choice
for glioblastomas will be chemo- or radiotherapy rather than surgery. In such cases,
new techniques like FMISO PET may help avoid a biopsy followed by a patholog-
ical investigation. Aged patients or patients with impaired performance status
would particularly benefit from such techniques.

The FDG PET reflects the histological aggressiveness of gliomas, and glioblas-
tomas commonly show the highest FDG uptake among gliomas [12—14]. In the first
study here, a high FDG uptake was unexceptionally observed in glioblastoma
patients. At the same time, however, three of nine non-glioblastoma patients also
showed high FDG uptakes. These findings are consistent with the previous data [13,
14], and the results indicate that FDG PET is useful for histological grading but
inconclusive when a differential diagnosis of glioblastomas from lower-grade
gliomas is at issue. This leads us to suggest that FMISO PET may play a more
important role when a tumor shows a high FDG uptake (equal to or greater than the
uptake in the surrounding gray matter). Another important PET tracer for brain
tumor imaging is ''C-methionine (MET). For MET the uptake intensity
corresponding to each tumor grade can be summarized as in Fig. 18.11. It is well
methionine (MET), '°F-
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known that even grade II tumors may show high MET uptakes, especially in the
case of tumors with oligodendroglial components [45, 46], and that MET is good at
showing the tumor boundary. The FDG uptake increases with the tumor grade [47],
and the results here suggest that FMISO uptake is absent in grades II and III, but
strong in grade IV. Altogether these tracers will provide significant information to
assist in distinguishing tumor type and stage.

In the first study, the FMISO PET images were evaluated in different manners by
visual assessment, SUV, lesion-to-normal tissue ratio, and uptake volume. The
results of these analyses were consistent in showing the relationship between
FMISO uptake and glioma grade. In clinical settings the findings suggest that a
visual assessment is sufficient for a diagnosis, as the numerical values provide
information consistent with the visual assessment. The numerical values may
however be useful for purposes like assessing the prognosis and treatment response.
Both the SUV ,,.x and SUV g, with FMISO were higher in glioblastoma patients
than in non-glioblastoma patients; the range of the values for the groups overlaps,
possibly explained by inter-subject variability in the SUV. The lesion-to-cerebel-
lum ratio clearly distinguished glioblastoma patients from non-glioblastoma
patients. The usefulness of the lesion-to-cerebellum ratio has also been demon-
strated by Bruehlmeier et al. [26], by showing that lesion-to-cerebellum ratios were
comparable with the distribution of FMISO volumes. It may be argued that cerebral
glioma patients often show asymmetric blood flows in the cerebellum (the so-called
crossed cerebellar diaschisis) and that the cerebellar value may not be uniquely
useful as a reference. In the study here, FMISO accumulation of the left and right
cerebellar cortex did not show significant asymmetry (data not shown); however,
this may be assumed not to be a problem in using the lesion-to-cerebellum ratio.

To further confirm the findings, the uptake volume of FMISO in the tumor was
measured and compared for glioblastoma and non-glioblastoma patients. This
comparison showed that glioblastomas exhibited significantly larger uptake vol-
umes of FMISO than non-glioblastomas. In general, the hypoxic volume is distin-
guished with tissue-to-blood ratios > 1.2 in images acquired 2 h after FMISO
injection with venous blood samples [28-31]. In brain tumor segmentation for
MET PET, a tumor-to-normal ratio > 1.3 is frequently used [31, 39, 40, 48]. The
study here did not collect blood samples at the scanning but showed intratumoral
volumes in excess of a 1.3-fold cerebellum mean, which we consider an adequate
substitute. The method here did not directly quantify the hypoxic volume, and this
is one of the limitations of the study. As another limitation, the number of patients
included in this study is small, and further study with more patients is necessary to
substantiate the findings. In particular, such studies need to focus on small glio-
blastoma lesions and aggressive grade III tumors, because these could be a source
of false-negative or positive results. Third, we did not investigate specific immu-
nohistochemical features of hypoxia, like the hypoxia-inducible factor-1o (HIF-
la). Investigating HIF-1o further reveals the oxygen condition in the tumor.
Finally, in clinical settings, metastatic brain tumors and malignant lymphomas
also require a diagnosis that will distinguish them from glioblastomas. Further,
additional and different types of brain tumors will need to be investigated.
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We also wish to briefly discuss PET tracers other than FMISO [23]. The slow
clearance of FMISO from tissue is a shortcoming in clinical settings. If the uptake
time could be shortened to maybe 1 h, this would improve the feasibility of hypoxia
imaging. Currently, FMISO is the tracer where most evidence has been accumu-
lated, but promising data have been published for other tracers as well. A review
article by Kurihara et al. on preclinical and clinical applications of hypoxia PET
tracers including FMISO also mentions ‘®F-fluoroerythronitroimidazole
(FETNIM), 18F-ﬂuoroazomycin-arabinofulranoside (FAZA), and %*Cu or **Cu-
diacetyl-bis(N4-methylthiosemicarbazone) (Cu-ATSM) [49]. Among these,
FETNIM has not been used with brain tumors, while FAZA is less lipophilic than
FMISO, suggesting that background activity in the plasma could be excreted more
quickly than FMISO. This point is important for shortening the uptake time.
However, in an animal study, Sorger et al. have showed that faster clearance of
FAZA resulted in lower FAZA uptake in the tumor than with FMISO [50]. It is not
easy to solve this dilemma between uptake time and contrast. Postema et al.
conducted a study of FAZA PET in 50 patients with a number of different
malignant tumors, including seven glioblastoma patients [51]. Here images were
acquired 2-3 h after injection, and the image quality was reported as good, but not
superior to FMISO. With Cu-ATSM there is the advantage that the radionuclide
2Cu can be provided by a ®*Zn/**Cu generator, which at present does not require an
on-site cyclotron to image hypoxia. O’Donoghue et al. conducted an animal study
using a R3327-AT tumor model and found a correlation between the 19-h images of
Cu-ATSM and FMISO images at 2—4 h as well as oxygen probe measurements [52].
However, 1-h images of Cu-ATSM did not correlate with the FMISO images. A
more recent study by Dence et al. compared Cu-ATSM with FMISO, FDG, and
18 F-fluorothymidine (FLT) using a 9 L gliosarcoma model. Here, autoradiography
showed a strong correlation between the Cu-ATSM and FMISO distributions [53].
Tateishi et al. acquired Cu-ATSM PET for glioma patients and demonstrated a
correlation between Cu-ATSM uptake and glioma grades [54]. Despite evidence, it
is still not substantiated whether Cu-ATSM represents hypoxia. Further, '*F-EFS5,
2-(2-nitro-1[H]-imidazol-1-y1)-N-(2,2,3,3,3-pentafluoropropyl)-acetamide, ~ was
first tested in an animal study by Ziemer [55]. Evens et al. found that EF5 uptake
correlated with a poor prognosis in glioma patients [18]. They also reported
correlations of EFS5 uptake with microscopic findings of vasculature [56] and
radiation responses [57].

18.5 Conclusions

This article summarizes our recent findings in two studies related to FMISO PET
for brain tumors. The first study demonstrated that much FMISO accumulated in
glioblastomas but not in lower-grade gliomas. The second study demonstrated that
FMISO PET images acquired 4 h after administration were better at showing
hypoxic tumors than the images acquired 2 h after injection. Combining these
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results, the 4-h FMISO PET may be useful in preoperatively discriminating glio-
blastomas from lower-grade gliomas.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution-
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Chapter 19

Evolution and Protection of Cerebral
Infarction Evaluated by PET and SPECT

Eku Shimosegawa

Abstract Since cerebral infarction results from a reduction of cerebral blood flow
(CBF) by the occlusion or stenosis of carotid or intracranial arteries, CBF is a
primary parameter to predict of ischemic brain injury. Single-photon emission
tomography (SPECT) and positron emission tomography (PET) contributed to
evaluate loss of cerebral autoregulation, uncoupling state between CBF and brain
metabolism, and ischemic penumbra. Measurement of CBF and oxygen meta-
bolism by >0 PET revealed the process of infarct growth in hyperacute stage of
cerebral infarction and areas with depressed oxygen metabolism, but normal water
diffusion in magnetic resonance imaging (MRI) was termed as “metabolic penum-
bra.” Recently, some researchers shed light on the role of glial cells in the energy
metabolism of the brain and ''C-acetate PET and demonstrated that astrocytic
energy metabolism in TCA cycle was protective against ischemia. SPECT and
PET studies for secondary reaction after ischemia (i.e., selective neuronal loss by
'>*I-iomazenil SPECT and ''C-flumazenil PET, tissue hypoxia by '*F-FMISO
PET, and neuroinflammation by TSPO-PET) are expected as new biomarkers.
Combining these imaging biomarkers with classical CBF measurement may contri-
bute to develop innovative drugs for pharmacological neuroprotection in the ther-
apy of cerebral infarction.

Keywords Cerebral infarction « SPECT « PET « Hypoxia « TSPO-PET

19.1 Introduction

Cerebral infarction results from a reduction in cerebral blood flow (CBF) arising
from the occlusion or stenosis of carotid or intracranial arteries, and the progression
of this event typically ends with the necrosis of various brain tissue components,
including neurons. Since tissue damage varies according to the severity of brain
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ischemia, CBF is a primary parameter for predicting the extent of ischemic brain
injury.

Positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) have contributed to the elucidation of the disease process
responsible for brain ischemia from an acute to chronic stage. PET studies have
mainly measured CBF and oxygen metabolism but have been expanded to include
the detection of neuronal loss, tissue hypoxia, and neuroinflammation. Quantitative
50 PET measurements can provide information on CBF, the cerebral metabolic
rate of oxygen (CMRO,), the cerebral blood volume (CBV), and the oxygen extrac-
tion fraction (OEF), and these parameters enable impaired cerebral autoregulation
and the uncoupling of perfusion and metabolism to be diagnosed based on absolute
values. The SPECT studies can visualize the magnitude and extent of ischemia in a
clinical setting. Neurons are more vulnerable than other cell groups in the brain, and
selective neuronal loss sometimes occurs in patients with mild to moderate brain
ischemia. PET and SPECT are advantageous for demonstrating this type of brain
injury, which cannot be visualized by comparing computed tomography (CT) and
magnetic resonance imaging (MRI) findings. PET imaging of tissue hypoxia is
expected to distinguish permanent and temporal ischemic areas surrounding the
ischemic core. Translocator protein (TSPO) PET can represent neuroinflammation
in areas with evolving infarcts and may become a biomarker for neuroprotective
therapy. Recently, important roles of astrocytes in the energy metabolism of the
brain have been reported. The imaging of astrocytes using ''C-acetate PET may
provide a sensitive marker for evaluating glial metabolism in the ischemic brain.
The purpose of using these imaging probes depends on the course or stage of

6 hrs
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Fig. 19.1 Time course of infarct evolution and related PET/SPECT imaging
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cerebral infarction (Fig. 19.1). In this chapter, we introduce the use of PET and
SPECT imaging in studies to clarify the process of cerebral infarction.

19.2 Perfusion and Oxygen Metabolism in Brain Ischemia

CBF is a key parameter of ischemic brain damage that can be quantitatively
measured using PET and SPECT. A decrease in the cerebral perfusion pressure
(CPP) induces primary damage to the supply of oxygen and energy substance to the
brain. Protective mechanisms against reductions in the CPP can be evaluated using
PET and SPECT. The first mechanism is “cerebral autoregulation,” the origin of
which is cardiac pump function. CBF is constant within a mean arterial blood
pressure (MABP) range of 60-160 mmHg [1]. To maintain a constant CBF,
cerebral precapillary arterioles can dilate when the CPP decreases and can constrict
when the CPP increases. Although this mechanism of dilation and constriction for
cerebral autoregulation remains unclear, recent studies have indicated that CBF
control is initiated in the cerebral capillaries, where pericytes can constrict capil-
laries in response to the effect of noradrenaline [2]. Cerebral autoregulation is
disturbed by brain ischemia [3], and its capacity can be estimated using the cerebral
vasoreactivity (CVR) to the change in the arterial partial pressure of carbon dioxide
(PaCO,). In SPECT studies, acetazolamide, which is another vasodilating agent, is
used to test CVR. A reduced CVR in patients with steno-occlusive carotid artery
disease is a major predictor of stroke recurrence [4, 5].

By combining this information with data on CBF and oxygen metabolism
measured using 'O PET, we can evaluate other protective states against CPP
reduction (Fig. 19.2). When cerebral autoregulation is functioning well, CBF
remains normal and the CBV increases, indicating the dilatation of collateral
vessels. When the CPP is reduced beyond the point of compensation by vaso-
dilatation, the cerebral autoregulation is exhausted and the CBF begins to decrease.

Fig. 19.2 '°0 PET images in a patient with right carotid and MCA occlusion. PET images of (a)
CBF, (b) CBV, (c¢) CPP, and (d) OEF. The CPP images were created by dividing CBF and CBV.
The area with a severe CPP reduction corresponded to the area with an elevated OEF (misery
perfusion)
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Fig. 19.3 Misery perfusion in a patient with acute left MCA occlusion. PET images of (a) CBF,
(b) CMRO., (¢) OEF, and (d) CBV examined on the day of stroke onset. The CBF in the left MCA
territory reduced, whereas the CMRO; in the corresponding area was relatively preserved. The
OEF was elevated in the same area, indicating an uncoupled state between perfusion and oxygen
metabolism (misery perfusion). A CT image obtained on the same day (e) did not show any
morphological changes

When CMRO; is preserved, then the OEF starts to increase. Such increases in the
OEF are known as “misery perfusion” and can be observed during the acute stage of
cerebral infarction (Fig. 19.3). In the chronic stage of cerebral infarction, misery
perfusion in patients with unilateral carotid artery occlusion suggests a high prob-
ability of stroke recurrence [6—8]. Powers et al. classified the severity of cerebral
ischemia from Stage O to Stage II according to CBF, CBV, and OEF [9]. Stage II is
equal to the state of misery perfusion. The 5-year stroke recurrence rate for Stage 11
patients with unilateral steno-occlusive internal carotid artery (ICA) was 70 %,
whereas it was 20 % for Stage 0 and I patients [8].

19.3 Infarct Growth in Acute Cerebral Infarction

The ischemic threshold of CBF has been thoroughly evaluated in both experimental
studies and clinical studies. Symon and colleagues revealed a relationship between
CBF, neurological deficits, and tissue damage in baboon models of cerebral ische-
mia [10]. They showed that the electric activity of somatosensory evoked potentials
in cerebral tissue was preserved at a CBF above 20 mL/100 g/min (40 % of normal
level), whereas it was impaired when the CBF decreased to 10-20 mL/100 g/min.
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Although this impaired electric activity was reversible by recirculation, irreversible
damage resulting from an elevated extracellular potassium concentration and sub-
sequent cell death occurred when the CBF was reduced to less than 610 mL/100 g/
min. Astrup, Siesjo, and Symon defined the ischemic penumbra as brain tissue with
CBF thresholds between electric (20 mL/100 g/min) and membrane failure
(6-10 mL/100 g/min) [11]. In a baboon model, Jones et al. found that a longer
period of ischemia was associated with a higher threshold for membrane failure
[12]. Their studies indicated that the ischemic penumbra should be restored as early
as possible to reduce the volume of cerebral infarction. Clinical SPECT studies
have demonstrated the validity of evaluating the ischemic threshold during the
acute stage of infarction. Shimosegawa et al. evaluated SPECT images within 6 h of
onset in ischemic stroke patients and revealed that a CBF of less than 30-50 % of
that in unaffected brain regions was capable of inducing cerebral infarction [13]
(Fig. 19.4). When the CBF was less than 20 % of that in the unaffected hemisphere,
the probability of hemorrhagic infarction after recanalization therapy
increased [14].

Although the CBF threshold has been established in both experimental and
clinical studies, the metabolic threshold and its relation to the development of
infarction has not yet been clarified. In a '>0 PET study of patients with cerebral
infarction where imaging was performed within 6 h of onset, Shimosegawa
et al. demonstrated that infarct growth occurred in brain lesions with a depressed
CMRO, but normal water diffusion on diffusion-weighted imaging (DWI) [15]
(Fig. 19.5). Peri-infarct areas with a CMRO, of less than 45-62 % of that in
unaffected brain regions on the initial '>O PET showed volume expansion of the
brain infarction at 3 days after onset, and they named this phenomenon “metabolic
penumbra.” The normal diffusion in these areas indicated that adenosine triphos-
phate (ATP) synthesis was still preserved to a degree sufficient to maintain an

Fig. 19.4 Prediction of cerebral infarction by acute CBF-SPECT. A diffusion-weighted MR
image obtained at 1.3 h after onset (a) demonstrated only a small lesion in the frontal lobe. A
*MHMPAO-SPECT image obtained at 2.3 h after onset (b) showed a broad reduction in CBF in
the left cerebral hemisphere. A CBF reduction of more than 50 %, compared with the contralateral
region, was observed in the left frontal lobe, and this area progressed into a complete infarction
visible on a CT image obtained 4 days after onset (c)
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Fig. 19.5 Metabolic penumbra in acute brain infarction. (a) DWI of MRI obtained 4 h after onset,
(b) perfusion-weighted image (PWI) obtained 4 h after onset, (c) DWI obtained 3 days after onset,
(d) CBF obtained 3 h after onset, (¢) CMRO, obtained 3 h after onset, and (f) OEF obtained 3 h of
onset in a patient with right ICA embolic occlusion. An MRI examination indicated PWI-DWI
mismatch in the territory of the right ICA. DWI on day 3 indicated an evolution of the infarction
within the mismatch. The initial PET examination indicated that the PWI-DWI mismatch lesion
exhibited reductions in CBF and CMRO, associated with misery perfusion (increased OEF, white
arrow). The PWI-DWI mismatch corresponded to suppressed energy metabolism that was still
higher than the threshold for ion pump failure (Reprinted from Brain Mapping: An Encyclopedic
Reference, Vol. 3/1st edition, Arthur W. Toga (Editor in Chief), Hemodynamic and Metabolic
Disturbances in Acute Cerebral Infarction (title)/Clinical Brain Mapping (chapter), written by
E. Shimosegawa, p. 829-838, 2015, with permission from Elsevier)

ATP-dependent neuronal membrane ion pump in the area of the evolving infarct as
early as 6 h after onset. Therefore, a metabolic penumbra with a moderate decrease
in CMRO, would be a critical treatment target, using early reperfusion and pharmaco-
logical neuroprotection to reduce the volume expansion of the brain infarction.

19.4 Role of Astrocytic Function in Brain Ischemia

Recently, some researchers have shed light on the role of glial cells in energy
metabolism in the brain. Glutamate is a major excitatory neurotransmitter of the
brain, and glutamate in the synaptic cleft is removed by astrocytes surrounding
glutaminergic synapses. The removed glutamate is converted into glutamine in
astrocytes by glutamine synthetase. Glutamine is released by astrocytes and taken
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up by neuronal terminals, where it is enzymatically reconverted to glutamate and
stored in the neurotransmitter pool for the next transmission. This process is called
“glutamate-glutamine cycle” and requires ATP [16]. Furthermore, astrocytes play
an important role in glycolysis in the brain. Activation by the glutamate transporter
on the astrocytic membrane stimulates glucose uptake into astrocytes. This glucose
is processed glycolytically, resulting in the release of lactate as an energy substrate
for neurons. Lactate produced by this process is transferred to neurons for oxidation
(the astrocyte-neuron lactate shuttle: ANLS) [17]. This lactate produces two ATP
molecules, which contribute to the Na-K ion pump function and the synthesis of
glutamine from glutamate. In ischemic brain where ATP synthesis is restricted, the
conversion of glutamate in the synaptic cleft is disturbed. Continuous stimulation
by glutamate induces an influx of Ca** ion, resulting in anoxic depolarization, and
leads to inflammation and apoptosis. Therefore, the glutamate-glutamine cycle and
ANLS are deeply related to astrocytic function and plays a critical role in the
evolution from penumbra to infarction.

For the specific imaging of astrocyte, acetate is expected to be useful as a
selective marker of astrocytic energy metabolism [18, 19]. *C-acetate is rapidly
incorporated into glutamine via glutamate by glutamine synthetase localized in
astrocytic cells [20]. Hosoi et al. demonstrated that '“C-acetate uptake is dramat-
ically decreased in a 3-min ischemia and reperfusion model, indicating that the
metabolic and functional impairment of astrocytes continues after the restoration of
CBF [21]. "'C-labeled acetate could be a promising PET tracer for the evaluation of
astrocytic metabolism in human studies (Fig. 19.6).

Fig. 19.6 Qualitative and quantitative ''C-acetate PET imaging for astrocytic energy metabolism.
(a) An averaged "C-acetate PET image (from 0 to 40 min) and (b) an averaged Kmono image in a
healthy volunteer. The energy metabolism evaluated using the Kmono image was different from
the normal oxygen metabolism evaluated using the CMRO, image (c)
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Fig. 19.7 Selective neuronal loss: (a) T,-weighted image (T,WI) in a patient with subcortical
infarction of the left putamen 1.5 months after onset, (b) CBF image of the corresponding slice
obtained by '?*I-IMP SPECT, and (c) '**I-iomazenil SPECT image of the corresponding slice. The
MR image showed no obvious lesion in the left cortical area, whereas 1231_jomazenil SPECT
demonstrated a decrease in accumulation (white arrow), indicating selective neuronal loss. The
CBF reduction extended beyond the cortical areas of 1231 iomazenil reduction (Reprinted from
Brain Mapping: An Encyclopedic Reference, Vol. 3/1st edition, Arthur W. Toga (Editor in Chief),
Hemodynamic and Metabolic Disturbances in Acute Cerebral Infarction (title)/Clinical Brain
Mapping (chapter), written by E. Shimosegawa, p. 829—838, 2015, with permission from Elsevier)

19.5 Selective Neuronal Loss in Ischemic Brain Injury

Tissue vulnerability differs among neurons, glial cells, and blood vessels. Selective
neuronal necrosis is known to occur in neuron-specific ischemic injury, where other
cell components are preserved, and is associated with the expression of apoptosis-
related DNA damages and repair genes [22]. In PET and SPECT imaging, ''C-
flumazenil and '*’I-iomazenil are considered to be neuron-specific tracers that bind
central benzodiazepine receptors that are specifically localized on the membranes
of cortical neurons. Preserved '' C-flumazenil accumulation in acute ischemic brain
can predict the probability of surviving an infarct [23, 24]. Hatazawa
et al. examined '*’I-iomazenil SPECT in patients with cortical and subcortical
infarction. They reported a patient with global aphasia who had a purely subcortical
infarction and significantly diminished '**I-iomazenil uptake in CT-negative Broca
and Wernicke areas [25]. This result indicated that '**I-iomazenil SPECT could
sensitively detect lesions responsible for clinical symptoms, compared with morpho-
logical examinations (Fig. 19.7).

19.6 Detection of Tissue Hypoxia

Tissue hypoxia can be visualized using '®F-labeled nitroimidazole derivatives or
62/64Cy-labeled lipophilic chelate compounds. '*F-fluoromisonidazole (**F-FMISO)
PET is a representative hypoxic marker. Under hypoxic conditions, '*F-FMISO
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passively diffuses into cells and is reduced by nitroreductase enzymes and trapped
by intracellular molecules. The retention of '*F-FMISO is inversely proportional to
the tissue partial pressure of O,. Takasawa et al. revealed that the selective accumu-
lation of '"®F-FMISO was found in permanent and temporal ischemic areas sur-
rounding the ischemic core [26]. They demonstrated that '*F-FMISO uptake in the
ischemic brain was only elevated during the early phase of middle cerebral artery
(MCA) occlusion. After early reperfusion, no demonstrable tracer retention was
observed. In patients with an acute MCA territory stroke, Markus et al. reported that
'"®E_.EMISO PET showed the temporal evolution of tissue hypoxia [27]. A higher
hypoxic volume was observed in the core of the infarct within 6 h of onset, and the
location moved to the periphery or external to the infarct at later time points. They
also showed that tissue without '®F-FMISO uptake within the final infarct was
presumed to have infarcted by the time of the acute '*F-FMISO PET. These experi-
mental and clinical results are very interesting because they suggested that '*F-
FMISO uptake changes continuously during the course of brain infarction. Since
"E.FMISO PET is unable to discriminate between complete infarcted area and
non-hypoxic viable tissue during the acute stage of infarction, the timing of the PET
examination is likely to be critical for diagnosing whether the tissue is salvageable.

19.7 Imaging of Neuroinflammation

In focal brain ischemia, inflammatory reactions mainly occur in the peri-infarct area
and lead to an overexpression of peripheral benzodiazepine receptors (PBR)/18-
kDa TSPO on the membrane of activated microglia, macrophages, and activated
astrocytes. Several PET tracers that specifically bind to TSPO have been developed
as biomarkers of neuroinflammation. Imaizumi et al. demonstrated that ''C-PBR28
accumulated in the peri-infarct lesions of a rat ischemia model, indicating that
neuroinflammation does not occur in the ischemic core but in penumbral lesions
[28]. In our preclinical study using a temporary MCA occlusion model, ''C-DPA-
713 uptake increased in the area surrounding the infarct core after 4 days of
ischemia, where the expression of microglia/macrophages was positive using
CD11b immunostaining (Fig. 19.8). In an impressive study, Martin et al. reported
that '"®F-DPA-714 uptake decreased at 7 days after cerebral ischemia in rats treated
with minocycline, compared with saline-treated animals [29]. Whether the
increased regional microglia/macrophage activation visualized by TSPO PET is a
good biomarker remains controversial. TSPO molecular imaging, however, might
have diagnostic potential for assessing therapeutic strategies, such as the use of
neuroprotective or anti-inflammatory drugs during the acute or subacute stage of
cerebral infarction.
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Fig. 19.8 TSPO PET image of rat ischemic model. (a) C-DPA713 PET and (b) the corres-
ponding CD11b immunostaining image. ''C-DPA713 accumulated in the peripheral region of the
ischemic core at 4 days after 60 min of MCA occlusion and reperfusion (white arrows). The
CD11b-positive findings agreed with the uptake of ''C-DPA713 (white arrow heads), indicating
that macrophages/microglia were activated by neuroinflammation after brain ischemia

19.8 Summary

Measurements of hemodynamic and metabolic disturbances using PET and SPECT
have been utilized to study the acute and chronic stages of cerebral infarction. CBF,
CMRO,, CBV, OFEF, and CVR are basic parameters for estimating CPP reduction.
An acute metabolic penumbra (decreased CMRO, in peri-infarct area on initial
PET) and misery perfusion (areas with decreased CBF with maintained CMRO, in
ischemic brain) during the acute and chronic stages are indicators of evolving
infarction. Astrocytes have a protective role against cerebral infarction by reducing
the glutamate concentration during ischemia, and ''C-acetate PET may provide
information regarding glial cell function. Neuron-specific imaging can only be
performed using PET and SPECT, and it would be useful to collate the clinical
symptoms with neuronal damage. PET tracers for tissue hypoxia and neuro-
inflammation have been developed and are promising biomarkers for detecting
infarct growth and salvageable tissue and are expected to become useful as probes
in future therapeutic interventions.
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Chapter 20

Brain Development and Aging Using Large
Brain MRI Database

Yasuyuki Taki

Abstract Now we confront a super aging society in Japan. In the situation, it is
important to preserve our cognitive function for entire life by preventing us from
pathological brain aging. To perform the aim, we have built a large brain magnetic
resonance imaging (MRI) database from around 3,000 subjects aged from 5 to 80 in
order to reveal how brain develops and ages. We have also collected several
cognitive functions, lifestyle such as eating and sleeping habits, and genetic data.
Using the database, we have revealed normal brain development and aging and also
have revealed what factors affect brain development and aging. For example, sleep
duration is significantly associated with the gray matter volume of the bilateral
hippocampi. In addition, there were significant negative correlation between alco-
hol drinking and gray matter volume of the frontoparietal region and body mass
index and gray matter volume of the hippocampus in cross-sectional analysis. In
addition, having intellectual curiosity showed significant negative correlation with
regional gray matter volume decline rate in the temporoparietal region. These
findings help understanding the mechanism of brain development and aging as
well as performing differential diagnosis or diagnosis at an early stage of several
diseases/disorders such as autism and Alzheimer’s disease.
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20.1 Introduction

Now we confront a super aging society in Japan. In the situation, it is important to
preserve our cognitive function for entire life by preventing us from pathological
brain aging. Recently, the importance of human neuroimaging database was rec-
ognized greatly. The normal brain structure and function database can be used as
the references not only for neuroimaging study for humans but also for early
diagnosis and computer-aided automated diagnosis of the brain diseases. The
most remarkable recently developed method for brain image analysis is voxel-
based morphometry (VBM). It includes anatomical standardization of the brain to a
standard brain, brain tissue segmentation and finally voxel-based statistical analysis
based on general linear model. This technique enables us to extract brain regions
which show correlations between tissue volume and variables, such as age, sex, and
other subject’s characteristics. We can analyze not only age-related normal changes
but also diseased brain, such as dementia and schizophrenia. It has been believed
that functional imaging precede structural imaging to detect early pathological
findings of the diseases. However, recent development of high-resolution structural
imaging and sophisticated analytical technique enable us to detect the brain disease
at very early stage. Now we have collected over 3,000 brain MRI of healthy
Japanese aged from 5 to 80 and constructed an MRI database together with their
characteristics such as age, sex, lifestyle information, blood pressure, present and
past disease history, and cognitive functions. This is a largest brain MRI database in
Japan and one of the largest one in the world.

20.2 Imaging Studies of Brain Development

20.2.1 Correlation Between Gray Matter Density-Adjusted
Brain Perfusion and Age Using Brain MR Images
of 202 Healthy Children

In understanding brain aging, the knowledge of brain maturation is very important,
for the relationship between brain maturation and brain aging is regarding as a
“mirror pattern.” In detail, brain regions that mature earlier such as occipital regions
are robust in brain aging, whereas brain regions that mature rather late such as
prefrontal regions are vulnerable for aging. Brain development continues through
childhood and adolescence. Recently, it has been revealed that human brain devel-
opment is a structurally and functionally nonlinear process. However, despite this
growing wealth of knowledge about maturational changes in brain structure in
children, the trajectory of brain perfusion with age in healthy children is not yet
well documented.
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Fig. 20.1 Schematic of the image analysis

Recently, arterial spin-labeling (ASL) perfusion magnetic resonance imaging
(MRI) has been developed for evaluating brain perfusion. We examined the corre-
lation between brain perfusion and age using pulsed ASL MRI in a large number of
healthy children.

We collected data on brain structural and ASL perfusion MRI in 202 healthy
children aged 5-18 years. Structural MRI data were segmented and normalized,
applying a voxel-based morphometric analysis. Perfusion MRI was normalized
using the normalization parameter of the corresponding structural MRI. We calcu-
lated brain perfusion with an adjustment for gray matter density (BP-GMD) by
dividing normalized ASL MRI by normalized gray matter segments in 22 regions.
Next, we analyzed the correlation between BP-GMD and age in each region by
estimating linear, quadratic, and cubic polynomial functions, using the Akaike
information criterion (Fig. 20.1).

As a result, the correlation between BP-GMD and age showed an inverted U
shape followed by a U-shaped trajectory in most regions [1-3]. In addition, age at
which BP-GMD was highest was different among the lobes and gray matter
regions, and the BP-GMD association with age increased from the occipital to the
frontal lobe via the temporal and parietal lobes.

In the frontal lobe, all gray matter regions showed an inverted U-shaped trajec-
tory for the correlation between BP-GMD and age, and the best fit was a negative
quadratic or positive cubic polynomial function. The estimated age at which
BP-GMD was highest was earlier in the precentral gyrus, cingulate gyrus, and
anterior cingulate cortex than in the superior, middle, and inferior frontal gyri
(Fig. 20.2).
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Fig. 20.2 Correlation between brain perfusion, adjusted for gray matter density, and age in the
frontal lobe, parietal lobe, occipital lobe, and temporal lobe in each hemisphere

We demonstrated a correlation between BP-GMD and age using ASL brain
perfusion MRI in a large number of healthy children over a wide age range. As a
result, the trajectory of the correlation between BP-GMD and age showed an
inverted U-shaped second-order polynomial function in most regions in the frontal
lobe, a third-order polynomial function in the parietal and temporal lobes, and a
U-shaped second-order and negative linear correlation in the occipital lobe. Our
results indicate that higher-order association cortices mature after the lower-order
cortices in terms of brain perfusion. As a result, the trajectory of the correlation
between BP-GMD and age showed an inverted U shape followed by a U-shaped
trajectory in most regions. In addition, the age at which BP-GMD was highest was
different among the lobes and gray matter regions, showing a progression from the
occipital lobe to the frontal lobe, via the temporal and parietal lobes. Our results
indicate that higher-order association cortices mature after the lower-order cortices
mature. This may help not only clarify the mechanisms of normal brain maturation
from the viewpoint of brain perfusion but also distinguish normal from develop-
mental disorders that show abnormal brain perfusion patterns.
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20.2.2 Correlation Between Sleep Duration and Gray Matter
Volume Using Brain MR Images of 290 Healthy
Children

Sleep is essential for living beings, and sleep loss has been shown to affect
hippocampal structure and function in rats by inhibiting cell proliferation and
neurogenesis in this region of the brain. We aimed to analyze the correlation
between sleep duration and the hippocampal volume using brain magnetic reso-
nance images of 290 healthy children aged 5-18 years. We examined the volume of
gray matter, white matter, and the cerebrospinal fluid (CSF) space in the brain using
a fully automated and established neuroimaging technique, voxel-based morphom-
etry, which enabled global analysis of brain structure without bias toward any
specific brain region while permitting the identification of potential differences or
abnormalities in brain structures. We found that the regional gray matter volume of
the bilateral hippocampal body was significantly positively correlated with sleep
duration during weekdays after adjusting for age, sex, and intracranial volume
[4]. Our results indicated that sleep duration affects the hippocampal regional
gray matter volume of healthy children. These findings advance our understanding
of the importance of sleep habits in the daily lives of healthy children.

20.3 Imaging Studies of Brain Aging

20.3.1 Correlation Between Baseline Regional Gray Matter
Volume and Global Gray Matter Volume Decline Rate

Evaluating whole-brain or global gray matter volume decline rate is important in
distinguishing neurodegenerative diseases from normal aging and in anticipating
cognitive decline over a given period in non-demented subjects. Whether a signif-
icant negative correlation exists between baseline regional gray matter volume of
several regions and global gray matter volume decline in the subsequent time
period in healthy subjects has not yet been clarified. Therefore, we analyzed the
correlation between baseline regional gray matter volumes and the rate of global
gray matter volume decline in the period following baseline using magnetic reso-
nance images of the brains of 381 healthy subjects by applying a longitudinal
design over 6 years using voxel-based morphometry.

All subjects were Japanese individuals recruited from our previous brain-
imaging project. We selected participants who had lived in Sendai City at the
time of the previous study, whose collected data had no missing values and who
had no serious medical problems from an initial 1604 eligible persons. All partic-
ipants were screened with a mail-in health questionnaire and underwent telephone
and personal interviews. Persons who reported a history of any malignant tumor,
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head trauma with loss of consciousness for >5 min, cerebrovascular disease,
epilepsy, any psychiatric disease, or claustrophobia were excluded from the
study. All subjects were screened for dementia using the Mini-Mental State Exam-
ination (MMSE). An experienced neuroradiologist examined the MR scans for any
tumors and cerebrovascular disease. The final sample consisted of 381 participants
(40.1 % of the eligible cohort: 158 men, 223 women). All images were collected
using the same 0.5 T MR scanner, including baseline images using MP-RAGE
pulse sequences. After the image acquisition, all MR images were analyzed using
statistical parametric mapping 2 in Matlab. We calculated gray matter volume and
white matter volume using fully automated techniques. To normalize the head size
of each subject, we defined the gray matter ratio (GMR) as the percentage of gray
matter volume divided by the intracranial volume. Next, to reveal the annualized
rate of change in GMR with age, we determined the annual percentage change in
GMR (APCgMmr) for each subject. We determined regional gray matter volume
using voxel-based morphometry. To investigate the correlation between baseline
regional gray matter volume and APCgpgr, we performed a multiple regression
analysis with age, gender, intracranial volume, and APCg\r as independent valu-
ables and baseline regional gray matter volume as a dependent valuable. We used
the random field theory method to correct for the Familywise Error Rate (FWE);
any resulting P-value less than 0.05 was considered significant. Next, we tested
whether the gray matter regional volume that showed the significant negative
correlation with APCgyr at baseline could predict whether the APCguyr was
above or below the APCgyr mean by applying a standard (not stepwise) linear
discriminant analysis in SPSS11.5. For the discriminant analysis, we used the mean
gray matter volume over a cluster in each region, and the regional gray matter
volume as defined by multiple regression analysis. We set the significance level at
P <0.05.

As aresult, the gray matter regions showing significant negative correlation with
APCgpr adjusted for age, gender, and intracranial volume are shown in Fig. 20.1.
Baseline regional gray matter volumes of the right PCC/precuneus and the left
hippocampus showed significant negative correlations with APCgygr after
adjusting for age, gender, and intracranial volume (right PCC/precuneus, ¢ =5.42,
P =0.020; left hippocampus, t=5.29, P =0.035) [1]. Therefore, we used the gray
matter regions of the right PCC/precuneus and the left hippocampus in the next
discriminant analysis. Baseline regional gray matter volume of both the right
PCC/precuneus and the left hippocampus significantly distinguished whether
APCgyvr was above or below the APCgur mean. The F-value, p-value, and
discriminant function coefficient were 13.51, <0.001, and 0.833 in the right
PCC/precuneus and 5.71, 0.017, and 0.350 in the left hippocampus, respectively.
Overall, 58.4 % of the APCgmr (55.8 % of APCgumr below the mean of APCgvr
and 60.9 % of APCgmr above the mean of APCgyr) was correctly distinguished
using the discriminant function (Fig. 20.3).

This study provides the first longitudinal findings showing that baseline regional
gray matter volumes in the right PCC/precuneus and the left hippocampus show a
significant negative correlation with the rate of global gray matter volume decline
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in the following period, as represented by APCgmr, adjusting for age, gender, and
intracranial volume. In addition, baseline regional gray matter volumes of both the
right PCC/precuneus and the left hippocampus significantly distinguished whether
the APCgmr Was above or below the APCgyr mean. These results indicate that
subjects who had smaller baseline regional gray matter volumes in those regions
showed higher rate of global gray matter volume decline in the following period.
In summary, using a longitudinal design over 6 years in 381 community-
dwelling healthy individuals, we examined the correlation between baseline
regional gray matter volume and the rate of global gray matter volume decline in
the following period. We found a significant negative correlation between APCgyr
and the baseline regional gray matter volumes of the right PCC/precunei and the left
hippocampus after adjusting for age and gender. In addition, baseline regional gray
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matter volume of both the right PCC/precuneus and the left hippocampus signifi-
cantly distinguished whether the APCgymr Was above or below the APCgyr mean.
Our results suggest that baseline regional gray matter volume predicts the rate of
global gray matter volume decline in the following period in healthy subjects. Our
study may contribute to distinguishing neurodegenerative diseases from normal
aging and to predicting cognitive decline.

20.3.2 Correlation Between Degree of White Matter
Hyperintensities and Global Gray Matter Volume
Decline Rate

Whether the degree of white matter hyperintensities (WMHs) shows a significant
correlation with the rate of global gray matter volume decline over a period
following initial baseline measurement remains unclear. The purpose of the present
study was to reveal the relationship between the degree of WMHs at baseline and
the rate of global gray matter volume decline by applying a longitudinal design.
Using a 6-year longitudinal design and magnetic resonance images of the brains of
160 healthy individuals aged over 50 years and living in the community, we
analyzed the correlation between degree of WMHs using Fazekas scaling at
baseline and rate of global gray matter volume decline 6 years later. To obtain
the rate of global gray matter volume decline, we calculated global gray matter
volume and intracranial volume at baseline and at follow-up using a fully auto-
mated method. As a result, the annual percentage change in the gray matter ratio
(GMR, APCgmr), in which GMR represents the percentage of gray matter volume
in the intracranial volume, showed a significant positive correlation with the degree
of deep WMHs and periventricular WMHs at baseline, after adjusting for age,
gender, present history of hypertension, and diabetes mellitus [2].

The degree of WMHs, both DWMH and PVWMH, at baseline showed a
significant positive correlation with the rate of global gray matter volume decline,
represented by APCgwmr, adjusting for age, gender, and present history of hyper-
tension and diabetes mellitus in healthy subjects using longitudinal analysis. To our
knowledge, we are the first to show the correlation between the degree of WMHs at
baseline and the rate of subsequent global gray matter volume decline in healthy
elderly individuals. Our result is partially consistent with recent studies that showed
a significant positive correlation between the degree or load of WMHs and
decreases in gray matter volume in healthy elderly people, although those studies
were conducted using cross-sectional design. However, another recent study using
longitudinal analysis has shown that WMH is not a predictor of brain atrophy rate in
elderly subjects. The inconsistency between the findings of the recent study and the
present study may have arisen from differences in the volume that was measured. In
the present study, we focused on the rate of decline of gray matter volume, not
whole-brain volume, because gray matter volume is significantly correlated with
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several cognitive functions. Our results suggest that the rate of global gray matter
volume decline could be predicted using the degree of WMHs at baseline, evaluated
by simple visual scaling.

In summary, using a longitudinal design over 6 years in 160 community-
dwelling healthy individuals, the degree of WMHs was measured at baseline, and
the rate of global gray matter volume decline was obtained. As a result, APCgyr
showed a significant positive correlation with the degree of deep WMHs and
periventricular WMHs at baseline adjusting for age, gender, and present history
of hypertension and diabetes mellitus. Our results suggest that degree of WMHs at
baseline predicts the rate of subsequent gray matter volume decline and also
suggests that simple visual scaling of WMHs could contribute to the prediction of
the rate of global gray matter volume decline.

20.3.3 Risk Factors for Brain Volume Decrease
20.3.3.1 Alcohol Drinking

We also tested the correlation between gray matter ratio and lifetime alcohol intake.
There was a strong negative correlation between the log-transformed lifetime
alcohol intake and the gray matter ratio [5]. Figure 20.4 shows the gray matter
regions that had a significant negative correlation between the lifetime alcohol
intake and the regional gray matter volume. The gray matter volume of the bilateral
middle frontal gyri showed a significant negative correlation with the
log-transformed lifetime alcohol intake.

Fig. 20.4 Brain regions that showed negative correction between gray matter volume and lifetime
alcohol intake
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Fig. 20.5 T brain regions that showed correlations between gray matter volume and body mass
index (BMI). Red and blue color indicated negative and positive correlations, respectively

20.3.3.2 Obesity

We tested correlation between gray matter ratio and obesity. As an indicator for
obesity, body mass index (BMI) was used. Volumetric analysis revealed that there
are significant negative correlations between BMI and the gray matter ratio, which
represents the percentage of gray matter volume in the intracranial volume, in men
(p < 0.001, adjusting for age, systolic blood pressure, and lifetime alcohol intake),
whereas not in women. VBM revealed that regional gray matter volumes of the
bilateral medial temporal lobe, occipital lobe, frontal lobe, and anterior lobe of the
cerebellum show significant negative correlation with BMI, and those of the
posterior lobe of the cerebellum, perisylvian regions of the bilateral frontal and
temporal lobes, and bilateral orbitofrontal gyri show significant positive correlation
with BMI in men [6] (Fig. 20.5).

20.4 Conclusion

We constructed a large-scale brain MRI database for healthy Japanese and clarified
age-related volume changes of the human brain and their risk factors. Several
factors such as hypertension, alcohol drinking, and obesity are related with gray
matter volume reduction of several regions. In addition, we have shown that several
factors such as baseline gray matter volume structure and white matter lesions
predict the global gray matter volume decline rate. These results may contribute to
the understanding of normal brain aging, as well as age-related brain diseases, such
as dementia.
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Open Access This chapter is distributed under the terms of the Creative Commons Attribution-
Noncommercial 2.5 License (http://creativecommons.org/licenses/by-nc/2.5/) which permits any
noncommercial use, distribution, and reproduction in any medium, provided the original author(s)
and source are credited.

The images or other third party material in this chapter are included in the work’s Creative
Commons license, unless indicated otherwise in the credit line; if such material is not included in
the work’s Creative Commons license and the respective action is not permitted by statutory
regulation, users will need to obtain permission from the license holder to duplicate, adapt or
reproduce the material.
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