Neuroimaging Diagnosis
for Alzheimer’s Disease
and Other Dementias

ir

Hiroshi Matsuda
Takashi Asada

Aya Midori Tokumaru
Editors

@ Springer



Neuroimaging Diagnosis for Alzheimer's
Disease and Other Dementias



Hiroshi Matsuda * Takashi Asada
Aya Midori Tokumaru
Editors

Neuroimaging Diagnosis
for Alzheimer's Disease
and Other Dementias

@ Springer



Editors

Hiroshi Matsuda Takashi Asada
Integrative Brain Imaging Center Department of Psychiatry
National Center of Neurology & Psychiatry  Institute of Clinical Medicine
Kodaira University of Tsukuba
Tokyo Tsukuba
Japan Ibaraki
Japan
Aya Midori Tokumaru

Department of Diagnostic Radiology

Tokyo Metropolitan Geriatric Hospital
and Institute of Gerontology

Tokyo

Japan

ISBN 978-4-431-55132-4 ISBN 978-4-431-55133-1 (eBook)
DOI 10.1007/978-4-431-55133-1

Library of Congress Control Number: 2017951313

© Springer Japan 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature

The registered company is Springer Japan KK

The registered company address is: Chiyoda First Bldg. East, 3-8-1 Nishi-Kanda, Chiyoda-ku,
Tokyo 101-0065, Japan



Preface

Nowhere is the serious social problem of dementia more acute than in Japan, where
an estimated one fourth of elderly persons already have or show signs of developing
it. The prevalence of dementia has increased over the past few decades, either
because of greater awareness and more accurate diagnosis, or because increased
longevity has created a larger population of the elderly, the age group most com-
monly affected. More aging will develop from now on, and so it is predicted that 7
million elderly persons will be demented by 2025 in Japan.

Although the diagnosis of dementia is still largely a clinical one, based on the
history and disease course, neuroimaging has dramatically changed our ability to
accurately diagnose it. The role of neuroimaging in dementia nowadays extends
beyond its traditional role of excluding neurosurgical lesions. Neuroimaging in
dementia is recommended by most clinical guidelines. Moreover new neuroimaging
methods facilitate diagnosis of most of the neurodegenerative conditions after
symptom onset and show promise for diagnosis even in very early or presymptom-
atic phases of some diseases.

Neuroimaging also provides useful information in clinical trials of dementia. As
the need to develop a successful disease-modifying treatment for Alzheimer’s dis-
ease, which accounts for more than one half of dementia cases, becomes more
urgent, imaging is increasingly used in therapeutic trials. Treatments for Alzheimer’s
disease and related disorders are currently limited to those that provide only modest
symptomatic benefit. Disease-modifying therapies are urgently needed, especially
those that would delay the onset of clinical decline. An effective treatment that
delays symptom onset has been estimated to potentially reduce predicted dementia
prevalence and healthcare costs. A large number of candidate disease-modifying
therapies are under development; the studies that will be assessing these therapies
are increasingly incorporating a range of imaging and other biomarkers to better
understand their effects and to show evidence of disease slowing. This evidence is
particularly important for guiding decisions about which therapies to take forward
into large and expensive late-phase trials. Imaging endpoints provide possible ben-
efits to clinical trials in dementia. They provide a means of assessing potential
disease-modifying effects and differentiating these from symptomatic benefits that
do not affect underlying pathological progression. Many imaging biomarkers have
been shown to correlate with disease severity, as well as predict future progression
in subjects yet to show clinical symptoms. The quantitative nature of the imaging
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biomarkers often has far less variability than the primary cognitive and functional
endpoints, and thus will require smaller sample sizes to be powered to show a sta-
tistically significant effect. These quantitative endpoints are objective measures
where the data can be saved for further re-analysis.

Under these conditions, all clinicians and researchers who are involved in neuro-
imaging for dementia should decide which patients to scan, when imaging patients
is most useful, which modality to use, how to handle imaging data from many insti-
tutions, and which analytical tool to use. This book describes the latest modalities
such as tau and amyloid PET imaging for the diagnosis of Alzheimer’s disease and
other dementias, and also provides information on handling and analyzing imaging
data that is not found in other books. In addition, it introduces routine imaging stud-
ies in the management of dementia in Japan. This edition comprises contributions
from leading Japanese experts in their respective fields. We are very happy that our
book is to be published by one of the premier publishers in the scientific field. This
guarantees a high quality of reproduction allowing for the inclusion of many color
figures, which is essential in the field of functional neuroimaging. We are encour-
aged by the enthusiastic response from contributors from all over Japan who have
made this endeavor successful.

Finally we would like to thank Ms. Suzuki and Ms. Kambara from Springer
Japan KK for their continuous help and support during the development of this
book. We sincerely hope that this book will become a key tool not only for all physi-
cians in radiology, nuclear medicine, neurology, psychiatry, geriatrics, and neuro-
surgery, but also for all professionals working to understand or treat dementia. In
addition, this edition may be of interest and importance for industry, as neuroimag-
ing is becoming more and more important in today’s aging population. This book
may serve as a guide towards the present use of neuroimaging in dementia and as a
catalyst for future research.

Tokyo, Japan Hiroshi Matsuda
Tsukuba, Japan Takashi Asada
Tokyo, Japan Aya Midori Tokumaru
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Epidemiology of Dementia in Japan

Takashi Asada

Abstract
The survey of early-onset dementia was done in five prefectures and two cities in
all parts of Japan from 2006 to 2008. The estimated number of patients per
100,000 in the 18-64-year-old population was 47.6 (95% confidence interval
(CI): 45.5-49.7). The estimated patient number in all of Japan was calculated to
be 37,800 (95% CI: 36,100-39,400). As a result, we found that vascular dementia
(VaD) was the most common illness causing dementia, followed by Alzheimer’s
disease (AD), posttraumatic syndrome, and then frontotemporal degeneration.

The prevalence of late-onset dementia was surveyed with in ten areas in all
parts of Japan from 2009 to 2012. From the results, the estimated national preva-
lence was 15%, with a standard error of 0.0136 and 95% CI of 0.12, 0.17. The
number of people with dementia in all of Japan was estimated to be about 4.62
million out of a population of 30.79 million people (definite value) aged 65 years
and older as of October 1, 2012. The number had probably reached 50 million by
the end of 2014.

For the immediate future, both the prevalence and the total number of demen-
tia patients are expected to rise steadily with the increase in the mean life
expectancy.
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1.1 Introduction

Japan is not the only country with an aging population. In Asia, for example, China
is aging at a rate that surpasses Japan, with a current elderly population of about
12% which is predicted to reach 20% within 10 years. In the future, aging popula-
tions and the resulting growth in the number of people with dementia will become
a major problem not only in China but also in South Korea, India, and the entire
Asian region. The problem of dementia is also inevitable in Western countries,
which were the first to experience aging populations.

Today, societies are aging and longevity is increasing on a global scale; there-
fore, dealing with dementia is not simply a medical issue but a fundamental policy-
making challenge for each country. In November 2014, the G7 Dementia Summit
was held in Japan, and knowledge on dementia care and prevention was presented
and shared.

This article looks at the epidemiology of dementia and describes the number of
patients and future trends in both early-onset (EOD) and late-onset dementia (LOD).

1.2 EOD
1.2.1 Definition

EOD is a popular term. Formally, dementia that first occurs between the ages of 18
and 44 is called juvenile dementia, while dementia that first occurs between the ages
of 45 and 64 is called presenile dementia [1]. The upper limit, however, is taken to
be 60 years in some cases and 65 years in others.

1.2.2 Epidemiology

(1) Number of patients

No data on the epidemiological status of early-onset dementia (EOD) in Japan
existed until recently. The first nationwide epidemiological survey in Japan was the
“Research on the present status of early onset dementia” (project leader: Naomichi
Ichinowatari) [1]. The survey was conducted in 1996 in all of Aomori, Gunma, and
Tottori Prefectures, plus the cities of Kitakyushu and Hachioji. The survey was done
in two stages: the first was a screening, and the second was a more detailed exami-
nation. From the results, the number of EOD patients in all Japan was estimated to
between 25,613 and 37,434.

We conducted an epidemiological survey on EOD in five prefectures and two
cities in all parts of Japan from 2006 to 2008 [2, 3]. The purpose was to calculate
the prevalence of EOD, defined as “people under the age of 65 years both at the
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time of onset and the time of the survey.” The survey areas were Kumamoto,
Ehime, Toyama, Gunma, and Ibaraki [3] Prefectures, Kohoku Ward in the city of
Yokohama, and all of Tokushima City. The survey was done following the same
procedures in all areas. In each area, questionnaires were sent in two stages to all
centers and institutions that were thought to be associated with medical care or
public health and welfare for dementia. Responses were then collected and
analyzed.

The mean inverse number of the product of the response rate in the first and
second surveys was 1.49 (1.23-1.74). Based on the obtained data, the estimated
number of patients per 100,000 in the 18—64-year-old population was 47.6 (95%
confidence interval (CI): 45.5-49.7). The number of men was 57.9, greater than
that of women (36.7). The estimated patient number in all of Japan was calcu-
lated to be 37,800 (95% CI: 36,100-39,400). As shown in Fig. 1.1, the global
prevalence of dementia in those aged 65 or older is thought to double every
5 years, but this survey showed that this doubling phenomenon is seen from the
1930s.

Oddly, the response rate was exactly the same in two surveys in Japan [1, 2].
It is also worth noting that the estimated number of patients was the same. This
is because while EOD is said to be increasing in recent years, the obtained results
show that it is in fact nearly the same. Estimates from these two surveys are simi-
lar to previously reported results from various countries [4—12] (Table 1.1).

200 1 189.3

180 |
160 |
140 |
120 L 115.1
100 |
80 |
60 | 51.7
40 1 27.1
20 89 148 .
oL mm . NN - . . . .

30-34 35-39 40-44 45-49 50-54 55-59 60-64
Number in a hundred thousand inhabitants

Prevalence

Fig. 1.1 Prevalence of early-onset dementia in terms of 5-year age strata
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1.2.3 llinesses Causing Dementia

Summarizing reports from Western countries and Japan, Alzheimer’s disease (AD)
is shown to be the most common form of dementia in a large majority of reports.
Next is vascular dementia (VaD) or frontotemporal dementia, including Pick’s dis-
ease; these conditions account for about half as many cases as AD. They are fol-
lowed by dementia with Lewy bodies (DLB) or Parkinson’s disease with dementia
(PDD). Since these diseases have become widely known fairly recently, the possi-
bility cannot be ruled out that they were previously underestimated.

In a previous survey [13], we found that VaD was the most common illness caus-
ing dementia, followed by AD, posttraumatic syndrome, and then frontotemporal
degeneration. The fact that the prevalence of stroke was high in men under the age
of 65 years both at the time of onset and the time of the survey is thought to be
important as background for the unexpected result that VaD was the most common
causative illness. The cause of cerebrovascular disease is also important. In Japan,
cerebrovascular disease in old age has been decreasing in recent years. Central to
that condition is multiple infarctions and lacunar infarctions, which are to some
degree preventable. Incidentally, major cerebral infarction, cerebral hemorrhage,
and subdural hemorrhage are common in cerebrovascular disease that is a cause of
EOD. There are no reports that these conditions are decreasing in people under the
age of 65 years at the time of onset in Japan.

In the 1996 study by Ichinowatari [1] VaD was found to be the most common of
the illnesses causing dementia, followed by AD. It is also important that VaD was
the leading cause in both of Ichinowatari’s and our surveys. This is not seen in
reports from other countries, and it may be the major feature of EOD in Japan. In
particular, there were 1.6 times more men than women with dementia caused by
VabD in this study and twice as more in the earlier study (Fig. 1.2).

1.3 LOD
1.3.1 Past Findingsin Japan

The epidemiological situation of LOD in Japan in recent years is not well under-
stood for the following reasons: survey methods vary, surveys are small, and there
is no history of surveys conducted with the same method at the same time on a
national scale.

Figure 1.1 shows the prevalence of dementia in terms of age strata, which has
been said to be the greatest common measure. The prevalence of dementia in people
aged 65-09 years is 1.5% but is thought to double every 5 years after that, reaching
27% at age of 85. Past estimates of the prevalence of dementia in the elderly popula-
tion aged 65 years and older put it at around 10% in 2011. Shimokata [14] estimated
that the number of dementia patients will increase together with the rapid increase
in the elderly population in the future, reaching 3.25 million people in 2020.
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AD Male —l— AD Female

—a&— VaD Male = —@— VaD Female

100.0

90.0

80.0

70.0

60.0

50.0

40.0

Prevalence rate/100,000

30.0

20.0

10.0

0.0

30-34 35-39 40-44 45-49 50-54 55-59 60-64
Age range

Fig.1.2 Comparison of the prevalence of AD and VaD between men and women

1.3.2 The Most Recent National Survey in Japan

The prevalence of dementia was surveyed with a standardized method in ten areas
in all parts of Japan from 2009 to 2012 [15]. The survey was carried out in the fol-
lowing seven regions from October 1, 2009 to September 30, 2010: Kurihara,
Miyagi Prefecture; Tone, Ibaraki Prefecture; Joetsu, Niigata Prefecture; Obu, Aichi
Prefecture; Ama, Shimane Prefecture; Imari, Saga Prefecture; and Kitsuki, Oita
Prefecture. From 2011, it was carried out in Tsukuba, Ibaraki Prefecture; Hisayama,
Fukuoka Prefecture; and Omuta, Fukuoka Prefecture for the purpose of understand-
ing the actual situation in urban areas (Fig. 1.3).

In stage 1 of the survey, investigators spoke with family members during a home
visit and conducted interviews with the patient at the home or interview site. In
stage 2, doctors conducted interviews, and in stage 3, MRIs were obtained and
blood tests were performed. Tests used in the Alzheimer’s Disease Neuroimaging
Initiative, the current global standard, were adopted for assessment of all cases.
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Kurihara city, Miyagi
Joetsu city, Niigata number of aged =65
number of aged 265 53,171 24,630
rate of aging 26.2% The rate of aging 31.6%

Ama town, Shimane
number of aged>65 924

rate of aging 38.0%
Tsukuba city, Ibaraki
number of aged =265 33,810
Hisayama town, Fukuoka The rate of aging 16.3%
number of aged=65 2,083

The rate of aging 25.1% Tone town, Ibaraki
Population of aged=65 4,707

rate of aging 26.7%

Omuta city, Fukuoka
number of aged=65 37,201
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i ci Kitsuki city, Oita number of aged>65 14,515
WL s number of aged =65 rate of aging 17.2%
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rate of aging 30.7% rate of aging 30.9%

Fig.1.3 Study sites of nationwide survey for dementia prevalence

90.0%
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9 Male
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65—69 70-74 75-79 80-84 85—-89 90-94 95+

Fig.1.4 Prevalence of dementia in terms of 5-year age strata

In estimating prevalence, data on 7825 subjects and 5386 participants from eight
regions were used. From the results, the estimated national prevalence was 15%,
with a standard error of 0.0136 and 95% CI of 0.12, 0.17. The number of people
with dementia in all of Japan was estimated to be about 4.62 million out of a popula-
tion of 30.79 million people (definite value) aged 65 years and older as of October
1, 2012 [15]. The number had probably reached 50 million by the end of 2014. The
prevalence of dementia gained from the data shown in terms of 5-year age strata is
shown in Fig. 1.4.
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Fig. 1.5 Number of demented elderly in terms of 5-year age strata

One may wonder why the prevalence has so clearly exceeded predictions. Crucial
to the answer is thought to be the increase in the mean life expectancy in Japan. As
has been well known for some time, aging is the largest risk factor for dementia. The
risk of dementia is known to double every 5 years after the age of 65. In 1994, the
mean life expectancy for Japanese was 77 years for men and 83 for women. After
20 years, it increased to 80 and 87 years, respectively. This is thought to have led to
a great increase in the prevalence of dementia.

The number of people with dementia is shown in 5-year age cohorts (Fig. 1.5).
This shows that the greatest number of patients is concentrated in the 80s. Here,
they account for about half of the number of people with dementia in Japan. By
sex, the number of male patients does not increase after the age of 75. Among
women, however, the number increases steadily from this age. Carrying this to its
logical conclusion, it may not be an overstatement to say that the problem of
dementia in Japan is a problem of women in their 80s. Why does such a difference
between the sexes exist? The most important thing is thought to be the 7-year age
gap in mean life expectancy between men, at 80 years, and women at 87 years.
That is because, as mentioned above, the risk of dementia doubles every 5 years
after the age of 65. A 7-year age difference is thus equal to about a threefold dif-
ference in risk.

Regarding illnesses of causing dementia, Alzheimer’s disease (AD) is shown to
be the most common form of dementia, followed by vascular dementia (VaD), and
DLB or PDD (Fig. 1.6).

The standardized prevalence of mild cognitive impairment is estimated to be
about 13% [15]. Thus, the number of elderly people thought to be in a precursor
state for dementia is shown to be roughly equal to the number with dementia.
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3.3%

0.4% 3.9%

1.0%
4.3%/ B vaD

M DLB/PDD
W FTLD

B Alcohol

M Mixed

[ Others
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Fig.1.6 Proportion of illnesses causing dementia

For the immediate future, both the prevalence and the total number of dementia
patients are expected to rise steadily with the increase in the mean life expectancy of
Japanese. It is truly coming to be that “there is no calling time” for dementia.
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Diagnostic Criteria for Alzheimer’s
Disease

Tetsuaki Arai

Abstract

Recent advances in biomarkers and genetic studies have indicated that the
pathophysiological process of Alzheimer’s disease (AD) takes place many years
before the onset of dementia. Based on these findings, the diagnostic criteria for
AD established in 1984 have recently been updated by the National Institute on
Aging/Alzheimer’s Association (NIA-AA) incorporating biomarkers into it.
The expert workgroup proposed three phases of AD progression over time—
AD dementia, mild cognitive impairment due to AD, and preclinical AD. The
American Psychiatric Association has published the fifth edition of the
Diagnostic and Statistical Manual of Mental Disorders, in which dementia has
been renamed a major neurocognitive disorder, and a concept of mild neurocog-
nitive disorder has been introduced. These new guidelines are expected to
improve clinical diagnosis and to help establish new therapeutic intervention for
AD in the future.
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2.1 Introduction

The clinical diagnosis of Alzheimer’s disease (AD) had traditionally been based on
the criteria of the National Institute of Neurological and Communicative Disorders
and Stroke—Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA) established in 1984 [1] or the fourth edition of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-1V) [2]. When applied by expert cli-
nicians, these criteria have an 80% positive predictive value for the accurate clinical
diagnosis of AD when compared with postmortem examination.

Recent advances in biomarker studies have led to a reconsideration of the time
course of AD. These include decreased amyloid § protein (Af) and increased tau in
CSF, abnormal tracer retention on amyloid PET imaging, decreased FDG uptake on
PET, and atrophy on MRI, all of which take place many years prior to the onset of
dementia in AD. These findings suggest that the pathophysiological process of AD
begins many years before the onset of dementia. On the basis of these data, AD can
be reconceptualized as a progressive disorder that advances from pathological
changes in the brain with no accompanying cognitive deficits, to a state of mild
cognitive impairment (MCI) with biomarker abnormalities indicative of AD, to
dementia stages of AD (Fig. 2.1) [3].

Based on these advances in research findings, in 2011, the criteria of NINCDS-
ADRDA have been updated by the National Institute on Aging/Alzheimer’s
Association (NIA-AA) in the United States [3—6]. The aim of the new guidelines
was to improve clinical diagnosis and establish research priority for the future.
Then, in 2013, the American Psychiatric Association published DSM-5, in which

Brain structure

(volumetric MRI)
Abnormal
A

Tau-mediated \ —
neurodegeneration (CSF)

Synaptic dysfunction
(FDG-PET,fMRI)

Amyloid- accumulation
(CSF/PET)

Cognition

Clinical
function
Normal preclinical MCI Dementia

Fig.2.1 Hypothetical model of dynamic biomarkers and clinical disease stage of AD. Modified
from Sperling et al. [5]
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dementia has been renamed “major neurocognitive disorder,” and a concept of
“mild neurocognitive disorder” has been introduced [7]. The aim of this reclassifi-
cation includes reducing stigma associated with dementia and providing the diag-
nostic guideline into line with current clinical practice.

2.2 The National Institute on Aging/Alzheimer’s Association
(NIA-AA) Criteria

The NIA-AA diagnostic guidelines for AD were designed to reflect recent research
which indicates that the pathophysiological process of AD takes place many years
before cognitive decline or behavioral disturbance are noticeable [6]. The work-
group proposed three phases of AD progression over time—AD dementia, MCI due
to AD, and preclinical AD. The core clinical criteria of the recommendations regard-
ing AD dementia and MCI due to AD are intended to guide diagnosis in the clinical
setting. However, the recommendations of preclinical AD are solely intended for
research purpose and do not have any clinical implications at this time.

2.2.1 AD Dementia

The workgroup first proposed (1) criteria for all-cause dementia (Table 2.1) and
then (2) criteria for AD dementia [4]. AD dementia involves memory, thinking,
and behavioral symptoms that impair a person’s ability to function in daily life.
The expert workgroup emphasized that memory impairment may not always be
the most central characteristic of a diagnosis of AD and that biomarkers may be
increasingly used to help improve diagnostic certainty, especially for research
purposes.

The following terminology for classifying individuals with dementia caused by
AD was proposed: (1) probable AD dementia, (2) possible AD dementia, and (3)

Table 2.1 Criteria for all-cause dementia

Interference with the ability to function at work or at usual activities

A decline from previous levels of functioning and performing

1.

2.

3. Not explained by delirium or major psychiatric disorder

4. Cognitive impairment is detected through a combination of history-taking and cognitive
assessment

5. The cognitive or behavioral impairment involves a minimum of two domains:

a. Impaired ability to acquire and remember new information

b. Impaired reasoning and handling of complex tasks and poor judgment

c. Impaired visuospatial abilities

d. Impaired language functions (speaking, reading, writing)

e. Changes in personality, behavior, or comportment
Modified from McKhann et al. [4]
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Table 2.2 Probable AD dementia: core clinical criteria

1. Meets criteria for all-cause dementia

2. Insidious onset: symptoms that have a gradual onset over month to years

3. Clear-cut history of worsening of cognition by report or observation

4. Initial cognitive deficits are evident and most prominent in one of the following categories:

a. Amnestic presentation: impairment in learning and recall of recently learned information

b. Nonamnestic presentations:

* Language presentation: the most prominent deficits are in word-finding

* Visuospatial presentation: the most prominent deficits are in spatial cognition

* Executive: the most prominent deficits are impaired reasoning, judgment, and problem
solving

5. Diagnosis of AD should not be applied when there is evidence of another dementing illness
Modified from McKhann et al. [4]

probable or possible AD dementia with evidence of the AD pathophysiological pro-
cess. The first two were intended for use in all clinical settings. The third was
intended for research purposes.

Probable AD dementia is diagnosed when the person meets all the core clinical
criteria (Table 2.2). In persons who meet the core clinical criteria for probable AD
dementia, documented cognitive decline increases the certainty that the condition
represents an active, evolving pathologic process, but it does not specifically
increase the certainty that the process is that of AD pathophysiology. Probable AD
dementia with documented decline is defined as follows: evidence of progressive
cognitive decline on subsequent evaluations based on information from informants
and cognitive testing in the context of either formal neuropsychological evaluation
or standardized mental status examinations. Probable AD dementia in a carrier of a
causative AD genetic mutation is also defined as evidence of a causative genetic
mutation (in APP, PSEN1, or PSEN2), which increases the certainty that the condi-
tion is caused by AD pathology.

Possible AD dementia is diagnosed when there is atypical course or etiologically
mixed presentation. Atypical course has a sudden onset of cognitive impairment or
demonstrates insufficient historical detail or objective cognitive documentation of
progressive decline. Etiologically mixed presentation has evidence of (a) concomi-
tant cerebrovascular disease, defined by a history of stroke temporally related to the
onset or worsening of cognitive impairment, or the presence of multiple or extensive
infarcts or severe white matter hyperintensity burden; (b) features of dementia with
Lewy bodies other than the dementia itself; or (c) evidence for another neurological
disease or a non-neurological medical comorbidity or medication use that could
have a substantial effect on cognition.

Probable or possible AD dementia with evidence of the AD pathophysiological
process is diagnosed when there is biomarker evidence to increase the certainty that
the dementia is due to AD (Table 2.3). The biomarkers are divided into two major
categories: (1) the biomarkers of AB accumulation, which are abnormal tracer reten-
tion on amyloid PET imaging and low CSF Ap,,, and (2) the biomarkers of neuronal
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Table 2.3 AD dementia criteria incorporating biomarkers

Neuronal degeneration
(CSF tau, FDG-PET,

Diagnostic category AP (PET or CSF) structural MRI)
Unavailable or Positive
indeterminate

Probable AD dementia with evidence of Positive Unavailable or

AD pathophysiological process indeterminate
Positive Positive

Possible AD dementia (atypical clinical Positive Positive

presentation) with evidence of AD
pathophysiological process

Dementia—unlikely due to AD Negative Negative

Modified from McKhann et al. [4]
AD Alzheimer’s disease, Af amyloid-beta, PET positron emission tomography, CSF cerebrospinal
fluid, FDG fluorodeoxyglucose, MRI magnetic resonance imaging

degeneration or injury, which are elevated CSF tau (both total and phosphorylated
tau), decreased FDG uptake on PET in a specific topographic pattern involving
temporoparietal cortex, and atrophy on structural MRI in a specific topographic pat-
tern involving medial, basal, and lateral temporal lobe and medial and lateral pari-
etal cortices [6]. Probable AD dementia with evidence of the AD pathophysiological
process is diagnosed when the persons meet the core clinical criteria for probable
AD dementia with biomarker evidence. If one of these biomarker categories is posi-
tive, the biomarker probability of AD etiology rises to intermediate, and both cate-
gories must be positive for the highest probability. The lowest probability is present
if both categories are negative. Possible AD dementia with evidence of the AD
pathophysiological process is the category for persons who meet clinical criteria for
anon-AD dementia but who either have biomarker evidence of AD pathophysiolog-
ical process or meet the neuropathological criteria for AD.

2.2.2 MCIDueto AD

The workgroup developed the following two sets of criteria for the symptomatic
predementia phase of AD, which was referred to as MCI due to AD: (1) core clinical
criteria (Table 2.4) that could be used by healthcare providers without access to
advanced imaging techniques or CSF analysis and (2) research criteria that could be
used in clinical research settings, including clinical trials [3]. The second set of
criteria incorporate the use of biomarkers based on imaging and cerebrospinal fluid
measures [3].

Based on these new criteria, diagnosing MCI is divided into two steps. First,
criteria are presented for the clinical and cognitive syndrome of MCI (Table 2.4),
and second, criteria are presented regarding the etiology of the MCI syndrome being
consistent with AD (Table 2.5) [8].
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Table 2.4 Core clinical 1. Concern regarding a change in cognition
criteria for MCI

2. Impairment in one or more cognitive domains

(e.g., memory, executive function, attention, language,
visuospatial skills)

3. Preservation of independence in functional abilities
4. Not demented

Modified from Albert et al. [3]

Table 2.5 MCI criteria incorporating biomarkers

AP (PET or Neuronal degeneration (CSF tau,
Diagnostic category CSF) FDG-PET, structural MRI)
MCI due to AD—intermediate Positive Untested
likelihood Untested Positive
MCI due to AD—high likelihood | Positive Positive
MCI—unlikely due to AD Negative Negative

Modified from Albert et al. [3]

MCI mild cognitive impairment, AD Alzheimer’s disease, Aff amyloid-beta peptide, PET positron
emission tomography, CSF cerebrospinal fluid, DG fluorodeoxyglucose, MRI magnetic resonance
imaging

Depending on the presence and nature of the biomarker findings, MCI is finally
classified into four levels:

1. MCI—core clinical criteria is diagnosed when the person meets all the core clin-
ical criteria.

2. MCI due to AD—intermediate likelihood is diagnosed when the person meets all
the core clinical criteria in addition to some biomarker evidence in one of the two
biomarker categories (AP} accumulation or neuronal degeneration).

3. MCI due to AD—high likelihood is diagnosed when the person meets all the
core clinical criteria in addition to biomarker evidence in both of the categories.

4. MCI—unlikely due to AD is diagnosed if both categories are negative.

2.2.3 Preclinical AD

Preclinical AD involves the detection of changes in biomarkers that indicate the
very earliest signs of AD in the brain, before any cognitive or behavioral symptoms
are noticeable. The recently proposed biomarker model parallels the hypothetical
pathophysiological sequence of AD and is particularly useful for tracking the pre-
clinical stage of AD (Fig. 2.1) [5].
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Based on this model, the workgroup proposed a three-stage framework for pre-
clinical AD:

Stage 1—when there is biomarker evidence of Ap accumulation with elevated
tracer retention on PET amyloid imaging and/or low Ap,, in CSF, but no bio-
marker evidence of neurodegeneration or no cognitive and/or behavioral
symptomatology.

Stage 2—when there is biomarker evidence of Af accumulation in the brain and one
or more markers of neurodegeneration, but no cognitive or behavioral symptoms.
The markers of neurodegeneration are (1) elevated CSF tau or phospho-tau, (2)
hypometabolism in an AD-like pattern on FDG-PET, and (3) cortical thinning in
specific anatomic distribution on volumetric MRI.

Stage 3—when there is biomarker evidence of both AP accumulation and neu-
rodegeneration in the brain and evidence of subtle cognitive decline. The
person in this stage may show evidence of decline from their own baseline,
even if they still perform within the normal range on standard cognitive
measures.

2.3 Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-5) Criteria

Although the NIA-AA diagnostic guidelines have a primary focus on future research
directions, DSM-5 focuses mainly on clinical diagnosis. In DSM-5, the two terms
are newly introduced: major neurocognitive disorder (NCD) as an alternative term
for dementia and mild NCD which is equivalent to MCI [7]. DSM-5 provides diag-
nostic criteria for both major NCD and mild NCD, followed by diagnostic criteria
for the different causes of NCD.

To diagnose NCDs, evidence of significant cognitive decline from a previous
level of performance in one or more cognitive domain (complex attention, executive
function, learning and memory, language, perceptual motor, or social cognition) is
needed. The cognitive decline should interfere with independence in everyday
activities. The cognitive deficits must not be due to delirium or another mental
disorder.

To diagnose NCDs due to AD, the criteria should be met for major or mild NCD
with insidious onset and gradual progression of impairment in one or more cogni-
tive domains (for major NCD, at least two domains must be impaired). NCDs due
to AD can be defined as either probable or possible (Table 2.6).
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Table 2.6 Major or mild neurocognitive disorder due to AD

1. Meets criteria for major or mild neurocognitive disorder (NCD)

2. Insidious onset and gradual progression in one or more cognitive domains
3. For major NCD:

Probable AD is diagnosed if either of the following is present; otherwise, possible AD is
diagnosed

1. Evidence of a causative AD genetic mutation

2. All three of the following are present:

a. Decline in memory and learning and at least one other cognitive domain

b. Steadily progressive, gradual decline in cognition, without extended plateaus

c. No evidence of mixed etiology
4. For mild NCD:
Probable AD is diagnosed if there is evidence of a causative AD genetic mutation

Possible AD is diagnosed if there is no evidence of a causative AD genetic mutation, and all
three of the following are present:

a. Decline in memory and learning

b. Steadily progressive, gradual decline in cognition, without extended plateaus

c. No evidence of mixed etiology

5. The disturbance is not better explained by cerebrovascular disease, another
neurodegenerative disease, the effects of substance, or another mental, neurological, or
systemic disorder

Modified from American Psychiatric Association [7]

Conclusion

The new criteria can provide a strategy to the clinician to diagnose AD dementia
and MCI due to AD with more clarity, although most biomarkers are only used
in research studies at this time. Advancing research on biomarkers, neuropsycho-
logical assessments, and genetic studies will provide new information with
which to revise the criteria and enhance their utility. These approaches will lead
to establish new therapeutic intervention for AD in the future.
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Structural Neuroimaging in Alzheimer’s
Disease

Hiroshi Matsuda and Etsuko Imabayashi

Abstract

MRI-based evaluation of brain atrophy is regarded as a valid method to assess
the disease state and progression of Alzheimer’s disease (AD). As an auxiliary
measure for visual inspection, manual volumetry has been historically performed
for the detection of hippocampal atrophy, which is one of the core biomarkers in
AD. Recently freely available volumetric software such as FreeSurfer has made
it possible to quantify gray matter in the human brain in a more automated fash-
ion. However these tools cannot be used routinely, since they are time-consuming,
requiring more than several hours. At present, voxel-based morphometry (VBM)
is easily applicable to the routine clinical procedure with a much shorter execu-
tion time of several minutes. The importance of the VBM approach is that it is
not biased to one particular structure and facilitates an even-handed and compre-
hensive assessment of anatomical differences throughout the brain. Stand-alone
VBM software running on Windows, voxel-based specific regional analysis sys-
tem for AD (VSRAD), has been widely used in the clinical practice of AD diag-
nosis in Japan. A VBM technique may be also feasible using X-ray CT data with
more homogeneity and less distortion than MRI.
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3.1 Introduction

Studies of brain morphometry using magnetic resonance imaging (MRI) have been
carried out by many researchers as the resolution of an anatomical scan of a whole
brain increases with shorter acquisition time. MRI-based evaluation of atrophy is
regarded as a valid method to assess the disease state and progression in Alzheimer’s
disease (AD) [1]. However, differences in the shape and neuroanatomical configura-
tion of individual brains may cause overlooking of structural alterations by visual
inspection. Moreover visual inspection can hardly evaluate slight cross-sectional and
longitudinal changes of atrophy in AD. To overcome these drawbacks of visual inspec-
tion, manual volumetry has been historically performed for the detection of hippocam-
pal atrophy, which is one of the core biomarkers in the revised National Institute on
Aging-Alzheimer’s Association diagnostic criteria for AD [2]. The hippocampal atro-
phy rate is currently being used as a secondary outcome parameter in a number of
clinical trials with candidate disease modifiers. Although manual outlining by an
expert human rater is a validated procedure used to estimate hippocampal atrophy, it
might give rise to undesired variations in volumetric measures [3]. To minimize these
variations by human raters, an international effort to harmonize existing protocols for
manual volumetry of hippocampus has been recently made [4]. Nevertheless manual
volumetry is still time-consuming, precluding its becoming a routine procedure for
clinical practice. On the other hand, over the last decade, surface-based morphometry
tools have made it possible to quantify gray matter in the human brain in a more auto-
mated fashion. Software packages such as FreeSurfer [5] (http://surfer.nmr.mgh.har-
vard.edu/) provide measurements of cortical and subcortical gray matter features
based on MRI data. This surface-based morphometry can measure not only volume
but also cortical thickness. Using this technique, we recently revealed that poor epi-
sodic memory and depressive state in patients with mild cognitive impairment were
associated with thinner cortices in the left entorhinal region and in the anterior medial
temporal lobe and gyrus adjacent to the amygdala, respectively [6]. Moreover a recent
advance in MRI analysis, Automatic Segmentation Hippocampal Subfields (ASHS)
[7] (https://sites.google.com/site/hipposubfields/), has made it possible to automati-
cally measure hippocampal subfields and adjacent cortical subregions (Fig. 3.1).
However these software tools have not become routinely used either, since the execu-
tion time of the volumetric workflow required for a single MRI analysis ranges from
10 to 30 h. At present voxel-based morphometry (VBM) is easily applicable to the
routine clinical procedure for AD diagnosis, although the VBM does not provide abso-
lute volume measures but only statistical indices. The importance of the VBM
approach [8] is that it is not biased to one particular structure and gives an even-handed
and comprehensive assessment of anatomical differences throughout the brain [9].

This chapter describes common VBM techniques using MRI incorporated in
statistical parametric mapping (SPM) software (http://www.fil.ion.ucl.ac.uk/spm/)
running on Matlab platform and its application to normal aging and AD. Then a new
VBM technique using X-ray computed tomography (CT) is proposed as a substitute
for MRI. Finally newly developed stand-alone VBM software running on Windows
is described in detail as an adjunct to the clinical assessment of AD.
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3.2 VBM

3.2.1 VBM Using MRI

MRI data for VBM are acquired as a three-dimensional volumetric T1-weighted
image, which has a thin thickness of 1-1.5 mm without interslice gap. The image
matrix is usually 256 x 256. VBM of MRI data comprises segmentation into gray
matter, white matter, and cerebrospinal fluid (CSF) partitions, anatomical standard-
ization of all the images to the same stereotactic space using linear affine transfor-
mation, and further nonlinear warping, smoothing, and finally a statistical analysis.
The output from the method is a statistical parametric map.

3.2.1.1 Optimized VBM

This method has been developed to remove areas of missegmented nongray matter
voxels by the introduction of additional preprocessing steps to exclude nonbrain vox-
els prior to anatomical standardization and subsequent segmentation [10, 11]. Initial
segmentation involves segmentation of the original structural MR images in native
space into gray and white matter images, followed by a series of fully automated
morphological operations to remove unconnected nonbrain voxels in skull and dural
venous sinus from the segmented images. The resulting images are extracted gray
and white matter partitions in native space. The extracted segmented gray/white mat-
ter images are standardized to the gray/white matter templates, thereby preventing
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any contribution of nonbrain voxels and affording optimal anatomical standardiza-
tion of gray/white matter. To facilitate an optimal segmentation, the optimized stan-
dardization parameters are reapplied to the original, whole-brain structural images in
native space. The optimally standardized whole-brain structural images in stereotac-
tic space are then segmented into gray and white matter and CSF partitions and
subject to a second extraction of standardized segmented gray/white matter images.
The brain extraction step is repeated at this stage because some nonbrain voxels from
scalp, skull, or venous sinuses in the optimally normalized whole-brain images can
still remain outside the brain margins on segmented gray/white matter images.

As a result of nonlinear spatial normalization based on discrete cosine trans-
forms, the volumes of certain brain regions may increase, whereas others may
shrink. In order to preserve the volume of a particular tissue within a voxel, a further
processing step is incorporated. This involves multiplying (or modulating) voxel
values in the segmented images by the Jacobian determinants derived from the ana-
tomical standardization step. In effect, analyses of modulated and unmodulated data
try to identify regional differences in the absolute amount (volume) of gray matter,
whereas analysis of unmodulated data tests for and in the concentration of gray mat-
ter, respectively. Finally, each optimally standardized, segmented, modulated image
is smoothed by convolving with an isotropic Gaussian kernel with 12-mm full width
at half maximum (FWHM). The smoothing step helps to compensate for the inexact
nature of the anatomical standardization. Moreover it has the effect of more nor-
mally distributing the data, increasing the validity of parametric statistical tests.

3.2.1.2 VBM Using SPM8 Plus Diffeomorphic Anatomical
Registration Using Exponentiated Lie Algebra (DARTEL)

DARTEL incorporated in SPM8 is an implemented algorithm for diffeomorphic
image registration [12]. It has been formulated to include an option for estimating
inverse consistent deformations. This nonlinear registration is considered a local
optimization problem, which is solved using a Levenberg—Marquardt strategy. A
constant Eulerian velocity framework is used, which allows a rapid scaling and
squaring method to be used in the computations. This technique improves intersub-
ject registration. VBMS toolbox (http://dbm.neuro.uni-jena.de/vbma8/) is available
for VBM using SPM8 plus DARTEL for both cross-sectional and longitudinal
studies.

In the SPM8 plus DARTEL procedure, T1-weighted images were classified into
gray matter, white matter, and CSF using the segmentation routine implemented in
SPMB8, which gives both the native space versions and DARTEL imported versions of
the tissues. SPM8 and VBMS toolbox provides better segmentation accuracy and reli-
ability than FMRIB’s Software Library and FreeSurfer software programs [13]. The
DARTEL imported versions of gray and white matter were used to generate the flow
fields (which encode the shapes) and a series of template images by running “DARTEL
(create templates)” routine. During this step, DARTEL increases the accuracy of
intersubject alignment by modeling the shape of each brain using millions of param-
eters. DARTEL works by aligning gray matter among the images while simultane-
ously aligning white matter. This is achieved by generating increasingly crisp average
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template data, to which the data are iteratively aligned. The flow fields and final tem-
plate image created in the previous step are used to generate smoothed (8-mm
FWHM), modulated, spatially normalized, and Jacobian scaled gray and white matter
images resliced to isotropic voxel size in Montreal Neurological Institute space.
DARTEL provides better registration accuracy than other widely used nonlinear
deformation algorithms including optimized VBM [14].

3.2.1.3 VBM in Normal Aging

Studying the distribution and time course of alterations that occur in the normal
brain with aging is important for understanding the mechanisms underlying these
changes and for better characterization of neurological disorders whose risk
increases with advancing age. The advent of VBM techniques of MRI structural
data has facilitated a sensitive detection of regional patterns of gray matter and
white matter volume changes. Most studies have employed a cross-sectional design
in which correlations of volume and age at specific time points are used to make
inferences about how the aging process affects the brain structure over time.
However cross-sectional studies inevitably have some degree of overlap of regional
volume changes between normal aging and AD [15]. Large longitudinal VBM stud-
ies involving the acquisition of serial MRI measurements over time are desirable in
the same subject samples [16].

Numerous VBM investigations have been conducted on gray matter volume
changes with advancing age (Fig. 3.2). Most cortical regions prominently in the fron-
tal and insular areas have been reported to show a linear negative association between
volume and age [10, 17-24]. In contrast, many reports have found preservation of
gray matter volume in specific structures such as the amygdala, hippocampus, and
thalamus [10, 18, 20, 23, 24]. Relative preservation of these subcortical limbic or
paralimbic regions is consistent with the functional importance of the thalamo-limbic
circuits in sensory integration, arousal, emotion, and memory. This preservation in
areas with early maturation may lend credence to the contention that later-maturing
cortical regions are more vulnerable to age-related morphologic changes. These age-
related features may be already present during earlier stages of adulthood. During
non-elderly life prefrontal areas showed linear volume reduction with advancing age,
while the medial temporal region showed volume preservation [24]. Cortical gray
matter volume showed an age-related reduction even during adolescence [25].

Throughout adulthood, white matter volumes also showed a linear negative asso-
ciation with advancing age in the anterior thalamic radiation, internal capsule, cere-
bral peduncle, cerebellum, and external capsule [26] (Fig. 3.2). In contrast, nonlinear
relationships between white matter volume and age were found in the superior lon-
gitudinal fascicle and superior corona radiata. This nonlinear inverted U-shaped
relationship with age, slightly increasing during adulthood, is consistent with the
notion of an ongoing maturation of the white matter beyond adolescence, reaching
its peak in the fourth decade.

In a longitudinal study of an interval of 2.5 years during adolescence, a significant
increase in white matter was found in the frontal white matter bilaterally connected
via the body of the corpus callosum [25]. In this context, it must be remembered that



26 H. Matsuda and E. Imabayashi

Fig.3.2 Age-related atrophy in gray and white matter in healthy controls. VBM analysis for 93
healthy volunteers aged from 38 to 85 years showed significant negative correlation of gray and
white matter volume with advancing age most prominently in insula and frontal cortex (red) and
thalamic radiation and deep frontal white matter (yellow), respectively

dehydration may induce a significant widespread loss of white matter volume in the
temporoparietal areas [27]. Consequently, VBM studies investigating white matter
changes should consider controlling subjects’ hydration state to avoid the potential
confounder of differences in hydration.

As mentioned before, the morphology of cortical gray matter is assessed using
not only VBM but also cortical thickness measures. How gray matter changes iden-
tified using voxel-based cortical thickness measures compare with local gray matter
volume changes identified using VBM was investigated [28]. VBM and voxel-based
cortical thickness measures yield overall consistent results when investigating
healthy aging, but voxel-based cortical thickness provides a more sensitive measure
of the age-associated decline in gray matter compared with VBM. Voxel-based cor-
tical thickness specifically measures cortical thickness, while VBM provides a
mixed measure of gray matter including cortical surface area or cortical folding as
well as cortical thickness.

3.2.1.4 VBMin AD

Structural MRI measurements of brain atrophy are promising biomarkers for track-
ing disease progression in patients with AD. Progression of atrophy matches the
stereotypical pattern of an increase in neurofibrillary tangles described by the Braak
staging scheme [29]. Six stages are reported in the development of neurofibrillary
tangles. Stages I and II involve the transentorhinal region which is situated along the
lateral border of the entorhinal cortex and mediates between the entorhinal allocor-
tex and temporal neocortex. The entorhinal region is located between the hippocam-
pus and transentorhinal region, spreading over both the ambient gyrus and anterior
portions of the parahippocampal gyrus. The brain change remains below the
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threshold associated with clinical symptoms. Stages III and IV show severe involve-
ment of both the entorhinal and transentorhinal regions accompanied by mild
changes in the hippocampus and the virtual absence of changes in the neocortical
regions. The clinical assessment of many individuals at these stages notes an impair-
ment of cognitive functions. Stages V and VI show involvement of the neocortical
association areas. These stages correspond to the conventionally used criteria for
neuropathologic confirmation of the clinical diagnosis of AD. Many researchers
have demonstrated progression of atrophy in AD corresponding to these Braak
stages using VBM [30-40]. In the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) study [41], VBM showed strong associations between composite scores of
memory generated from ADNI’s neuropsychological battery and gray matter atro-
phy in the medial and lateral temporal lobes and between composite scores of exec-
utive functions and gray matter atrophy in the parietal and temporal lobes.

Antemortem VBM studies [42] in demented patients with AD pathology revealed
three subtypes based on the distribution of neurofibrillary tangles: typical AD,
hippocampal-sparing AD, and limbic-predominant AD. Compared with typical AD,
hippocampal-sparing AD has more neurofibrillary tangles and atrophy in the cortex
and fewer in the hippocampus, with the opposite pattern seen in limbic-predominant
AD. Age at onset differed between the subtypes, with the youngest ages recorded in
the group with hippocampal-sparing AD and oldest in the group with limbic-
predominant AD. This difference well explains why patients with early-onset AD
have atypical clinical syndromes associated with widespread involvement of the
association cortex. Topographical differences in gray matter involvement between
early- and late-onset AD have also been reported by several investigators [43—-45].

White matter changes have been reported to be less marked than gray matter
ones in AD. A meta-analysis of VBM studies of white matter volume alterations in
AD revealed significant volume reductions in the left parahippocampal gyrus
extending to the temporal white matter, the right temporal white matter extending to
the parahippocampal gyrus, and posterior corpus callosum [46]. These white matter
volume reductions are close to the structures of memory formation including the
hippocampus, amygdala, and entorhinal cortex. The mechanism underlying white
matter atrophy in AD remains unclear. According to one argument, gray matter
degeneration results in white matter atrophy through demyelination because these
regions contain efferent connections of both the hippocampus and amygdala.
Another argument states that a white matter deficit contributes to the development
of cortical pathology in AD. White matter damage in AD results in cortico-cortical
and/or cortico-subcortical disconnection of cognitive networks and thus contributes
to cognitive impairment in AD patients.

3.2.2 VBM Using X-Ray CT

Basically, in diagnostic strategies for dementias, X-ray CT is used for screening
major structural brain changes resulting from hemorrhage, tumor, edema, or
other organic diseases. Nowadays, MRI is used mainly for this purpose, though
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X-ray CT is still more widely available and has some advantages over MRI in
economy, time, and spatial resolution. Brain X-ray CT images are more homoge-
neous and show less distortion than MR images, even though they are scanned
with different machines or protocols. Furthermore, recently, X-ray CT data are
available from a routine study obtained with hybrid machines: single photon
emission computed tomography (SPECT)/CT or positron emission tomography
(PET)/CT.

X-ray CT was developed by an English electrical engineer Godfrey Hounsfield
in 1967. His name is immortalized in the Hounsfield unit (HU), the definition of the
scale for measurement of radiodensity. The degree of HU of air and water is defined
as —1000 and 0 HU, respectively, and the proportional scaling is applied to X-ray
attenuation. Though the tissue differentiation ability in X-ray CT is inferior to that
of MRI, it is 2—4 HU, representing a more than 10% difference between gray and
white matter [47]. This difference is possibly used to segment gray and white matter
in brain X-ray CT images and enables VBM.

3.2.2.1 Scan Parameter

For X-ray CT data acquisition, from the radiation protection point of view, the radi-
ation dose should be kept as low as reasonably achievable. The usual brain X-ray
CT dose used in clinical radiology is sufficient for segmentation, though the low-
dose X-ray CT used for PET/CT or SPECT/CT is not. Example parameters are as
follows: in the helical scanning mode, 1.0-sec gantry rotation time, 130 kV, 150-
240 mAsec, 0.5:1 beam pitch, 3-mm table feed per gantry rotation, and 6 X 2 mm
detector configuration. The images were reconstructed at 3-mm thickness with fil-
tered back projection, a display field of view of 25 cm, and a reconstruction matrix
size of 512 x 512. Image quality and thin slice thickness are important. Finally
image voxel size is adjusted to approximately 2 mm for segmentation. Accordingly,
though the x- and y-axis resolution is adequate, z-axis should be interleaved.
Examples of images suitable and unsuitable for segmentation are shown in Fig. 3.3.

3.2.2.2 Image Preprocessing and Segmentation

Before using the segmentation function in SPM12, Image J (http://rsb.info.nih.gov/ij)
was used to preprocess the X-ray CT images. This software was used to trim the
edges of the head and to rescale the voxel sizes equivalent to the tissue probability
maps in SPM 12, approximately 2 x 2 x 2 mm. Extraction of gray and white matter
was performed using the segmentation module of SPM12. “Extremely heavy regu-
larization” was selected for the bias regularization item, “no correction” was chosen
for bias FWHM, “nonparametric” was selected for the number of Gaussians for
every tissue probability map, and a shorter sampling distance of “2” was set for the
sampling distance. Figure 3.4 is a sample image of the result from segmentation
applied to a CT image as compared with MRI. Segmented gray matter images from
X-ray CT were anatomically standardized and then smoothed with isotropic
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Fig.3.3 X-ray CT images which are suitable (a) and unsuitable (b) for segmentation. Both images
are obtained from the same subject with different parameters. Scanning parameters in image (a)
are described as an example; in the helical scanning mode, 1.0-s gantry rotation time, 130 kV,
150-240 mAsec, 0.5:1 beam pitch, 3-mm table feed per gantry rotation, and 6 x 2 mm detector
configuration. (¢) Cortical image segmented from (a). (d) Cortical image segmented from (b).
Image quality in (d) is not adequate for VBM

Gaussian kernel to use the partial volume effect to create a spectrum of gray matter
intensities. The gray matter densities are equivalent to the weighted average of gray
voxels located in the volume fixed by the smoothing kernel; therefore, regional
intensities can be taken as being equivalent to gray matter volumes for MRI [8, 30].
Voxel-based analysis can be applied to these images.
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&

Fig.3.4 Cortical images segmented from X-ray CT (a) and MRI (b), and smoothed images with
isotropic Gaussian kernel (¢ and d, respectively) from the same subject. Smoothed images show
fundamental similarity of distribution of the gray matter in CT and MRI

3.2.2.3 Atrophied Areas in AD Using X-Ray CT-VBM

Figure 3.5 shows the CT-based VBM result from a comparison between 'C-PiB-
positive AD subjects and ''C-PiB-negative cognitively normal controls. With the
CT-based VBM, AD subjects showed a significant decrease of gray matter volume
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Fig.3.5 Result from the comparison of 14 AD patients (8 females and 6 males, 66.7 + 8.37 y.o.)
and 14 age-matched cognitively normal controls (CN) (5 females and 9 males, 65.3 + 4.73 y.o0.).
Group analysis of gray matter volume between the AD patients and cognitive normal controls was
performed with a spatial extent threshold of 341 continuous voxels. Main effects used whole-brain
analyses with threshold at voxel level of p < 0.001 and cluster false discovery rate <0.05 for the
multiple comparison corrections

in the bilateral entorhinal cortex, hippocampus, anterior cingulate gyrus, temporo-
polar area, and head of the caudate, compared to a cognitively normal group. In a
comparison between two VBM procedures in our study [48], though in MR-based
VBM, the AD group showed a significant decrease of gray matter volume in a more
concentrated small area, the bilateral hippocampus and left entorhinal cortex to the
cognitively normal controls, while significant atrophy in the left entorhinal cortex at
Brodmann area 28 was observed both with CT-based and MR-based VBM. Atrophy
in the caudate head, anterior cingulate, and temporal pole was observed using only
CT-VBM in this study. These areas are reportedly associated with AD pathology,
with both amyloid deposition and neurofibrillary changes observed in them [49].
Atrophy in the temporal pole and anterior cingulate has been reported by some
MRI-based VBM. Furthermore, Madsen et al. [5S0] showed a reduction of caudate
volume in patients with mild cognitive impairment (MCI) and a further reduction in
AD patients. Inhomogeneity, distortion, or some other artifact might make these
findings difficult to detect in MR-based VBM.

3.2.2.4 Pursuit of the Clinical Findings

The Z-score analysis — the number of standard deviations by which a patient’s voxel
value differs from the normal mean value as described in the next section — is useful
to analyze a single individual’s data against a normal database obtained from many
control subjects. Figure 3.6 shows the results of Z-score analysis comparing one
IC-PiB-positive AD patient with a normal database. This normal database was con-
structed with gray matter extracted from 14 cognitively normal subjects’ CT images.
Blue color in the bilateral medial temporal regions shows a more than 2 standard
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Inferior R-lateral Posterior L-medial
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Fig.3.6 Z-score image of one '"C-PiB-positive AD patient superimposed on MRI template. (a)
Rendering image, (b) transaxial images, and (c) original X-ray CT image. Significant atrophy
more than 2SD in medial temporal area, temporal pole, and bilateral caudate head is detected
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deviation reduction of the gray matter volume in this AD patient. This result shows
that to some extent, it may be feasible to replace MR-based VBM with CT-based
VBM to diagnose AD.

Furthermore, with this procedure, because of homogeneity and ubiquity, regard-
less of institution or machine, a normal database could be held in common without
interinstitutional collection.

3.3  Voxel-Based Specific Regional Analysis System
for Alzheimer’s Disease (VSRAD)

VBM approach has been reported to show higher accuracy in discriminating AD
and controls than VOI-based analysis [51]. To facilitate VBM approach in an indi-
vidual subject, a stand-alone software program running on Windows for VBM anal-
ysis based on SPMS8 plus DARTEL was developed to discriminate a patient from
healthy controls [52] (Fig. 3.7). First, MRI data were anatomically standardized
with only 12-parameter affine transformation to the SPM template so as to correct
for differences in brain size. Then MR images were segmented into gray matter,
white matter, and CSF images by unified tissue segmentation procedure after image
intensity nonuniformity correction. These linearly transformed and segmented

VSRAD data processing pipeline

normal database
i

original sagittal MRI

anatomically
standardized
and smoothed
gray matter

gray matter
template

segmented
gray matter

Warping
(DARTEL) gE@'S

transaxial MRI

A ‘
Mean SD Mean SD

gray matter white matter
Z-score Z-score

segmented anatomically
white matter standardized
white matter and smoothed
template  gray matter

Fig. 3.7 Data processing pipeline for stand-alone VBM software, VSRAD. Comparison of
patient’s MRI with MRI normal database yields color-coded Z-score maps of both gray matter and
white matter using VBM analysis based on SPMS plus DARTEL
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images were nonlinearly transformed by DARTEL procedures and then modulated
to the customized template for DARTEL followed by smoothing using an 8-mm
FWHM kernel. Each processed segmented image was compared to the mean and
standard deviation of gray matter or white matter images of 80 healthy volunteers
using voxel-by-voxel Z-score analysis with and without voxel normalization to
global mean intensities (global normalization), Z-score = ([control mean]-
[individual value])/(control standard deviation). These Z-score maps were displayed
by overlay on tomographic sections and surface rendering of the standardized brain.
Inversed warping also makes it possible to display Z-score maps on the tomographic
sections of the individual brain. This program registered the target volume of inter-
est (VOI) in medial temporal structures defined by group comparison of patients
with early AD and healthy controls. This software program takes approximately
9 min for all procedures using a 64-bit personal computer with Intel® Core™ i7
CPU, 3.33 GHz, 6 gigabyte memory.

Four indicators for characterizing atrophy in the target VOI and in the whole
brain were determined. The first is the severity of atrophy obtained from the aver-
aged positive Z-score in the target VOI. The second is the extent of a region showing
significant atrophy in the target VOI, that is, the percentage rate of the coordinates
with a Z value exceeding the threshold value of 2 in the target VOI. The third is the
extent of a region showing significant atrophy in the whole brain, that is, the per-
centage rate of the coordinates with a Z value exceeding the threshold value of 2 in
the whole brain. These three indicators of severity and extent for the target VOI and
extent for the whole brain are useful for the early diagnosis (Fig. 3.8) and

Healthy volunteer Alzheimer’s Disease
VSRAD

Fig. 3.8 Utility of VSRAD for differentiation between aged healthy volunteer and AD patient.
Although visual inspection of MRI cannot differentiate healthy volunteer (a man aged 79 years)
and AD patient (a woman aged 68 years), VSRAD can detect significant atrophy in the right medial
and lateral temporal areas as displayed by a Z-score color map
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MRI
coronal VSRAD

X year

‘Target VOI

N _r‘/

Fig.3.9 Longitudinal VBM analysis using VSRAD in a patient with AD. VSRAD demonstrates
progressive atrophy in left-side dominant gray matter atrophy in medial temporal areas during a
2-year period in a woman with AD aged 65 years at onset. MMSE score decreased from 25 to 20
during this period. The severity of atrophy in the target VOI (medial temporal areas as circum-
scribed by a purple line), the extent of a region showing significant atrophy in the target VOI, the
extent of a region showing significant atrophy in the whole brain, and the ratio of the extent of a
region showing significant atrophy in the target VOI to the extent of a region showing significant
atrophy in the whole brain are 1.9, 44.3%, 2.5%, and 17.6 at X year and 2.8, 82.1%, 2.7%, and 34.7
at X + 2 years, respectively

longitudinal evaluation of AD (Fig. 3.9). The fourth is the ratio of the extent of a
region showing significant atrophy in the target VOI to the extent of a region show-
ing significant atrophy in the whole brain. This ratio may be useful for differentia-
tion of AD from other neuropsychiatric diseases manifesting dementia.

Conclusion

Atrophy rates of whole-brain and medial temporal structures are sensitive mark-
ers of neurodegeneration and are increasingly being used as outcome measures
in trials of potentially disease-modifying therapies in AD. Recent progress has
been made on brain volumetry using MRI. Absolute volume measures are auto-
matically possible even in hippocampal subfields. Stand-alone VBM software,
VSRAD, has been applied to routine clinical procedure for AD diagnosis in
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Japan. A VBM technique may be also feasible using X-ray CT data with more
homogeneity and less distortion than MRI. The utility of VBM will be increased
hereafter as adjuncts to clinical assessment in the diagnosis and monitoring of
progression of AD.
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MRI Diagnosis in Other Dementias

Aya M. Tokumaru, Yuko Saito, Shigeo Murayama,
and Keita Sakurai

Abstract

The role of neuroradiologists in the diagnosis of dementia is to identify the wide
range of disorders causing dementia through diagnostic imaging in patients clini-
cally exhibiting cognitive impairments, and provide information that directly
contributes to their treatment, care, and nursing to clinical workers. The diseases
included in dementia are diverse and include degenerative dementia, cerebrovas-
cular dementia, idiopathic normal pressure hydrocephalus, metabolic disorders,
poisoning, encephalitis, and encephalopathy, and the diagnostic process mark-
edly differs according to the disease. It is important to diagnose diseases that can
be cured and to evaluate images independently of the clinical diagnosis. Images
need to be evaluated from multiple viewpoints by taking clinical information
from the patient, physicians at clinical departments, local doctors, nurses, care
staff, and family as well as information obtained by multiple modalities into
consideration.

One aspect of dementia is the long duration of disease. We are now focusing
on how to diagnose dementia early and correctly through the application of
advanced medical technologies; however, for this to succeed, efforts by all of
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society for an early diagnosis are necessary rather than “making premature judg-
ments about disorders and diagnosing them accordingly.” Furthermore, diagnostic
imaging is often difficult to perform when examining patients with a long clinical
course or in an advanced stage due to problems unique to older people. Encounters
with patients with Alzheimer’s disease (AD) complicated by cerebrovascular dis-
ease (CVD) and Lewy body disease (DLB) are not rare in clinical practice.

We herein presented the imaging findings of senile tauopathy as an important
disease causing dementia, and discussed topics regarding a wide variety of dis-
eases causing dementia in which imaging findings are key for a differential
diagnosis.

Keywords
Senile tauopathy * Dementia with grains (DG) * Amyloid angiopathy

4.1  Senile Tauopathy

Senile tauopathy is a group of neurodegenerative diseases that cause neuropathy
due to the accumulation of tau protein in neurons and glia cells and develop into
dementia [1-6]. Tau protein is a kind of microtubule-binding protein that has been
classified into 3-repeat and 4-repeat tau isoforms according to the number of bind-
ing sites with microtubules. Major tauopathies are dementia with grains (DG),
Senile dementia of the neurofibrillary tangle type (SD-NFT), progressive supranu-
clear palsy (PSP), and corticobasal degeneration (CBD/CBS), globular glial tauopa-
thies (GGT) in which 4-repeat tau primarily accumulates, and Pick disease, in which
3-repeat tau primarily accumulates (Table 4.1).

Of the 1,212 patients (689 males and 523 females aged 31-104 years) examined
by serial autopsy between August 1999 and May 2012 at the Brain Bank in the
Tokyo Metropolitan Medical Center of Gerontology and Institute of Gerontology,
AD was observed in 19%, DG and NFTD which are senile tauopathies were
observed in 18% each, followed by DLB in the group with neurodegenerative
dementia with a clinical dementia ratio (CDR) of 0.5. Furthermore, dementia with
senile tauopathy in the background including that present as a complication was
detected in the majority (57%) of patients (Fig. 4.1) [4, 5]. Among those with a
CDR of 1 or higher, the diagnosis was AD in 35% and DLB in 19%, while senile

Table 4.1 Senile tauopathy . Dementia with grains: DG

. Senile dementia of the neurofibrillary tangle type (SD-NFT)

. Progressive supranuclear palsy: PSP

. Corticobasal degeneration: CBS

. Pick disease

. Diffuse neurofibrillary tangle with calcification: DNTC
. Globular glial tauopathies: GGT
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DLB+ ALS DG+ DLB
3% 3%
DG+ NFTD
6%
AD

/ 19%

AD+ DLB
3%

AD+ DG
9%

3%

PD T SD-NFT
9% DLB 18%
9%

Fig.4.1 CDR = 0.5 Background pathology of degenerative dementia. AD Alzheimer’s disease,
DG Dementia with grains, SD-NFT Senile dementia of the neurofibrillary tangle type, DLB
dementia with Lewy body, PD Parkinson’s disease, PSP Progressive supranuclear palsy, ALS
Amyotrophic lateral sclerosis. (From [5] with permission)

tauopathy including that exhibiting complex pathological features was noted in
33%. These findings indicated that senile tauopathy is important as the background
pathology of dementia in older people and needs to be considered in clinical and
imaging diagnoses.

4.2 Dementia with Grains
4.2.1 Disease Concept

Dementia with grains (DG) is a late-onset dementia morphologically characterized
by the presence of abundant spindle-shaped argyrophilic grains in neuronal pro-
cesses and coiled bodies in oligodendrocytes proposed by Braak and Saito et al.
[1-4]. It is an important disease to be considered, in addition to AD and DLB, as a
causative disorder for senile dementia (Table 4.1, Fig. 4.1). Neuropathologically,
the disease is characterized by the deposition of argyrophilic grains, which are gran-
ules that are stained by the Gallyas—Braak silver impregnation method. Deposits
first appear in the ambient gyrus, and pathological changes gradually spread to the
cortex of the frontal and temporal lobes. Neuropathological staging of the disease
into I-IIT according to the area of pathological changes has been proposed by Saito
et al., with dementia occurring in stage III [4]. Figure 4.2 shows the progression of
pathological changes in DG. The affected region is close to the areas in which early
pathological changes have been reported to appear in AD and, with progression of
the disease, overlaps the areas affected in AD.
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Stage Il

Fig. 4.2 Neuropathological staging of DG [2]. The topographical distribution of argyrophilic
grains (AGs) in each grain stage. Three coronal sections through the genu of corpus callosum, the
mammillary body, and the lateral geniculate body. Stage I: AGs are localized to the ambient gyrus,
the anterior CA1 of hippocampus, the anterior entorhinal area, and the amygdala. Stage II: AGs are
more apparent in the medial temporal pole, in the posterior subiculum, and the entorhinal and
transentorhinal cortex. Stage III: AGs involve the anterior cingulate gyrus, septum, accumbens,
gyri recti, insular cortex, and hypothalamus in addition to the medial temporal lobe. It is highly
probable that the pathology in argyrophilic grain stage III contributed to cognitive decline. (From
[2] with permission)
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4.2.2 Problems with a Clinical Diagnosis

Clinical diagnostic criteria for dementia with grains (DG) have not yet been estab-
lished. Therefore, DG is diagnosed as diseases with another background pathology
including vascular dementia and AD in many patients. The establishment of clinical
diagnostic criteria based on the background pathology is considered to lead to
appropriate treatments, care, and nursing [4-7].

An analysis of the history of DG definitively diagnosed with neuropathological
evidence indicates the following as characteristics of the disease: (1) slow progres-
sion, (2) symptoms suggestive of frontotemporal dementia such as personality
changes, irritability, and poor personal contact, (3) forgetfulness as a frequent initial
symptom, and (4) the older age of patients than those with other degenerative
dementias [5-7]. The frequent complications of DG by diseases including AD,
SD-NFT, and vascular dementia in older individuals also make its clinical diagnosis
difficult. Therefore, although clinical diagnostic criteria for DG are difficult to for-
mulate, their establishment by relating clinical, imaging, and pathological findings
in this important disease, which was recognized due to neuropathological evidence,
is an urgent requirement.

The development of radical treatments for AD such as Af-vaccine therapy based
on the amyloid cascade hypothesis, tau targeting drug, and the development of
secretase inhibitors further increases the necessity of an accurate diagnosis of mild
cognitive impairment (MCI), which is attracting attention as a precursor of
AD. Radical treatments for AD are not expected to be effective for DG without
B-amyloid deposition, and an accurate diagnosis in the stage of MCI or even earlier
is essential. The clinical symptoms of DG overlap those described in the interna-
tional diagnostic criteria for AD, and difficulties are also associated with their mor-
phological differentiation. The development of evaluation methods that integrate
neuroimaging findings as objective data in addition to clinical and neuropsychiatric
diagnoses is awaited.

4.2.3 MRIFindingsin DG

In typical DG, MRI shows atrophy near the ambient gyrus and uncus [5, 6] (Figs. 4.2,
4.3, 4.4, and 4.5). Asymmetric atrophy is shown in many cases of DG; however,
there are also some cases that the difference between right and left is not clear. By
the progress of the stage of dementia, atrophic area progresses extensively toward
the temporal and frontal lobe widely.

The structures of the medial temporal lobe near the parahippocampal gyrus,
such as the entorhinal cortex and ambient gyrus, in which the earliest changes
occur, need to be examined in MRI of the early stage of AD and DG; however,
these structures are extremely small, and a visual evaluation of atrophy in such
small structures is difficult. MRI has many advantages, the greatest of which are
its non-invasiveness and repeatability. Since objectivity is insufficient by visual
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Fig.4.3 90s male, CDR = | Dementia case. [5] (a) (right side medial temporal lobe): Microscopic
specimen (KB stain) shows no obvious atrophy. (b) Brain CT shows dilatation of left interior horn
of the lateral ventricle suggesting atrophy of the medial temporal lobes including the ambient and
parahippocampal gyri (c¢) (left side medial temporal lobe): Microscopic specimen (KB stain)
shows atrophy in the amygdala, anterior side of hippocampus, ambient gyrus to entorhinal cortex.
(d) A large number of Gallyas—Braak argyrophilic grains exist in the left medial temporal lobe
especially in the ambient gyrus. (From [5] with permission)
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Fig.4.4 70s female. (a) MRI 3D T1-weighted image shows dilatation of left inferior horn of the
lateral ventricle (white arrows) suggesting left dominant atrophy of anteromedial temporal lobe.
(b) FDG-PET shows left dominant decrease of glucose metabolism in the frontotemporal lobe
(white arrows). (¢) 11C PIB-PET study was negative suggesting no accumulation of Ap in this
patient. (From [5] with permission) Courtesy of Dr. Kenji Ishii

evaluations alone, a statistical image analysis was recently introduced to overcome
this limitation. In the diagnosis of dementia, the usefulness of objective evaluations
of the gray matter volume determined by voxel-based morphometry (VBM) as a
statistical image analysis technique has also been reported. In the future, problems
such as the differentiation of DG from other degenerative dementias including AD
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Fig.4.5 Dementia with grains, MRI of an 80-year-old female patient with pathologically proven
dementia with grains. She had a six-year history of cognitive impairment with an antemortem
diagnosis of Alzheimer’s disease. (a, b) Coronal three-dimensional (3D) T1-weighted images
reveal the right dominant asymmetric atrophy of the medial temporal lobes including the ambient
and parahippocampal gyri. (¢) Additionally, T2-weighted image reveals right dominant bilateral
atrophy of the amygdala. (d) Voxel-based morphometry on Voxel-based Specific Regional analysis
system for Alzheimer’s disease (VSRAD) software can objectively display this right dominant
asymmetric atrophy of the temporal lobes and limbic system

by a statistical assessment of ambient gyrus atrophy, which is an initial pathologi-
cal change in DG, in patients with a confirmed background pathology, the setting
of a region of interest for the extraction of DG, and the development of software
for the differentiation of DG from AD need to be addressed. In the patient shown in
Fig. 4.2, neuropathological findings show clear asymmetry in atrophy of the medial
temporal lobe, reflecting CT findings. A large number of Gallyas—Braak argyro-
philic grains exist in this site, and the diagnosis was confirmed to be DG. However,
the ambient gyrus, which shows deposits of argyrophilic grains and atrophy in the
early stage of the disease, is very close to the entorhinal cortex, which is atrophied
in an early stage of AD, and the degree of atrophy may also be asymmetric in AD,
making differentiation difficult.

An evaluation using multiple modalities in combination, particularly amy-
loid imaging using PIB [8, 9] which is considered to reflect the accumulation of
B-amyloid, is regarded as a useful tool for differentiating between AD and DG. In the
patient shown in Fig. 4.4, atrophy of the parahippocampal gyrus was clear, whereas
the accumulation of PIB was absent; therefore, it was necessary to suspect a patho-
logical condition different from AD. If, with the progression of a clinical assessment
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of PET preparations including PIB for the labeling of B-amyloid proteins, which
constitute a core pathological feature of AD, reflection of the amyloid accumula-
tion process in images becomes clear, expectations for the use of amyloid imaging
to monitor treatment and care as well as early diagnoses will grow. Furthermore,
the development of PET preparations that specifically label phosphorylated tau is in
progress, and the possibility of a specific diagnosis of tauopathy is broadening.

While this remains controversial, a characteristic of DG observed on FDG-PET is
reduced glucose metabolism on the medial temporal lobe. The area that shows this
change is relatively limited, and metabolism in the lateral temporal lobe and parietal
lobe is typically intact relative to the disease stage. In AD, pathological changes first
appear in the posterior cingulate gyrus and precuneus and then spread to the parietal,
lateral, and medial temporal and frontal lobes in typical cases. Furthermore, the pat-
tern of progression may differ from that of the decline in metabolism.

On brain perfusion SPECT, a typical pattern in AD is also decreases starting in
the parietal lobe and temporal association cortex that spread to the frontal associa-
tion cortex. The usefulness of brain perfusion SPECT for the diagnosis of DG has
not been established; however, a decrease in cerebral blood flow is observed in the
medial temporal lobe, and the spread of areas with reduced blood flow are limited
for the disease stage. The techniques of a statistical image analysis have been
adopted in brain perfusion SPECT without relying on visual evaluations or the
highly arbitrary setting of the region of interest. In three-dimensional stereotactic
surface projection (3D-SSP), the results of analyses are projected on the brain sur-
face. Using the easy Z-score Imaging System developed by Matsuda et al., 3-D
images of a brain phantom are obtained with SPECT systems at various facilities,
differences among the systems are corrected, and a database of normal images is
shared among facilities [10-12].

4.3  Senile Dementia of The Neurofibrillary Tangle Type
(SD-NFT)

4.3.1 Disease Concept

SD-NFT is a new type of dementia proposed by Yamada et al. on the basis of recent
neuropathological findings [13—16]. It is an important disease to be considered, in
addition to AD and DLB, as a causative disorder of senile dementia (Table 4.1).
Neuropathologically, the disease is characterized by the deposition of numerous
NFT in the parahippocampal region with the absence or scarcity of senile plaque.

It was proposed that SD-NFT be termed primary age-related tauopathy (PART)
in 2014 [17], but an opposing argument was put forward in 2015 that PART is just
a subtype of AD [18]. Establishment of its disease concept by accumulating
knowledge in various aspects of neuropathology, biochemistry, neuroimaging,
and clinical diagnosis is desired. To clarify the disease concept of SD-NFT,
knowledge based on the currently established background pathology is described
in this report.
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4.3.2 Clinical Diagnosis

The clinical characteristics are as follows: (1) it develops with memory disturbance
at an elderly age, (2) shows slow progression, (3) atrophy of the hippocampal region
is observed, but diffuse cerebral atrophy is mild, and (4) it can be differentiated
from Alzheimer’s disease and other degenerative dementias [13—15].

4.3.3 MRIFindings

There is no well-organized report on the characteristics of imaging diagnosis, but it
is important to accumulate slowly progressing dementia cases in the advanced
elderly, taking the possibility of differentiation from Alzheimer’s disease and argyr-
ophilic grain dementia into consideration [19], to develop fundamental therapeutic
agents, appropriately proceed with clinical trials, and plan precise treatment, care,
and nursing plans.

Figure 4.6 shows a female in her 90s who developed dementia with forgetfulness
in her 80s, and dementia relatively slowly progressed. An MR image with an MMSE
score of 23 at 6 years after the onset is presented. Amygdala atrophy with laterality,
such as that observed in DG, could not be confirmed, but atrophy extending to the
posterior hippocampus was suggested by visual examination and voxel-based mor-
phometry on Voxel-based Specific Regional analysis system for Alzheimer’s dis-
ease (VSRAD) software [20]. Uptake was negative on amyloid imaging, based on
which SD-NFT was considered.

In SD-NFT, neurofibrillary tangles are widely observed in the parahippo-
campal gyrus and hippocampus and accompanied by neuronal loss and glio-
sis. Morphological changes correspond to these neuropathological changes, and

Fig.4.6 Senile dementia of the neurofibrillary tangle type (tangle only dementia): SD-NFT. MRI
of an 80-year-old female in her 90s who developed dementia with forgetfulness in her 80s, and
dementia relatively slowly progressed. An MR image with an MMSE score of 23 at 6 years after
the onset is presented. (a, b) Coronal three-dimensional (3D) T1-weighted images reveal atrophy
of the hippocampus. Severe amygdala atrophy with laterality, such as that observed in DG, could
not be confirmed. (From [79] with permission). (¢) Voxel-based morphometry on Voxel-based
Specific Regional analysis system for Alzheimer’s disease (VSRAD) software can objectively
display atrophy of the hippocampus extending to the posterior hippocampus
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atrophy of the parahippocampal gyrus and hippocampal region is observed [13-15].
These morphological changes require differentiation from AD and DG. Atrophy
extending to the posterior hippocampus is observed in SD-NFT, in contrast to DG
in which atrophy starts in the ambient gyrus and is noticeable on the ventral side of
the medial temporal lobe.

Progression of whole-brain atrophy with the disease stage is clear in AD, whereas
extensive cerebral cortical atrophy in SD-NFT has been suggested to be mild. When
the progression of cognitive disorder is very mild despite morphological atrophy
progressing, it is necessary to consider the differentiation of SD-NFT and DG. Since
atrophy extending to the posterior hippocampus is present from an early stage,
unlike DG, differentiation from AD by visual assessment of MRI alone is difficult
at present. The grade of whole-brain atrophy following the disease stage is sug-
gested to be milder than that in AD.

There is no organized report on cerebral blood flow SPECT. Cases showing
reduced blood flow localized in the medial temporal lobe and those showing a pat-
tern similar to that observed in Alzheimer’s disease have been suggested. Negativity
on amyloid imaging using PIB, which reflects Af accumulation, and the develop-
ment and application of a PET preparation specifically labeling phosphorylated tau
may expand the possibility of the specific diagnosis of tauopathy and become a
useful tool to differentiate between AD and DG and SD-NFT. Accurate early diag-
nosis is essential for early and preclinical diagnoses and clinical trials of fundamen-
tal therapeutic agents, for which the preparation of diagnostic criteria by
accumulating background pathology-based clinical and imaging courses and find-
ings is urgently needed [14, 15].

Although it is hard to say that the evaluation has been established, the character-
istic of argyrophilic grain dementia on FDG-PET is reduced glucose metabolism in
the medial temporal lobe. It is relatively localized, and metabolism is retained in the
lateral temporal lobe and parietal lobe compared with the disease stage progression.
SD-NFT has also been suggested to show a tendency similar to DG or be difficult to
differentiate from AD in some cases. The accumulation of background pathology-
based findings is necessary. The presence of a concomitant pathology of AD, DG,
or DLB in SF-NFT has also been reported [4, 16]. It is necessary to be aware of the
presence of a complex background pathology at a high rate in advanced elderly
patients with dementia.

4.4  Progressive Supranuclear Palsy
4.4.1 Disease Concept

Progressive supranuclear palsy (PSP) is a neurodegenerative disease established as
a disease entity by Steel et al., who reported 9 patients including autopsied cases in
1964 [21]. It is a type of tauopathy that exhibits atrophy of the midbrain and supe-
rior cerebellar peduncle, depigmentation of the substantia nigra and coeruleus
nucleus, and pathological changes in wide areas including the globus pallidus,
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subthalamic nucleus, and dentate nucleus of the cerebellum, and is histologically
characterized by tufted astrocytes.

4.4.2 Clinical Profile

The disease occurs after the age of 40, progresses slowly, and is characterized by
supranuclear vertical gaze palsy, frequent falling due to impaired postural mainte-
nance, Parkinsonism, and gait disorders from early after its onset [22].

In studies investigating clinical symptoms of PSP definitely diagnosed patho-
logically, clinical symptoms suggesting dementia were noted at a high rate, such
as changes in personality/frontal sign, psychological symptoms, and memory
impairment/cognitive disorder, being present in 33, 18, and 32%, respectively,
showing that PSP is an important background disease of cognitive impairment
[23, 24]. Since head injury caused by falling affects the prognosis, and an accurate
imaging-based diagnosis directly facilitates precise assistance, nursing, and medi-
cal care.

Clinical and pathological diversities of PSP have recently been clarified. Classic
PSP showing a clinical course of early postural instability, falls, and supranuclear
gaze palsy, so-called Richardson’s syndrome (PSP-RS) reported by Richardson
et al. [21], accounts for about 50% of all cases. In addition, the presence of PSP-
subtypes showing diverse clinical and pathological spectra [25], such as PSP-
parkinsonism (PSP-P) difficult to differentiate from Parkinson’s disease (PD), pure
akinesia, PSP-pure akinesia with gate freezing (PSP-PAGF) preceded by gate freez-
ing, PSP-primary non-fluent aphasia (PSP-PNFA) developing non-fluent aphasia,
PSP-corticobasal syndrome (PSP-CBS) developing asymmetric cortical symptoms,
and rare cases of PSP with cerebellar ataxia (PSP-C) in which cerebellar symptoms
precede, has been clarified, and imaging findings reflect each subtype.

Clinicopathologically, the pathology of PSP overlaps with those of AD, PD, and
DLB, and it is difficult to make clinical and neuroimaging diagnoses of patients
with these complications. The suggestion of the presence of an overlapping back-
ground pathology while carefully observing changes in the medical history and
imaging findings of individual cases is an important role of neuroradiologists.

4.43 MRIFindings

4.4.3.1 PSP-RS

Structural MRI findings are useful to diagnose PSP-RS. Examination of the sagittal
view is essential, and the characteristic midbrain atrophy with relative preservation
of the pons on a sagittal image, termed a “hummingbird sign” or “penguin-silhouette
sign,” is the most important finding [26, 27] (Figs. 4.7 and 4.8). The axial image
also reflects midbrain atrophy, and reduction of the anteroposterior diameter of the
midbrain at the superior colliculi level is observed referred as “Morning glory sign”
or “Mickey Mouse sign” (Fig. 4.7) [28].



50 A.M. Tokumaru et al.

Fig.4.7 PSP-RS. 80s male. Pathologically proven PSP (PSP-RS). (a, b) Eight years after symp-
toms onset, reconstructed sagittal and oblique coronal three-dimensional (3D) T1-weighted images
(T1WI) reveal the severe atrophy of the midbrain tegmentum and superior cerebellar peduncles
(arrows). This characteristic shape of the brainstem including the small midbrain with a concave
profile and large pons indicative of “hummingbird sign” or “penguin-silhouette sign” is a typical
imaging finding of PSP. (c—e) The atrophy of the pontine tegmentum, bilateral superior cerebellar
peduncles (¢, arrowheads), the reduced anteroposterior midbrain diameter referred as “Mickey
mouse sign” (d, circle), and thalami, and dilatation of the third ventricles (e, double arrowhead),
which are also typical imaging findings, are apparent on axial T2-weighted images (T2WI). Small
round high signal intensity in the left thalamus indicates an old infarction

Atrophy of the superior cerebellar peduncle reflects secondary changes of the
efferent pathway caused by degeneration of the dentate nucleus of the cerebellum,
and it has a high diagnostic value (Figs. 4.7 and 4.8) [29]. In addition, dilatation of
the 3rd and 4th ventricles and atrophy of the pontine tegmentum, anterior cingulate
gyrus, and medial frontal lobe may also contribute to making a diagnosis [30]. A
high intensity may be observed in the globus pallidus, periaqueductal region, and
superior cerebellar peduncle on T2-weighted imaging (Fig. 4.8) [31]. These atro-
phic changes can be objectively evaluated using area measurement with a medial
sagittal view and voxel-based morphometry (VBM). Regarding VBM, in addition
to the midbrain tegmentum, atrophy of the frontal lobe including the region near the
precentral gyrus, caudate nucleus, thalamus, and cerebellum has been reported [32—
35]. However, neuroradiologists should understand that even PSP-RS may not
exhibit midbrain atrophy in the early disease process (Fig. 4.9).



4 MRI Diagnosis in Other Dementias 51

Fig.4.8 PSP-RS. 70s female. Pathologically proven PSP (PSP-RS). (a) Nine years after symptoms
onset, in addition to the typical midbrain atrophy (arrow), sagittal T2WI reveals the atrophy of the
corpus callosum and dilatation of frontal sulcus suggestive of the frontal lobe atrophy. (b) Subtle
high signal intensity of the superior cerebellar peduncles and brainstem tegmentum on fluid
attenuated inversion recovery (FLAIR) images (arrowheads) is also a characteristic finding of PSP.
(Courtesy of Dr. Fuji Yokoi, Narita Memorial Hospital, Meiyokai Medical Corporation)

Fig.4.9 PSP-RS. 60s female.
Pathologically proven PSP (PSP-RS).
In contrast to advanced stage patients
of Figs. 4.7 and 4.8, sagittal T2WI
performed 2 years after symptoms
onset does not exhibit the typical
atrophy of the midbrain tegmentum
and corpus callosum

Regarding evaluation of the microstructural changes based on water diffusiv-
ity using diffusion tensor imaging (DTI), it has been reported that differentia-
tions not only between PSP and other parkinsonism but also between PSP-RS
and PSP-P are necessary [36]. Greater importance is attached to the superior



52 A.M. Tokumaru et al.

cerebellar peduncle in evaluation using DTI as well as conventional morphologi-
cal imaging [37, 38].

Susceptibility weighted imaging (SWI) is a technique with a long echo time
high-resolution fully flow-compensated 3D GRE sequence, which has higher sensi-
tivity to the brain mineralization, including iron depositions and blood products,
than conventional T2*-weighted imaging [39, 40]. Additionally, this sequence can
create better anatomic images in which the basal ganglia structures are easily visi-
ble. Previous studies utilizing SWI have reported that the iron deposition in the red
nucleus is useful to differentiate PSP from other parkinsonian syndromes [41, 42].

4.4.3.2 PSP-Subtypes

Milder atrophy of the midbrain and superior cerebellar peduncle in PSP-subtypes
than in PSP-RS has been reported, to which attention should be paid when making
a diagnosis. To make a correct diagnosis of these subtypes, radiologists should
focus on the different regions, including the globus pallidus, frontal lobe, and cere-
bral peduncle, other than the midbrain [42]. Evaluations of the atrophied regions by
disease types using statistical imaging analysis, such as VBM analysis, may be
accumulated in the future [34, 42-47].

4.4.3.3 PSP-P

PSP-P is the second most frequent subtype following PSP-RS, accounting for
20-35% of PSP variant cases. The patients with PSP-P had less severe tau pathology
than those with PSP-RS, although the pattern of distribution between both groups
was similar: the subthalamic nucleus and substantia nigra were the regions that were
most severely affected. Although the substantia nigra is severely affected in PSP-P,
the clinical features that distinguish PSP-P from PSP-RS, including tremor and mod-
erate levo-dopa responsiveness, might be due to less severe depletion of dopamine in
the extranigral midbrain in PSP-P [25, 48]. Its response to levo-dopa may be favor-
able in the early stage in some cases, but the disease stage progresses more rapidly
compared with PD. Ophthalmoplegia and postural instability appear and the response
to levo-dopa becomes poor as the disease stage progresses. Compared with typical
PSP-RS, the degree of midbrain atrophy is less severe in this subtype (Fig. 4.10).
Another important point is that atrophy of the superior cerebellar peduncles is less
severe in PSP-P patients. Therefore, only the pons/midbrain ratio is useful to distin-
guish PSP-P from PD patients, but with a relatively lower diagnostic accuracy (sen-
sitivity = 60%, specificity = 96%, accuracy = 86%) [49]. In reports on quantitative
analysis, midbrain atrophy is not as noticeable as that in PSP-RS, and atrophy of the
midbrain, superior cerebellar peduncle, thalamus, and frontal white matter was also
reported to be milder than that in PSP-RS [34].

4.4.3.4 PSP-PAGF

PSP-PAGF is characterized by early difficulties in initiating gait and freezing during
walking, writing, and speaking, without rigidity, tremor, cognitive impairment, or
eye movement abnormality during the first 5 years of the disease. Levo-dopa is not
effective. No characteristic finding is observed on visual inspection [50]. However,
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Fig.4.10 PSP-P. 90s male. Pathologically proven PSP-P. (a, b) Compared with typical PSP-RS
cases, there are no obvious atrophic changes of the midbrain tegmentum (a: arrow), and superior
cerebellar peduncles (b: arrows) on sagittal and axial image. (¢) T2WI reveals atrophy in the ante-
rior cingulate gyrus (circle)

T2 prolongation of the globus pallidus can be the diagnostic clue in this subtype
[51] (Fig. 4.11). On VBM analysis, atrophy of the thalamus, globus pallidus, fron-
tal, inferior parietal, temporal lobes, and limbic lobes including the hippocampal
region and anterior cingulate gyrus, compared with normal controls has been
reported [52] (Fig. 4.11). It is necessary to accumulate cases to investigate morpho-
logical differences from those of PSP-RS and other PSP-subtypes and associations
with clinical findings and the background pathology.

4.4.3.5 PSP-PNFA

There is a rare subtype of PSP which causes marked progressive speech and lan-
guage dysfunction as a progressive non-fluent aphasia. PNFA is known as a disease
type of frontotemporal lobar degeneration (FTLD), and PSP may be present as a
background pathology in some cases. Accurate diagnosis of the pathology is also
needed with regard to care and nursing, such as the necessity of considering the risk
of falls due to background PSP. Predominant frontal lobe atrophy, particularly on
the left side, in PSP-PNFA has been reported, and atrophy of the ipsilateral cerebral
peduncle is also observed [53-55] (Fig. 4.13).

Midbrain atrophy is not as noticeable as that in PSP-RS, but it is atrophied com-
pared with normal controls, and the disease may be diagnosed based on this. On VBM
analysis, it has been reported that the main cortical regions with atrophy were the
premotor and supplemental motor areas in cases of apraxia of speech, and the anterior
periSylvian area in PNFA cases [54, 56] (Figs. 4.12 and 4.13). The accumulation of
analyses connecting the clinical, pathological, and imaging findings is desired.

4.4.4 Differential Diagnosis

Midbrain tegmentum atrophy in the median sagittal view on MRI is an important
finding based on which PSP may be diagnosed. However, PSP is not the only
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Fig.4.11 PSP-PAGF. 80s female. Pathologically proven PSP (PSP-PAGF). (a, b) Compared with
typical PSP-RS cases, there are no obvious atrophic changes of the midbrain tegmentum (a:
arrow), corpus callosum and superior cerebellar peduncles (b: arrows) on sagittal and recon-
structed oblique coronal 3DT1WIs. (¢) On the other hand, T2WI reveals right dominant bilateral
triangle-shaped high signal intensities of the globus pallidus (arrows). (d) Of note, voxel-based
morphometry (VBM) on Voxel-based Specific Regional analysis system for Alzheimer’s disease
(VSRAD) software can objectively display right dominant bilateral atrophy of the globus pallidus
and right thalamus (arrowheads), which are prediction sites of pathological changes in PSP
patients. The degree of atrophy is represented using Z-scores on the rainbow scale color bar

disease causing midbrain tegmentum atrophy, and corticobasal degeneration (CBD)
is the most important disease to be differentiated. In CBD, cortical atrophy with
laterality and laterality of accompanying cerebral peduncle atrophy are observed,
but differentiation is difficult because laterality is also observed in PSP-PNFA and
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Fig.4.12 PSP-PNFA. 80s male. Pathologically proven PSP (PSP-PNFA). (a) The degree of the
midbrain atrophy is relatively mild on sagittal 3DT1WI. (b):T2WI reveals bilateral club-shaped
high signal intensity of the globus pallidus (arrows). (c—e) Although it is difficult to evaluate the
left dominant frontal atrophy on visual inspection of T2WIs (¢, d), VBM on VSRAD software can
display the left dominant frontal gray and white matter atrophy. 3D render views emphasize the left
frontal lobe gray matter atrophy, especially in the Broca’s area (e, circle)

PSP-CBS. It is known that pathological changes in the white matter are marked in
CBD compared with those in PSP, which is useful to differentiate the disease in
many cases, and evaluation using VBM has been reported, in addition to visual
examination. Machado—Joseph disease and dentatorubral-pallidoluysian atrophy,
which are forms of autosomal dominant spinocerebellar ataxias, can also exhibit the
atrophy of the midbrain and superior cerebellar peduncle. Midbrain atrophy may
also develop in idiopathic normal pressure hydrocephalus (i-NPH). Tight high con-
vexity, medial subarachnoid spaces, and enlarged Sylvian fissures with ventriculo-
megaly can be defined as disproportionately enlarged subarachnoid-space
hydrocephalus (DESH), which is a characteristic of iNPH. Patients with DESH can
exhibit midbrain atrophy indistinguishable from that of PSP.
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Fig.4.13 Axial views of VBM result in pathologically proven PSP-RS (a), PSP-PAGF (b), PSP-
PNFA (c), and PSP-CBS (d) patients. VBM analyses can reveal the characteristic white matter
atrophy of PSP clinical subtypes indicative of the midbrain and superior cerebellar peduncles of
PSP-RS, globus pallidus of PSP-PAGEF, left frontal lobe including the inferior frontal gyrus of PSP-
PNFA, and asymmetric frontoparietal lobes around the central sulcus of PSP-CBS. Additionally,
most subtypes reveal the atrophy of the pontine tegmentum

4.5 Corticobasal Degeneration and Corticobasal Syndrome
4,5.1 Disease Concept
Corticobasal degeneration (CBD) is a progressive neurodegenerative disorder first

described by Rebeiz et al. [57] and characterized by progressive, asymmetric, cortical
dysfunction (e.g., apraxia, alien limb sign, cortical sensory loss, and myoclonus), and
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extrapyramidal dysfunctions (e.g., akinesia, dystonia) [57]. As a pathologic diagnosis,
CBD is characterized by widespread deposition of hyperphosphorylated 4-repeat tau
in neurons and glia in specific topographic areas [58]. When first described, CBD was
considered a distinct clinicopathologic entity, however, CBD has much clinicopatho-
logical heterogeneity [59—-61], the term corticobasal syndrome (CBS) has been used
as a clinical diagnosis, and CBD is used to refer to the pathological diagnosis [59, 60].

CBS can be the clinical syndrome of a host of different background pathologies,
including corticobasal degeneration (CBS-CBD), progressive supranuclear palsy
(CBS-PSP), Alzheimer’s disease (CBS-AD), and frontotemporal lobar degenera-
tion (CBS-FTLD).

4.5.2 Clinical Diagnosis

Definition and standardization of clinical diagnostic criteria for CBD are critical as
potential development of curative therapeutic drugs for tauopathies. Current criteria
for the clinical diagnosis of pathologically confirmed CBD no longer reflect the
expanding understanding of this disease and its clinicopathological correlations. An
international consortium of behavioral neurology, neuropsychology, and movement
disorders specialists developed new criteria based on consensus and a systemic litera-
ture review [62]. Combined with consensus, four CBD phenotypes emerged: cortico-
basal syndrome (CBS), frontal behavioral-spatial syndrome (FBS), non-fluent/
agrammatic variant of primary progressive aphasia (naPPA), and progressive supra-
nuclear palsy syndrome (PSPS). They propose two sets of criteria: more specific clini-
cal research criteria for probable CBD (diagnostic criteria excluding background
pathology other than cr-CBD) and broader criteria for possible CBD (p-CBD) that has
less specificity for CBD pathology while representing other tau-based pathology [62].

Previous clinical criteria excluded “early dementia” to increase diagnostic speci-
ficity, but dementia is now recognized as an important clinical feature in many cases
of CBD [63-65].

4.5.3 MRIFindings

Although neuroimaging is not described in the latest diagnostic criteria described
above, these criteria will need continued revisions as understanding of CBD and as
neuroimaging studies advance, and are validated for distinguishing different pheno-
types and diagnoses.

At present, there are two main roles of MRI in diagnosing CBD. The first role is
clarification of MRI findings useful for cr-CBD, for which tenacious investigation
connecting the clinical findings-imaging-background pathology is necessary.
Previous MRI studies have reported distinct neuroimaging findings of pathologi-
cally diagnosed CBD, including asymmetric atrophy in the cerebral cortex and
peduncle with dominance contralateral to the more clinically affected side, atrophy
of the midbrain tegmentum and corpus callosum, and abnormal T2 prolongation in
the subcortical white matter [55, 66] (Figs. 4.14 and 4.15). At sites where MRI
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Fig.4.14 80s female. CBD. (a) Sagittal T1-weighted image shows severe atrophy of midbrain
(bold arrow) and thinning of corpus callosum (arrow). (b) T1-weighted axial image shows left
dominant atrophy of cerebral peduncle (arrow). (¢) FLAIR coronal image shows hyperintensity in
the subcortical white matter (arrow). (d) Axial views of VBM reveal left dominant white matter
atrophy

showed white matter lesions, although neuropathological examination revealed
some secondary degeneration, tauopathy in the white matter, particularly the sub-
cortical white matter, was clearly evident [66] (Fig. 4.14). Visually, the grade of
changes in the intensity of the white matter varies among cases from widely extend-
ing to unclear changes. Atrophy of the midbrain tegmentum is present in both CBD
and PSP, reflecting the pathology, and their differentiation may be difficult clinically
or on imaging in some cases, but white matter degeneration impairing U-fibers is
pathologically severer in CBD than PSP, and changes in the intensity of the white
matter may serve as a point of differentiation. However, its judgment by visual
evaluation alone may be difficult, for which the usefulness of objective evaluation
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Fig.4.15 Pathologically proven CBD:80s female. (a) Axial T2-weighted image shows right dom-
inant atorophy (circle)and subcortical hyperintensity in the right frontal lobe (arrow). (b) In a
microscopic specimen, myelin sheath staining is decreased in the white matter (arrow). (¢) There
is positive staining for antiphosphorylated tau antibody on AT8 staining, which is compatible with
the primary changes in CBD

by Voxel-based morphometry (VBM) analysis has been reported. VBM analysis
using SPM8 plus DARTEL demonstrated the diagnostic value of significant atrophy
in the bilateral frontal subcortical WM for diagnosing CBS [67]. Thus, the VBM
approach can be useful for discriminating between CBS and PSP-RS. However,
considering the broad clinical spectrum of CBD, more pathologically proven cases
of CBD are required to establish the diagnostic value of WM volume reduction on
VBM analysis. It is difficult to differentiate CBD from PSP-CBS, PSP-PNFA even
using VBM analysis of WM volume reduction.

The second role of MRI is differentiation of diseases with background pathology
included in p-CBD other than CBD [68, 69]. Although there are diverse pathological
backgrounds, lesions in the cortex of the frontal and parietal lobes and regions involved
in- and output are present in common, suggesting that clinical symptoms are deter-
mined by localization of the lesions, but not by background pathology of the lesions,
i.e., apraxia and cortical sensory loss may be due to lesions in the parietal lobe and
alien limb signs may be due to lesions in the frontal or parietal lobe. It is essential to
realize that AD, FTLD, PSP, and Creutzfeldt-Jakob disease (CJD) are present as the
background pathology of CBS. In CJD, a high intensity in the cortex on diffusion-
weighted MRI is the characteristic, and MRI performed at an appropriate timing is use-
ful for exclusion diagnosis. There are still only a few reports on comparison between
pathologically diagnosed CBS and images, VBM analysis has been reported. Imaging
patterns of atrophy in CBS vary according to pathologic diagnosis. Widespread atro-
phy points toward a pathologic diagnosis of FTLD-TDP or AD, with frontotemporal
atrophy suggesting FTLD-TDP and temporoparietal atrophy suggesting AD. On the
contrary, more focal atrophy predominantly involving the premotor and supplemental
motor area suggests CBD or PSP pathology. These atrophy patterns in CBS are prom-
ising but require prospective validation prior to inclusion in diagnostic criteria.
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Diffusion tensor imaging (DTI) measures the translational movement of water
molecules in biologic tissues. It measures fractional anisotropy (FA), an index of
white matter coherence and axonal packing, and apparent diffusion coefficient aver-
age (ADC ave), an index of the average magnitude of the rate of diffusion within
each voxel. DTI has a possibility to sharply detect different distributions of micro-
structural tissue damage, and its usefulness for differentiation between PS and CBD
has been reported.

Detections of atrophy on MRI and microstructure damage on DTI are expected
to serve as biomarkers which may correspond to the molecular pathology [70]. To
attempt treatment targeting famyloid, tau, and TDP-43, accumulation of investiga-
tions connecting clinical-neuroimaging-pathology is necessary to play a specific
role as objective criteria.

4.6 Hippocampal Sclerosis of Aging
4.6.1 Disease Concept

Hippocampal sclerosis of aging (HS-Aging) is a relatively common neuropatho-
logical finding characterized by cell loss, gliosis, and atrophy in the hippocampus
that is not explained by AD [71-79]. HS-Aging pathology is observed in up to 20%
of individuals over the age of 85 years [73, 77]. The presence of HS-Aging pathol-
ogy is associated with cognitive impairment [72-76]. HS-Aging is known as a com-
plication of AD, DLB, and FTLD, but, independently from these pathologies,
pathological reports of HS-Aging, in which neuronal loss and gliosis are detected in
the CA1 area of the hippocampus and subiculum, have recently been accumulating
[71-79]. A high frequency of the TAR DNA-binding protein 43 (TDP-43) pathol-
ogy has also been reported, but investigation of its association with clinical and
imaging findings is insufficient [71, 73, 76]. While investigation is proceeding from
the viewpoint that it is an independent neurodegenerative disease, changes accom-
panying posticteric encephalopathy, hypoxic-ischemic encephalopathy, encephali-
tis, and vascular disorder, or superimposition of these are also assumed, and its
pathology may be diverse.

HS-Aging is present in the background pathology at a relatively high frequency
in the elderly. Its importance as a factor of dementia has been clarified by investiga-
tion of the background pathology; however, establishment of consensus guidelines
for clinical diagnosis is needed, for which development of objective biomarkers
including neuroimaging is an urgent task.

4.6.2 Neuroimaging

Only a few studies on neuroimaging based on the background pathology of
HS-Aging have been reported [71, 76, 77], but MRI is expected to be an important
tool as a biomarker to diagnose HS-Aging clinically. To acquire images of the hip-
pocampus, observation of the coronal view vertical to the long axis of the
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hippocampus is necessary. The sagittal plane was acquired, and the coronal section
vertical to the hippocampus was set. The basic sequences of evaluation of hippo-
campal sclerosis are fast spin echo T2-weight imaging, and fluid attenuated inver-
sion recovery (FLAIR).

The MRI findings of hippocampal sclerosis are atrophy and a high intensity on
T2-weighted imaging and FLAIR (Figs. 4.16, 4.17, and 4.18). It develops on the
unilateral side in many cases, but there are bilateral cases. Differentiation from
AD is essential because hippocampal atrophy is observed. When clinical progress
of dementia is slow despite a clear high intensity and atrophy being detected on
T2-weighted imaging and FLAIR of the hippocampal formation, the possibility of
hippocampal sclerosis with relatively preserved verbal fluency despite impaired
word list delayed recall performance (which is informative because the former
relies more on neocortical function and the latter on brain function referent more
directly to the hippocampal formation) is considered [75]. Clinically, many cases
were diagnosed as AD or clinically diagnosed as FTLD [73-78], but improvement
of the sensitivity and specificity of differential diagnosis by further accumulating
definite pathologically diagnosed cases is necessary.

Fig.4.16 70s female,
memory disturbance. On the
coronal view of FLAIR, local
atrophy and a high intensity
of the right hippocampus
were clear, suggesting
hippocampal sclerosis

Fig.4.17 70s male with
dementia without marked
progression for 12 years. He
had past history of epilepsy.
Left-side dominant local
atrophy of the hippocampus
and an increased intensity on
FLAIR were clear (arrow).
Left-side dominant
hippocampal sclerosis was
suggested
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Fig.4.18 80s male. (a) Left hippocampal atrophy and an increased intensity were noted in the
coronal view on FLAIR (arrow). Morphologically, differentiation of hippocampal sclerosis was
necessary. (b) The background pathology was neuronal loss in the left hippocampus CA1-2
(arrows), corresponding to hippocampal sclerosis. Accumulation of TDP-43 was also noted

The severity of dementia may be different due to the presence of hippocampal
sclerosis on the right or left side. Attention should be paid to whether or not hippo-
campal sclerosis is located in the dominant hemisphere of the patient.

Atrophy and an abnormal intensity of the hippocampus suggest hippocampal
sclerosis, but at present, attention should be paid to the possible heterogeneity of its
background pathology, and attitude to diagnose along the clinical course of indi-
vidual cases is essential.

In studies on HS-Aging, dementia is the main symptom and the frequency of
epilepsy is low. Based on experience of the elderly at an emergency site, when the
morphology suggests hippocampal sclerosis, similarly to early-onset cases, careful
investigation of a past medical history of epilepsy, present illness, infection, vascu-
lar disorder, a past medical history of trauma, and the course may be significant to
prepare a treatment plan [79-81]. Epilepsy symptoms may be recognized as demen-
tia in elderly patients because many seizure episodes are non-convulsive, making
diagnosis difficult in some cases. In this aging society, rapid elevation of the inci-
dence of epilepsy in the elderly aged 70 years or older should be kept in mind [80,
81]. Attention should be paid to whether or not cases showing hippocampal sclero-
sis on MRI are included in the case group.

It has been reported that TDP-43 was negative on brain sections from younger indi-
viduals after hippocampectomy due to seizures, who had pathologically confirmed hip-
pocampal sclerosis, but further accumulation of cases is necessary to investigate
differences and overlapping between HS-Aging with foreground dementia in the elderly
and early-onset hippocampal sclerosis manifesting epilepsy as a clinical symptom.

Although HS-Aging pathology may be associated with heterogeneous underly-
ing causes linked previously to vascular factors, AD, and FTLD, there is a need to
better understand the implications of pathologic observation [73-76].
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4.6.3 Differential Diagnosis

Alzheimer’s disease, dementia with grains should be included in clinical and imag-
ing differential diagnoses. For neuroimaging, reliably diagnosing encephalitis
(Fig. 4.19), posticteric encephalopathy (Fig. 4.20), hypoxic-ischemic encephalopa-
thy, and cerebral infarction during the course is also important.

Fig.4.19 70s female with suspected non-herpetic limbic encephalitis (NHLE). (a) Coronal FLAIR
image shows left hippocampal swelling and high intensity at the onset of NHLE and the increased
intensity prolonged on FLAIR (arrow). (b) 11 months later of onset, coronal FLAIR image shows
hippocampal atrophy with hyperintensity (arrow). The clinical course was clearly followed and
imaging findings were also followed as the course of NHLE. However, if the first examination was
performed at 11 months after the onset when the MMSE score was 24 showing mild cognitive dys-
function, how do radiologists consider these findings? They may include hippocampal sclerosis in
differentiation, and at the same time, careful consideration of the course after inflammation and
convulsion and the course of ischemia would be necessary. (From [79] with permission)

Fig.4.20 80s female.
Coronal FLAIR image was
taken a 10 days after
convulsive attack. This image
shows high intensity in the
right hippocampus probably
due to posticteric
encephalitis. (From [79] with
permission)
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4.7 Idiopathic Normal Pressure Hydrocephalus (iNPH)
4.7.1 Disease Concept

Normal pressure hydrocephalus (NPH) is well known as a treatable cause of demen-
tia in elderly, and is characterized by the classical clinical triad of gait disturbance,
dementia, and urinary incontinence [8§2—84]. NPH can be classified into idiopathic
NPH (iNPH) and secondary NPH (See Table 4.2). International guidelines and
Japanese guidelines for the diagnosis and management of iNPH have been pub-
lished [82-89]. The etiology and pathomechanism of iNPH remain unknown.
Clinical improvement by ventricle-peritoneal (VP) and lumbo-peritoneal (LP)
shunts based on appropriate diagnostic criteria can be expected, and neuroimaging
providing objective information plays a major role.

4.7.2 MRIFindings of iNPH

Table 4.3 shows the points of the diagnostic criteria for iNPH proposed in 2011
[86]. MRI plays an important role in making a diagnosis, and acquisition of the
coronal and sagittal images, in addition to the transverse image, is recommended.
There are 3 main findings of iNPH on MRI, as follows (Figs. 4.21, 4.22, and 4.23):
(1) Ventricular dilatation: Evans index (determined by the largest diameter of
the frontal horns divided by the diameter of the internal skull, on the same

Table 4.2 Classification of normal pressure hydrocephalus

NPH
[ iNPH | SNPH
| DESH | | nonDESH | acquired etiologies congenital/developmental etiologies
* SAH *LOVA
* meningitis * Chiari malformation
¢ head trauma * Dandy-Walker Sx
« intracranial surgery * Spina bifida
e etc * Blake's pouch cyst
e etc

v

DESH: disproportionately enlarged subarachnoid-space hydrocephalus
SAH: subarachnoid hemorrhage

LOVA: long-standing overtventriculomegaly in adults

iNPH: idiopathic NPH

sNPH: secondary NPH
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Table 4.3 Diagnostic criteria for idiopathic normal pressure hydrocephalus (iNPH) in these
revised guidelines

1. Possible iNPH: meets all of the following five features:

(1) Individuals who develop the symptoms in their 60s or older

(2) More than one of the clinical triad: gait disturbance, cognitive impairment, and urinary
incontinence

(3) Ventricular dilatation (Evans index > 0.3)

(4) Above-mentioned clinical symptoms cannot be completely explained by other
neurological or non-neurological diseases

(5) Preceding diseases possibly causing ventricular dilatation are not obvious, including
subarachnoid hemorrhage, meningitis, head injury. congenital hydrocephalus, and
aqueductal stenosis

Possible iNPH supportive features

(a) Small stride, shuffle, instability during walking, and increase of instability on turning

(b) Symptoms progress slowly; however, sometimes an undulating course, including
temporal discontinuation of development and exacerbation, is observed

(c) Gait disturbance is the most prevalent feature, followed by cognitive impairment and
urinary incontinence

(d) Cognitive impairment is detected on cognitive tests

(e) Sylvian fissures and basal cistern are usually enlarged

(f) Other neurological diseases, including Parkinson’s disease, Alzheimer’s disease, and
cerebrovascular diseases, may coexist; however, all such disease should be mild

(g) Periventricular changes are not essential

(h) Measurement of CBF is useful for differentiation from other dementias
Possible iNPH with MRI support

Possible iNPH with MRI support indicates the condition fulfilling the requirements for
possible iNPH, where MRI shows narrowing of the sulci and subarachnoid spaces over the
high convexity/midline surface (DESH). This class of diagnosis can be used in circumstances
where a CSF examination is not available, for example, in a population-based cohort study

2. Probable iNPH: meets all of the following three features:
(1) Meets the requirements for possible iNPH
(2) CSF pressure of 200mm H2O or less and normal CSF content
(3) One of the following three investigational features:

(a) Neuroimaging features of narrowing of the sulci and subarachnoid spaces over the
high convexity/midline surface(DESH) under the presence of gait disturbance

(b) Improvement of symptoms after CSF tap test

(c) Improvement of symptoms after CSF drainage test
3. Definite iNPH
Improvement of symptoms after the shunt procedure

*CBF cerebral blood flow, CSF cerebrospinal fluid, DESH disproportionately enlarged
subarachnoid-space hydrocephalus, MRI magnetic resonance imaging
From [86]
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Fig.4.21 Evans

index = A/B. A/B > 0.3.
A = the largest diameter
of the frontal horns.

B = the diameter of the
internal skull, on the same
plane. (Courtesy of Dr.
Mori Harushi, Department
of Radiology, The
University of Tokyo)

. A
Evans index = B

—>0.3
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Fig.4.22 DESH 80s male. He had gait disturbance, urinary incontinence, and cognitive impair-
ment. (a) Axial T2-weighted image shows ventricular enlargement and Sylvian fissure (arrow) (b)
Axial T2-weighted image shows tightened high convexity/midline CSF space (circles). (Courtesy
of Dr. Mori Harushi, Department of Radiology, The University of Tokyo)

plane) >0.3 (Fig. 4.21) [85, 90, 91], (2) enlargement of Sylvian fissure, and (3)
basal cistern tightened high convexity/midline CSF space. A pathological state
meeting all these conditions and reflecting disproportional distribution of CSF
between the superior and inferior subarachnoid spaces is termed disproportion-
ately enlarged subarachnoid-space hydrocephalus (DESH), and many cases of
iNPH show this morphology [90-92]. Sylvian fissure dilatation is less likely to
be observed in NPH, other than iNPH. DESH is characterized by tight high
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Fig.4.23 CA (callosal angle): 60s female with gait disturbance. (a) 1 = the anteroposterior com-
missure line. 2 = coronal plane just on the posterior commissure perpendicular to the anteroposte-
rior commissure line. (b) CA is under 90° in the coronal plane just on the posterior commissure.
(Courtesy of Dr. Mori Harushi, Department of Radiology, The University of Tokyo)

Fig.4.24 80s M, iNPH. He had cognitive decline and gait disturbance. His background pathology
did not show any degenerative diseases. (a) FLAIR coronal image shows dilatation of lateral ven-
tricle and Sylvian fissure. (b) Axial T2-weighted image shows tightened CSF space in the posterior
medial side of high convexity. Local cerebral sulcus dilatation is observed in (a and b) (arrows)

convexity and medial subarachnoid space, but local cerebral sulcus dilatation is
often observed (Fig. 4.24).

Reference findings include dilatation of the anterior cingulate sulci [92, 93] and
narrowing of the corpus callosal angle (CA) [94] (Fig. 4.23). CA represents the
angle formed by the corpus callosum on the posterior commissure perpendicular to
the anteroposterior commissure line (AC-PC line) on coronal MRI (Fig. 4.23). It has
been reported that when the angle is 90° or smaller, the angle is useful for
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Fig. 4.25 Differential diagnosis between iNPH and AD. (a, b) Ventricular enlargement is
observed in both iNPH and AD, but the tightened high convexity/midline CSF space is clear and
the callosal angle is 90° or smaller in iNPH (a), whereas it is unclear in AD (b). (Courtesy of Dr.
Mori H, Department of Radiology, The University of Tokyo)

differentiation between normal aging and AD at an accuracy of 93%, sensitivity of
97%, and specificity of 88% [91]. Many iNPH cases are not accompanied by peri-
ventricular hyperintensity (PVH), and currently, the presence or absence of PVH
does not contribute to the differentiation of iNPH.

iNPH cases are mixed with cases of ventricular enlargement dilatation showing
no DESH finding, and these are termed non-DESH-type iNPH. Some cases are not
accompanied by clinical symptoms despite typical DESH findings being observed
on MRI. These are considered at high risk of progressing to iNPH, and termed
asymptomatic ventriculomegaly with features of iNPH on MRI (AVIM) [95].
Differentiation between DESH and AVIM on MRI is difficult, and it is judged in
consideration of clinical symptoms, but it is necessary to call attention to how the
follow-up of clinical and MRI findings is essential.

4.7.3 Differential Diagnosis

(1) The incidence of iNPH is high in the elderly. The disease is accompanied by
cognitive impairment, it may be treatable, and its differentiation from Alzheimer’s
disease (AD) and Parkinson’s disease (PD) is important. Since the DESH findings
were proposed, the accuracy of diagnosing iNPH by MRI improved, but it should be
noted that iNPH is frequently complicated by AD, PD, and cerebrovascular disease
(CVD) in elderly patients, and the disease is difficult to diagnose by MRI alone.
Figures 4.25 and 4.26 show the differentiation points between AD and iNPH on
MRI. Ventricular enlargement is observed in both iNPH and AD, but the tightened
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Fig. 4.26 Differential diagnosis between iNPH and AD. (a, b) Cingulate sulcus dilatation is
detected in the anterior region in iNPH (a), but it is dominant in the posterior region in AD (b).
(Courtesy of Dr. Mori H, Department of Radiology, The University of Tokyo)

high convexity/midline CSF space is clear and the callosal angle is 90° or smaller in
iNPH, whereas it is unclear in AD. In addition, cingulate sulcus dilatation is detected
in the anterior region in iNPH, but it is dominant in the posterior region in AD.

Yamashita et al. have been reported recently that the VBM-based CSF space
analysis can accurately detect disproportionate changes in the CSF space and dif-
ferentiate iNPH patients from those with AD or PD and healthy elderlies, for
which usefulness is expected [96]. In addition to contributing to early and differ-
ential diagnoses, the VBM-based CSF space analysis can be used to predict the
onset of diseases and to monitor morphological changes between responders and
nonresponders to shunt operations. To apply the VBM-based CSF space analysis
as a useful tool and lead it to future multicenter trials, further cross-validation
studies are needed.

Midbrain atrophy may also develop in iNPH, and attention should be paid to dif-
ferentiation of and complication by progressive supranuclear palsy (PSP) and corti-
cobasal degeneration (CBD).

(2) Secondary normal pressure hydrocephalus (sNPH)

sNPH is induced by acquired etiologies, such as subarachnoid hemorrhage
(SAH) and meningitis. If the presence of its past medical history is confirmed, the
diagnosis can be made without a doubt. Morphologically, ventriculomegaly and a
tightened CSF space are observed compared with those in iNPH, but the Sylvian
fissure dilatation is mild in many cases.

(3) Long-standing overt ventriculomegaly in adults (LOVA) [97]

In LOVA, ventriculomegaly persists for a prolonged period from infancy. It
results in hydrocephalus inducing urinary incontinence and cognitive impairment
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Fig.4.27 LOVA: 80s M. He had long-standing gait disturbance and easy to fall. (a) There are
marked ventriculomegaly without dilatation of Sylvian fissures. (b) There shows stenosis of caudal
aqueduct of midbrain (arrow)

in adults, and aqueductal stenosis is considered to be the cause (Fig. 4.27) [97].
Long-term ventriculomegaly may be accompanied by sella turcica expansion
and destruction. Its incidence is high in the young population, from teens to 60s,
compared with that of iNPH. Ventriculomegaly and tightened CSF space are
extensively observed, but no Sylvian fissure dilatation is observed (Fig. 4.27).

4.7.4 Pathophysiology of CSF Dynamics Remains Unknown

The current CSF movement is based on the hypothesis proposed by Dandy and
Blackfan [98] and Cushing et al. in the early twentieth century, i.e., there is unidi-
rectional flow in which CSF is produced at the site of the choroid plexus and
absorbed in the pacchionian granulations.

Dandy et al. proposed the CSF bulk flow theory: Hydrocephalus is caused by
imbalance between CSF formation and absorption. In contrast to the bulk flow the-
ory, Greiz et al. proposed the “hydrodynamic theory” [99]: Chronic hydrocephalus
is due to decreased intracranial compliance, causing restricted arterial pulsations
and increased capillary pulsations.

However, explanation of the pathology of DESH is difficult with either theory,
and at present, the cause of iNPH is unclear. Recently, Yamada et al. investigated
CSF movement using the time-spatial labeling inversion pulse (SLIP) technique
[100]. According to them, pulsatile CSF flow was observed up to the Sylvian fis-
sure, but no CSF pulsatile flow continuous from the Sylvian fissure to the cerebral
convexity was observed, and CSF movement is not limited to steady-state unidirec-
tional flow, suggesting that the previous common wisdom of CSF movement may
be changed by the new MR technique.
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4.8 Vascular Dementia
4.8.1 Disease Concept

Vascular dementia (VaD) is one of the most common causes of age-associated
dementia. In addition, cerebrovascular disease (CVD) may worsen the dementia of
neurodegenerative diseases, for example, Alzheimer’s disease (AD), Parkinson’s
disease (PD), Lewy body disease (DLB), etc.

There is a diversity in the cause and pathology of VaD, and clinical symptoms
and courses are also diverse. When CVD develops, dementia develops at the same
time. The causal relationship between these is very clear in some cases, but various
pathologies are present in others, such as that dementia progresses during the course
of repeated cerebrovascular disorder, small vascular lesions modify dementia, and
cortical microinfarcts cause dementia. There are also several clinical diagnostic cri-
teria [101, 102]. This report describes points to remember of imaging diagnosis
based on the National Institute of Neurological Disorders and Stroke (NINDS)-
Association Internationale pour la Recheche et I’Enseignement en Neurosciences
(AIREN) diagnostic criteria including brain imaging, and introduces diverse imag-
ing findings of cortical microinfarcts, cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CADASIL), and cerebral amy-
loid angiopathy.

4.8.2 MRI Diagnosis

4.8.2.1 Multi-Infarct Dementia
Multiple large complete infarcts, usually from large-vessel occlusions involving
cortical and subcortical areas, resulting in a clinical syndrome of dementia.

4.8.2.2 Strategic Single-Infarct Dementia

The cognitive impairment resulting from small, localized ischemic damage in func-

tionally important cortical and subcortical areas is well defined [101, 103-106].
Regions in which cognitive decline-inducing strategic infarcts occur are shown

in Table 4.4 [101, 103—106]. The Papez circuit is a series of neural circuits starting

Table 4.4 The areas causing strategic infarct dementia [101, 103-106]

1. Angular gyrus

. Basal forebrain

. Thalamus

. Head of the caudate nucleus
. Hippocampus

Fornix

. Corpus callosum

© N LA W

. Papex circuit
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from the hippocampal formation to the fornix, mammillary body, mammillo-
thalamic tract (Vicq d’ Azyr bundle), anterior thalamic nucleus, cingulum, entorhinal
cortex, and returns to the hippocampal formation, and cerebrovascular disorder
impairing the Papez circuit is involved in cognitive decline because the circuit is
closely involved in the memory.

Paramedian thalamic infarction occurs on the bilateral sides in many cases, and
bilateral paramedian thalamic lesions are often accompanied by rostral midbrain
lesions, producing a mesencephalothalamic syndrome of which a triad of symptoms
are altered mental status, vertical gaze palsy, and amnesia. The paramedian thalamic
area is perfused by the thalamoperforating artery branching from the P1 segment of
the posterior cerebral artery (PCA), but there is an anatomic variant termed the
artery of Percheron (AOP) branching from the PCA as a single dominant thalamo-
perforating artery, and many bilateral paramedian thalamic infarcts are caused by
obstruction of the AOP [105]. Figure 4.28 shows a male patient in his 50s in whom
cognitive decline occurred after sudden development of vertical eye movement.
Infarcts were detected in the bilateral paramedian thalami and midbrain.

Figure 4.29 shows a male patient in his 60s with amnesic cognitive dysfunction
accompanying infarction of the subcallosal artery territory (ScA) which branches
from the anterior communicating artery (A-com). High-intensity lesions were
detected in the bilateral anterior commissures and columns of the fornix on
diffusion-weighted imaging and FLAIR (Fig. 4.29). Stroke in the vascular territory
of the ScA leads to a characteristic imaging and clinical pattern. Ischemia involves
the anterior columns of the fornix and the genu of the corpus callosum, and patients
present with Korsakoff’s syndrome including cognitive disturbances. These regions
should also be noted in those involved in cognitive decline after surgery for A-com
aneurysm [106].

Figure 4.30 shows a female patient in her 70s in whom secondary degeneration
of the mammillo-thalamic tract occurred after infarction of the left anteromedial
thalamus and the ipsilateral mammillary body atrophied, this was the responsible
lesion for her memory disturbance.

4.8.2.3 Small Vessel Disease with Dementia

Lesions caused by small vessel disease may be cortical or subcortical: the latter
include lacunes and white matter lesions frequently observed in the brains of elderly
people. Lesions in the multiple basal ganglia and white matter lacunes are caused by
obstruction of the perforating and medullary arteries. Binswanger’s disease (BD) is
characterized clinically by pseudobulbar signs, behavioral changes, memory distur-
bances, psychomotor retardation, and other subcortical features such as gait distur-
bances, urinary incontinence, and parkinsonian signs. BD is also termed subcortical
arteriosclerotic encephalopathy and forms diffuse ischemic lesions extensively in
the cerebral white matter. High-intensities are extensively observed in the white
matter on T2-weighted imaging and FLAIR on MRI, and complications by multiple
lacunes and small hemorrhages are frequently observed (Fig. 4.31). In BD, in
elderly hypertensive patients (particularly, nocturnal hypertension) who survived
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Fig. 4.28 Male patient in his 50s in whom vertical eye movement suddenly occurred. (a, b)
T2-weighted transverse image shows infarcts in the bilateral paramedian thalami and midbrain
(arrows). (From Tokumaru A et al.: Neuro-Ophthalmology Japan. Vol. 15(3) with permission)

Fig.4.29 60s M: Amnesia and cognitive disorder suddenly developed several days earlier. (a, b)
Amnesia and cognitive disorder (strategic infarct) accompanying infarction of the bilateral col-
umns of the fornix and anterior commissure (region perfused by the subcallosal artery)
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Fig.4.30 70s female: Memory disturbance. (a, b) Axial CT image shows atrophy of left mammil-
lary body (arrow). Macrospecimen represents atrophy of left mammillary body (arrow). (¢) KB
stain shows left medial thalamic infarct. After the development of left thalamic infarction (arrow-
heads), mammillary body atrophy occurred due to secondary degeneration of the mammillo-
thalamic tract. (From Tokumaru A et al.: Japanisch-Deutsche Medizinische Berichte. Vol. 52(4)
with permission)

Fig.4.31 Binswanger’s disease. (a) On coronal T2-weighted imaging, diffuse high-intensities in
the white matter, multiple small infarcts in the bilateral thalamic and basal ganglias, and micro-
bleeding were observed. (b) On myelin sheath staining, myelin sheath sustainability decreased
corresponding to the high-intensities on T2WI, but U-fibers were relatively retained. Multiple
small infarcts and microbleeding were scattered in the basal ganglia and thalamus

arteriosclerosis-induced large vascular obstruction and large cardiac vascular
events, progression of cerebral hypertensive small vessel disease and chronic hypo-
perfusion generate lacunes and white matter lesions mainly in the frontal lobe in
which the arterial and venous densities are embryologically low [107-109]. In BD,
not only ischemia in the region perfused by the medullary artery but also watershed
ischemia with the lenticulostriate and medullary arteries and perforating branch of
the insular cortex are important causes. In this context, prevention of not only
hypertensive small vessel disease but also chronic hypoperfusion is included in the
treatment strategy.
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4.8.2.4 Cortical Microinfarcts and Cognitive Decline

The involvement of cortical microinfarcts in cognitive impairment has recently been
attracting attention from clinical, imaging, and pathological aspects [110, 111].
Reportedly, microinfarcts microscopically observed in the cerebral cortex are
involved in cognitive decline. It has been reported that microinfarcts can be detected
by carefully observing FLAIR, and cortical microinfarcts can be more clearly visu-
alized using double inversion recovery (DIR) and 3-dimensional fluid attenuated
inversion recovery (3D-FLAIR) on 3-Tesla MRI [111]. Mechanisms by which
microinfarcts relate to dementia and cognition are currently unknown. Half of those
with microinfarcts did not have macroscopic infarcts; in addition, the microinfarct
effects were independent of other common pathologies. Association with cerebral
amyloid angiopathy and the possibility of artery-to-artery embolic infarcts are con-
sidered, for which it may be essential to clearly visualize cortical microinfarcts on
MRI and build up investigations of correspondences with clinical and pathological
findings and risk factors [110, 111]

Figure 4.32 shows a female patient in her 80s with progressive cognitive impair-
ment examined by MRI. Parietal lobe atrophy was clearly observed on T2-weighted
imaging (Fig. 4.32a). When the FLAIR image was closely observed, small high-
intensities were scattered in the cortex (Fig. 4.32a), and the presence of microcorti-
cal infarcts in this region was also pathologically confirmed (Fig. 4.32c), suggesting
that these modified dementia of this patient. No other degenerative disease, such as
Alzheimer’s disease, was confirmed in this patient.

Fig.4.32 80s female. Cortical microinfarct with progressive cognitive impairment. Parietal lobe
atrophy was clearly observed on T2-weighted imaging (a). When the FLAIR image was closely
observed, small high-intensities were scattered in the cortex (b), and the presence of microcortical
infarcts in this region was also pathologically confirmed (c), suggesting that these modified demen-
tia of this patient. No other degenerative disease, such as Alzheimer’s disease, was confirmed in
this patient
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Fig.4.33 CADASIL. 40s male with genetically proven CADASIL. He had a five-year history of
memory disturbance, personality change, and hypertension. Gradually, he was suffered from dete-
rioration of cognitive impairment and other symptoms including left-side hemiparesis. (a—c) Axial
FLAIR images reveal characteristic abnormal findings including multiple white matter hyperinten-
sities including anterior temporal pole (a: arrows), periventricular and deep white matter, and
frontal deep white matter hypointensities suggestive of chronic ischemic changes and small infarc-
tions. Courtesy of Dr. Keita Sakurai. A case of Medical College of Nagoya City University

4.8.2.5 Cerebral Autosomal Dominant Arteriopathy
with Subcortical Infarcts and Leukoencephalopathy

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoenceph-
alopathy (CADASIL) is a representative autosomal dominant inheritance cerebral
small vessel disease (responsible gene: NOTCH3). Lacuna infarction repeats without
a risk factor of cerebrovascular disorder from a young age, and cerebral white matter
lesions aggravate and lead to progressive dementia. On MRI, multiple lacuna infarcts
were detected on T2-weighted imaging, and diffuse high-intensities were observed in
the white matter on FLAIR. Lesions in the bilateral symmetric subcortical white mat-
ters in the temporal pole were characteristic to this patient (Fig. 4.33) [112]. Symmetric
high-intensity lesions in the external capsule were also characteristic, but these may
also be observed in Binswanger’s disease [113].

Relative diseases of CADASIL include autosomal recessive inheritance (respon-
sible gene: HTRA1) cerebral arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CARASIL). The disease concept has been established in Japan, and
many cases were reported from Japan. Clinically, it is accompanied by early-onset
baldness, spondylosis deformans, and progressive dementia, and the imaging find-
ings are similar to those of CADASIL.

4.8.2.6 Hypoperfusion

Cognitive decline may result from global brain ischemia, and this may be caused by
systemic circulatory disorders such as profound hypotension, obstruction of the
major arteries, and high-grade stenosis. Figure 4.34 shows a male patient in his 70s
with slowly progressive dementia. Atrophy progressed including the limbic system
on MRI over 6 years, and no degenerative dementia, such as Alzheimer’s disease,
was observed in its background pathology. Severe stenosis of the bilateral internal
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Fig.4.34 Hypoperfusion. (a) FLAIR transverse image at 72 years old. (b) After 6 years, progres-
sion of atrophy including the limbic system was distinct, and cognitive decline aggravated during
this period. (¢) On MRA, high-grade stenosis of the bilateral internal carotid arteries was detected.
(d, e) Pathologically, no degenerative dementia was detected, and only high-grade stenosis of the
bilateral internal carotid arteries was confirmed

carotid arteries was confirmed, showing that hypoperfusion was likely to be involved
in the progression of cognitive impairment and atrophy in this patient.

4.8.2.7 Hemorrhagic Dementia

Hemorrhagic lesions, including chronic subdural hematoma, sequelae of subarach-
noid hemorrhage, and cerebral hematoma may produce vascular dementia. Cerebral
amyloid angiopathy (CAA) is a common small vessel disease of the brain, character-
ized by the progressive deposition of amyloid-f (Ap) in the walls of small to medium
sized arteries (up to about 2 mm in diameter), arterioles and capillaries in the cerebral
cortex and overlying leptomeninges, preferentially affect occipital regions for unclear
reasons. In contrast with amyloid plaques found in Alzheimer’s disease (AD), which
are predominantly composed of the 42 amino acid residue fragment, the vascular
amyloid in CAA is mostly composed of the more soluble 40 amino acid fragment,
suggesting different pathophysiological mechanisms for pathological deposition
[114]. When symptomatic, intracerebral hemorrhage (ICH) in the elderly is the most
well-known manifestation of CAA (Fig. 4.35). In addition to typical acute cortical—
subcortical ICH, CAA leads to various types of vascular lesions including chronic
ICHs, microbleeds (MBs) (Figs. 4.36 and 4.37), subarachnoid hemorrhage (SAH),
superficial siderosis (SS) (Fig. 4.38), microinfarction, CAA-related leukoencepha-
lopathy [40, 115-117]. It is necessary for radiologists and clinicians to understand
the wide spectrum of CAA-related imaging findings [40]. A prospective study con-
ducted in Rotterdam showed that 5 or more microbleeds on T2*-weighted imaging
are involved in cognitive decline excluding memory [118].

In addition to hemorrhagic complications, a syndrome of perivascular inflam-
mation and leukoencephalopathy has been reported associated with CAA [119].
Pathologically, CAA-related inflammation reveals vascular amyloid deposition
accompanied by perivascular, intramural, and/or transmural inflammatory changes
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Fig.4.35 CAA-related subcortical hemorrhage. Fetal CAA-related ICH with associated massive
ventricular hemorrhage in a 92-year-old woman. (a) A CT scan revealed large left-sided parietal
subcortical ICH extending into the left lateral ventricle. (b) A huge subcortical and intraventricular
hematoma was identified on a macroscopic specimen at autopsy [117]

Fig.4.36 70s male. Pathologically proven CAA-related microbleeds. Pathologically proved sub-
cortical MBs with CAA. (a) An axial GRE T2*-weighted image showed multiple cortical-subcor-
tical hypointense foci suggestive of CAA-related microbleeds (arrows). (b) A histopathological
section of frontal lobe. Amyloid beta immunoreactive deposits were present in the leptomeningeal
and cortical vessel walls of the frontal lobe

[120]. The white matter lesion is characterized by large confluent asymmetric areas
of abnormal intensity extending to the subcortical white matter and occasionally
the overlying cortical gray matter (Fig. 4.39). Compared with CT, these lesions are
depicted more clearly on MRI, especially on the FLAIR sequence. These lesions
involved one or more cortical territories, distributed approximately equally across
the frontal, parietal, temporal, and occipital lobes without evident preferential later-
ality [121]. DWI and ADC maps can add further information suggestive of vasogenic
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Fig.4.37 80s F with
memory disturbance.
CAA-related microbleeds and
subcortical hemorrhage. 3D
T2* image showed multiple
microbleeds in the right
occipital lobe (arrows).
Subcortical hemorrhage was
also shown in the left frontal
lobe (arrowhead)

Fig.4.38 90s M. Pathologically proven CAA-related superficial siderosis. (a) 3D T2*-weighted
image demonstrated gyriform low signals along the left cerebral sulci. (b) Severe amyloid beta
immunoreactive deposits were present in the leptomeningeal and cortical vessel walls of the pari-
etal lobe (immunohistochemistry raised against monoclonal antibody AP 11-28) [117]

edema (Fig. 4.39). Because various pathologic conditions could manifest as multiple
white matter lesions, the essential step in the diagnosis of CAA-related inflammation
is the recognition of CAA. In other words, GRE (gradient echo) sequences including
susceptibility weighted image (SWI) and principles of echo shifting with a train of
observations (PRESTO) images which enable recognition of CAA-related MBs are
fundamental to diagnose CAA-related inflammation noninvasively.
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Fig.4.39 70s F. CAA-related inflammation. CAA-related inflammation, MBs, and microinfarc-
tions in a 70s female. (a) An axial DWI showed no obvious abnormal intensity. (b) Axial
T2-weighted image showed confluent asymmetric hyper-intense lesions, which involved left domi-
nant occipitoparietal cortices (arrow). Vasogenic edema was suggested. (¢) 3D T2*-weighted
image showed multiple MBs. (d—f) Seven months after a course of intravenous steroid therapy, an
improvement in the white matter lesions was identified on a T2-weighted image (e, arrow). MBs
in the left occipital regions decrease in number (f)

The apparent response of some patients to immunosuppressive/steroid therapy
suggests that this disorder represents a treatable form of CAA, highlighting the
importance of reaching this diagnosis in practice (Fig. 4.39).

VaD involves diverse pathologies, and making careful imaging diagnoses corre-
sponding to individual cases is important. With progress in MRI technology, mak-
ing visual diagnoses of cortical microinfarcts and diverse pathologies of the CAA
became possible. Clarification of the causes of the individual pathologies by accu-
mulating and analyzing imaging findings, clinical courses, and pathological find-
ings is needed.

4.9 Treatable and Reversible Dementias

There are many reversible cases of dementia, and many of them show a rapidly
progressing course for which a concept of rapidly progressive dementia has been
proposed. Neuroimaging including MRI is useful for differentiation of dementia



4 MRI Diagnosis in Other Dementias 81

which progresses in the acute to subacute phase and it plays an important role in
differentiation of treatable and reversible dementias. This report reviews diseases
for which MRI is useful for differentiation centering on treatable and reversible
dementias.

Firstly, diseases causing rapidly progressive dementia edited by Mori et al. based
on reports by Cummings et al. and Picchini et al. are shown in Table 4.5 [122-124].
(Vascular dementia is overviewed in 4.8.)

4.9.1 Infection

Central nervous system infections include those showing an acute course accompa-
nied by fever and those in which cognitive decline and psychological symptoms
slowly and progressively aggravate.

4.9.1.1 Sporadic Creutzfeldt-Jacob Disease (sCJD)
Creutzfeldt-Jacob disease was initially described as a disease group with neuro-
pathological characteristics by German neuropathologists, Creutzfeldt and Jacob, in
the early 1920s, and now, abnormal prion protein proposed by Prusiner of the USA
who was awarded the Nobel Prize in Physiology or Medicine is widely accepted as
its pathogen. Abnormal prion protein accumulates in the brain and impairs nerve
cells, causing degeneration and necrosis of nerve cells and inducing the disease. It
is classified into sporadic, hereditary, and infectious (bovine spongiform encepha-
lopathy (variant), iatrogenic, and kuru) cases accounting for 80, 10, and 10% of
cases, respectively.

sCJD is a prion disease characterized by spongiosis of the brain and abnor-
mal prion protein accumulation. The cause of its development is unclear, but it is
classified into six types (MM1, MM2, MV 1, MV2, VV1, and VV2) based on the
polymorphism of PrP gene codon 129 (methionine (M), valine (V)) and protease-
resistant Western blot pattern. MM1 and MV 1 cause rapidly progressive dementia,
and myoclonus and periodic synchronous discharge (PSD) on electroencephalog-
raphy are detected. There are characteristic imaging findings and these play an
important role in deciding on the diagnosis. Since myoclonus, which is a clinical
characteristic, occurs, control of body movement is often difficult in examinations,
but it is desirable to suspect this disease in an early phase and perform MRI at an
appropriate time-point. Diffusion-weighted imaging is the most useful for the early
phase (Fig. 4.40) [125, 126]. A high intensity is detected along the cortex, and
high-intensities are also detected in the thalamus and basal ganglia depending on
the stage (Fig. 4.41). Unlike lesions of cerebral infarction, abnormal intensities on
diffusion-weighted imaging protract for long time in Creutzfeldt-Jacob disease. In
addition to the significance of these findings, diffusion-weighted imaging can be
repeatedly performed without hesitation in patients with difficulty in controlling
body movement because it employs high-speed acquisition, and this is an important
advantage for course observation of this disease. On diffusion-weighted imaging,
high-intensities are detected in the cortex, basal ganglia, and thalamus in an early
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Table 4.5 Rapid progressive dementia [122—124]

VINDICATE!!!+P
*Vascular
Multiple cerebral infarctions
Strategic infarct
Microcortical infarct
Dural arterio-venous fistula
Dural thrombosis
Superficial siderosis
Carotid artery occlusion
*Infection
Creuzfeldt-Jacob disease
Viral infection
HIV encephalitis, AIDS, Herpes encephalitis
Limbic encephalitis, Japanese-B encephalitis
Progressive multifocal leukoencephalitis
Subacute sclerosing panencehpalitis
Brain abscess
Tuberculosis (Tb), fungi, toxoplasma, Parasites etc
Whipple disease
Mycotic meningitis (Cryptococcus, Candida, Aspergillus)
Tb meningitis
Lyme disease, neurosyphilis
*Neoplasm
Brain tumors (meningioma, glioma, malignant lymphoma)
Intravascular lymphomatosis
Cartinomatous meningitis
*Degeneratibe/metabolic
AD, DLB, PD with dementia, FTLD
Huntington disease
Senile tauopathy (PSP, CBD, GGT, Pick disease, NFTD, DG)
Multiple systemic atrophy (MSA), Adrenoleukodystrophy
Cerebral Amyloid Angiopathy
Neurodegeneration with brain iron accumulation: NBIA
*Pantothenate kinase-associated neurodegeneration*PKAN (Halllervorden-Spatz disease)
*Neuroferritinopathy
*Aceruloplasminemia etc
Hyperammonemic encephalopathy
Wilson disease
Uremia, Hemodialysis
Osmotic demyelination syndrome
Reversible posterior leukoencephalopathy syndrome (RPLS)
Hypoglycemic encephalopathy
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Table 4.5 (continued)

Hypoxic ischemic encephalopathy
Wernicke encephalopathy (Thiamine deficiency)
Subacute combined degeneration of the spinal cord (Vitamine B12 deficiency)
Marchiafava-Bignami disease
Hepatic encephalopathy
*Intoxication

* Drugs which directly act on the central nervous system: Antipsychotics, hypnotics, sedatives,
antianxiety drugs, antidepressants, antiepileptic drugs

* Anticholinergic action: Antiparkinsonian drugs, anticholinergic drugs for digestive diseases,
drugs for urologic diseases (therapeutic drugs for overactive bladder), antiasthmatic drugs

* Antihistaminic action: Antiallergic agents, H2 receptor antagonistic drugs for digestive
diseases

¢ Others: Adrenocortical steroid, sedatives (opioids, NSAIDs), drugs for circulatory diseases
(antihypertensive drugs, antiarrhythmic drugs, diuretics, digitalis), antitumor drugs,
antibiotics, antiviral agents

Chronic alcoholism
Heavy metals (mercury, lead, arsenic, thallium, manganese)

Poisonous and deleterious substances (trichloroethylene, toluene, carbon bisulfide, organic
phosphorus)

Intermittent carbon monoxide poisoning
*Autoimmune

Autoimmune-mediated encephalitis/encephalopathy (paraneoplastic syndrome inducing
limbic encephalitis/encephalopathy, anti-NMDA receptor encephalitis, anti-VGKC complex
antibody-associated encephalitis [anti-LGI1 antibody encephalitis/anti-Casper2 antibody
encephalitis])

Hashimoto encephalopathy (anti-NAE antibody limbic encephalitis)
1gG4-related diseases
Anti-phospholipid antibody syndrome
Systemic lupus erythematosus (SLE)
Neuro-Behcet disease
Sjogren syndrome
Rheumatoid arthritis
Vasculitis syndrome (aortic vasculitis syndrome, temporal arteritis, polyarteritis nodosa,
granulomatosis with polyangiitis, microscopic polyangiitis)
Primary angiitis of the central nervous system (PACNS)
Multiple sclerosis (MS)
Acute disseminated encephalomyelitis (ADEM)
Neurosarcoidosis
Cogan’s disease
*Trauma
Brain injury
Chronic subdural hematoma
*Endocrinopathy

(continued)
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Table 4.5 (continued)

Chronic hypoadrenocorticism (Addison’s disease)
Elderly-onset isolated ACTH deficiency
Panhypopituitarism
Hypothyroidism (myxedema)
Hyperthyroidism
Hypoparathyroidism
Hyperparathyroidism
Cushing’s disease/Cushing’s syndrome
*latrogenic
Excess electroconvulsive therapy
Drug administration
*1diopathic
Idiopathic Normal Pressure Hydrocphelus
Aqueductal stenosis
Epilepsy (convulsive, non-convulsive)
Physical disease (Respiratory failure, arrhythmia, severe anemia, polycytemia)
Sleep disorder (Sleep apnea syndrome)
*Inheritance
CADASIL, CARASIL, falimiar CJD, Gerstmann-Strafissler-Scheinker syndrome

Fig.4.40 80sF. CID (Type MM1). Her initial symptom was visual disturbance with rapidly pro-
gressive cognitive disorder. (a) Diffusion-weighted image (DWI) shows high intensity in the bilat-
eral occipital, temporal cortex (arrow). (b) Prion deposition in the cortex (brown color) is shown.
(c) In the visual cortex, spongy changes are shown which is compatible with high intensity on DWI

phase, and high-intensities also appear in these regions on T2-weighted imaging
and FLAIR. The abnormal intensity of the cortex may be localized, and lateral-
ity is clear in many cases [125, 127], whereas basal ganglia and thalamic lesions
are bilaterally observed in many cases. Whole-brain atrophy rapidly occurs fol-
lowing changes in the intensity, and cortical thinning becomes marked. Sporadic
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Fig. 4.41 70 M. CJD type MM1.Rapidly progressive dementia. (a) DWI shows high intensity
along the bilateral cortices (arrow). Symmetrical high intensity is also shown in the caudate
nucleus (arrowhead). (b) On FLAIR, faint high intensity is suspected in the caudate nuclei (arrow-
head). (¢) Spongy change is shown in the caudate nucleus

Creutzfeldt-Jacob disease was previously classified based on clinical symptoms and
localization of imaging findings, but currently it is classified based on abnormal
prion protein positivity. However, it may not necessarily be easy to diagnose it on
the first examination, and it should be mentioned that some cases develop with
visual disturbance [128]. Heidenhain-type Creutzfeldt-Jacob disease is known to
develop with visual disturbance, and an abnormal intensity is detected in the occipi-
tal lobe corresponding to the clinical symptoms.

In bovine spongiform encephalopathy-associated variant Creutzfeldt-Jacob dis-
ease, a high intensity in the pulvinar is typical (pulvinar sign) [129, 130]. Lesions
showing a high intensity on diffusion-weighted imaging to be differentiated include
hypoglycemic, post-convulsive, and hypoxic-ischemic encephalopathies.

4.9.1.2 HIV-Associated Neurocognitive Dysfunction/Disorders
Regarding rapidly progressive dementia in the young, it is important to firstly dif-
ferentiate HIV-associated neurocognitive dysfunction/disorders (HANDs) in addi-
tion to neuro-syphilis.

The term HANDs has been used to describe the spectrum of neurocognitive dys-
function/disorders associated with HIV infection. Despite entering the era of com-
bination antiretroviral therapy (CART), HANDs remains prevalent, however, less
severe forms of HANDs now predominate. Attention should be paid to that clinical
symptoms are modified by treatment course, and cognitive disorder may rapidly
aggravate at the time of turning to virus-negative and immune reconstitution
[131-134].

Knowledge of the neuroimaging findings associated with HANDs, as well as the
impact of the treatment on them, is important in treatment strategy.

As shown in Figs. 4.41 and 4.42 40s M HIV encephalopathy, atrophy is notice-
able compared with the age, and nonspecific pale high-intensities are observed in
the deep cerebral white matter on MRI T2-weighted imaging and FLAIR. U-fibers
are retained in many cases, and changes in the intensity are not noticeable on
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Fig.4.42 40s M. HIV encephalopathy. (a) Atrophy is noticeable compared with his age. Mild
hyperintensities are shown in the bilateral deep white matter before HAART therapy (arrow). (b)
After HAART therapy, hyperintensities in the white matter disappear on T2-weighted image.
(Courtesy of Prof. Terada H, Sakura Medical Center of Toho University). (From Jpn J Clin Radiol.
2008;53:743-760 (in Japanese) with permission)

T1-weighted imaging in many cases [133]. HIV encephalopathy does not result in
mass effect or enhancement. If either of these findings is present, another diagno-
sis must be considered [133]. Diffusion tensor imaging depicts abnormalities in
mean diffusivity and fractional anisotropy in the subcortical white mater, even
when the white mater appears normal on conventional T1- and T2-weighted
images [133, 135].

4.9.1.3 Neuro-Syphilis

Neuro-syphilis is a sexually transmitted disease caused by Treponema pallidum
infection of the central nervous system, and diverse imaging findings are observed
depending on the stage and pathology including meningeal vasculitis, gumma,
and encephalitis. A resurgence of this entity has seen among the HIV-infected
population.

On MRYI, diverse findings may be observed, such as contrast enhancement of the
meninx, chronic meningeal inflammation-induced hydrocephalus, granuloma for-
mation, abnormal contrast enhancement of the cranial nerves, contrast-enhancing
effect on the optic nerve, meninx-derived granuloma formation (gumma), and
vasculitis-associated angiostenosis. Regions in which vasculitis-induced cerebral
infarction frequently occurs include the basal ganglia (Nissle’s endarteritis of the
perforating branch) and middle cerebral arterial territory (Heubner’s endarteritis).
White matter lesions, such as those in the subcortex in the temporal lobe apex and
insular gyri, are frequently observed in neuro-syphilis [132, 136] (Fig. 4.43).
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Fig. 4.43 80s F. Neuro-syphilis. Her chief complaint is memory disturbance. (a) T2-weighted
image shows high intensity in the right dominant temporal white matter (arrow). (b) FLAIR image
shows high-intensity lesions in the right insular cortex (arrow), right temporal area (arrow)

4.9.1.4 Progressive Multifocal Leukoencephalopathy

Progressive multifocal leukoencephalopathy (PML) is a progressive demyelinating
disease caused by oligodendrocyte impairment by John Cunningham (JC) virus
reactivated by reduced immunity [137]. HIV infection is important as an underlying
disease, but malignant tumors, collagen disease, and post-organ transplantation also
increase the risk of PML [138]. It also develops during the monoclonal antibody
treatment course for multiple sclerosis. Patients with PML develop cognitive
decline, altered mental status. Without appropriate treatment, patients have a pro-
gressive downhill course, with death occurring within 1 year of PML in 90% of
cases [139].

Early diagnosis and treatment initiation lead to improvement of the vital progno-
sis and quality of life. Imaging findings vary among the stages, the main lesion is
localized in the subcortical white matter, and lesions are laterally asymmetric in
many cases. However, since oligodendrocytes are impaired, lesions may also be
present in the basal ganglia and thalamus in which oligodendrocytes are present. On
MR images, there are typically multifocal, asymmetric areas of T1 and T2
prolongation in the periventricular and subcortical white matter (Fig. 4.44). U-fiber
involvement is frequently seen. Mass effect and hemorrhage are unusual [140, 141].
Early and advanced lesions may be mixed in one lesion. Contrast enhancement is
normally not noticeable. In one study, 50% of the long-term survivors showed
enhancement of PML lesions of MRI [135]. Enhancement has been considered to be
related to the patient’s ability to mount an inflammatory response; however, in a
study of imaging-pathologic correlation, no correlation between enhancement of
MRI and inflammation seen in pathologic specimens [140]. Other report suggests
that the enhancement results from immune response to viral antigen [142].
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Fig. 4.44 Progressive multifocal leukoencephalopathy (PML). (a, b) Diffusion-weighted image
(DWI) and T2-weighted image (T2WI) shows hyperintensity multifocal lesions in the white matter
of both frontal lobes (arrow). (¢) FLAIR image shows diffuse hyperintensity in the left frontal
white matter, left basal ganglia devoid of marked swelling or mass effect (arrow)

Fig.4.45 70s M. Lymphomatosis cerebri (diffuse large B cell lymphoma). His chief complaint:
Easy to fall, headache. Gradually progressive cognitive decline. (a) Axial CT shows low density in
the left subcortical white matter. (b) FLAIR image shows diffuse high-intensity lesions in the
bilateral white matter and basal ganglia associated with left frontal swelling (arrow). (¢) No obvi-
ous enhancement is shown on post-contrast T1-weighted image (T1WI). (d) Tissue biopsy speci-
men (H & E stain) shows diffuse invasion of large B cell lymphoma. (From Jpn J Diagn Imaging.
2016;36:72-482 (in Japanese) with permission)

4,10 Other Forms of Dementia
4.10.1 Neoplasm

e A tumorous lesion with cognitive disorder is an initial symptom. It is necessary to
accurately diagnose slowly progressive meningioma, gliomatosis cerebri, intravas-
cular B cell lymphomatosis (IVLBL), and lymphomatosis cerebri. Lymphomatosis
cerebri is a rare variant of malignant lymphoma, in which clinically progressive
dementia and gait unsteadiness develop, and diffuse leukoencephalopathy without
contrast enhancement is observed on MRI (Fig. 4.45).

IVLBL is a variant of primary malignant lymphoma of the central nervous system,
and intravascular tumorous lymphocyte proliferation causes embolus symptoms.
Clinically diverse courses, such as subacutely progressive cognitive dysfunction,
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Fig.4.46 70s M. Intravascular B cell lymphoma. His chief complaint: Rapidly progressive cognitive
decline. (a) FLAIR image shows high-intensity lesions in the right thalamus and fornix (arrow).
(b) H & E stain. Microscopic specimen in the fornix shows lymphoma cells in the vascular lumen

disturbance of consciousness, and headaches, are observed, and the prognosis is poor
with rapid aggravation in many cases. An early diagnosis suspecting the disease is
needed. It has recently been reported that the Western form is characterized by central
nervous system infiltration and skin symptoms, and the Asian-variant with slight cen-
tral nervous system and skin symptoms developing into pancytopenia and hepato-
splenomegaly. Prostatic acid phosphatase (PAP) is expected to be a tumor marker
[143]. It can be diagnosed by bone marrow biopsy because bone marrow infiltration
is observed. On the other hand, the usefulness of random skin biopsy, which is simpler
than bone marrow biopsy, has been reported [144]. MRI findings are diverse, includ-
ing multiple variable infarction-like findings inconsistent with regions with arterial
supply, nonspecific diffuse white matter lesions (Figs. 4.45 and 4.46), mass-like
lesions, and meningeal enhancement. High intensity in the pons requiring differentia-
tion from osmotic myelinolysis, which may be observed on T2-weighted imaging/
FLAIR, is suggested to be due to venous congestion [145]. No contrast enhancement
is usually observed, but it may be detected when there is extravascular advancement
of tumor cells. Once proper diagnosis of IVL is determined by tissue biopsy, complete
remission can be achieved by chemotherapy using R-CHOP [146, 147]. Recognition
and careful interpretation of the findings on cerebral MR imaging may facilitate early
diagnosis and intervention, and improve the prognosis of IVLBL.

4.10.2 Metabolic

Metabolic encephalopathy exhibits characteristic imaging findings due to metabolic
abnormalities, and the imaging diagnosis is directly connected to the functional and
vital prognoses.



90 A.M. Tokumaru et al.

4.10.2.1 Wernicke Encephalopathy (Thiamine Deficiency)

Wernicke encephalopathy occurs due to thiamine deficiency. The causes include
chronic alcoholism, malignant tumor, long-term dialysis, long-term intravenous
nutrition, anorexia nervosa, hyperemesis gravidarum, stomach surgery, malnutrition
during a course of chemotherapy, and severe pancreatitis. On MRI, symmetric high-
intensities are observed in the thalamus along the 3rd ventricle, hypothalamus, and
region around the aqueduct of the midbrain on T2-weighted imaging and FLAIR
(Fig. 4.47). Clinically, it develops as encephalopathy with impaired orientation and
eye movement disorders because the eye movement center located at the medial
side of the thalamus is impaired. Early thiamine administration may improve clini-
cal and imaging findings (Fig. 4.48). In severe cases accompanied with mammillary
body atrophy and necrosis, Korsakoff’s syndrome accompanied by memory distur-
bance, retrograde amnesia, and allolalia develops.

4.10.2.2 Hypoglycemic Encephalopathy

Hypoglycemia can be induced by overuse of insulin or oral hypoglycemic agents,
insulinoma, or other conditions such as sepsis, renal, or hepatic failure. Hypoglycemia
can cause several neurological symptoms ranging from focal neurological deficits
to permanent dysfunction or death. The prognosis of neurological sequelae of hypo-
glycemic encephalopathy depends on the severity and duration of hypoglycemia.
Making an early accurate diagnosis and returning the blood glucose level to the
normal range are important to improve the outcome.

If hyper-intense lesions are detected in white matter, such as in the corpus cal-
losum, internal capsule, or corona radiata, and the hyper-intense lesions regress on
follow-up images, the patient will likely recover without neurological deficit.
Glucose replacement should be administered promptly, targeting euglycemia
(Fig. 4.49). However, if lesions are detected with extensive cortical involvement
(Fig. 4.50), the outcome will be poor [148—150]. Furthermore, frontal and parietal
cortical involvement was correlated with a worse outcome than only white matter

Fig.4.47 50s M with chronic alcoholism. Wernicke encephalopathy with Korsakoff’s syndrome. (a)
T2-weighted image (T2WI) shows symmetrical hyperintensity in the thalamus along the third ventri-
cle (arrow). (b) T1-weighted image shows symmetrical low intensity in the medial thalamus (arrow).
(¢) Post-contrast T1-weighted image shows enhanced lesions in the mammillary body (arrow) and
inferior colliculus (arrowhead). (From Toyoda K eds. Maruwakari toukeibu ryouikino gasoushindan
(in Japanese). Tokyo: Gakken Medical Shujunsha, 2015. p. 208-209 with permission)
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Fig.4.48 40s M with
thiamine deficiency.
Wernicke encephalopathy. On
emergency MRI, diffusion-
weighted image (DWI) shows
hyperintensity in the
quadrigeminal plate (arrow).
His clinical symptom
improved after early
parenteral thiamine therapy.
(From Toyoda K eds.
Maruwakari toukeibu
ryouikino gasoushindan (in
Japanese). Tokyo: Gakken
Medical Shujunsha, 2015.

p. 208-209 with permission)

DWI (b=1000)

DWI (b=1000) ADC map DWI (b=1000)
BS=33 BS=33 After glucose replacement

Fig.4.49 70s F with consciousness disturbance. Hypoglycemic encephalopathy. (a, b) Diffusion-
weighted image (DWI) shows symmertrical high intensity in the frontal white matter with low
intensity on apparent diffusion coefficient (ADC) (arrow). (¢) She recovered after prompt glucose
replacement clinically. DWI shows disappearance of abnormal high intensity in the frontal white
matter
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DWI (b=1000) FLAIR

Fig. 4.50 20s F. Hypoglycemic encephalopathy induced by overuse of insulin. (a) Diffusion-
weighted image (DWI) shows hyperintensity lesion in the bilateral cortices and hippocampus with
swelling of cortices. (b) 3 week after DWI. FLAIR coronal image shows hyperintensity in the
hippocampus with extensive cortical involvement

involvement, but with a better outcome than diffuse cortical involvement or basal
ganglia involvement [151].

4.10.3 Posticteric Encephalopathy, Epilepsy, Convulsion

The incidence of epilepsy, including symptomatic (structural/metabolic) epilepsy
[152], is high in children and the young, but an increase in initial epilepsy cases in
the elderly with progression of the aging society has become a hot topic [153]. It has
been reported that the prevalence is almost equivalent in all generations aged
65 years or older, but the incidence increases with aging [153]. Central nervous
system diseases developing with aging newly cause structural/metabolic
(symptomatic) epilepsy. As the treatment strategies are prepared based on the cause
of disease, it is necessary to recognize the differences that depend on the age at
imaging diagnosis.

The population is aging worldwide and the incidence of epilepsy rapidly rises at
70 years old or older. The frequent causes of disease are malformation of the
cerebral cortex, perinatal disorder, and tumors with a high complication rate in
children and the adolescent, whereas neurodegenerative diseases, such as
cerebrovascular disorder (30—40%), head injury, Alzheimer’s disease, and brain
tumors increase with aging. Amyloid angiopathy exhibits diverse imaging findings,
such as subcutaneous hemorrhage, subarachnoid hemorrhage, related inflammatory
pathology, and microhemorrhage, and these should be taken into consideration as a
cause of acute symptomatic seizures and symptomatic (structural/metabolic)
epilepsy in the elderly. Disturbance of consciousness, aphasia, paralysis, and
dementia may develop at the forefront and delay a diagnosis of epilepsy. The
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recurrence rate after the first seizure is higher than that in young patients. Moreover,
complications by acute myocardial infarction accompanying status epilepticus and
acute coronary insufficiency have been reported, requiring clinical attention
different from that for the young. In dementia with background epilepsy, the
cognitive disorder may be improved by appropriate treatment with antiepileptic
agents.

The first-line diagnostic imaging for epilepsy is MRI, but CT is superior in evalu-
ating calcified lesions. For tumors accompanied with calcification, vascular malfor-
mation, or tuberous sclerosis, CT is added.

Regarding the cause of symptomatic epilepsy, when no lesion can be detected by
CT, MRI is selected as the emergency examination requested by the emergency
department. Differentiation of encephalitis, encephalopathy, intoxication, and
encephalopathy after convulsion with background acute systemic disease is impor-
tant for survival and to prevent the transition to epilepsy.

Hippocampal sclerosis in the elderly was described in 1.4. In symptomatic epi-
lepsy cases, several causes of disease may be present. The presence of other causes
of hippocampal sclerosis is termed dual pathology of hippocampal sclerosis, and it
is necessary to note several pathologies, especially for complication by hippocam-
pal sclerosis. Status epilepticus may be accompanied by hippocampal swelling and
a high intensity on diffusion-weighted imaging, but this cannot be judged as hip-
pocampal sclerosis. However, progressed hippocampal atrophies and cognitive
decline develop during follow-up after convulsion in some cases. This is important
for follow-up of symptomatic epilepsy.

Encephalopathy after convulsion develops due to local vascular dilatation in the
brain accompanying the convulsive seizure, which increases cerebral blood flow,
but demands for oxygen and glucose exceed the increase in blood flow. This disease
represents brain injury caused by relative lack of oxygen and glucose. It is caused
by status epilepticus with convulsions persisting for one hour or longer, and 30 min
or longer in many cases of adults and infants, respectively, and its development
markedly influences quality of life and functional outcomes. Differentiation of
encephalopathy after convulsion from other pathologies causing convulsions, such
as limbic encephalitis, hypoglycemic encephalopathy, hypoxic-ischemic encepha-
lopathy, and Creutzfeldt Jakob disease, is often difficult.

Imaging findings include high-intensities accompanied by swelling of the
hippocampus, cerebellum, amygdala, thalamus, and cortex on T2-weighted
imaging and FLAIR (Fig. 4.51). The presence or absence of high intensity and
reduction of ADC in the acute phase on diffusion-weighted imaging are differ-
ent among cases. Inconsistency with the vascular territory is an important point
of differentiation from acute-phase cerebrovascular disorder. An increase in
blood flow may be detected by cerebral blood flow SPECT in the acute phase.
The presence of transient cases is known, but a high intensity can be detected by
T1-weighted imaging when cortical necrosis occurs (Fig. 4.51). The course and
pathology of pediatric status epilepticus-type encephalopathy are markedly dif-
ferent from those in adults. A biphasic pattern may be observed in both clinical
and imaging findings. MRI findings are diverse depending on the severity and
timing, such as that some cases are not accompanied by any cortical lesion, and
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Fig.4.51 70s F. Posticteric hypoxic encephalopathy. Status epilepticus. (a—c) Diffusion-weighted
image (DWI) shows high-intensity lesion in the left hippocampus, amygdala, thalamus, and cere-
bral cortex (arrow). (d—f) T1-weighted image (T1WI) shows high intensity in the left hippocam-
pus, thalamus, frontal and parietal cortices representing cortical necrosis (arrow). Hosoya T et al.
eds. Nou no MRI. (in Japanese). Tokyo: Medical Science International. p. 890 with permission)

DWI(b=1000) DWI(b=1000) FLAIR

Fig.4.52 70s female. Memory disturbance after convulsion. MR images acquired when status
epilepticus occurred. (a—¢) No extensive abnormality was detected in the cortex, and high-
intensities were detected in the right thalamus and hippocampus on diffusion-weighted imaging
and FLAIR. After sedation of convulsion, marked cognitive hypo-function, mainly memory
defects, was observed compared with before the onset

lesions are localized in the hippocampus in others [154] (Fig. 4.52). It is not rare
in the elderly for cognitive disorders to develop in the forefront, while convulsive
seizures cannot be clinically observed. Careful interpretation of MRI findings is
clinically useful.



4 MRI Diagnosis in Other Dementias 95

4.10.4 Intoxication

As shown in Table 4.5, there are diverse causes of intoxication-associated encepha-
lopathy such as taking medicine aiming at suicide, drug abuse, accidents, occupa-
tional exposure, and adverse drug reactions. It is easy to make a diagnosis when the
condition of the development can be accurately clarified, but accurate clarification
of the condition by an interview is difficult in many cases. Intoxication should be
included in differential diagnosis when consciousness is markedly disturbed and
cognitive disorder acutely aggravated in healthy young adults, in addition to cases
suspected as intoxication based on the condition at the onset time.

Only nonspecific leukoencephalopathy develops in many cases, and making a
diagnosis by MRI may be difficult, but specific MRI findings may be observed
depending on the causative substance of intoxication. It is important to make an
imaging diagnosis while judging the clinical condition and taking clinical informa-
tion into consideration.

4.10.4.1 Carbon Monoxide (CO) Intoxication

Carbon monoxide is a colorless, odorless gas produced as a by-product of combus-
tion. CO is the leading cause of poisoning injury and death worldwide. Once CO is
inhaled, it binds with hemoglobin to form carboxyhemoglobin (COHb) with an
affinity 250-times greater than oxygen, which causes reduced oxygen-carrying
capacity and decreased release of oxygen to tissues, leading to tissue hypoxia. The
initial symptoms of CO exposure when COHb is 15-30% are nonspecific and
include headache, dizziness, nausea, fatigue, and impaired manual dexterity.
Following resolution of acute symptoms, there may be a lucid interval of 2—40 days
before the development of delayed neurological sequelae with diffuse demyelin-
ation in the brain, accompanied by lethargy, behavior changes, forgetfulness, mem-
ory loss, and parkinsonian features.

On acute MRI, necrosis in the globus pallidus is most commonly observed.
Symmetrical hyper-intensity is observed in the globus pallidus on T2-weighted
imaging and FLAIR [155]. On the other hand, delayed neurological sequelae
develop in some cases in which clinical symptoms re-aggravate after the lucid inter-
val (Fig. 4.53). No abnormality or only mild findings on MRI are observed in the
early phase, but high-intensity white matter lesions expand with aggravation of neu-
rological manifestation on T2-weighted imaging and FLAIR, exhibiting diffuse
white matter lesions (Figs. 4.53 and 4.54). For CO intoxication cases, periodic fol-
low-up by MRI while paying attention to the course of neurological manifestation
is necessary after surviving the acute phase [155-157] (Figs. 4.53 and 4.54).

4.10.5 Autoimmune

Autoimmune encephalitis causes subacute deficits in memory and cognition, often
followed by a suppressed level of consciousness. Autoimmune limbic encephalitis
may occur as a paraneoplastic phenomenon associated with tumors or may occur in
the absence of a neoplasm [158—160]. It is roughly divided into two groups. One is
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Fig.4.53 30s F. The course of CO intoxication. (a) Symmetric high-intensities are observed in the
bilateral globus pallidus in the acute phase of CO intoxication on T2-weighted imaging (T2WI)
(arrow). A pale high intensity was suspected in the white matter, but it was not clear (arrowhead).
(b) When the consciousness level aggravated after 2 weeks, diffuse high-intensities were present
extensively in the bilateral white matter (arrow). (¢) One year later, severe atrophy occurred.
Severe cognitive dysfunction and Parkinson’s symptoms protracted. (From Aoki S et al. eds.
Yokuwakaru nou MRI 3rd ed. Tokyo: Gakken Medical Shujunsha. 2012. p. 544-545 with
permission)

Fig. 4.54 70s F. Chronic phase of CO intoxication. Three years had passed after the onset.
Cognitive dysfunction aggravated compared with before onset. (a) T2-weighted image (T2WI)
shows symmetrical high intensity in the bilateral globus pallidus (arrow). (b) T2WI shows diffuse
high intensity in the frontal lobe-dominant white matter (arrow). Atrophy clearly observed in
regions with severe white matter lesions

cases with poor prognosis, related to antibodies to intracellular antigens such as
anti-Hu, anti-CV2, anti-Ta, anti-Ma2, and anti-Yo [161]. The second group involves
auto-antibodies to extracellular epitopes of ion channels, receptors, and other asso-
ciated proteins such as the Anti-N-methyl-D-aspartate receptor (anti-NMDAR) and
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voltage-gated potassium channel complex (VGKC). The tumor associations are
variable, and the prognosis tends to be better. Autoimmune testing is extremely
important for the proper diagnosis of autoimmune encephalitis. It is important to
diagnose tumors associated with autoimmune encephalitis promptly for several
reasons. First, treating the relevant tumor is thought to be helpful for treating the
autoimmune encephalitis. Second, tumor therapy and therapy for the autoimmune
encephalitis may need to be given simultaneously. Third, steroid therapy, such as
rituximab or cyclophosphamide, may complicate tumor diagnosis, especially in the
case of tumors such as malignant lymphoma.

4.10.5.1 Anti-N-Methyl-D-Aspartate Receptor Encephalitis
Anti-N-methyl-D-aspartate receptor (Anti-NMDAR) encephalitis is a treatment-
responsive encephalitis associated with IgG antibodies against the GluN Isubunit of
the NMDAR [162-166]. The antibodies are detected in the CSF/serum of young
women with ovarian teratoma, who typically develop schizophrenia-like psychiatric
symptoms, usually preceded by fever, headache, or viral infection-like illness. After
reaching the peak of psychosis, most patients develop seizures followed by an unre-
sponsive/catatonic state, decreased level of consciousness, central hypoventilation
frequently requiring mechanical ventilation, orofacial-limb dyskinesias, and auto-
nomic symptoms [162—164]. The antibodies were initially found only in young
women with teratoma in the ovaries. However, recent studies demonstrate that this
disorder can occur even in the absence of teratoma, and even boys and adult men
have been affected [165].

MRI studies are often mild, transient, and nonspecific, preferentially seen in
T2-weighted imaging/FLAIR, usually involving cortical and subcortical regions of
the brain and hippocampus, but sometimes affect the basal ganglia (Fig. 4.55). Brain
MRI is usually unremarkable, but focal enhancement or medial temporal lobe
abnormalities may be observed. The CSF exhibits nonspecific changes. EEG often

FLAIR FLAIR

Fig.4.55 70s F. Anti-NMDAR encephalitis. (a) T2-weighted image (T2WI) shows no obvious
abnormality when consciousness disturbance and abnormal behavior occurred. (b) On MRI per-
formed when consciousness disturbance protracted 2 months after the onset, high intensity with
swelling is shown in the left hippocampus on FLAIR (arrow). (¢) One year after the onset. FLAIR
shows atrophic change of left hippocampus (arrow). Severe consciousness disturbance remitted,
but memory deficits protracted
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demonstrates diffuse delta slowing without paroxysmal discharges despite frequent
bouts of seizures. Although the symptoms are severe, only 35% of the patients have
abnormal brain MRI at disease onset, increasing to 50%, when the entire course of
the disease is considered [164, 166, 167]. Current studies indicate that patients with
anti-NMDAR encephalitis may develop demyelinating disorders as concurrent or
independent episodes. Testing for AQP4 and MOG antibodies often helps to
recognize these associations. When demyelination-like changes are observed on
MRI, it is necessary to consider the presence or absence of complex autoimmune
abnormalities [166].

Figure 4.55 shows anti-NMDAR encephalitis in a female in her 70s. No abnor-
mality was identified on MRI when disturbance of consciousness and abnormal
behavior occurred. On MRI performed when disturbance of consciousness pro-
tracted 2 months after the onset, high intensity and swelling was observed in the left
hippocampus on FLAIR. After approximately 1 year, the abnormal intensity in the
hippocampus disappeared, but atrophy progressed. Severe disturbance of con-
sciousness remitted, but memory deficits were clear and protracted. No pelvic tumor
was observed on abdominal CT.

4.10.5.2 Hashimoto Encephalopathy (Anti-NH2-Terminal
of a-Enolase (NAE) Limbic Encephalopathy)

Hashimoto encephalopathy (HE) is associated with autoimmune thyroiditis and is
considered to be an autoimmune disorder. HE manifests with a wide range of clini-
cal symptoms including behavioral changes, confusion, and cognitive impairment,
which sometimes mimics a prion disease [168—170]. HE may develop although the
thyroid function is normal. Measurement of thyroid antibodies and the specific
diagnostic marker, anti-NAE antibody, is useful for diagnosis. Most HE patients
respond well to steroid therapy [171, 172]. Clinical improvements are also observed
with IV immunoglobulin and plasmapheresis. Evidence of vasculitis was obtained
by biopsy in some reported cases, but vasculitis was absent in others, demonstrating
that the pathology of HE has not been clarified.

MR images are usually unremarkable, but diverse MR findings were also reported
(Fig. 4.56). Diffusion-weighted image (DWI) is able to detect small, active ischemic
lesions that are not detected by conventional MR imaging [171, 173, 174]. These
DWI changes are also seen in CNS vasculitis and improve with treatment. In addi-
tion, cerebellar and brain stem lesions, cerebellar atrophy, and nonspecific leukoen-
cephalopathy requiring differentiation from limbic encephalitis, tumors, granuloma,
and infections have been reported [175-178].

Although it is difficult to identify HE based on diverse MR findings, consider-
ation and recognition of HE are important for differential diagnosis of subacutely
progressing cognitive impairment because some cases are steroid-responsive.

4.10.5.3 Neuropsychiatric Lupus Erythematosus (NPSLE)

SLE is a chronic, relapsing-remitting systemic disease characterized by loss of
immune tolerance resulting in auto-antibody production with immune complex
deposition. Females are more predisposed, with a female to male ratio that ranges
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Fig.4.56 20s F. Hashimoto encephalopathy. (a, b) T2WI shows multiple high intensity in bilat-
eral frontal cortices (arrow). (Courtesy of Dr. Shiraga N. Department of Radiology, Toho
University). (From Jpn J Clin Radiol. 2005;50:480-490 (in Japanese) with permission)

from 7:1 to 15:1. Patients with NPSLE have worse outcomes with those with
systemic lupus erythematosus. NPSLE has been divided into cerebrovascular
disease, cognitive dysfunction, seizures and psychosis, and peripheral nervous
system disorders [179-182]. NPSLE should be considered as a potential differential
diagnosis for patients with seizures and cognitive decline.

The cause of the disease has not yet been established. Associations with anti-
nuclear antibodies, anti-DNA antibodies, anti-Ro, anti-La, anti-RNP, NMDAR, and
antiphospholipid antibodies have been reported, and defective apoptosis,
involvement of cytokines, T-cell receptor dysfunction, and leukocyte embolus
formed due to complement activation were described. It is considered that the
disease develops through the involvement of chromosome 1,1q23-24 and ultraviolet
light, crystalline silica, and EB virus infection as environmental factors in the
immunologic abnormality-associated diverse pathology in a complex manner [183,
184]. Regarding impairment of the central nervous system, impairment through
reactions of lupus antibodies with DNA and the N-methyl-D-aspartate (NMDA)
receptor has been reported.

NPSLE exhibits several types of brain lesions including global ischemic changes,
parenchymal edema, microhemorrhages, glial hyperplasia, diffuse neuronal/axonal
loss, resolved infarction, embolic microthrombi, blood vessel remodeling, acute
infarction, acute macrohemorrhages, and resolved intracranial hemorrhages.
Lesions due to perivascular inflammatory cell infiltration and vascular wall disorder
cause small infarction, small hemorrhage, and perivascular inflammation, as well as
subsequent thrombus formation. Lesions suggesting perivascular inflammation
observed in the white matter were macular lesions demonstrating a high intensity on
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T2-weighted imaging and FLAIR in many reports. Lesions occasionally exhibit
contrast enhancement, which may be accompanied by perivascular and meningeal
contrast enhancement, hinting at the pathology. Leukoencephalopathy, transverse
myelitis, and aseptic meningitis have also been reported [ 185—-191]. Antiphospholipid
syndrome (APS) is characterized by antiphospholipid antibodies (aPL). A high
incidence of thrombosis in complicated cases has been reported. In general, the size
of blood vessels impaired by SLE is the capillaries to small and medium blood
vessel levels, but large vessels may be occluded in antiphospholipid syndrome,
which should be noted [186, 191-196]. Cytotoxic or vasogenic edema is mixed
depending on the stage or activity of lesions. Application of diffusion tensor imaging
(DTI) and brain networks to make an early diagnosis of NPSLE, as well as to judge
the treatment course and prognosis has recently been reported, and advanced
neuroimaging is expected to play a role as an objective biomarker of structural and
metabolic abnormalities in the brain in patients with NPSLE who appear normal on
conventional MRI [197-200].

Figures 4.57, 4.58, 4.59, and 4.60 show diverse MRI findings of NPSLE, such as
hemorrhage and infarction, in cases complicated by APS, arterial stenosis, nonspe-
cific white matter lesions, and limbic encephalitis [201]. Figure 4.61 shows a female
SLE patient in her 50s with headache, vomiting, and treatment-resistant skin erup-
tions. Irregular-shaped lesions demonstrating a heterogeneous low intensity were
observed in the left thalamus on T2-weighted MRI. These were accompanied by
multinodular contrast enhancement on T1-weighted imaging, and the disease was
deep mycosis. The patient had been treated with steroids for SLE for a prolonged
period, suggesting opportunistic infection. Many cases had been through a long-
term course, which may require consideration of treatment modification.

NPSLE as well as CNS lesions of autoimmune disease, such as CNS sarcoidosis,
neuro Behcet’s disease, anti-neutrophil cytoplasmic antibodies (ANCA) related
angitis, [gG4 related disease, and primary angitis of the central nervous system
(PANCS), demonstrates diverse nonspecific findings, and strong statements have

FLAIR FLAIR

Fig.4.57 30s F with memory disturbance. NPSLE. (a) MRI was acquired when memory disturbance
occurred. FLAIR coronal image shows high-intensity lesions in the left lateral thalamus (arrow).
(b) Three weeks after steroid therapy, high signal intensity in the thalamus disappears
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Fig.4.58 30s F with SLE
accompanied by
antiphospholipid syndrome.
T2*-weighted image shows
multiple, heterogeneous low
intensity lesions in the right
frontal, temporal subcortical
region, left thalamus, basal
ganglia. (from Aoki S et al.
eds. Yokuwakaru nou MRI
3rd ed. Tokyo: Gakken
Medical Shujunsha. 2012.
p. 556557 with permission)

Fig. 4.59 30s F. NPSLE with staggering and diplopia as chief complaints. (a, b) T2-weighted
image (T2WI) shows pale high-intensities in the right pontine base and pontine tegmentum
(arrow). No obvious abnormality was identified within the range evaluable by MRA at this time-
point. (From Aoki S et al. eds. Yokuwakaru nou MRI 3rd ed. Tokyo: Gakken Medical Shujunsha.
2012. p. 556-557 with permission)
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Fig. 4.60 30s F with SLE accompanied by antiphospholipid syndrome. (a) T2-weighted image
(T2WI) shows several high-intensity lesions in the deep and subcortical white matter, and several
low intensity lesions representing multiple small infarcts and microbleeds. (b) In the frontal view
of left internal carotid arteriography, irregular walls were observed in the left middle cerebral
artery

Fig.4.61 A female SLE patient in her 50s with headache, vomiting, and treatment-resistant skin
eruptions. (a) T2-weighted image (T2WI) shows irregular-shaped lesions demonstrating a hetero-
geneous intensity in the left thalamus (arrow). (b) Post-contrast T1-weighted image shows multi-
nodular contrast enhancement and the disease is deep mycosis. The patient had been treated with
steroids for SLE for a prolonged period, suggesting opportunistic infection. Many cases had been
through a long-term course, which may require consideration of treatment modification. (From Jpn
J Clin Radiol. 2008;53:783—-796 (in Japanese) with permission)
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been made implying that neuroimaging is useless to diagnose SLE [202]. However,
the background pathological findings of SLE are also diverse, and the imaging
findings should faithfully reflect the diverse clinical pictures corresponding to the
examined stage and pathology of individual cases. Although it is difficult to visualize
involvement of different antibodies, such as APS, in the lesions in the brain by
micro examination by usual screening methods, objective description on what is
happening in the brain, i.e., the diverse and nonspecific findings, in each actual
clinical scene without hesitation is the advantage of imaging diagnosis. Studying
images and carefully analyzing the findings in each case may be important for rou-
tine medical practice.

Distinguishing oneself and others is required for life, and failure of this affects
the entire body. The role of imaging diagnosis is to objectively identify lesions
induced by this failure and suggest the cause of failure. Faithfully scrutinizing the
background of images may be useful for individually diagnosing and treating each
patient.

4.11 Other Forms of Dementia

[New pathology for which diffusion-weighted imaging lead to the diagnosis (New
Topics)]

4.11.1 Neuronal Intranuclear Hyaline Inclusion Disease

Neuronal intranuclear hyaline inclusion disease (NIHID) is a group of neurodegen-
erative disorders characterized by the presence of intranuclear inclusions in neuronal
cells and neuronal loss in several areas of the nervous system. Only 30 cases have
been reported over 35 years after it was initially reported pathologically in 1980,
making it a rare neurodegenerative disease [203—206]. However, many cases have
been reported since we reported that diffusion-weighted MRI may lead to the diag-
nosis of NIHID using autopsy-proven cases in 2011 [207]. Based on the reported
cases, three clinical subgroups of NIHID, infantile, juvenile, and adult, were pro-
posed [207]. NIHID is a pathological entity, usually diagnosed by post-mortem his-
tological examination. Sporadic and familial cases have been reported, but no genetic
abnormality has been identified. Recently, skin biopsy has been reported to be useful
for the antemortem diagnosis of NIHID because of nuclear inclusions in adipocytes,
fibroblasts, and sweat gland cells in cutaneous tissues [208-211].

Core symptoms in typical adult-form NIHID are memory loss, cognitive declines,
and disorientation. Autonomic and peripheral nerve disturbances are also com-
monly associated symptoms [208-211].

The following characteristic MRI findings may lead to the diagnosis of NIHID:
High intensity at the corticomedullary junction on diffusion-weighted imaging
(DWI) and leukoencephalopathy with high-intensity areas on T2WI and FLAIR
imaging (Fig. 4.62). The high-intensity lesions at the corticomedullary junction
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Fig. 4.62 60s F with neuronal intranuclear inclusion disease (NIHID). (a) Diffusion-weighted
image shows high-intensity lesions in the corticomedullary junctions. (b) T2-weighted image
shows diffuse high intensity in the subcortical, deep white matter. Brain atrophy is also noted

remain persistent on DWI [208, 211, 212]. Diffuse white mater lesions on T2WI/
FLAIR progress and protract. Brain atrophy may progresses with clinical
aggravation. Abnormal intensities may be observed in the cerebellum and brain
stem. When cortical lesions are produced, careful investigation is necessary as to
whether these are primary lesions due to NIID or combined with post-convulsive
encephalopathy, other encephalopathy, or encephalitis.

Fragile X-associated tremor/ataxia syndrome (FXTAS) is the most important find-
ing for differential diagnosis pathologically and for imaging diagnosis [213-215].

4.11.2 Hereditary Diffuse Leukoencephalopathy with Spheroids

Hereditary diffuse leukoencephalopathy with spheroids (HDLS) is one of the neu-
rodegenerative diseases with clinical manifestations including dementia,
Parkinsonism, seizures, and several other symptoms. Pathological features include
formation of axonal spheroids, loss of myelin sheaths, axonal destruction, and
gliosis. Recently, colony stimulating factorl receptor (CSF1R) has been identified
as a causative gene for HDLS [216-220].

Characteristic findings leading to the diagnosis of HDLS were observed on MRI
and CT. On MRI [210-212], cerebral atrophy and patchy white matter changes,
most pronounced in the frontal and frontoparietal area with extension through the
posterior limb of the internal capsule into the pyramidal tracts of the brainstem,
were observed (Fig. 4.63). On DWI, white matter lesions demonstrated a high
intensity and the abnormal intensities tend to protract (Fig. 4.63). Unlike NIHID,
white matter lesions are enhanced around the ventricle and deep white matter
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Fig.4.63 30s F. HDLS (Sequence analysis of CSFIR showed a novel missense mutation Exon
18, 11e794Thr). Her initial symptom is difficulty of writing and speaking. (a) Diffusion-weighted
image (DWI) shows multiple high-intensity lesions around the lateral ventricle (arrow). (b) FLAIR
image shows diffuse high intensity in the deep white matter with atrophy (arrow). (¢) Coronal
T2-weighted image shows high intensity extends to internal capsule (arrow). (Medical College of
Nagoya City University’s case. Courtesy of Dr. Sakurai K)

(Fig. 4.63). Fusion of white matter lesions progresses with disease progression, with
which thinning and atrophy of the corpus callosum progresses. On CT, micro
calcification of the white matter may occur, which is useful for differentiation of
unremarkable leukoencephalopathy.
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Toshiaki Taoka

Abstract

While there are huge number of reports in the gray matter changes in Alzheimer’s
disease (AD), there are also increasing number of reports on white matter
changes in the cases of AD due to the development of diffusion tensor methods.
This report summarizes the recent knowledge about white matter lesions in
Alzheimer’s disease.

Keywords
Dementia « White matter ¢ Alzheimer’s disease ® Diffusion tensor

5.1 Introduction

Pathological changes in Alzheimer’s disease include senile plaques, neurofibrillary
tangles, neuropil threads, dystrophic neurites containing hyperphosphorylated tau,
and loss of neurons, neuropil, and synaptic elements. Atrophy of the entorhinal
cortex occurs in the early stage and is followed by atrophy of the hippocampus,
amygdaloid body, and border areas of the temporal, occipital, and parietal lobes.
Many pathological studies have been conducted about the changes in gray matter in
the abovementioned regions. Magnetic resonance imaging (MRI) studies have also
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been performed to evaluate the atrophy in the cortex, particularly the parahippocam-
pal gyrus.

On the other hand, studies about changes in the white matter in dementia includ-
ing Alzheimer’s disease began later compared to studies of the gray matter. However,
with recent development and increased use of diffusion tensor methods, MRI of the
white matter changes in dementia patients is progressing. Because the gray matter
changes in Alzheimer’s disease have been studied intensely and are well described,
changes in white matter tend to be considered changes that are secondary to gray
matter changes. White matter fibers communicate with the gray matter of the mesial
temporal lobe, and Wallerian degeneration in Alzheimer’s disease causes collapse
of the neurons. However, whether white matter changes are truly only secondary
changes is unknown. In this chapter, the importance of evaluating the white matter
in dementia will be discussed.

5.2 Evaluation of the White Matter in Alzheimer’s Disease
Using Conventional MRI

Pathological changes in white matter reported in Alzheimer’s disease include the
breakdown of axons or myelin sheaths and gliosis [1, 2]. Progression of these
microstructural changes leads to a decrease in the white matter volume or changes
in the water content of the white matter, and these changes finally lead to the detect-
able signal changes on conventional MRI including T1- or T2-weighted images.

Several studies have been published on the changes in white matter in Alzheimer’s
disease observed with conventional MRI. In a study of 3D T1-weighted imaging, a
decrease in the white matter volume was reported in the lower parietal lobe and
rostral middle frontal gyrus as well as the parahippocampal gyrus and entorhinal
cortex [3]. Several large-scale studies are currently being performed to image
Alzheimer’s disease including US-ADNI (United States-Alzheimer’s Disease
Neuroimaging Initiative) and J-ADNI (Japan-Alzheimer’s Disease Neuroimaging
Initiative). In these studies, conventional MRI is being used to evaluate morphologi-
cal changes in the brain. These studies have shown that the volume of the area with
a high signal in the white matter on T2-weighted images can predict convalescence
transfer from normal to mild cognitive impairment (MCI). These findings have been
shown in several studies indicating that abnormal white matter signals on images
can be used in the prognosis of dementia.

5.3  Techniques for Analyzing Diffusion Tensor Images
5.3.1 Region of Interest (ROI) and Tract-Based Analysis
In contrast to analysis with the abovementioned conventional MRI, which reflects

macroscopic changes in the white matter, the diffusion tensor method reflects patho-
logical changes in the tissue microstructure such as collapse of myelin sheaths and
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axons. Diffusion tensor imaging is expected to provide information on histopatho-
logical changes in the white matter at an earlier stage than conventional images.

A report by Rose et al. in 2000 appears to be the first report to apply the diffusion
tensor method in Alzheimer’s disease [4]. The report showed that diffusion anisot-
ropy decreases in the ROIs that were placed in the splenium of the corpus callosum,
cingulum, and superior longitudinal fasciculus in cases of Alzheimer’s disease.
Another report used a manually placed ROI and showed decreased fractional
anisotropy (FA) and increased diffusivity in the corpus callosum and the white mat-
ter in each cerebral lobe [5].

Manual placing of ROIs for evaluation of white matter degeneration is a simple
method for measuring changes in anisotropy or diffusivity. However, this method
does not have sufficient anatomical selectivity and tends to suffer from bias among
observers and incorrect inclusion of unwanted white matter tracts. Tract-based anal-
ysis is a method in which selective measurement of the white matter tract can be
done. In this method, tractography of the selected white matter tract is set as a vol-
ume of interest, and anisotropy or diffusivity is measured in the volume. In
Alzheimer’s disease cases, Taoka et al. reported evaluation with tract-based analysis
of the uncinate fasciculus, which is a limbic system circuit (Fig. 5.1) [6]. In this
report, white matter tracts passing through the temporal stem were identified with
diffusion tensor tractography to measure anisotropy and diffusivity. In the
Alzheimer’s disease cases, decreased FA and increased diffusivity were observed in
the limbic system tract including the uncinated fascicles compared with control

= AD
Control

R L R L R L

Uncinate Inferior Meyer’s
Fascicles Occipitofrontal Loop

Fascicles *p<0.05 **:p<0.01

Fig. 5.1 Analysis using the tract-based method. Tractographies were drawn using diffusion-
weighted images (EPI imaging: TR/TE, 2300/122 ms; b = 1000 s/mm? 6-axis encoding).
Tractographies of the inferior occipitofrontal fasciculus (green), uncinate fasciculus (blue), and
Meyer’s loop (yellow) are shown ((a) view from the bottom, (b) view from the right). Comparison
of mean fractional anisotropy (FA) between patients with Alzheimer’s disease and controls is
shown (c¢). The patients with Alzheimer’s disease had significantly lower mean FA than the con-
trols on both sides of the uncinate fasciculus and on the left side of the inferior occipitofrontal
fasciculus
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cases, whereas the optic radiation as an internal control did not show a difference
compared to control cases (Fig. 5.1). This tract-based analysis required a shorter
computation time compared to voxel-based analysis (described below). Evaluation
of an individual case or an individual tract can also be easily performed using the
tract-based method. However, the tract-based method has several limitations includ-
ing interobserver variations, and this method cannot provide information in regions
other than the targeted white matter tract. In addition, the FA threshold in making
tractography influences the measured value of the anisotropy and diffusivity, and
thus, the evaluation must made with uniform conditions [7]. To eliminate the
interobserver variation, an automated tractography method (TRActs Constrained by
UnderLying Anatomy, (TRACULA)) was developed and published. This method
uses prior information on the anatomy of white matter pathways from a set of train-
ing subjects and does not constrain the exact spatial location or shape of the path-
ways but only their trajectory relative to the surrounding anatomical structures.
Thus, a set of healthy training subjects can be used to accurately reconstruct the
pathways in patients as well as in healthy controls [8].

5.3.2 Voxel-Based Analysis and Tract-Based Spatial Statistics
(TBSS) Analysis

Voxel-based morphometry is an analysis method using voxel-wise comparison of
the local brain structure between two groups of subjects using spatially normalized
high-resolution images from all subjects in the study in the same stereotactic space.
The voxel-based method is also applied to diffusion tensor data. Voxel-based analy-
sis of diffusion tensor data is one method for objective analysis of tensor images in
which the data for every voxel can be compared with the standard data after conver-
sion to the normalized brain while keeping the local diffusion tensor information.
Although this method prevents the variations among observers due to the automatic
analysis, the computational load is large, and a long time is needed for computation.
In addition, optimal analysis using standard registration algorithms has not been a
satisfactory solution to the problem of how to align FA images from multiple sub-
jects in a way that allows valid conclusions.

TBSS is an analysis method that aims to solve these problems using nonlinear
registration, followed by projection onto an alignment-invariant white matter tract
representation that is called the “mean FA skeleton” [9]. TBSS does not require a
hypothesis, and white matter tracts of the whole brain can be analyzed. This tech-
nique does not require spatial smoothing, utilizes smaller steps for the comparison
between voxels, has little computational complexity, and requires a relatively short
computational time (Fig. 5.2). However, care should be taken with interpretation of
the result because multiple fiber bundles can be reflected on a single FA skeleton.
Histogram analysis is another method for evaluating diffusion tensor data including
diffusivity and anisotropy [10]. Histogram analysis can be performed for the whole
brain or a partial area and can provide objective information about the distribution
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Fig.5.2 Analysis using tract-based spatial statistics (TBSS). Comparison of Alzheimer’s disease
cases (mild, moderate, severe) and controls using TBSS analysis. Areas with significantly
decreased FA levels (p < 0.001) compared with controls are shown in orange. Decreases in FA are
seen in the left temporal lobe and bilateral frontal lobe in mild cases (a). In moderate cases, the
corpus callosum and cingulate gyrus also show decreases in FA (b). In severe cases, an anisotropic
decrease is seen over a wide area (c¢)

profile of the diffusion tensor data. However, a problem with this approach is that
the detailed spatial information is lost.

The network-based approach or connectome study is a recently developed
analysis method for understanding the function of neural networks in the brain
[11]. Connectome studies include structural and functional connectivity, and dif-
fusion tensor studies can provide information about the structural connectivity of
all the measurable pathways in the brain. Connectivity is evaluated using graph
theory, i.e., the study of “graphs,” which are mathematical structures used to
model pairwise relationships between objects. Several metric methods can be
used to evaluate connectivity or topological properties of the network including
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the clustering coefficient, characteristic path length, k-core, or small-worldness.
Connectivity studies with diffusion tensor images can provide information on the
large-scale connection patterns within the brain and also on the division of the
human cortex into distinct areas based on a combination of structural and func-
tional data in the same individual.

5.3.3 Non-Gaussian Distribution Diffusion

The diffusion tensor method is based on the premise that diffusion shows a Gaussian
distribution. However, the Gaussian distribution is adapted to only free diffusion in
a fluid and is uniform and sufficiently large. Complicated wall structures exist in the
human body, and the Gaussian distribution model does not reflect the existence of a
large number of compartments and nerve tracts, particularly in the central nervous
system. Therefore, instead of a simple Gaussian distribution model, measurement
of the probability distribution of a detailed water molecule is necessary. One method
is g-space imaging (QSI) [12]. QSI is performed by measurement of a large amount
of diffusion encoding and can provide the probability density function of water
molecules. The shape of the probability density function curvature is characterized
by the mean displacement of water molecules and is calculated from the full width
at half height and probability for zero displacement, which is given by the height of
the profile at zero displacement (Fig. 5.3). Although QSI is theoretically superior to
conventional Gaussian distribution analysis, one limitation of QSI is the long acqui-
sition time due to the large sampling number. The concept of kurtosis is another
method to evaluate non-Gaussianity. Kurtosis is a quantity that reflects a gap
between the diffusion distribution of a water molecule in vivo and the Gaussian
distribution and can be calculated from datasets of relatively few diffusion encoding
elements compared to QSI. Thus, a rather short acquisition time is required for
kurtosis.

5.4 Reported Studies on White Matter Changes
in Alzheimer’s Disease Using Various Methods
for Analyzing Diffusion Tensor Data

Compared to the large number of imaging studies on gray matter changes in
Alzheimer’s disease, white matter changes have been explored less frequently with
imaging studies. However, several reports evaluating white matter with the diffusion
tensor method for dementia cases including Alzheimer’s disease have been pub-
lished. The following studies demonstrate the pathological changes detected with
the diffusion tensor method in dementia disorders. Studies using manually located
ROIs are still useful for evaluation of white matter changes in dementia cases. A
study examined the neuropsychiatric symptoms that occur with MCI and Alzheimer’s
dementia using manually located ROIs in the fornix, inferior cingulum, posterior
cingulum, anterior cingulum, splenium, and cerebral peduncles. FA of the anterior
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Fig. 5.3 Non-Gaussian diffusion analysis. Images obtained with QSI imaging are shown. In addi-
tion to diffusivity (a) and FA (b) images, which are the coefficients of the diffusion tensor data,
zero-displacement probability density (c¢), mean displacement (d), and mean kurtosis (e) images
are provided. Tract-based analysis of QSI for the limbic system including the uncinate and poste-
rior cingulum in cases with Alzheimer’s disease compared with controls is shown [34]. Mean
OMaxProb values (f) for the uncinate were 3.06% in the left and 3.18% in the right side in
Alzheimer’s disease cases. Mean O0MaxProb values for the posterior cingulum were 3.29% in the
left and 3.31% in the right side. These OMaxProb values were significantly (p < 0.001) smaller
compared to controls. Mean displacement values for the uncinate were 12.2 pm in the left and
11.8 pm in the right side in Alzheimer’s disease cases. Mean displacement values (g) for the pos-
terior cingulum were 11.6 pm in the left and 11.6 pm in the right side for the Alzheimer’s disease
cases. These mean displacement values were significantly different (p < 0.001) compared to the
controls except for the left posterior cingulum. Mean of meal apparent kurtosis coefficient (mAKC)
values (h) for the uncinate were 0.55 in the left and 0.58 in the right side in Alzheimer’s disease
cases. Mean mAKC values for the posterior cingulum were 0.61 in the left and 0.61 in the right
side. These mAKC values were significantly (p < 0.001) lower compared to the controls. NS not
significant

cingulum and fornix regions was most strongly associated with neuropsychiatric
symptoms, and low FA of the anterior cingulum was associated with increased odds
of irritability in participants with mild Alzheimer’s disease and MCI [13]. Tract-
based analysis is also used as an important tool in analysis of diffusion tensor data
in dementia. A multicenter study using automated tractography of the cingulate
bundle in Alzheimer’s disease was performed in nine centers comprising the
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“BEuropean DTI Study in Dementia Group” using different magnetic field (1.5 T and 3 T)
scanners and different sets of motion proving gradients. Although significant center
effects were observed, after adjustment for center and age, the Alzheimer’s disease
group showed significantly higher diffusivity and lower anisotropy compared with
the control group. Thus, diffusion tensor imaging indices of the cingulate bundle as
obtained with automated tractography may be useful as a biologically sustained sur-
rogate marker for diagnostic and monitoring purposes in multicenter Alzheimer’s
disease trials [14]. TBSS has been used in many diffusion tensor studies on demen-
tia. One report demonstrated that TBSS shows that decreases in diffusion anisotropy
in the inferior longitudinal fasciculus are more prominent than in the superior lon-
gitudinal fasciculus in Alzheimer’s disease cases [15]. Another study showed that
decreased diffusion anisotropy was seen only in the anterior temporal lobe in
Alzheimer’s disease compared with the age-matched normal control group [16].
Another report showed a limitation of TBSS. This study compared evaluation using
TBSS with atlas-based tractography in Alzheimer’s disease cases. Consistent results
were obtained for the two methods. However, their atlas-based tractography
approach but not TBSS detected a selective anisotropy change in the parietal corpus
callosum and left temporal and occipital regions in patients with amnestic MCI
compared to controls. This finding indicates that analysis including a higher number
of voxels and the tractography-based method may detect the characteristic pattern
of anisotropy in the corpus callosum of patients with preclinical Alzheimer’s dis-
ease when brain atrophy is still modest [17]. Thus, the study showed that skeleton-
izing diffusion tensor data with TBSS preprocessing may obscure subtle differences
in anisotropy.

The network-based approach for diffusion tensor data was also applied in demen-
tia cases. One study examined the relationship between measures of whole-brain
white matter connectivity and cognitive performance in patients with early
Alzheimer’s disease using a network-based approach. The study used diffusion ten-
sor imaging-based tractography to reconstruct the brain network of each individual,
followed by graph theoretical analyses. Overall network efficiency was assessed
with measures of local and global connectivity and demonstrated that the structural
brain network of patients had a reduced local efficiency compared to controls [18].

Recently developed connectivity studies have already been applied for evalua-
tion of Alzheimer’s disease using diffusion tensor images. One study analyzed ana-
tomical connectivity based on diffusion-weighted images from patients with
Alzheimer’s disease, MCI, and healthy elderly persons in whom whole-brain trac-
tography was performed. The data were analyzed based on orientation distribution
functions, and connectivity matrices were compiled showing the proportions of
detected fibers interconnecting 68 cortical regions. They found widespread network
disruptions, because connections are lost in Alzheimer’s disease. In Alzheimer’s
disease cases, the network nodal degree, normalized characteristic path length, and
efficiency were decreased, whereas the normalized small-worldness and normalized
clustering coefficient were increased [19].

Some studies have been performed using non-Gaussian diffusion MRI. Because
QSI requires a longer acquisition time, a diffusion kurtosis study seemed practical.
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One such study investigated changes in the brain tissue microstructure of cases with
MCI using diffusion kurtosis imaging [20]. They characterized and compared the
microstructure in selected brain regions in terms of diffusion kurtosis imaging-
derived metrics using analysis of covariance and found that mean and radial kurtoses
in the anterior corona radiata were the best individual discriminators of patients with
MCI from controls. Their results suggest that non-Gaussian diffusion MRI may be
beneficial for assessing microstructural tissue damage at an early stage of MCI and
may be useful in developing biomarkers for clinical staging of Alzheimer’s disease.

5.5 Early Changes in the White Matter in the Alzheimer’s
Disease Cases

The studies introduced above showed that white matter lesions do exist in
Alzheimer’s disease and can be detected with diffusion tensor methods. A compari-
son study of an Alzheimer’s disease high-risk (family history, APOE4 alleles) group
and low-risk group using the diffusion tensor method showed that although the
entorhinal cortex and hippocampal volumes were equivalent between the two
groups, the high-risk group showed decreased microstructural integrity in white
matter tracts with direct and secondary connections to the medial temporal lobe
[21]. The next question is whether pathological changes in the white matter in
Alzheimer’s disease are only a secondary change following cortical change. If so,
measurement of diffusion tensor data in the white matter is not important for evalu-
ating pathological changes in Alzheimer’s disease.

Several studies have shown that the white matter changes in Alzheimer’s disease
are independent of cortical changes. In a study on regional patterns of white matter
tissue changes in cases with Alzheimer’s disease using the diffusion tensor method,
alterations in diffusion properties were found in several regions in Alzheimer’s dis-
ease including the parahippocampal white matter, which has direct and secondary
connections to the medial temporal lobe. Diffusion tensor changes measured in the
parahippocampal white matter were independent of gray matter degeneration as
measured with hippocampal volume, demonstrating distinct zones of alterations
that may stem from differences in the underlying pathology and potential myelin-
specific pathology in the parahippocampal white matter [22]. A study in a healthy
aging group was performed using diffusion tensor imaging to determine if micro-
structural alterations are present in the parahippocampal white matter fibers in cog-
nitively healthy older individuals compared to young individuals. The
parahippocampal white matter volume, memory performance, and diffusion tensor
imaging indices of the parahippocampal white matter integrity were significant
indicators for differentiating the young and old participants. These findings suggest
that age-related alterations do occur in the parahippocampal white matter region
and may contribute to the normal decline in memory function seen in healthy aging
due to decreasing information flow to the hippocampus [23]. A pathological study
showed the disappearance of myelin sheaths, axons, and oligodendrocytes and reac-
tive gliosis in the white matter of Alzheimer’s disease. In addition, hyaline
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membrane degeneration of arterioles was seen. These pathological changes show a
distribution that is independent of the distribution of gray matter lesions [24].

Several reports have asked: Which came first, the cortex or the white matter? In
cases of MCI, even at a stage in which cortical atrophy is limited to the medial part
of the temporal lobe, white matter changes observed with diffusion tensor imaging
are not limited to the medial temporal lobe but are spread throughout a wide range
in the brain independent of cortical atrophy [25]. A pathological study compared
advanced cases of Alzheimer’s disease and cases before the onset of symptoms and
showed remarkable atrophy in the white matter even though cortical lesions are not
yet seen. The report stated that changes in the white matter are peculiar to
Alzheimer’s disease and include axonal disappearance before cortical changes. One
possibility is that white matter changes cause cortical changes [26].

The mechanism of white matter lesions at the molecular level has been examined
in Alzheimer’s disease. One study indicated that amyloid p is a direct cause of white
matter lesions. This group examined sections of the frontal lobe from autopsy-
confirmed cases of Alzheimer’s disease and assessed the relationship among degen-
erative large and small vessel disease, parenchymal amyloid p load, and several
objective measures of white matter damage including quantification of glial fibril-
lary acidic protein (GFAP), axonal accumulation of amyloid precursor protein, axon
density in superficial and deep white matter, and intensity of myelin staining. No
association was found between atherosclerosis or arteriolosclerosis and white mat-
ter damage. However, labeling of white matter for GFAP was strongly correlated
with the parenchymal amyloid p load and with amyloid precursor protein accumula-
tion. These findings suggest that the severity of frontal white matter damage in
Alzheimer’s disease is closely related to parenchymal amyloid p load and that in
most cases, the contribution of degenerative vascular disease is relatively minor
[27]. More specifically, amyloid  1-40 and amyloid f 25-35 have been reported to
cause cell death of oligodendrocytes in a dose-dependent manner [28]. An addi-
tional hypothesis has been proposed in which tau protein participates as an axonal
obstacle [29].

5.6 Diffusion Tensor Studies on Other Diseases That Cause
Dementia

The earliest study using the diffusion tensor method to examine a disease that causes
dementia appears to be on cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy in 1999 [30]. This study showed that even in
areas that do not show abnormal signals on T2-weighted diffusion tensor images,
elevation of the diffusivity and decreased FA is seen, suggesting possible injury to
neural cells or myelin structures.

Several studies have examined white matter changes in cases of frontotemporal
lobar degeneration using the diffusion tensor method. In a study of a semantic
dementia case, although diffusion tensor parameter changes were predominantly
seen on the ventral side of the left temporal lobe, uncinate fascicles in particular
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showed a large contribution to the changes observed with the diffusion tensor
method [31]. In a study on primary progressive aphasia, which is a clinical syn-
drome that encompasses three major phenotypes (nonfluent/agrammatic, semantic,
and logopenic), each variant showed different patterns of altered diffusion tensor
metrics [32]. These diffusion tensor studies indicated that nonfluent patients
showed the greatest changes in FA and radial and mean diffusivities, semantic vari-
ant patients had severe changes in all metrics, and logopenic patients had the least
white matter damage mainly involving diffusivity with FA altered only in the tem-
poroparietal component of the dorsal pathway. A study using diffusion tensor
imaging in an infectious disease that causes dementia has also been performed.
The study performed histogram analysis of the whole brain regarding cognitive
impairment in conjunction with human immunodeficiency virus, in which the peak
in the diffusion anisotropic histogram was reduced compared with a control [33].
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Arterial Spin Labeling in Dementia

Takashi Yoshiura

Abstract

Arterial spin labeling (ASL) is a type of MR perfusion imaging which utilizes
magnetically labeled arterial blood as an intrinsic tracer. Because ASL involves
no radioactive tracers or contrast administration, it is considered to be completely
noninvasive. Moreover, ASL theoretically allows for quantitative measurement
of regional cerebral blood flow (rCBF). However, ASL suffers from technical
limitations including low signal-to-noise ratio and high sensitivity to arterial
transit time inhomogeneity. A variety of ASL pulse sequences have been pro-
posed, which are categorized into pulsed ASL and continuous ASL sequences.
Maps of rCBF obtained with ASL are typically analyzed quantitatively, often
using image statistical methods. Typical ASL findings of Alzheimer’s disease
include hypoperfusion in the cortical areas of the posterior cingulate and precu-
neus as well as the temporoparietal association cortex. Several studies have
shown that ASL has high diagnostic performance in discriminating patients with
Alzheimer’s disease and healthy elderly subjects, although its clinical roles in
diagnosing dementia have not been established.
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6.1 Introduction

Since the 1980s, various techniques of MRI-based brain perfusion-weighted imag-
ing techniques have been proposed. Today, the most widely available is the dynamic
susceptibility contrast (DSC) technique, in which a bolus of paramagnetic contrast
agent is intravenously injected [1]. With a strong susceptibility effect from the para-
magnetic agent, this method provides a high contrast-to-noise ratio at both 1.5 T and
3 T, providing primarily regional blood volume. While the DSC method is very
popular in imaging of brain tumors and acute ischemia, its application in dementia
has been limited due to the necessity of contrast administration. Arterial spin label-
ing (ASL) is a type of MR perfusion imaging which involves no contrast adminis-
tration. Due to its noninvasiveness, it has been attracting much attention in dementia
imaging.

ASL was first proposed by Williams and Detre in 1992 [2, 3]. In ASL, magneti-
cally “labeled” arterial blood is used as an intrinsic tracer. Labeling of arterial blood
is achieved by inversion pulse, which inverts the magnetization of the spins in the
blood, at the upstream location. Images of the brain are obtained when the arterial
blood including the inverted spins flows in the brain tissue. These images are called
“labeled images,” since they include labeled arterial blood. During the same imag-
ing session, images without effective labeling, which are called “control images,”
are also obtained. Simple subtraction of the two images (control images—labeled
images) is used to cancel out the signals from the static brain tissues, thereby yield-
ing a perfusion-related signal from the labeled arterial blood (Fig. 6.1). The signal
intensity of the perfusion-related signal accounts for only a few percentage points of
the total signal intensity. To increase the ratio of the perfusion-related signal to the
noise, typically 30-50 sets of control and labeled scans are repeated, resulting in an
imaging time of 4-5 min. For some time, the problem of the low signal-to-noise
ratio hampered the clinical use of ASL. However, the recent spread of clinical 3 T
MR systems, which theoretically doubles the signal-to-noise ratio compared to
1.5 T systems, has made the clinical use of ASL feasible.

Labeling of arterial Acquisition of labeled  Acquisition of control Perfusion image
blood images images

Fig. 6.1 Schematic description of ASL perfusion imaging. Labeled images are obtained when
labeled arterial blood with inverted magnetization reaches the brain tissue in the imaging plane,
while control images are obtained without effective labeling of blood. Perfusion-related signals
can be obtained by subtracting the labeled images from the control images
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6.2 Quantification of Regional Cerebral Blood Flow

Theoretically, ASL enables us to quantify regional cerebral blood flow (rCBF) [4].
In this quantification, the length of time after labeling needs to be taken into account,
since inverted spins in the arterial blood will return to the steady state with a time
constant of T1, which is approximately 1.4 s at 1.5 T. After a post-labeling delay
much longer than the blood T1, the effect of inverted magnetization would be rap-
idly diminished. Higher magnetic field strength has advantages over conventional
field strength in ASL not only due to its improved intrinsic signal-to-noise ratio but
also its prolonged T1 of blood (approximately 1.6 s at 3 T), which in turn results in
more durable inverted arterial blood spins as an intrinsic tracer.

Figure 6.2 shows a typical rCBF maps obtained using ASL. Previous studies have
demonstrated that quantitative in vivo measurement of rCBF by ASL is feasible in
healthy subjects, based on a comparison of this approach with the gold standard
method of positron emission tomography (PET) using *O-labeled tracers [5, 6]. ASL
rCBF measurement is prone to failure in subjects with pathological conditions, espe-
cially those with steno-occlusive lesions of major cerebral arteries [7]. Major arterial
steno-occlusive lesions result in a delayed arrival of the labeled blood at the brain
tissue due to both lowered perfusion pressure and blood supply via collateral circula-
tion. The transit time for the labeled blood to reach the imaging plane is called the

A9 "|, ml/100g/min
60

Fig.6.2 rCBF maps of a healthy subject
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Fig. 6.3 Effect of ATT prolongation on ASL images. A patient with bilateral middle cerebral
artery occlusion on MR angiography (a) but without obvious infarction on a T2-weighted image
(b) underwent pulsed ASL imaging and 'O PET. PET (c) reveals preserved blood flow, presum-
ably due to collateral blood supply. In the ASL image (d), a complete deficit of blood flow is
observed in the bilateral middle cerebral artery territories, likely due to ATT prolongation. Spotty
hyperperfused areas (arrows) are seen in the periphery of the perfusion deficits, indicating labeled
blood in the arteries

arterial transit time (ATT). The prolonged ATT can profoundly affect the accuracy in
rCBF measurement. In ASL, the labeled arterial blood must reach the brain tissue
before a labeled image can be obtained. To meet this requirement, the labeled images
are obtained after a certain post-labeling delay. Since the post-labeling delay cannot
be much longer than the T1 of the arterial blood, the typical delay setting for clinical
3 T scanners ranges from 1.5 to 2 s. These post-labeling times are long enough for
healthy young individuals in whom ATT is relatively short. However, in patients with
steno-occlusive lesions in the major cerebral arteries, in whom ATT will be much
longer, a post-labeling delay of 1.5-2 s would be inadequate. Consequently, the
labeled images are scanned before the labeled blood reaches the brain tissue, which in
turn results in underestimation of rCBF. Under these conditions, the labeled blood
stays in the arterial vessels at the time of imaging. This labeled blood within the arter-
ies can create spotty areas of high blood flow in the final blood flow maps, and these
artifactual hyperperfused areas may coexist with the underestimated rCBF, com-
pletely degrading the rCBF mapping. Figure 6.3 shows a typical example. To mini-
mize the effect of residual intra-arterial-labeled blood, ASL pulse sequences are often
implemented with crusher gradients, which selectively attenuate signals from flowing
blood [8]. The normal range of ATT is known to be longer in the elderly population.
Since dementia is a geriatric disease, it should be noted that underestimation of rCBF
due to prolonged ATT can occur among healthy elderly individuals, especially in the
vascular border zones [9], where ATT is always longer than the other regions (Fig. 6.4).

In clinical imaging, ASL measurement can be deteriorated by several other fac-
tors. Patients with cognitive disorders often find it difficult to stay still during the
scan. As ASL rCBF measurement includes subtraction between the labeled and con-
trol images, the patients” head motion can seriously degrade the rCBF measurement.
Magnetic field inhomogeneity due to air-filled paranasal sinuses and mastoid air
cells, skull base bones, or implanted metallic devices may result in failure of ASL,
especially when echo planar imaging sequence is employed. A metallic stent in the
neck where labeling inversion pulses are applied can also cause problems.
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Fig.6.4 ATT map of a healthy
subject. Note that ATT is
prolonged in the bilateral
border zones (arrows)

The reproducibility of ASL rCBF measurement has been demonstrated using
healthy volunteers [10—12], but it has not been fully established in clinical
settings.

6.3  ASL Pulse Sequences

There are two distinct types of ASL pulse sequences, pulsed ASL (PASL) and
continuous ASL (CASL). In PASL, labeling of arterial blood is carried out in
short duration over a relatively thick labeling slab, whereas in CASL a continu-
ous labeling pulse is applied over a thinner labeling slab. Compared to CASL,
PCASL is easier to implement in clinical MR scanners. However, PASL sequences
generally suffer from lower SNR and higher sensitivity to ATT prolongation. To
mitigate the latter issue, sophisticated PASL sequences with multiple inversion
time sampling have been proposed [13, 14]. On the other hand, the longer label-
ing in CASL results in a larger number of labeled spins, thereby improving the
signal-to-noise ratio in TCBF measurement. Moreover, CASL has an advantage
over PCASL in terms of its lower sensitivity to ATT prolongation. However, due
to the longer labeling pulse, CASL tends to deposit higher amounts of energy,
often exceeding the regulatory limit on the specific absorption rate. This issue of
CASL has been solved by using a series of short labeling pulses in a scheme
called pseudo-continuous ASL or pulsed continuous ASL (PCASL) [15, 16].
PCASL has been combined with 2-D and 3-D acquisition and is fastly becoming
the standard ASL method [17].



134 T. Yoshiura

6.4  Analysis of ASL rCBF Maps

Imaging of rCBF during the resting state is known to be useful in diagnosing neu-
rodegenerative dementias such as Alzheimer’s disease. It is conceivable that rCBF
parallels the functional activity of the neural tissue. Thus a deficit in rCBF could
reflect a functional failure representing either a degeneration of local brain tissue or
its transneuronal effects in remote regions. The rCBF in dementia has been evalu-
ated using nuclear medicine techniques such as PET utilizing 'O-labeled water and
single-photon emission tomography (SPECT). In clinical practice, SPECT has been
the most widely available modality (see Chap. 11: Brain perfusion SPECT in
Alzheimer’s disease). Although SPECT is an established technique, ASL has sev-
eral key advantages over SPECT. Most importantly, ASL does not use radiation or
contrast administration and is completely noninvasive. In addition, ASL is superior
to SPECT in terms of spatial resolution. Finally, ASL can be easily incorporated
into a clinical MR imaging protocol, thereby allowing simultaneous morphological
evaluation. This could lead to improved cost-effectiveness.

With these theoretical strengths in mind, researchers have investigated the feasi-
bility of using ASL in the diagnosis of dementia, especially Alzheimer’s disease
[18, 19]. The rCBF maps obtained with ASL can be evaluated both qualitatively and
quantitatively. Quantitative evaluation is popular among the research community,
since it provides more objective information. In the past reports, ASL rCBF maps
have been analyzed with almost the same technique as used for SPECT rCBF maps.
The quantitative analysis of ASL rCBF maps may include statistical methods, such
as statistical parametric mapping (SPM). In these analyses, the rCBF map of each
individual patient is normalized according to a common template of a standard ana-
tomical space (a predefined “average brain”) so that the rCBF of different individu-
als can be compared on a voxel-by-voxel basis. Alternatively, mean rCBF values are
measured in anatomically labeled brain regions on each patient’s native rCBF map
using region-of-interest (ROI) templates defined in the standard space which are
subsequently warped according to the native space.

Since ASL theoretically allows for quantitative rCBF measurement, it is possible
that analysis of absolute rCBF maps is meaningful. However, rCBF values are often
normalized, especially for the diagnosis of dementia. Normalization of rtCBF could
effectively eliminate variations in absolute tCBF measurement, which may origi-
nate from both physiological variability of global CBF and scaling error in absolute
rCBF measurement. The normalization results are critically dependent on the choice
of reference region: the reference regions should be among those least affected by
the disease. In the past literature, localized reference regions such as the sensorimo-
tor (or motor) and calcarine cortices were used.

ASL has better spatial resolution than SPECT. Nevertheless, it is still not high
enough to clearly separate the white matter (WM), cortical gray matter (GM), and
surrounding cerebrospinal fluid (CSF), and thus a substantial partial volume effect
(PVE) in voxels involving the cortical GM is unavoidable. Many dementing dis-
eases are associated with cortical volume loss, which can result in a decreased GM
volume fraction in an imaging voxel. This in turn results in underestimation of the
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CBF of local GM. Correction for the PVE has been often implemented in the gen-
eration of rCBF maps in which corresponding high-resolution 3D anatomical MR
images, which can distinguish the three compartments, are coregistered to the rtCBF
maps and used as a reference [20].

6.5 ASL of Alzheimer’s Disease and Other Dementias

Previous nuclear medicine studies reported that the hypoperfusion related to
Alzheimer’s disease typically involves several brain regions, including the posterior
cingulate gyrus and precuneus, as well as the association cortex in the parietal and
temporal lobes [21, 22]. Perfusion abnormality on ASL is seen in essentially the
same brain regions as those on PET and SPECT [19, 20, 23-25] (Fig. 6.5), as shown
in a few previous studies that compared ASL hypoperfusion with results of PET
studies using the same subjects for validation [26-28].

The hippocampus is one of the brain regions that are affected by Alzheimer’s
disease in its early stage. Previous ASL studies have shown an unexpected increase
in PVE-corrected rCBF in the hippocampus of patients with early Alzheimer’s dis-
ease [29], which was attributed to the reorganization of local neuronal tissue,
although this finding is still controversial.

Several studies have evaluated the diagnostic performance of ASL in Alzheimer’s
disease [23, 24, 30, 31]. These studies have shown that ASL can discriminate
between patients with Alzheimer’s disease and age-matched healthy subjects with
relatively high accuracy, demonstrating the clinical feasibility of ASL as a tool for
screening. Nevertheless, the diagnostic value of ASL in dementia has not been
established. This is due not only to the small size of the patient populations in these
studies but also to the divergent methodologies: they used different magnetic field
strengths (1.5 T vs. 3 T), different ASL pulse sequences, and different methods of
image analysis. Future studies with consistent methodologies are needed.

Control

0 40 ml/100g/min
.

Fig. 6.5 Averaged ASL rCBF maps of healthy elderly subjects (n = 23) and patients with
Alzheimer’s disease (n = 20) (a). Note the rCBF reduction in patients, especially in the posterior
cingulate gyrus and precuneus. The SPM analysis (b) reveals significant tCBF reduction (p < 0.001,
uncorrected for multiple comparisons)
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Mild cognitive impairment (MCI) includes a prodromal stage of Alzheimer’s
disease. Discrimination of patients with MCI from healthy subjects using ASL
appears to be more challenging than detection of Alzheimer’s disease, since the
decrease in rCBF is more subtle [20, 25]. A previous study attempted to predict the
conversion from MCI into Alzheimer’s disease based on ASL findings and found
that hypoperfusion in several regions in the right cerebral hemisphere was predic-
tive of subsequent conversion [32].

ASL may also be useful for differential diagnosis of dementia. Alzheimer’s dis-
ease and frontotemporal lobar degeneration displayed distinct spatial patterns of
hypoperfusion on ASL rCBF maps [33, 34], suggesting that ASL is useful in distin-
guishing the two diseases.

As mentioned earlier, ASL can be obtained simultaneously with morphological
imaging in the clinical protocol for dementia. It has been hypothesized that the
combination of ASL rCBF measurement and morphological assessment would
increase the diagnostic accuracy for dementia compared to either approach used
singly. This hypothesis has been supported by a few studies [30, 35], although it is
still controversial. Thus the relative roles of ASL and MR morphological assess-
ment are subject to future research.

Conclusion

ASL is an emerging MR-based perfusion imaging technique which is most char-
acterized by its noninvasiveness and convenience. Previous studies have found
that it is a promising tool for diagnosing dementia, but further studies will be
needed to establish its clinical values.
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Proton Magnetic Resonance
Spectroscopy for Dementia

Akihiko Shiino

Abstract

Proton magnetic resonance spectroscopy (MRS) can be used to investigate
metabolite changes and shows potential for clinical study and diagnosis of
degenerative disorders such as mild cognitive impairment (MCI), Alzheimer’s
disease (AD), dementia with Lewy bodies (DLB), and frontotemporal dementia
(FTD). The common features of those degenerative disorders include a decrease
in the concentration of NAA or in the NAA/Cr ratio and increase in the concen-
tration of mlIns or in the mIns/Cr ratio. Moreover, these findings tend to be
regionally specific to the diseases, for example, to the hippocampus and the pos-
terior cingulate and precuneal cortices in cases of AD, to the occipital lobe in
cases of DLB, and to the frontal lobe in cases of FTD. Therefore MRS has poten-
tial clinical utility to differentiate those disorders. However, this approach may
not be thoroughly established due to the inherent difficulty of quantitative mea-
surement of metabolites, and therefore its utility is still limited to the local insti-
tutional level. In this section, we first briefly introduce the basic theory and
principal methodologies of MRS, which may be useful to cultivate a better
understanding of targeting for clinicians and neuroscientists, and then discuss the
clinical uses of MRS in dementia by reviewing the literature.

Keywords
Magnetic resonance spectroscopy ¢ Dementia * Alzheimer’s disease * Mild
cognitive impairment ¢ Chemical shift

A. Shiino

Division of Biomedical MR Science, Molecular Neuroscience Research Center, Shiga
University of Medical Science, Seta Tsukinowa-cyo, Otsu, Shiga 520-2192, Japan
e-mail: shiino@belle.shiga-med.ac.jp

© Springer Japan 2017 139
H. Matsuda et al. (eds.), Neuroimaging Diagnosis for Alzheimer’s Disease
and Other Dementias, DOI 10.1007/978-4-431-55133-1_7


mailto:shiino@belle.shiga-med.ac.jp

140 A. Shiino

7.1 Introduction

Magnetic resonance spectroscopy (MRS) allows noninvasive in vivo measurement
of certain metabolites, with a detection threshold of approximately 0.5-1.0 mM. In
1992, Klunk et al. [1] reported that magnitude of decrease of N-acetylaspartate
(NAA) correlated with the number of senile plaques and neurofibrillary tangles in
postmortem brain samples from Alzheimer’s disease (AD) patients. Soon after, the
first report on the use of in vivo MRS was published by Shiino et al. [2] showing that
the NAA to creatine + phosphocreatine (Cr) ratio was more than 30% lower in
demented patients. In addition to decreased NAA levels, Miller et al. reported ele-
vated myoinositol (mIns)-to-Cr ratios in AD patients [3]. At present, NAA is thought
to be a marker of neuronal integrity, and an increased level of mlns is thought to
indicate some glial response. The findings of decreased NAA and elevated mlns in
patients with AD or mild cognitive impairment (MCI) have largely been confirmed
in several studies, even in the early stage of the disease. The clinical use of MRS for
investigation of patients with cognitive impairment, however, may not be thor-
oughly established due to inherent difficulty in quantitative measurement of metab-
olites or multifarious settings of acquisition parameters including the sequence
used, voxel size and location, TR/TE setting, and post-processing methods. There
are no standardized referable values to which all results can be compared. Therefore
the power of MR spectroscopy is still limited to the local institutional level and
lacks evidence from large clinical trials. This chapter firstly introduces a brief basic
theory and principal methodologies of single-voxel proton MRS, which may be use-
ful to cultivate a better understanding of targeting for clinicians and neuroscientists,
and secondly this chapter discusses the clinical uses of MRS in dementia by review-
ing the literature.

7.2  Basic Principals of Magnetic Resonance Spectroscopy

MRS has been used to investigate brain neurochemistry. The basic physical princi-
ples of proton ('"H) MRS are the same as those of MR imaging and can be done with
conventional MR imaging machines. MRS is also applicable to other nuclei such as
carbon (**C) and phosphorus (*'P), as shown in Table 7.1. Since resonance frequency
(Larmor frequency, @) varies among nuclei, additional hardware is generally needed
for MRS of those nuclei.

The difference between MRS and MRI is that MRS detects the different chemical
components within tissues, whereas MRI shows the anatomical architecture. The
targeted nuclei have slightly different resonance frequencies due to interactions via
the electrons, which induce small magnetic field change y. around the nuclei
(Fig. 7.1). Because of these small local magnetic field differences, the resonance
frequencies of the nuclei will shift known as the “chemical shift.” The information
produced by MRS is displayed graphically as a spectrum with a chemical shift



7 Proton Magnetic Resonance Spectroscopy for Dementia 141

Table 7.1 Nuclei commonly used for MRS in vivo

Frequency Inherent Natural
Nucleus | Name Spin | (Bo=1.5T) sensitivity abundance (%)
'H Proton 172 163.87 1 99.99
Li Lithium 32 2481 0.272 92.58
BC Carbon 172 1 16.06 0.0159 1.11
F Fluorine 172 160.08 0.833 100.00
“Na Sodium 172 116.89 0.0925 100.00
3p Phosphorous 1/2 2585 0.0663 100.00
3C1 Chloride 32 16.26 0.0047 75.53
YK Potassium 3/2 1298 0.00051 93.08
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Fig. 7.1 Chemical shift and J-coupling. (a) Since electrons are negatively charged, the electron
cloud shielding a nucleus induces an opposing small magnetic moment g, to the applied field. As
a result, the nucleus experiences a slightly different magnetic field (B, — y.), which causes a slight
shift of resonance frequency: B = By(1 — p.). The oxygen atoms shift the electron density away
from the protons leading to reduced electronic shielding; therefore the resonance frequency of the
proton nucleus shifts higher. (b) The proton resonance is split into a doublet due to scalar coupling
with the carbon in which the energy level repeatedly switches between high- and low-spin state.
This effect is called spin-spin coupling or J-coupling

(horizontal) axis in parts per million (ppm) and a signal amplitude (vertical) axis
enabling identification of chemical components. Since each signal amplitude or area
is proportional to each particular metabolite concentration, one can measure relative
or absolute values of concentrations of chemicals.
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7.2.1 Chemical Shift

In practice, chemical shift is not expressed in absolute units (such as hertz). This is
because the value of chemical shift depends on the applied magnetic field strength;
that is, if the magnetic field B, is doubled, then the absolute value of the chemical
shift will be doubled. Therefore, the chemical shift is measured in relative terms as
follows:

Chemlcal Shlﬁ = (Bsample - Breference ) / BO = (a)sample - wreference ) / a)O

In proton MRS, tetramethylsilane (TMS), Si(CHs),, is traditionally used as
universal standard for chemical shift calibration. For example, if the obtained
value of the chemical shift between the main peak of N-acetylaspartate (—CHj;)
and TMS (wnaa — @1ys) is measured by 1.5 T scanner as 128 Hz, then the chemi-
cal shift will be presented as 128/64,000,000 Hz = 2 ppm. Here, the number of
64,000,000 (64 MHz) is the center resonance frequency (@,) of protons at
1.5 T. In case of the resonance frequency of the proton in water, the peak appears
at 4.7 ppm.

7.2.2 J-Coupling and Splitting Pattern

The actual local magnetic field encounters an indirect interaction of neighboring
magnetic nuclei (spin-spin splitting) causing perturbation of the electron distribu-
tion and splitting of NMR signals. This phenomenon, known as spin-spin cou-
pling or J-coupling, provides detailed information on identities of spin-possessing
nuclei in a molecule. J-coupling can occur between any species of nuclei with
spin, in homonuclear (e.g., 'H-'H) and heteronuclear (e.g., 'H-'*C) interactions
(Fig. 7.1). Peak splitting from J-coupling shows the same actual frequency values,
whatever the externally applied magnetic field strength, so its value is expressed
in “Hz” and not in “ppm.” When a species of nucleus is coupled to n equivalent
nuclei, its signal splits into an n + 1 multiplet, with component amplitude ratios
following Pascal’s triangle: singlet 1; doublet 1:1; triplet 1:2:1; quartet 1:3:3:1;
quintet 1:4:6:4:1; etc. Coupling with additional spin-possessing nuclei causes
additional splitting of each component of the multiplet, for example, producing a
doublet of doublets.

In lactate (CH;—CH(OH)-COOH), for example, the methyl groups (CH;) at
1.31 ppm interact with the methine groups (CH) at 4.10 ppm, and the methyl nucleus
signal is split into two equal peaks (a doublet) separated by 6.93 Hz. J-coupling also
causes phase evolutions that cause peak and baseline distortions that vary with echo
time and field strength [4]. This phenomenon is well known as the observation that
the lactate doublet has inverted doublet peaks for TE =~ 143 ms (Fig. 7.2). Since the
overlapping within individual metabolites and between other metabolites due to
J-coupling cancels each other by dephasing effect at longer echo times, metabolites
such as y-aminobutyric acid glutamate and glutamine are hard to measure using
long echo times (TE > 50 ms) with in vivo proton spectroscopy [4].
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Fig. 7.2 MR spectrum of lactate showing different phase modulations caused by J-evolution for
different echo times. The proton signal from the methyl group (CH,) is split into a doublet by the
proton of the methine group (CH). On the other hand, the proton signal from the methine group
(CH) is split into a quartet with a signal ratio of 1:3:3:1 by the three protons of the methyl group
(CHs). In coupled spin systems, the amplitude and phase of the resonance are modulated and suffer
large signal attenuation during T2 decay

7.3  Metabolites Seen by Proton MRS in the Brain

At high magnetic fields of 7 T and above, at least 18 metabolites can be identified
noninvasively by MRS [5, 6]. In clinical MR scanners at 1.5 T, the metabolites distin-
guishable in proton MRS are limited to several metabolites such as choline-containing
compounds, creatine + phosphocreatine, glutamine + glutamate, myoinositol, and N-
acetylaspartate + N-acetylaspartylglutamate (NAAG). y-Aminobutyric acid (GABA)
can be measured too by a spectral editing method like MEGA-PRESS in a clinical
MR machine at 3.0 T [7].

7.3.1 N-Acetylaspartate (NAA)

NAA is an amino acid present in the brain in high concentrations, second in amount
to glutamic acid. Interestingly, NAA is found only in the central and peripheral
nervous systems and is thought to reflect neuronal density and dysfunction. The
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NAA concentrations in the brains of mammals and birds are especially high (up to
10 mM), while in the brains of amphibians, reptiles, and invertebrates, it is much
lower [8, 9]. The NAA concentration in the peripheral nervous system and the retina
is about 10-20% that of the levels in the central nervous system [10-12]. NAA
shows a conspicuous singlet peak at 2.02 from the N-acetyl (CH3—CO-NH-) moi-
ety in vivo MRS and has attracted intense interesting from researchers, but little is
known about its metabolism and functions. Several functions have been suggested
to explain the presence and amount of NAA in the nervous system, including the
following:

1. NAA works as an osmoregulator/molecular water pump, removing metabolic
water from neurons [13].

2. Itis an immediate precursor for NAAG synthesis.

3. It shuttles acetate into oligodendrocytes for myelin synthesis.

4. Itis a storage and transport form of acetyl-coenzyme A (acetyl-CoA) in the ner-
vous system that lacks substantial glycogen reserves [14]. Acetyl-CoA cannot
cross cell membranes, so it must be converted to citrate in the Krebs cycle for
transport to the cytoplasm. NAA may function as an exportable molecule carry-
ing both acetate and aspartate.

NAA is synthesized from L-aspartate and acetyl-CoA by the enzyme aspartate
N-aspartate transferase (Asp-NAT) in an oxygen- and ADP-dependent manner. The
synthesis increased with age within the first few years of life, and plateaus from
age 2 to 20 years, depending on the brain region [15, 16]. In the adult brain, NAA
synthesis occurs almost only in neurons [17]. NAA synthesis is coupled to glucose
metabolism, and the metabolic relationships can be shown in the following equa-
tion [18, 19].

40Glc + 2400, = 240CO, +240H,0 +1440ATP +1NAA + 0.INAAG

The time required for NAA synthesis is comparable to that for the brain glycogen
synthesis from glucose in the awake rat [20], which takes about 10-14 h [21, 22],
and much slower than the synthesis of glutamate, around 1-2 h [23-25]. Furthermore,
the NAA synthesis rate in the human brain is in the same range as that found in rat
cortex [22]. Therefore, the estimated complete turnover of NAA from glucose is
thought to be very slow, taking approximately 70 h [21]. Asp-NAT has not been
identified molecularly due to the difficulty of purification, but a recent study indi-
cates that N-acetyltransferase 8-like protein (NAT8L) is a strong candidate for Asp-
NAT [14,26]. It has long been believed that NAA is synthesized within mitochondria,
but NATSL is localized to the membrane of endoplasmic reticulum [27]. Glutamate
acts as a substrate for NAT8L, with a 50 times lower affinity, and shows competitive
inhibition of the aspartate incorporation into NAA [26].

NAA is released to extracellular fluid space and taken up by glial cells via
sodium-dependent dicarboxylate (NaDC3) transporters [28]. In oligodendrocytes,
NAA is hydrolyzed by aspartoacylase (ASPA) to aspartate and acetate [ 18], and that
acetate is used in lipid synthesis [29] (Fig. 7.3). Deficiency of ASPA causes leuko-
dystrophy, which appears as spongy degeneration of the white matter that is known
as Canavan disease [30]. In this case, MRS shows a high concentration of NAA
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Fig.7.3 N-Acetylaspartate (NAA) and N-acetylaspartylglutamate (NAAG) metabolism and func-
tion of the brain. Aspartate (Asp) is synthesized in the mitochondria and exported by neuronal
AGC1 ARALAR. NAA is synthesized from acetyl-coenzyme A (Ac-CoA) and Asp by aspartate-
N-acetyltransferase (Asp-NAT), now thought to be a membrane-bound microsomal enzyme.
Ac-CoA arises from citrate (Cit) through ATP citrate lyase and is transported into cytoplasm from
mitochondria through the citrate carrier. The NAA transporter NaDC3 is primarily expressed in
astrocytes and oligodendrocytes and transports NAA into these cells in a Na*-coupled manner.
NAA carries Ac-CoA from neurons to oligodendrocytes for synthesis of myelin lipid.
Aspartoacylase (ASPA) cleaves NAA giving rise to acetate and Asp. NAAG is synthesized by
NAAG synthetase (NAAGS) in an ATP-dependent reaction. NAAG is released from presynaptic
terminals as a neurotransmitter. Released NAAG is degraded into NAA and glutamate extracellu-
larly by GCP-1I. NAAG also binds to mGIuR3 on presynaptic membranes and inhibits release of
neurotransmitters, including glutamate and GABA. NAAG activates mGluR3 on astrocytes, initi-
ating astrocyte Ca** waves responsible for astrocyte-astrocyte and astrocyte-vascular system sig-
naling and induction of vasodilation and consequent hyperemia in locally activated neurons
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which is fairly specific to this disease. Interestingly, there was one reported case of
NAA and NAAG deficiency in the brain, possibly due to lack of Asp-NAT [26], and
the patient suffered lack of expressive speech, truncal ataxia, seizures, mental retar-
dation, and microcephaly [31-33].

7.3.2 N-Acetylaspartylglutamate (NAAG)

NAAG is the most abundant dipeptide of the brain and is synthesized by NAAG
synthetase catalyzing the ATP-dependent condensation of NAA and glutamate [34].
Absolute measurement of NAAG has shown that its concentrations in the brain are
approximately 0.6—1.5 mM in gray matter and 1.5-2.7 mM in white matter. NAAG
is released together with glutamate during neuronal depolarization. NAAG activates
metabotropic glutamate receptor mGIuR3 [35], localized on presynaptic site of neu-
ron terminal and on astrocyte. The presynaptic mGluR3 receptors inhibit release of
neurotransmitters, including glutamate and GABA [36—40]. NAAG also acts on
NMDAR as a partial antagonist. These negative modulatory effects of NAAG must
be important in synaptic plasticity and also in neuronal protection against excessive
glutamate release. NAAG activates mGluR3 on astrocytes, initiating astrocyte Ca**
waves responsible for astrocyte-astrocyte and astrocyte-vascular system signaling
and induction of vasodilation and consequent hyperemia in locally activated neu-
rons [19]. As NAAG is a signal molecule specifically targeting the astrocytic
mGluR3 receptor, its triggering of brain-activation-related focal BOLD response is
thought to be stronger than that of glutamate [41] (Fig. 7.3).

NAAG is hydrolyzed into NAA and glutamate by glutamate carboxypeptidase
type II (GCP-II) which is also known as prostate-specific membrane antigen (PSMA)
or folate hydrolase 1 (FOLH1), and the products are transported into astrocytes and
oligodendrocytes. GCP-II inhibitors have been shown to reduce brain glutamate
resulting in neuronal protection in preclinical models of stroke, amyotrophic lateral
sclerosis, and neuropathic pain [42].

7.3.3 Creatine and Phosphocreatine (Cr)

Creatine and phosphocreatine (PCr) are abundant in metabolically active tissues
such as the muscle, heart, and brain. PCr anaerobically donates a phosphate group
to ADP to form ATP via creatine kinase during the first few seconds following an
intense muscular or neuronal effort, by the well-known pathway as follows:

PCr + ADP = ATP + Creatine

Creatine kinase is highly concentrated in the cerebellum, choroid plexus, and
hippocampal granular and pyramidal cells [43]. In postmortem examination, brain-
type creatine kinase levels were found to be decreased in the patients with AD,
especially in the temporal, cingulate, and occipital cortices [44]. Creatine is biosyn-
thesized endogenously by two sequential steps. The first step is guanidinoacetate
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synthesis from arginine by L-arginine/glycine amidinotransferase (AGAT) expressed
mostly in the kidneys, and the second step is creatine synthesis from guanidinoac-
etate by guanidinoacetate methyltransferase (GAMT), expressed mostly in the liver.
Creatine is imported through the blood-brain barrier by a specific transporter,
SLC6AS, also called creatine transporter (CRT), expressed in the microcapillary
endothelial cells. CRT is widely expressed in the adult mammalian brain, particu-
larly in regions related to limbic functions [45—47]. In general, half of creatine
stores originate from endogenous synthesis, while the other half is supplied from
food. However in the brain, CRT is scarce in astrocytes, particularly in their feet
lining microcapillary endothelial cells [48]. Thus the transport of creatine from
blood to brain seems to be relatively insufficient [49, 50], and the brain depends
more on its own creatine synthesis through AGAT and GAMT expression than on
external supply from blood [51, 52]. Both AGAT and GAMT are found in all types
of brain cells but rarely together in any one cell [48, 53-55], so guanidinoacetate
must be moving from cells holding AGAT to cells holding GAMT [52]. However,
guanidinoacetate is not transported without CRT, so in case of CRT deficiency, even
with AGAT and GAMT expression in the CNS, MRS finds little or no Cr (creatine
and PCr) in the brain [56]. GAMT is expressed strongly in oligodendrocytes, mod-
erately in astrocytes, and very weakly in neurons [55], suggesting that the final step
of creatine synthesis in the brain predominates in glial cells.

In proton MRS, the singlet peaks at 3.07 and 3.96 ppm arise from the methyl and
methylene protons of creatine and PCr, respectively. The resonances of creatine and
PCr are very close, but the methylene resonance of creatine at 3.931 ppm and PCr
at 3.930 ppm can be separated into two components at magnetic fields of 7.0 T and
higher. Total creatine (Cr) level seems to be fairly stable with time unless there is
some severe disease, which is why Cr is usually reliable as an internal standard.
However, the Cr signal may increase or decrease in disease.

7.3.4 Choline-Containing Compounds (Cho)

There are several types of phospholipids, including phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), sphingomyelin, phos-
phatidylinositol, and cardiolipin. Of these, only PS carries a net negative charge.
Newly synthesized lipids are incorporated into the plasma membrane, where PC
ends up mainly on the external surface, whereas the aminophospholipids, PS and
PE, end up mostly on the cytoplasmic [57]. In most eukaryotic membranes, PC
and PE make up some 60-85% of the phospholipid fraction, but the relative
amounts of other phospholipids vary between species and between cell types [58].
The major pathway of biosynthesis of PC and PE is the cytidine diphosphate
(CDP)-choline and CDP-ethanolamine pathway, known as the “Kennedy” path-
way (Fig. 7.4). PE is converted to PC by phosphatidylethanolamine
N-methyltransferase (PEMT), which occurs mostly in the liver in mammals.
Phospholipids are hydrolyzed by phospholipases. PC is catabolized into lyso-PC
by phospholipase A or into glycerophosphocholine (GPC) by phospholipase
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Fig. 7.4 Pathways of glycerophospholipid biosynthesis and catabolism. The glycerophospholipid
is synthesized by three enzymatic steps. First, choline kinase (CK) catalyzes the phosphorylation
of choline with ATP to form phosphocholine. The second step is the synthesis of high-energy
donor CDP-choline, which is rate-limiting of the pathway. This step is catabolized by the phospho-
choline cytidylyltransferase (CCT) to synthesize CDP-choline from phosphocholine and CTP. The
final step is the synthesis of phosphatidylcholine, which is catabolized by the cholinephosphotrans-
ferase (CPT) using CDP-choline and a lipid anchor such as diacylglycerol (DAG) or alkyl-
acylglycerol (AAG) to form phosphatidylcholine [172]. The synthesis of water-soluble
glycerophosphocholine (GPC) could involve sequential activity of a phospholipase A (PLA) and a
lysophospholipase (LPL) or, alternatively, activity of a single phospholipase B (PLB). GPC is then
degraded by hydrolysis to glycerol-3-phosphate (G3P) and choline, catalyzed by phospholipase D
(PLD). The synthesis and catabolism of phosphatidylethanolamine is similar to the process of
phosphatidylcholine. The MRS-visible choline-containing compounds (*) usually present in cyto-
sol as choline, phosphocholine, and GPC. GPC is produced by cell membrane breakdown, but
phosphocholine is produced both in catabolic and anabolic process. EK ethanolamine kinase, ECT
phosphoethanolamine cytidylyltransferase, EPT ethanolaminephosphotransferase, PEMT phos-
phatidylethanolamine N-methyltransferase

B. Lyso-PC is rapidly converted to GPC by lysophospholipase (LPL). GPC is then
catalyzed into free choline and glycerol-3-phosphate (G3P) by choline phospho-
diesterase or phospholipase D (PLD) (Fig. 7.4).
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Most of the choline in the brain is located in cell membranes, bound as phospho-
lipids, and this immobile choline is invisible by MRS. Therefore, the Cho peak of
MRS reflects water-soluble forms of choline such as phosphorylcholine and
GPC. The contribution of free choline seems to be very little because its concentra-
tion is usually under detection limit of MRS. The concentration of the total amount
of these MRS-visible choline-containing compounds in human brain tissue is
approximately 1-2 mM [59-61]. Choline, phosphorylcholine, and GPC show a
strong singlet resonance at 3.22 ppm from protons of trimethyl moieties (-N(CHs;);)
at 3.2 ppm, whereby small differences can be observed between 3.5 and 4.3 ppm in
multiplet resonances from the remaining CH, protons. The concentration of PE in
human brain is approximately 0.5-1.0 mN [62], and it can be detected by MRS, as
it shows multiplet resonances around 3.1-3.2 and 3.8—4.0 ppm. Possible overlap of
resonances from ethanolamine, mlns, glucose, and taurine should be taken into
account when using short echo MRS.

The Cho peak is considered as a marker of cellular density and membrane turn-
over. Elevated Cho signals have been found in tumors, in active demyelination sites,
and in inflammation. There is a report that the Cho peak is increased in AD, and in
patients with amnestic type MCI (aMCI) who progress to AD, but decreased in
patients with aMCI who remain stable [63]. It has also been shown that a higher
Cho/Cr ratio in the white matter is associated with an increased risk of developing
AD within 4 years [64]. It is reported that soluble A oligomers can open cell chan-
nels, letting calcium ions into the cell leading to mitochondrial dysfunction, inflam-
mation, and even cell death [65, 66]. Low concentrations of soluble AB,_4, or AP 4
peptide induce calcium-dependent release of arachidonic acid via inducing PLA,
activation in a calcium-independent manner [67].

7.3.5 Myoinositol (mins)

Myoinositol is a major osmolyte released from brain cells, mainly from astrocytes,
and also serves as the precursor to phosphatidylinositols. Phosphatidylinositol
4,5-bisphosphate (PIP,) is the source of the inositol 1,4,5-triphosphate (IP;), which is
a second messenger in signal transduction and lipid signaling. Inositol is a cyclic
sugar alcohol consisting of six-carbon rings with six NMR detectable protons and
exists in nine possible stereoisomers, of which mlns is the most abundant in human
tissue, representing about 90% of total inositol content. The concentration in the brain
is normally 4-8 mM, sufficient for MRS sensitivity. NMR of mIns shows a doublet of
doublets centered at 3.52 ppm from 'CH and *CH protons and a triplet at 3.61 ppm
from *“CH and °CH protons. In practice, these proton peaks are seen as a singlet at
about 3.57 ppm at 1.5 T. The proton resonances from *CH and °CH partially overlap
with the glutamate and glutamine multiplet peaks. Since the T2 relaxation time of the
4CH and °CH protons is short due to their strong coupling, mIns can only be detected
at short echo times. The second most concentrated isomer is scyllo-inositol (0.2 mM),
which possesses six symmetric protons and evokes a singlet at 3.34 ppm.
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Myoinositol is obtained from food and by de novo synthesis. Synthesis and
breakdown occur predominantly in the kidneys, so both neurons and glia need to
take it in via transporters, sodium/myoinositol cotransporter SMIT1 and SMIT2 and
H+/myoinositol cotransporter HMIT. SMIT is expressed in the kidneys and in the
brain [68, 69] and is found in both neural and non-neural cells [70]. It is well known
that the upregulation of SMIT1 and SMIT2 occurs under hyperosmotic conditions
[71-75], whereas no such osmoregulatory function has been reported for HMIT in
mammals. SMIT activity is increased by extracellular alkalization, although under
physiological conditions, this effect is small. HMIT is activated by extracellular
acidification and is close to inactive at pH 7.5 or higher [76]. Since the activity of
HMIT is regulated by pH, mIns uptake may induced at any site of low extracellular
pH caused by synapse activation or activated glial cells around the synapse [76].
However, the buffering system in the brain is very complicated, and little is known
about HMIT. There are many conflicting findings on HMIT, for example, that it is
predominately expressed in astrocytes [76] or specifically in neurons [77] and is
localized on cell surfaces [78] or in intra-cytosolic membranes [77, 79, 80] and
regulating intracellular signaling.

There are several clinical reports of decreased or increased mlns levels of the
brain when measured by MRS. It is known that neurodegenerative disorders such as
AD, Huntington’s disease [81], and spinocerebellar ataxia [82] show increased level
of mlns in the affected brain areas. People with Down syndrome show significantly
increased mlns concentrations in their parietal [83] and hippocampal [84] regions
before neuronal degeneration becomes apparent [85]. Interestingly, the human
SMIT gene is located in q22.1 on chromosome 21, and inability to downregulate
expression of three copies of the osmoregulatory gene could result in increased flux
of mlIns [86]. Chronic hyponatremia may cause reduction in mlns [87]; and con-
versely, chronic hypernatremia increases brain mIns concentration [88]. Ammonia
is normally converted to urea in the liver, but in cases of chronic liver dysfunction,
accumulated ammonia in the brain is detoxified in astrocytes by conversion to glu-
tamine because of the lack of the urea cycle in the brain. This may increase intracel-
lular osmolarity, and astrocytes may compensate by releasing mlns [89]. Lithium
treatment may reduce mlns levels in bipolar patients [90, 91]. Valproate causes 20%
reduction of mIns level in mouse frontal cortex [92]. These drugs may inhibit mono-
phosphatase, an enzyme required for inositol recycling and de novo synthesis [93].
However, the proportion of mlns participating the phosphatidylinositol second mes-
senger cycle system appears to be low to affect total brain mlns signal.

Whereas mlns has long been seen as a marker of glial cell proliferation, based on
the fact that higher mlIns levels are found in cultured astrocytes than in neurons
in vitro [94, 95], the true mechanisms of increase or decrease of its concentration
remain largely unclear. Brain mIns levels may not always correlate with other
molecular markers of gliosis [96-98]. It should be noted that high concentrations of
mlns are observed in some types of cultured neurons [99, 100] and that mlns is
actively taken up into most types of mature brain cells, including neurons and glia
[70]. Therefore the assumption that mlns is a specific glial maker should be treated
with caution.
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7.3.6 Glutamine and Glutamate (Glx)

In mammalian brains, glutamate is both the main excitatory neurotransmitter and the
direct precursor of the inhibitory neurotransmitter y-aminobutyric acid (GABA). The
concentration of glutamate of the brain is about 6-12 mM, with a significant differ-
ence between gray and white matter. Under steady-state conditions, two thirds of the
glucose oxidation in astrocytes is used for de novo synthesis of glutamate [101], and
most astrocytic glutamate is converted to glutamine that is transferred into glutama-
tergic neurons, completing the glutamate-glutamine cycle. The uptake of synaptic
glutamate provides up to 80% of the substrate for glutamine synthesis [102]. Since
glutamate transport by excitatory amino acid transporter (EAAT) is coupled to and
driven by cotransport of sodium, proton, and potassium ions, any increase in rate of
the cycle is matched by increased energy consumption. In this model of glutamate
metabolism, glutamate metabolism in the brain is compartmentalized into two pools:
a larger neuronal pool comprising about 80% of total glutamate, metabolized with
relatively slower turnover time, and a smaller astrocytic pool comprising about 20%
of total glutamate, which is rapidly converted to glutamine [103].

NMR of glutamate shows a doublet of doublets centered at 3.75 ppm from the
single 2CH methine proton, while the resonances from the other four protons appear
as multiplets between 2.04 and 2.35 ppm. Glutamine and glutamate are structurally
similar, and their resonances overlap each other. The 2CH methine proton of gluta-
mine shows triplet peak at 3.75 ppm, while the multiplets peaks from the methylene
protons are closely resonated between 2.12 and 2.46 ppm. Glutamine has also two
amide protons at 6.82 and 7.73 ppm. Unfortunately it is difficult to distinguish
between glutamate and glutamine by MRS at low magnetic field strength, so the
total amount of glutamate and glutamine is often summed up as GIx. There are
minor contributions from glutathione and GABA to this combined signal. Since the
concentration of glutamine is almost the same as that of glutamate in the brain [104,
105], the glutamine signal is the major confounder of glutamate quantification. The
strong coupling of protons also causes different appearances of spectrum at differ-
ent echo times and different magnetic field strengths. These factors make their
observation and quantification difficult with MRS, although the sum of glutamine
and glutamate (Glx) can be quantified with high accuracy. Since the glutamine and
glutamate levels can change in opposite directions, the total amount of these metab-
olites tends to be stable. Most clinical MRS studies can measure only this combined
amount, resulting in a reduced sensitivity of Glx as a disease marker. Moreover,
about 21% of the total glutamate of the brain is thought to be located in intracellular
compartments, in which NMR hardly detects it [106].

7.4  Spectrum Analyses

The area under a peak is proportional to both the number of nuclei per molecule of
a metabolite resonating at that frequency and the metabolite concentration to which
the nuclei belong. Therefore, quantitative measurement can be done either from the
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amplitude of the first data point of the time domain signal, that is, free induction
decay (FID), or from the determination of peak areas in the frequency domain after
Fourier transformation of FID. Reliable metabolite quantification by MRS is still
challenging. One important factor causing systematic error is the baseline correc-
tion. The baseline in any MR spectrum is much affected by field inhomogeneities,
tissue heterogeneities, and patient movements, all of which may distort the line
shape. There have been various proposals to correct these unwanted distortions dur-
ing signal processing [107-112]. For accurate quantification in short echo MRS of
the brain, correction must be made for the contribution of macromolecules to the
baseline [113, 114].

A number of advanced techniques based on mathematical models have been
developed for analyses of MR spectra. Time domain methods are grossly divided
into “black-box” and interactive model methods. HSVD and HSLVD are commonly
used black-box methods, so as VARPRO and AMARES are well-known interactive
methods. Frequency domain methods can be also divided into nonparametric and
parametric methods. Nonparametric quantification is performed by simple integra-
tion of the areas under the peaks of interest, but this method cannot disentangle
overlapping peaks, and its accuracy is highly dependent on proper phase correction,
which is far from trivial [115]. The parametric methods are based on a model func-
tion to fit the spectrum represented by LCModel.

VARPRO is a basic program for time domain analysis that uses a simple Osborne’s
Levenberg-Marquardt algorithm for local optimization. It has been replaced by
AMARES, which allows accurate and efficient parameter estimation of MRS sig-
nals, using a sophisticated nonlinear fitting in the time domain with prior knowledge
about the signal parameters, the model function (Lorentzian, Gaussian, Voigt model),
and the type of signal (FID or echo). These methods cannot remove nuisance peaks
such as macromolecules, lipids, unsuppressed water, and other unknown signals.

Two other programs, AQSES [109] and QUEST [116], make use of a metabolite
basis set, which can be built up from simulated spectra from quantum mechanics
such as NMR-SCOPE [117] or GAMMA [118] or from in vitro spectra [119].
AQSES [109] is a program that has been especially developed for short echo
MRS. In its framework, VARPRO is modified to enable prior knowledge of upper
and lower bounds on the nonlinear parameters, equal phase corrections for each
metabolite, and optimize the nonlinear least squares problem. AQSES is freely
available as Java open-source software AQSES GUI [109, 118], as a measurement
system in the Matlab® graphical user interface SPID [120], and as a plug-in in the
JMRUI software package (version 4.1) [121].

The jMRUI software [122] runs in either the time or the frequency domain, using
signal processing algorithms such as VARPRO, HLSVD, and AMARES [123].
Basis spectrum fitting in JMRUI is performed by the Quantum ESTimation (QUEST)
[116] algorithm, which fits the data to a basis set in the time domain. Both AMARES
and QUEST enable handling of macromolecule signals and spectral baselines in a
number of ways by truncation or down-weighting of the initial points in FID. jJMRUI
can also use basic methods such as HSVD or HSLVD that can be applied to remove
a residual water signal as preconditioning.
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LCModel (Linear Combination of Model) is widely used commercial software
[124] that uses frequency domain fitting by a linear combination of individual peak
profiles of metabolites. The complexities of metabolite spectra become an advantage
for this program, since overlaid peaks from different metabolites can be separated
from the information at the peaks of other metabolites. This software is fully auto-
matic (noninteractive) and operator independent, so it is highly suitable for studies
across centers. LCModel uses a nearly model-free lineshape function and presumes
neither a Lorentzian nor a Gaussian lineshape model. It uses the water signal as an
internal reference and integrates with the basis set contained in the software, acquired
from the standard phantom. It uses the Levenberg-Marquardt nonlinear fitting algo-
rithm and gives some error assessments of the Cramér-Rao type or the like. Mosconi
et al. [125] recently compared those four measurement methods (LCModel,
AMARES, QUEST, and AQSES) to see whether they produced different statistical
results and found that LCModel worked best in their simulation.

7.5  Quality Control

Reliability of fit can be estimated by Cramér-Rao lower bounds (CRLB) [126].
CRLB gives the minimal possible variance on a fit parameter, so any peak measure-
ment with this value over 20% is usually judged as unreliable. MRS is highly sensi-
tive to inhomogeneities in the magnetic field, so shimming is an important procedure
for spectral quality. Shimming reduces field inhomogeneity reading to improve
water suppression, signal-to-noise ratio (SNR), and spectral resolution. Since SNR
is directly reflected in the CRLB that is more directly linked to confidence limits,
CRLB seems to be a better parameter by which to judge the quality of quantified
data than mere statements of SNR. Linewidth is defined as the full-width at half-
maximum (FWHM) peak height in the frequency domain and also reflected in the
CRLB indirectly. Broad linewidth means poor spectral resolution that is critical for
model fitting. One should note that CRLB indicates only the quality of the spectral
fit and does not necessarily reflect the quality of the original data. CRLB is calcu-
lated on the assumption that the fitting model and prior knowledge are correct and
that systematic errors are not reflected. Possible sources of systematic error are
inaccurate T1 and T2 values for each metabolite, incorrect prior knowledge, diffi-
culties in reference-setting and calibration, ROI position or size, structural mixture
of GM/WMY/CSF, outer volume signal contamination, and operational mistakes
[127]. Fit residual is the difference between the measured signal and the model fit,
and ideally this should be flat or only white noise if the model fitting is perfect. Fit
residual is usually checked by visual inspection, but numerical estimation has been
worked out [128]. In LCModel, residues are used as noise level of SNR. Kreis [127]
recommended the following acceptance criteria for MR spectral data as follows:
FWHM <0.1 ppm (6.4 Hz at 1.5 T, 12.8 Hz at 3 T), CRLB £ 50%, the fitting
residual should not contain unexplained features, and the spectra should not contain
artifacts. From our experience, it is better to set CRLB acceptance criteria as <15%
for clinical use regarding possible dementia.
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7.6  Acquisition Parameters and Sequences for MRS

The range of echo time (TE) in brain MRS varies from 18 ms to 288 ms, affecting
signal peak height and shape depending on the spin-spin relaxation time (T2) and
J-coupling of each metabolite. Since diphase and signal loss of protons occurs more
rapidly in metabolites with short T2 than long T2, the height of metabolite peaks will
change with TE in MRS. For example, in case of the relation between Cr and NAA,
since the T2 of Cr is significantly shorter than that of NAA, the peak ratio of NAA/
Cr becomes larger in the spectrum obtained from long TE than short TE. Since the
T2 relaxation times for Glx and mlns are very short, the peaks of these metabolites
cannot be detected at long echo times (Fig. 7.5). This is more obvious in Cho/Cr ratio
because T2 for Cho is longer than that for NAA. The T2 values of the metabolites
also differ depending on the environment, even in the difference between gray and
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Fig. 7.5 MR spectra of posterior cingulate cortices obtained from normal elderly volunteer. The
peak ratio of NAA + NAAG/Cr is 1.266 at echo time = 30 ms, whereas it is 1.784 at echo time = 144.
LCModel calculates each metabolite concentration by using tissue water as an internal standard. It
should be noted that the default of LCModel for T2 correction of water (T2 = 80 ms) is set at
TE = 30 ms, i.e., exp.(-TE/T2) = exp.(—30/80). Therefore if researchers use any TE other than
30 ms, the concentration value of LCModel must be corrected. If TE = 144, then the metabolite
concentrations (TE = 144) = (values of LCModel) x exp.(—144/80)/exp.(—30/80) = (values of
LCModel) x 0.243. For about NAA + NAAG, it should be 16.893 x 0.243 =4.105 mM that is too low
when compared to the value of 6.416 mM obtained from the results at TE = 30 ms. This is because
of the effects of T2 relaxation of NAA and NAAG in vivo, which are uncertain and might differ in
each individual. Therefore it is better to use long TR and short TE for quantitative measurement of
metabolites to minimize the uncertain effect of T1 and T2 relaxation of the metabolites in vivo
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white matter. Longer echo time is sometimes used for lactate identification. Lactate
and lipid resonances are overlaid together, but the lipid resonances may decay fully
in case of long echo times that facilitate identification of the lactate peak.

Theoretically, metabolite signals are more affected by uncertain T2 when using
long TE than short TE that will cause errors in absolute quantification (Fig. 7.5).
Therefore using shorter TE seems to be more profitable for absolute quantification.
The other advantage of using short TE is to gain higher signal intensity and to
enable detection of metabolites with short T2 such as mlIns, glutamate, glutamine,
GABA, scyllo-inositol, and lipids. On the other hand, this may cause unwanted
distortion of the spectrum baseline and superimposition of peaks from metabolites
that may lead to errors in both absolute and relative metabolite quantitation. At short
TE, multiple resonance peaks between 2.05 and 2.45 ppm from glutamine, gluta-
mate, and GABA partially overlap the NAA peak at 2.01 ppm. Since the informa-
tion contained in the short TE and long TE spectra are actually complementary, it
may be desirable to use short and long TE sequences as far as permitted by total
scanning time, patient tolerance, and cost.

There are two major sequences for volume localization in single-volume MRS:
stimulated echo acquisition mode (STEAM) and point-resolved spectroscopy
(PRESS). STEAM offers advantages for using MRS of very short TE and more
effective water suppression than PRESS because the pulses of water suppression can
be applied prior to the first slice selective pulse and during the 7M phase [129]. The
advantages of PRESS are that it gives double the signal intensity given by STEAM,
it is less disturbed by motion and by diffusion, and it does not suffer from multiple-
quantum effects. STEAM has a tendency to acquire a volume larger than the chosen
VOI, whereas PRESS has the opposite tendency [130].

The methods for absolute quantification of metabolites are summarized else-
where [131]. In brief, there are three main methods: internal water reference, exter-
nal reference, and electrical reference. In the method using internal water reference,
the signal from unsuppressed tissue water from the same VOI for MRS is used as
internal standard. Researchers need to correct the results by %CSF of the VOI and
by T1 and T2 relaxation times of each metabolite and water. The inaccuracy of the
method is caused by uncertain tissue water content, uncertain T1 and T2 relaxation
times of each metabolite, receiver gain instability, and compartmentation such as
gray and white matter in the VOIL.

7.7  Clinical Application of MRS for Dementia

Many kinds of disorders cause dementia including neurodegenerative disease, vas-
cular or small vessel disease, brain trauma, hydrocephalus, inflammatory diseases,
and metabolic disorders. Of these, neurodegenerative diseases represented by
Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), and frontotemporal
dementia (FTD) are frequently encountered. Recent studies have been disclosing
the causes of neurodegenerative dementia at molecular levels, and disease classifi-
cation is becoming better understood in terms of pathogenesis (Table 7.2).
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Table 7.2 Classification of degenerative dementias

Pathology Disease Tau Parkinsonism
Amyloid f AD 4R + 3R(n) -
a-Synuclein DLB 4R + 3R(n)* ++
Tau SD-NFT 4R + 3R(n) -
AGD 4R(n,g) -
PSP 4R(n,g) +
CBD 4R(n,g) +
FTDP-17 3R,3R + 4R 4R +
Pick 3R(n,g) -
TDP-43 FTLD-U (PPA, SD) -
FTLD-MND(ALS) -

AD Alzheimer’s disease, DLB dementia with Lewy bodies, SD-NFT senile dementia of the neuro-
fibrillary tangle type, AGD argyrophilic grain disease, PSP progressive supranuclear palsy, CBD
corticobasal degeneration, FTDP-17 frontotemporal dementia with parkinsonism linked to chro-
mosome 17, Pick Pick’s disease, FTLD-U frontotemporal lobar degeneration with ubiquitin,
FTLD-MND frontotemporal lobar degeneration with motor neuron disease, PPA primary progres-
sive aphasia, SD semantic dementia, ALS amyotrophic lateral sclerosis

[t [t

4R and 3R indicate 4-repeat tau and 3-repeat tau, respectively. “n” and “g” indicate tau-rerated
degeneration of neurons and glia, respectively

In case of multiple system atrophy (MSA), a-synucleinopathy occurs both in oligodendrocytes
and neurons

The common features seen by MRS in those degenerative disorders are
decreased concentrations of NAA or NAA/Cr ratio and increased concentration of
mlns or mIns/Cr ratio. Moreover, these findings show a tendency to region speci-
ficity, for example, to the hippocampus and the posterior cingulate and precuneal
cortices (PCC) in cases of AD, to the occipital lobes of DLB, and to the frontal
lobes in case of FTD. Therefore MRS has potential clinical utility to differentiate
those disorders. However, searching for such regional distribution anomalies of
metabolites may not make MRS the optimal choice in this context, even if using
multi-voxel technique. There are many other examinations that can be more ade-
quate for differential diagnosis, such as FDG PET, CBF SPECT, and MRI mor-
phometry. Moreover, new techniques of molecular image targeting pathognomonic
biomarkers have been developed, for example, Pittsburg Compound-B (PiB) PET
for beta amyloid, PBB3 PET for tau, imaging of dopamine transporter (DAT) or
metaiodobenzylguanidine (MIBG) for DLB, and PK11195 PET for microglia.
Molecular imaging with target-specific ligands is a promising approach to the early
diagnosis of dementia and the evaluation of anti-dementia therapy. Given such
alternative diagnostic tools, how can MRS be best exploited for clinical diagnosis
of dementia? There is no clear consensus on this. However, there are several clues
from previous studies. Firstly, NAA decrease and mlIns increase can be identified
by MRS before morphometrical change becomes significant. Secondly, MRS pro-
vides additional information to clinicians, which improves diagnostic accuracy
(Fig. 7.6). MRS is noninvasive, without use of radioactive agents, and is uniquely
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able to provide information on cerebral metabolites that may reflect neuronal or
glial activity or transmission. Moreover, MRI and MRS can share the examination
time, which is cost-effective and expeditious.

7.7.1 Age-Related Change

Findings on the brain metabolites changes related to normal aging have been incon-
sistent. Brooks et al. reported that the absolute concentration of NAA decreased
significantly with age (r = —0.42) with an overall decrease of 12% between the third
and seventh decades, whereas any decrease of the concentrations of Cr and Cho was
not significant [132]. However, some recent papers showed rather different results.
In one study revised from their previous study [133] by adding correction of trans-
verse relaxation time and percentage of cerebrospinal fluid of the voxels centered in
the frontal gray and white matter, parietal gray matter, and basal ganglia, the con-
centration of NAA and Cho showed no significant age-related change, but Cr con-
centration was significantly increased when measuring frontal white matter [134].
This paper also showed the significant age-related declines in glutamate, especially
in the parietal gray matter and basal ganglia [134]. Similar results were reported
measuring spectrum of the centrum semiovale, which showed that Cr concentration
increased with age (r=0.495, p <0.001), whereas there were no age-related changes
in NAA, Cho, and mlIns [135]. Another paper [136] showed significant decrease in
NAA concentration (r = —0.36, p = 0.007) and increase in mlIns concentration
(r=0.37, p=0.007) in the supraventricular white matter. The Cr and Cho concen-
trations were unchanged with age, but Glx showed U-shaped change with higher
concentrations in the young and old subjects [136].

In summary, the age-related changes of metabolite concentrations are not entirely
clear, but there seems to be some increase of Cr with age and possible decrease of
NAA. Any increase in Cr and mlns may reflect glial cell responses to aging.
Researchers need to be aware that metabolite ratios such as the decreased ratio of
NAA/Cr that is frequently observed in AD patients do not necessarily mean NAA
decrement.

7.7.2 Application to Alzheimer’s Disease

Decreased NAA or NAA/Cr ratio has been observed in patients with AD and MCI
in medial temporal, posterior cingulate, and parietal cortices. The magnitude of
decline has been found to be approximately 10-15% across these brain regions.
Several MRS studies have also found an increase in mlns levels by 15-20% in the
brain of AD patients. The combination of NAA and mIns measurement may improve
the accuracy of discriminating AD patients from normal subjects [137-140].
Decrease of NAA/Cr ratios and increase of mIns/Cr ratios in the PCC correlate with
the pathologic severity of AD [141]. NAA/Cr in the medial temporal lobe has been
found correlated with Mini-Mental State Examination (MMSE) scores [142]. The
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NAA/mlns ratio has also been shown to correlate with MMSE scores and may even
be predictive of MMSE decline 12 months later [143]. In a recent study of patho-
logically confirmed AD patients, reduction of NAA/Cr ratio in the PCC was signifi-
cantly related to both reduced synaptic vesicle immunoreactivity and accumulation
of early intracellular and neuritic hyperphosphorylated tau pathology. Furthermore,
elevated mIns/Cr and lower NAA/mlns ratios were found to be related to the accu-
mulation of amyloid-f} pathology [144].

The results of MRS studies to distinguish AD patients from normal subjects vary
depending on the acquisition parameters of MRS, VOI setting on anatomical
regions, measuring single or multi-voxels, and choice of relative or absolute mea-
surements. However, many studies support the clinical usability of MRS as an
adjunct diagnostic tool. The overall sensitivity and specificity from the literature for
discrimination between AD and normal elderly were 64-94.1% and 72.7-92.3%,
respectively. Since the results from these studies have not been validated, the
reported values might be somewhat lenient. There is one study showing the results
of cross-validation [145]: this study measured hippocampal metabolites in 30 AD
and 36 control subjects and compared those findings to the results of MRI-based
volumetric analysis. The sensitivity and specificity of MRS alone were 76% and
83%, respectively, somewhat less effective than structural analysis with 93% sensi-
tivity and 86% specificity for the same cohort. Combining the modalities, however,
improved the results to 97% sensitivity and 94% specificity. Several other reports
confirm the benefits of combining MRS and volumetric MRI for AD diagnosis [140,
146-149]. In a study comparing the diagnostic accuracies of hippocampal volume-
try, MRS and diffusion-weighted imaging for discriminating between MCI, AD,
and normal elderly subjects [146], the most sensitive tool for distinguishing MCI
(79%) and AD (86%) from controls was hippocampal volumetry when specificity
was fixed at 80%. For discriminating between AD and MCI, the most sensitive tool
was NAA/Cr (67%) measured by MRS of the PCC. Moreover, a combination of
these three methods showed better diagnostic sensitivity than any single method for
discriminating either AD or MCI from normal. A study of PCC measurement in 25
AD patients, 10 aMCI, and 33 normal volunteers showed an increase of 5.5% for
aMCI and of 11.1% for AD in specificity and an increase of 3.7% for aMCI and of
5% for AD in diagnostic accuracy when MRS measures were conjoined with behav-
ioral-functional scales, with a 100% specificity and diagnostic accuracy for distin-
guishing normal from AD groups [150].

VOI location is also important in clinical use of MRS. There have been many
researchers and many variations of VOI settings, and most researches have selected
one or a combination of the parietal cortex, PCC, and hippocampus for VOI, those
regions being usually involved in AD pathology. Zhu et al. [140] compared 14 AD
patients to 22 cognitively normal subjects using short spin-echo (25 ms) MRS imag-
ing (MRSI) with lipid signal nulling by slice selective inversion recovery. AD
patients had increased mIns concentrations and mIns/Cr ratios primarily in their
parietal gray matter, whereas frontal gray and white matter were spared. In a study
of MRSI with long echo time (135 ms) comparing 56 AD patients to 54 cognitively
normal subjects [149], NAA concentration was less in AD patients than in healthy
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subjects by 21% (p < 0.0001) in the medial temporal lobe and by 13—-18% (p < 0.003)
in parietal lobe gray matter but was not changed in gray and white matter of the
frontal lobe. MRS of the hippocampus is technically difficult due to its small vol-
ume, irregular shape, and location proximity to the skull base or air sinuses which
are likely to induce local magnetic field inhomogeneities due to susceptibility dif-
ference. However, recently MRS technology has been improving to allow accurate
measurements in such regions, and selection of thinner VOIs can reduce susceptibil-
ity effects. In a study of single-voxel MRS targeting eight locations of PCC, hip-
pocampus, occipital gray matter, and frontal and parietal white matter in 70 AD
patients, 47 aMCI patients, and 52 elderly control subjects, decrease in NAA con-
centration or increase in mIns concentration was more significant in the hippocam-
pus than in the other regions in both AD and aMClI patients [151].

7.7.3 Application to Mild Cognitive Impairment

MCI is frequently seen as a prodromal stage of dementia and has been a focus for
trials to prevent or delay progression to AD. The annual conversion rate of amnestic
MCI (aMCI) to AD was approximately 10—15% [152] or 44-64% conversion rate
within just 2 years of initial observation [153—-155]. However, some aMCI patients
do not progress, while some improve over time [156, 157]. In a recent meta-analysis
study [158], the adjusted annual conversion rates from MCI to dementia, AD, and
VaD were 9.6%, 8.1%, and 1.9%, respectively, diagnosed in specialist centers, and
the cumulative proportions who progressed to dementia, to AD, and to VaD were
39.2%, 33.6%, and 6.2%, respectively, which was a low conversion rate than previ-
ously thought. This is because MCI is a syndrome representing very heterogeneous
disease etiologies. Whereas many MCI patients show AD-type pathology, a sub-
stantial number also have non-AD pathology of which cerebrovascular disease is
the most common etiology [159]. Therefore an effective test for predicting conver-
sion from MCI to AD would be valuable.

MR spectrum profiles in aMCI patients are generally similar to but milder than
those in AD patients [146, 151, 160, 161]. Fortunately a meta-analysis has been
done, giving an overview of MRS results (Table 7.3) [162]. As expected, NAA/Cr
ratio and NAA concentration were reduced in the PCC and hippocampus of aMCI
patients. Effect size was more prominent in NAA concentration than in NAA/Cr
ratio. Heterogeneity between studies was lower in NAA concentration (I> = 0.98%)
than in NAA/Cr ratio (I = 79.71%) when measured in the PCC. The concentration
of mIns was increased in PCC, but it was not significant in the hippocampus. It
should be noted that the absolute measurements of NAA and mlns in the PCC show
significant difference between MCI and normal controls with small variance.
Interestingly, Cr concentration is significantly reduced in the hippocampus, but not
in the PCC, which may affect the dissociating results of mIns/Cr ratio between the
PCC and the hippocampus.

Low concentrations of Cho and Cr in the hippocampus may reflect sparse cellu-
larity or low cellular metabolism in that region. This may be explained by the facts
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Table 7.3 Results of the meta-analysis of MCI patients [162]

VOI location Metabolites k n ES CI p I (%)

Posterior cingulate NAA/Cr 14 |798 | -0.58 | —-0.92  —-0.24 |0.00 |79.71
mlns/Cr 13 |774 | 026 |-0.04 | 0.57 |0.09 |75.25
Cho/Cr 12 |734 | 0.27 0.00 0.55 [0.05 |66.71
NAA/mlIns 7 |445 |-0.76 |—1.44 |-0.09 |0.03 |89.83
NAA 6 |383 |-0.63 | —0.84 |-042 |0.00 0.98
mlns 6 |374 | 039 0.18 0.60 [0.00 |0
Cho 6 |374 | 009 | —-0.12 | 0.30 (041 6.79
Cr 5 280 |—-0.21 |-045 | 0.02 |0.08 |0

Hippocampus NAA/Cr 9 1450 |-043 |-0.76 | 0.09 0.01 |59.07
mlns/Cr 6 218 | 0.60 0.12 1.09 0.02 | 63.95
Cho/Cr 5 182 |-0.19 |-048 | 0.11 |0.21 |0
NAA 5 |377 |-0.60 |-1.03 |-0.17 |0.01 |66.22
mlns 5 |377 |-0.03 |-0.23 | 0.31 |0.88 |21.03
Cho 5 |377 |-042 |-0.70 |-0.15 |0.00 |24.29
Cr 5 |377 | -040 |-0.62 | -0.18 [0.00 |0

k number of studies, n total sample size, ES effect size for Hedges’ g, CI confidence intervals, p
p-value, > (%) the percentage of variance in a meta-analysis that is attributable to study heteroge-
neity (higher value indicates more heterogeneity)

NAA N-acetylaspartate + N-acetylaspartylglutamate, m/ns myoinositol, Cho choline-containing
compounds, Cr creatine + phosphocreatine. Minus sign in ES column indicates decrease in MCI
compared to controls

Bold characters indicate results significant at p < 0.05

that tau pathology generally proceeds earlier in the hippocampus earlier than in the
PCC and neuronal loss in the hippocampus must progress substantially to reduce
Cho and Cr in MCI patients.

Several longitudinal studies have described differences between converters and
non-converters among aMCI patients. The most consistent finding is that converters
have lower NAA concentrations and/or lower NAA/Cr ratios than non-converters in
several brain regions including the PCC [163, 164], occipital gray matter [164,
165], temporoparietal gray matter [166], and paratrigonal white matter [167].
Unlike those studies, two other studies failed to find baseline differences in metabo-
lites between converters and non-converters [63, 168]. Both these studies measured
metabolites in the PCC. One showed that the future decline in cognitive function
among MCI patients was predicted by measurement of absolute quantification of
NAA and Cr concentrations [168]. The other study later proposed additionally that
NAA/Cr ratio measurement improves the prediction of conversion when added to
hippocampal volume measurement [169].

A study of 53 aMCI patients followed for a mean period of 3 years [165] examined
by 1.5 T MR scanner using PRESS sequence (TR/TE = 2500/30) demonstrated that
the ratio of NAA/Cr in the left occipital cortex predicted progression to dementia at
100% sensitivity and 46% specificity, with an area under the receiver operating char-
acteristic (ROC) curve of 0.69 when thresholding the ratio at or below 1.61. In the
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hippocampus, a mIns/Cr ratio higher than 1.04 predicted conversion with 66.7% sen-
sitivity and 72% specificity, with an area under the curve of 0.66. The same author
[164] later reported the results of a study of 78 aMCI patients with a mean follow-up
period of 2 years. An NAA/Cr ratio equal to or lower than 1.43 in the PCC predicted
conversion to AD with 74.1% sensitivity and 83.7% specificity, with an area under the
curve of 0.84. In the left medial occipital lobe, the predictive value was somewhat
lower, with 85.2% sensitivity and 61.4% specificity, and an area under the curve was
0.8. In another study, of a cohort of 119 consecutive aMCI patients followed for a
mean period of 29 months [163] examined by 1.5 T MR machine using PRESS
sequence (TR/TE = 2500/30), MRS of the PCC predicted conversion from aMCI to
probable AD with 82% sensitivity and 72% specificity, based on an NAA/Cr ratio less
than 1.40. Similarly, a mIns/NAA ratio in the PCC higher than 0.47 predicted conver-
sion with 79% sensitivity and 67% specificity, with an area under the curve of 0.77.
MRS in the left occipital cortex predicted conversion from aMCI to AD with 78%
sensitivity and 69% specificity, with an area under the curve of 0.79 using a NAA/Cr
threshold less than 1.57. In a study of 41 aMCI patients and 35 cognitively unimpaired
controls with a relatively short follow-up period of 1 year [170], examined by 1.5 T
MR scanner using PRESS sequence (TR/TE = 1500/35), the NAA/Cr ratio in the left
hippocampus was significantly lower in aMCI patients than in controls (p = 0.008),
but there were no differences in metabolite ratios at baseline between aMCI convert-
ers and stable subjects. A mIns/Cr ratio of 0.349 or more in the right parietal lobe
predicted progression of disease with 70% sensitivity and 85% specificity.
Unfortunately there are no studies reporting absolute values of metabolites.

One interesting project sought surrogate markers for development of MCI using
quantitative MRI and MRS markers [171]. Subjects were recruited from cognitively
normal 1156 subjects in the population-based Mayo Clinic Study and underwent
MRI and MRS examinations. MRS focused on the PCC, and volumes of hippocam-
pus and white matter hyperintensity were measured automatically. After a median
follow-up of 2.8 years, 214 subjects had progressed to MCI or dementia. In multi-
variable modeling, only decreased hippocampal volume and NAA/mlns in the PCC
were independent predictors of MCI, with hazard ratio of 1.8 and 1.4, respectively.

To summarize, MRS shows promising results for predicting conversion from
MCI to AD, but it is not currently proven by measuring absolute values. The use of
absolute quantification, rather than metabolite ratios, may improve the reliability of
MRS for this purpose. For earlier diagnosis of MCI, MRS of the hippocampus and
entorhinal cortex may be preferable, but MRS of these regions is technically more
difficult because of small volumes, field inhomogeneities due to air sinuses, and the
presence of cerebrospinal fluid.

7.7.4 Limits on Progress
The technical/procedural aspects of proton MRS have improved with time, but clin-

ical applications have not kept pace. There are as yet insufficient MRS data on the
significance of metabolite changes found with various pathological processes. Also,
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lack of consensus on standard procedures for MRS complicates the interpretation of
results, especially for the purposes of multicenter analysis, which in turn creates
difficulty for clinical application of MRS to dementia diagnosis.
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Toward Clinical Application
of Resting-State Functional Magnetic
Resonance Imaging to Dementia

Yousuke Ogata and Takashi Hanakawa

Abstract

Functional magnetic resonance imaging (fMRI) has been widely used to assess
brain activity in many fields including cognitive neuroscience and clinical med-
icine. Typically, fMRI requires a participant to perform a task of the investiga-
tor’s interest during MRI acquisition. In this chapter, we introduce an emerging
variant of the fMRI technique, resting-state fMRI (rs-fMRI), or resting-state
functional connectivity MRI (rsfcMRI), in which a participant is only required
to lie quietly within an MRI scanner. That is, rs-fMRI/rsfcMRI does not impose
a demanding task on a participant. This property is potentially advantageous for
the application of rs-fMRI/rsfcMRI to patients with neuropsychiatric disorders,
including dementia, who might have difficulty performing tasks. We discuss the
potential of rs-fMRI/rsfcMRI for the diagnosis of dementia and for understand-
ing the mechanism underlying its clinical symptoms, taking into consideration
that rs-fMRI/rsfcMRI functional connectivity analysis is increasingly used to
identify subtle brain network changes caused by the pathophysiology of
dementia.
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8.1 Introduction

Functional magnetic resonance imaging (fMRI) has been widely used to assess
brain activity in many fields including cognitive neuroscience and clinical medi-
cine. Typically, fMRI requires a participant to perform a task of the investigator’s’
interest during MRI acquisition. Here, we introduce an emerging variant of the
fMRI technique, resting-state fMRI (rs-fMRI), or resting-state functional connec-
tivity MRI (rsfcMRI), in which a participant is only required to lie quietly within an
MRI scanner. That is, rs-fMRI/rsfcMRI does not impose a demanding task on a
participant. This property is potentially advantageous to the application of rs-fMRI/
rsfcMRI to patients with neuropsychiatric disorders who might have difficulty per-
forming tasks.

8.2 Principles of Functional MRI

Increases in local neuronal activity are associated with increases in regional blood
flow [1]. This relationship is a consequence of a complex sequence of cellular, meta-
bolic, and vascular processes, collectivity called neurovascular coupling. In particu-
lar, changes in oxygenation, blood flow, and blood volume are called hemodynamic
changes. Hemodynamic changes induced by local neuronal and synaptic activity
result in changes in MRI signal intensity. One MRI sequence, T2*-weighted MRI,
is sensitive to the inhomogeneity of magnetic fields, which can be induced by
changes in paramagnetic deoxyhemoglobin and diamagnetic oxyhemoglobin within
red blood cells. These changes in deoxyhemoglobin and oxyhemoglobin result from
oxygen consumption, which is secondary to aerobic metabolism in producing ade-
nosine triphosphate, supporting local neuronal and synaptic activity. This T2* MRI
signal change using deoxyhemoglobin as an internal contrast medium has been
called the “blood-oxygen level-dependent (BOLD) effect” [2].

More precisely, demands of aerobic metabolism result in oxygen extraction from
oxyhemoglobin, producing deoxyhemoglobin. This should at least temporarily
increase the concentration of deoxyhemoglobin, which would reduce magnetic
inhomogeneity and shorten T2*. Currently, however, we usually observe the phe-
nomenon that deoxyhemoglobin is rather diluted because of the excessive inflow of
oxygenated arterial blood flow. Dilution of deoxygenated hemoglobin stabilizes the
local magnetic field and prolongs T2*. This effect results in increases in T2* MRI
signals, which are now widely used as a surrogate marker of neural/synaptic activ-
ity. The advantages of this BOLD MRI technique include noninvasive measure-
ments of human brain functions with a superior spatial resolution and a fine temporal
resolution over other noninvasive brain mapping methods.

Since BOLD fMRI has made the measurement of brain function possible, many
researchers have succeeded in visualizing task-related brain activity by comparing
BOLD signals across experimental conditions such as sensory stimulus presentation,
cognitive or motor performance, and resting state. This conventional type of fMRI is
called “task fMRI.” The aim of a task fMRI is often the functional localization of a
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brain function related to the task of interest. More recently, various analyses have
been applied to clarify the relationship between the activities of remote brain regions,
that is, the functional binding of brain areas and their modulation across conditions
(functional/effective connectivity). For example, a functional connectivity analysis
looks at the simple correlation of task-related activity between remote brain areas; a
psychophysiological interaction analysis examines the modulation of inter-areal cor-
relation (i.e., functional connectivity) by stimulus or task conditions; the Granger
causality analysis analyzes the time series correlation of activity between brain
regions; and dynamic causal modeling models the transmission and causation of
distributed dynamic systems modulated by external or contextual inputs. Basically,
these analyses have been used to clarify the magnitude differences in brain activity
across task conditions (task-related activity), the correlation of task-related activity
between remote brain areas (functional connectivity), or the modulation of func-
tional connectivity by task conditions (effective connectivity). Although the applica-
tion of these task-related fMRIs to healthy participants is relatively easy, it is often
difficult to apply them to patients with psychiatric and neurological disorders, par-
ticularly because they are likely to have difficulty performing demanding cognitive
or motor tasks.

8.3  Resting-State Functional (Connectivity) MRI
8.3.1 Principles of Resting-State Functional (Connectivity) MRI

Here, we introduce the emerging methodology of rs-fMRI/rsfcMRI, because this
technique is expected to break the limit of conventional task fMRI and to greatly
expand the possibilities of the clinical application of BOLD fMRI. rs-fMRI/rsfc-
MRI is made possible by just acquiring continuous BOLD contrast images at rest;
participants do not need to perform a motor/cognitive task or to pay attention to a
stimulus presentation. To assess functional connectivity, rs-fMRI/rsfcMRI extracts
low-frequency fluctuations from the BOLD fMRI time series taken at rest and then
identifies a set of brain regions that shows a correlation between the BOLD signal
time course in those fluctuations. This interregional correlation of low-frequency
fluctuations is thought to reflect the state of functional connectivity between remote
brain regions. Hereafter, we first explore the theoretical and analytical background
of rs-fMRI/rsfcMRI, and then outline the potential applicability of rs-fMRI/rsfc-
MRI to the diagnosis of dementia.

Biswal and colleagues were the first to introduce the concept of rs-fMRI/rsfc-
MRI [3]. They focused on the BOLD signal time series of the motor cortex in both
hemispheres and showed a high correlation of signal fluctuations between the bilat-
eral motor cortices. This correlation in signal fluctuations was particularly obvious
in low-frequency domains in the range of 0.08-0.1 Hz. In addition, they explored
regions showing the BOLD signal time course correlated with that of the left motor
cortex and found activity almost identical to the activity during a bilateral finger-
tapping task.
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This report was an epoch-making study, which suggested that resting-state
BOLD signals contained information about the network architecture between brain
areas. However, skepticism about this claim existed because the low-frequency
domains of the BOLD signal time course include various types of physiological
noise caused by respiration and pulsation. It took a while until the concept of rs-
fMRI/rsfcMRI was widely accepted, when later studies showed that functional con-
nectivity information contained in low-frequency BOLD fluctuations was separable
from those derived from physiological noise [4, 5].

8.3.2 Default Mode Network (DMN)

In cognitive task fMRI and positron emission tomography (PET) experiments, it has
long been known that some brain areas show decreases of the BOLD signal/blood
flow (i.e., deactivation), irrespective of the type of cognitive task. Such “universal
deactivation” is often seen in the medial frontal area, medial and lateral parietal
areas, and inferior temporal area. Conventionally, this phenomenon was thought to
reflect redistribution of cerebral blood flow (i.e., intercerebral steel phenomenon)
rather than a change in neural activity. Raichle et al. first claimed that these changes
of blood flow did not result from the intercerebral steel phenomenon but from
increases in neuronal activity in these regions during rest compared with during
cognitive task performance [6]. They used PET imaging to measure the oxygen
uptake rate, the ratio of oxygen metabolism, and the cerebral blood flow, in partici-
pants during a cognitive task and also at rest with the eyes closed. As a result, parts
of the brain regions showed increases in the oxygen uptake rate during the task
whereas the same regions showed a decrease in the oxygen uptake rate during the
eyes-closed rest condition. Here, a decrease in the oxygen uptake rate indicates an
increase in local neural activity, and its increase indicates a reduction in local neural
activity. Hence, these findings meant that in the areas with increases in blood flow
during the eyes-closed rest, neuronal activity was actually increased, arguing against
the interpretation of the intercerebral steel phenomenon. From these results, Raichle
et al. proposed the hypothesis that the brain areas activated at rest, such as the medial
frontal area, medial and lateral parietal areas, and inferior temporal area, may rep-
resent the “default mode” of the brain. They coined the term of “default mode net-
work (DMN)” corresponding to the network consisting of the areas above. Later
discovery of the DMN as a part of the resting-state network (RSN) has led to the
explosion of rs-fMRI/rsfcMRI research in the field. The encounter of the two origi-
nally independent concepts, the principle of rsfcMRI by Biswal and the DMN by
Raichle, has provided a strong driving force to propel rsfcMRI research toward
clinical applications of rs-fMRI/rsfcMRI to dementia.

In addition to the DMN, Beckmann and colleagues used rs-fMRI/rsfcMRI and
identified various RSNs such as the medial and lateral visual networks, auditory
network, sensory motor network, visuospatial network, executive control network,
and left and right dorsal attention networks. Nodes in each RSN show an interre-
gional correlation of the temporal dynamics of the BOLD signal, which is the reason
why rsfcMRI is able to assess functional connectivity in those RSNs (Fig. 8.1) [4].



8 Toward Clinical Application of Resting-State Functional Magnetic Resonance 177

Medial
visual-related
network

Left dorsal i Right dorsal
attention : attention
network network

Fig. 8.1 Schema of resting-state networks. (a) medial visual-related network, (b) lateral visual-
related network, (c¢) auditory-related network, (d) sensorimotor network, (e) default mode net-
work, (f) executive control network, (g, h) left and right dorsal attention network

Because rsfcMRI allows a noninvasive evaluation of those global brain network
functions in healthy people and patients, many rsfcMRI studies have been deployed
in recent years.

8.3.3 Measurement of rs-fMRI/rsfcMRI

The advantages of rs-fMRI/rsfcMRI include user friendliness and ease of imple-
mentation. Experimenters do not have to design complex tasks or to set up a stimu-
lus presentation and response recording systems. Participants do not have to exhaust
themselves by working on difficult or nonsensical (at least to them) tasks. It is rela-
tively easy to add rs-fMRI/rsfcMRI to clinical routines of MRI examination as long
as echo planar imaging (EPI) is available on the scanner.
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To acquire EPIs for rs-fMRI/rsfcMRI, time to repetition (TR) is often set to
about 2-3 s to cover the whole brain (Table 8.1). This temporal resolution is satis-
factory for rs-fMRI/rsfcMRI because the chronological change of RSN BOLD sig-
nals primarily exists in a low-frequency domain ranging from ~0.08 to 0.1 Hz. To
date, most rs-fMRI/rsfcMRI studies use a total acquisition time ranging from 5 to
10 min, corresponding to 150-300 EPI volumes. This is consistent with a previous
report suggesting that the RSN can be reliably detected with assessment for several
minutes [26]. In a large-scale cohort project on Alzheimer’s disease (AD) in the
USA, the Alzheimer’s Disease Neuroimaging Initiative 2 (ADNI2), the rs-fMRI/
rsfcMRI protocol uses a TR of 3 s, and a total acquisition time of 7 min (140 EPI
volumes). For total acquisition time, however, Birn et al. [27] recently examined the
test-retest reliability and similarity of RSNs across sessions. This study has shown
that the reliability and similarity of functional connectivity can be improved by
increasing the scan lengths from 5 min up to 13 min. However, this finding might

Table 8.1 Summary of the acquisition parameters in previous rsfcMRI studies

Static

magnetic | Acquired | TR TE
Author Year | Subject field (T) |volumes |(ms) |(ms) |Resolution (mm)
Jafri [7] 2008 | Schizophrenia | 3.0 168 1860 |27 375%x3.75x4
Vincent(Datal) | 2008 | Healthy 3.0 110 3013 |25 4x4x4
[8]
Vincent(Data2) | 2008 | Healthy 3.0 66 5000 |30 2x2x2
[8]
Vincent(Data3) | 2008 | Healthy 3.0 76 5000 |30 2x2x%x2
[8]
Uddin [9] 2009 | Healthy 3.0 197 2000 |25 3x3x%x3
Grigg [10] 2010 | Healthy 3.0 170 2000 |30 3.125%x3.125 x5
Sakoglu [11] 2010 | Schizophrenia | 3.0 249 1500 |27 375x3.75 x4
Allen [12] 2011 | Healthy 3.0 152 2000 |29 3.75 x 3.75 x 4.55
Arbabshirani 2012 | Healthy 3.0 200 1500 |27 375%x3.75x4
[13]
Bastin [14] 2012 | Healthy 3.0 250 2130 |40 34x%x34x%x4
Koch [15] 2012 | MCI 3.0 120 3000 |30 3x3x4
Li[16] 2013 | AD 3.0 250 2000 |30 4x4x6
Segall [17] 2012 | Healthy 3.0 152 2000 |29 3.75 x 3.75 x 4.55
Wang [18] 2012 | Healthy 3.0 240 2000 |31 3.125%x3.125%x 3.2
Zuo [19] 2012 | healthy 3.0 240 2000 |27 344 x3.44 x4
Damoiseux [20] | 2006 | Healthy 1.5 200 2850 |60 33x33x3.3
Wang [21] 2006 | AD 1.5 170 2000 |60 375%x3.75x17
Sorg [22] 2007 | MCIL, AD 1.5 80 3000 |50 3.125x3.125 x 4.4
Kelly [23] 2010 | Healthy 1.5 180 2000 |35 35x3.5x%x5
Adriaanse [24] |2012 | AD 1.5 200 2850 |60 33x33x%x3.3
Zarei [25] 2012 | AD 1.5 200 2850 |60 3x3x%x3

TR time to repetition, TE echo time, MCI mild cognitive impairment, AD Alzheimer’s disease
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have resulted from both increases in scanning time and in the number of volumes.
To test this, they assessed the effects of the total number of volumes by comparing
results from two data sets with the same total scanning time but with a different
number of EPI volumes. In practice, they excluded half the time points by sampling
every second image from the first data set and created the half-volume second data
set. The results showed that the benefit of increased reliability was found for the
increase in the number of volumes as well as the increase in the length of time [27].
According to this result, it seems better to acquire as large a number of volumes as
possible with a shortened TR. Currently, our group uses a 10-min scanning protocol
witha TR of 2.5 s.

It is important to note that there are many possible states of “resting.” In rs-fMRI/
rsfcMRI studies, a participant is usually instructed to stay relaxed in a comfortable
position within a scanner, and not to think about anything particular or to imagine
specific figures or scenes. However, a substantial variability exists across studies as
to whether a participant is asked to close their eyes, open their eyes, or fixate on a
visual target. However, there is a problem: the functional connectivity pattern may
differ between the eyes-open condition and the eyes-closed condition [28]. To date,
there is no rule of thumb to judge which condition is ideal for a particular rs-fMRI/
rsfcMRI study. Yet one thing is certain: a single condition with either the eyes
closed or the eyes open (with or without a fixation target) should be used consis-
tently throughout a single study. In addition, some studies have suggested that
RSN, especially the visual network, may show variation related to the stage of
sleep [29]. Currently, our group uses a visual fixation condition with the eyes open
to prevent them from falling asleep completely and also to reduce head movement
during scanning. This is because we believe that these factors should be controlled
as much as possible to reduce possible confounding factors between individuals.

Moreover, a newly developed multimodal imaging technique has been applied
for the simultaneous measurement of rs-fMRI/rsfcMRI with near-infrared spectros-
copy or with the electroencephalogram [30].

8.3.4 Analysis of rs-fMRI/rsfcMRI

Many analytic methods have been proposed for rs-fMRI/rsfcMRI as they showcase
the recent development of neuroimaging. rs-fMRI/rsfcMRI can be analyzed with
software packages that have been used for the analysis of task-related fMRI such as
statistical parametric mapping (http://www.fil.ion.ucl.ac.uk/spm/doc/), FSL (http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/), and AFNI (http://afni.nimh.nih.gov/afni/), espe-
cially with implementation of extension programs such as the Data Processing
Assistant for Resting-State fMRI (DPARSF; http://rfmri.org/DPARSF), the conn
toolbox (http://web.mit.edu/swg/software.htm [31]), and the Group ICA of fMRI
Toolbox (GIFT; http://mialab.mrn.org/software/).

An analysis method focusing on resting-state fluctuations of regional activity is
called amplitude of low-frequency fluctuations (ALFF) or fractional ALFF (fALFF).
ALFF is defined as the total power within the frequency range between 0.01 and
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0.1 Hz in a given voxel; thus, ALFF retrieves local information about the amplitude
of low-frequency fluctuations [32]. However, these low-frequency components often
contain physiological noise resulting from respiration and pulsation. To overcome
this limitation, Zuo and colleagues have proposed fALFF, which is calculated as the
power of fluctuations within the low-frequency range (0.01-0.1 Hz) divided by the
total power of fluctuations in the entire frequency range. Similar to ALFF, fALFF
can index spontaneous brain activity within regions [33, 34]. For example, ALFF and
fALFF can test whether two groups may differ in resting-state low-frequency fluc-
tuations in each voxel or region of interest (ROI).

A majority of rs-fMRI/rsfcMRI studies deal with functional connectivity.
RsfcMRI analyses explore the correlation of a low-frequency fluctuation of BOLD
signals between regions. One of the simplest approaches is to test the correlation of
low-frequency fluctuations of BOLD signals between a pair of ROIs. Another typi-
cal approach is a seed-to-voxel functional connectivity analysis, or seed-to-voxel
analysis for short, adopted by Biswal and colleagues in their original paper [3]. By
definition, a seed-to-voxel analysis uses an a priori ROI as the seed region and then
tests the correlation of low-frequency fluctuations between the seed region and all
other voxels in the brain. Seed-to-voxel analysis can explore all the voxels in the
whole brain that have a significant correlational relationship with the seed region,
yielding a functional connectivity map (Fig. 8.2). Because seed-to-voxel analysis is
statistically straightforward and provides comprehensible results, it has become a
popular technique. Despite the possibility of clear-cut results being provided, the
technique has the major drawback of requiring a priori selection of a seed region. In
other words, among the major techniques available for rs-fMRI/rsfcMRI analysis,
seed-based analysis is the most explicitly model-based or hypothesis-driven
approach derived from traditional fMRI analysis. At the other extreme, independent
component analysis (ICA) is a method for multivariate “exploratory” search in
which a set of regions or networks having coherent BOLD signal fluctuations can be
detected without an a priori model. ICA is a typical model-free analysis in contrast
to the model-based functional connectivity analysis requiring an a priori ROIL. ICA
is originally a method developed for the estimation of a signal source or blind source
separation; it is used to decompose an observed signal into a set of independent
signal components, by hypothesizing that the observed signal is a linear sum of
distinct components from different sources. In ICA of fMRI data, observed, spa-
tially distributed time series BOLD signals are hypothesized as a linear mixture of
spatially independent maps, each of which has certain temporal dynamics (signal
time course). Thus, ICA of rsfcMRI data identifies RSNs as spatially independent
components and creates maps of RSNs accompanied with information about the
temporal signal variations of each RSN (Fig. 8.3). An advantage of ICA is that it
does not require a priori assumptions about the seed regions or functional connec-
tivity networks. Further, ICA can separate signals that do not reflect neural activity:
various types of noise resulting from body movement and physiological noise from
respiration and pulsation typically seen in the white matter and cerebrospinal fluid
space. Thus, ICA can be used as a filter to remove these noise components. Despite
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Fig.8.2 Example of a seed-based analysis with seed ROI at the posterior cingulate cortex/precu-
neus in the healthy participants group. A significant correlation is observed in the medial part of
the frontal lobe, lateral parietal lobe and the lateral inferior temporal gyrus as the default-mode
network. The color bar indicates the correlation coefficient
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Fig. 8.3 Example of a default mode network identified by an independent component analysis.
Because the peak of the power spectrum is observed from 0.02 to 0.03 Hz, we can interpret that
this BOLD signal time course has low-frequency oscillation

these merits, a substantial challenge in ICA analysis resides in how to interpret the
decomposed ICA components, because ICA-derived spatial maps do not have inher-
ent physiological meanings. Traditionally, the interpretation rested completely upon
researchers’ eyes classifying the components into valuable and garbage. In this
regard, frequency power analysis of the time course of ICA components often helps,
because physiologically meaningful RSNs should have a frequency component
between 0.08 and 0.1 Hz. For example, the component including most of the
frequency-spectrum power above 0.1 Hz shows a “spotty” noise pattern with small
clusters of voxels diffusely spread over the brain or ventricle [23]. Also, head motion-
related ICA maps typically show a spike-like rapid change of time course. Therefore,
motion-related ICA components are predominantly in a high-frequency range of the
spectrum. More recently, a template matching method has been employed to match
an ICA component from individuals to a single set of component maps representing
typical RSN [35].

Multivariate pattern analysis (MVPA) has significantly progressed the analysis
of neuroimaging data in various ways. MVPA first selects a set of brain activity
from multiple voxels or a correlation matrix derived from multiple pairs of ROIs,
assuming that the selected multivariate data set (“a feature”) best characterizes a
class or a label of interest. In the case of rsfcMRI, a feature from each individual is
typically a correlation matrix derived from several ROIs or from an extensive ROI
set covering the entire brain (e.g., automated anatomical labeling); a class may
be defined at a level of stimulus (e.g., an orientation of a line), task condition



8 Toward Clinical Application of Resting-State Functional Magnetic Resonance 183

(e.g., movement A or B), or population (diseased or healthy). A pattern discrimi-
nant algorithm is then applied to the correlation matrices to find a hyperplane or
criteria that can best discriminate categories within the class. A discriminant algo-
rithm, or a classifier, is often implemented by a form of supervised machine learn-
ing such as a support vector machine. After the classifier learns the criteria that best
separates a multivariate pattern according to the input data, the capabilities of the
classifier might be tested by applying it to a new functional connectivity data set.
MVPA is expected to contribute to assisting in clinical diagnosis, provided that it
can obtain high classification accuracy. Currently, rsfcMRI-based MVPA classifica-
tion typically achieves accuracy of about 60-80% (50% chance level) [7, 36, 37];
further improvement would be required for really helpful clinical utility.

Graph theory is one of the most recent network analysis methods and has been
introduced to rsfcMRI analysis. Graph theory analysis assumes functional connectiv-
ity as a “graph” that consists of a set of objects (“node”) corresponding to ROIs and
directed or nondirected links (“edge”) connecting the objects. A graph characterizes
the relationship or state of binding between nodes, namely, brain regions in the case
of rsfcMRI analysis. Graph theory analysis provides useful summary information
about otherwise complicated relationships between multiple nodes: the small-world-
ness, the modularity, and the transmission efficiency. Furthermore, graph theory is
used to decode the interaction between functional connectivity networks [38].

It is also important to develop analytic methods for multimodal recordings of
resting-state brain activity. For example, Omata and colleagues used empirical
mode decomposition to classify temporal dynamics of electroencephalogram alpha
oscillations at rest into different patterns and then associated each component with
rs-fMRI data [30].

8.3.5 rsfcMRI for Diagnosis of Dementia

Recently, abnormal functional connectivity has been reported in various neuropsy-
chiatric diseases such as schizophrenia, depression, and dementia. Particularly, a
number of rs-fMRI/rsfcMRI studies have been conducted in AD.

Greicius and colleagues first applied rsfcMRI combined with ICA to AD and
healthy control groups. They identified the spatial pattern of the DMN with ICA and
then retrieved the BOLD signal time course from the DMN. Then, they performed a
correlation analysis of the signal time series typical of the DMN with each individu-
al’s rsfcMRI data. As a result, AD patients showed a weak correlation with the typi-
cal DMN fluctuation pattern in the posterior cingulate cortex, the hippocampus, and
the entorhinal cortex. This finding suggested that, in comparison with healthy partici-
pants, patients with AD had reduced functional connectivity in the DMN and medial
temporal regions, which play an important role in the process of episodic memory
[39]. This seminal report has shown that rs-fMRI/rsfcMRI has the potential to pro-
vide a useful biomarker for detecting network abnormalities signifying dementia.

Since then, many studies have followed the study by Greicius and colleagues
and have tested the feasibility of rs-fMRI/rsfcMRI in the clinical diagnosis of
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neuropsychiatric disorders. Many are interested in network abnormalities of the
DMN as a hallmark of AD. As described above, the DMN is one of the RSNs and
comprises the medial prefrontal area, posterior cingulate cortex-medial parietal area
(precuneus), and the lateral parietal area, in which neural activity is higher at rest
than during task engagement. AD transgenic mice show abnormal connectivity in
the murine DMN including the human homologs of the posterior cingulate cortex/
precuneus to the retrosplenial cortex after age-related deposition of beta-amyloid
[40]. Additionally, patients with AD show abnormal functional connectivity of the
hippocampus with important hubs of the DMN including the medial prefrontal
cortex-ventral anterior cingulate cortex and the posterior cingulate cortex [21].
Zhang and colleagues classified patients with AD into mild, moderate, and severe
groups according to the Clinical Dementia Rating (CDR) and the Mini-Mental State
Examination (MMSE). When they performed seed-based rsfcMRI analysis using
the posterior cingulate cortex as a seed, patients with more severe AD showed a
greater reduction in DMN connectivity between the medial prefrontal cortex and the
posterior cingulate cortex [41].

Evidence indicates that AD patients may also have abnormal connectivity in other
RSN and also across different RSNs. Patients with amnestic mild cognitive impair-
ment, probably a prodromal phase of AD, show decreased connectivity in the DMN,
the hippocampus-posterior cingulate network, and also the attentional network [22].
Brier and colleagues performed seed-based analysis of rs-fMRI/rsfcMRI in a cohort
of 510 cases subdivided into normal (CDR of 0), very mild AD (CDR of 0-0.5), and
mild AD. They analyzed not only the DMN but also the dorsal attention RSN, execu-
tive control RSN, salience RSN, and sensorimotor RSN. The results revealed abnor-
mal intra-RSN connectivity as well as reduced across-RSN connectivity inversely
correlated with CDR [42]. Zarei and colleagues classified the hippocampus into three
subregions (head, body, and tail) according to its functional connectivity to other
brain areas. The head, body, and tail of the hippocampus were strongly connected
with the prefrontal cortex, posterior cingulate cortex, and thalamus, respectively.
Then, they performed seed-based analysis to compare the connectivity of those hip-
pocampal subnetworks between patients with AD and healthy older patients. The
results revealed that there was a correlation between patients with AD who had
increased prefrontal-hippocampal head connectivity and reduced posterior cingu-
late-hippocampal body connectivity and changes in MMSE scores [25, 42].

A famous biomarker of AD is the deposition of beta-amyloid in the brain, and such
amyloid deposition can be detected with PET imaging. Interestingly, the posterior
cingulate cortex and precuneus, hubs of the DMN, often show the deposition of beta-
amyloid with PET imaging. The deposition of beta-amyloid does not always mean
cognitive decline. For instance, task-related fMRI activity during a memory task is
normal in older participants with amyloid deposition but with normal memory func-
tions [43]. This finding indicates that AD is characterized by abnormal connectivity
between the DMN and mesial temporal memory network in addition to the deposition
of beta-amyloid. Put differently, the detection of both beta amyloid deposition and
DMN abnormality may serve as a specific biomarker of AD. It is then tempting to test
whether rs-fMRI/rsfcMRI combined with amyloid PET may provide a better bio-
marker of predicting AD than the one provided by each technique alone.
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In fact, rs-fMRI/rsfcMRI has been applied to cognitively normal or very mildly
impaired pre-clinical AD as judged by amyloid PET [44]. Hedden and colleagues
prescribed both rs-fMRI/rsfcMRI and PET with Pittsburgh compound B for older
participants without clear cognitive decline. Participants with amyloid deposition had
decreased DMN connectivity between the medial prefrontal cortex and posterior cin-
gulate cortex and also between bilateral lateral parietal areas as compared with partici-
pants without amyloid deposition [43]. Consistent with this, Sheline and coworkers
found that older people without cognitive decline had reduced connectivity of the
posterior cingulate cortex with the hippocampus, parahippocampus, primary visual
areas, and anterior cingulate cortex where amyloid deposition was identified [45]. Oh
and colleagues took this one step further [46]. They used gray matter volumetric anal-
ysis of structural MRI in combination with amyloid PET and rs-fMRI/rsfcMRI. First,
the analysis revealed that in the older population, increased amyloid deposition was
correlated with the reduction in gray matter volume in the left inferior frontal gyrus.
Second, the reduction of the gray matter volume of the posterior cingulate cortex was
exclusively observed in participants with amyloid deposition there. Third, seed-based
analysis of rsfcMRI showed that the left inferior frontal gyrus and the posterior cingu-
late cortex belonged to different RSNs. Last, abnormality of the left inferior frontal
RNS was correlated with a reduction in working memory performance, whereas that
of the posterior cingulate RNS was not. Taken together, a comprehensive workup with
amyloid PET, structural MRI, and rs-fMRI/rsfcMRI likely provides invaluable infor-
mation about the pathophysiology of preclinical AD.

As discussed, rsfcMRI is expected to assist in the clinical diagnosis of neuropsy-
chiatric disorders. This may be achieved by combining multivariate information
from rsfcMRI and pattern classification algorithms such as support vector machine
to find a subtle difference between individuals. Such an approach is especially
important in neuropsychiatric disorders without established biomarkers for a defi-
nite diagnosis such as mood disorders [37], schizophrenia [36], and autism [47].
Furthermore, Koch and coworkers have indicated the feasibility of rsfcMRI for the
diagnosis of AD. They retrieved a seed (posterior cingulate cortex)-based feature
and also an ICA-based feature from rsfcMRI data, and attempted to classify between
AD and healthy older participants. They compared classification performance
among the seed-based feature, ICA-based feature, and the combined seed- and ICA-
based feature. The classification performance was 64% and 71% when they were
based on either the seed- or ICA-based feature, respectively; however, the combined
seed- and ICA-based feature achieved a classification performance of 97% [15].
This study has hinted on the usefulness of an rsfcMRI-based classification for the
diagnosis of AD. Nevertheless, Koch and coworkers also reported that they were not
able to classify between participants with and those without the ApoE4 allele, a risk
factor of AD, suggesting a limitation of the current method [15].

We have argued for the feasibility of rs-fMRI/rsfcMRI for assisting in the early
diagnosis of AD. It does not seem too difficult to implement rs-fMRI/rsfcMRI into
clinical practice because of the convenience of the technique and the low burden to
both patients and clinical practitioners. In combination with large imaging data
projects such as ADNI, we foresee an explosion of rs-fMRI/rsfcMRI research and
the clinical application of rs-fMRI/rsfcMRI to dementia.
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FDG-PET in Alzheimer’s Disease

Yoshitaka Inui, Kengo Ito, and Takashi Kato

Abstract

BF-2-fluoro-2-deoxy-D-glucose (‘*F-FDG) is a tracer that can objectively evalu-
ate neuronal activity in the brain and has been widely used in the research and
diagnosis of Alzheimer’s disease (AD). The clinical diagnostic criteria for AD
were revised in 2011. Along with magnetic resonance imaging, FDG-positron
emission tomography (PET) has been shown to be an important research criteria
as an objective biomarker for neuronal injury.

Typical FDG-PET findings in AD include reduced glucose metabolism in
the parietotemporal association cortex, precuneus, and posterior cingulate.
FDG-PET plays an important role in visually and quantitatively perceiving
these types of findings; consequently, the certainty of the clinical diagnosis of
AD can be improved, and differentiating between AD and non-Alzheimer’s
dementia is also possible. Furthermore, FDG-PET may be used as a biomarker
for early diagnosis of AD, at the mild cognitive impairment (MCI) or preclini-
cal stages, in order to start medical or non-pharmacologic treatment and, sub-
sequently, as a biomarker to determine treatment effects. This chapter focuses
on previously collected evidence about the efficacy and practicality of FDG-
PET in the diagnosis of AD.
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9.1 Introduction

BE-FDG is a chemical compound similar to glucose that can pass through the blood-
brain barrier by means of carrier-mediated transport, specifically, glucose trans-
porter type 1 (GLUTI1), to enter the brain and undergo phosphorylation by
hexokinase, an enzyme in the glycolytic pathway. Unlike glucose, however, '°F-
FDG is not degraded by isomerase and reverse phosphorylation is rare; hence,
metabolism is “trapped” at this point and "*F-FDG builds up in cells [1].

Localized brain glucose metabolism reacts to functional activity and density of
synapse in the area through neuron-glia metabolic coupling [2] and exhibits a strong
correlation with neuronal activity [3, 4]. This is because biologically, the brain’s
only source of energy is glucose, whereas ATP, which facilitates the glycolytic path-
way and the tricarboxylic acid cycle, is mainly used for neuronal activity in the
brain. This explains the superiority of the PET scan, which uses "*F-FDG in objec-
tively evaluating neuronal activity in the brain.

When diagnosing AD, computed tomography (CT) and magnetic resonance
imaging (MRI) have been necessary for the exclusion of treatable dementia such as
normal pressure hydrocephalus and chronic subdural hematoma and for evaluation
of cerebrovascular diseases. In the diagnosis of AD, single photon emission CT
(SPECT) and PET scans, which evaluate cerebral blood flow and metabolism,
respectively, have earned their status as ancillary methods to increase diagnostic
certainty. However, due to an increase in the need for early diagnosis and advances
in amyloid imaging, the role of imaging diagnosis in AD is changing dramatically.
Currently, the Alzheimer’s Disease Neuroimaging Initiative (ADNI; http://www.
adni-info.org) is advancing globally; it is a large-scale, comprehensive clinical
research initiative which aims to standardize early diagnosis of AD internationally.
This study involves repeated biomarker testing, such as brain volume measurement
with MRI, brain glucose metabolism imaging, amyloid imaging with PET, and mea-
surement of cerebrospinal fluid AP and tau, to make early diagnosis of AD and
verify the efficacy of treatment and pathophysiological status; the goal is to estab-
lish a standard evaluation system for AD, and many of these research results have
been published [5]. Among such activities, clinical diagnostic criteria have been
revised from the previous National Institute of Neurological and Communicative
Disorders and Stroke/Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) [6] in 2011 through the working groups of the National
Institute of Aging and Alzheimer’s Association [7]. In the new criteria, MCI due to
AD and preclinical stage of AD were suggested [8, 9]. In all of the disease phases,
FDG-PET, along with MRI, has been included in important research criteria as a
biomarker that objectively shows neuronal injury.
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9.2  '8F-FDG-PET Findings in the Healthy Brain and in AD

FDG uptake in the cerebral cortex, cerebellar cortex, and central gray matter of
healthy people is high because there is a clear correlation between gray matter
density and glucose metabolism. In the cerebral cortex, accumulation is espe-
cially high in the occipital lobe, posterior cingulate, and precuneus. Accumulation
of FDG in the striatum and thalamus is equivalent to that in the cerebral
cortex.

Typical FDG-PET findings in AD include hypometabolism in the parietotem-
poral association cortex, posterior cingulate, and precuneus (Fig. 9.1). In many
cases, hypometabolism in the frontal cortex becomes clear in the progression
period [10-12]. On the other hand, accumulation in the primary sensorimotor
cortex, primary visual cortex, basal nuclei, and thalamus tends to remain the
same even when the disease progresses. Almost identical findings can be seen on
cerebral blood flow SPECT, but these findings are generally clearer with PET
than SPECT because the spatial resolution and the quantitativity of PET are
superior to SPECT. FDG-PET is superior in terms of diagnostic accuracy for
dementia, including AD, especially in its early stages [13, 14]. Atrophy of the
hippocampus and parahippocampus is found from the early stages of AD, but the
reduction in glucose metabolism corresponding to atrophy is not always detected
[15]. There are also known discrepancies depending on the age of onset. In pre-
senile onset AD, the typical AD glucose metabolism pattern is often centered in
the parietotemporal association cortex, whereas in senile onset AD, glucose
metabolism tends to be reduced in the limbic system and in the frontal lobe, with
cases of relatively weak reduction in the parietotemporal association area, poste-
rior cingulate, and precuneus [16, 17]. Furthermore, there are individual differ-
ences in the progression of reduced glucose metabolism in each case of AD, and
there is no fixed degree of spread or reduction and no fixed speed of
progression.

Fig. 9.1 Representative FDG-PET images of AD patient. (a) Tomography, (b) 3D-SSP, and (c)
3D-SSP Z-score images show hypometabolism in the parietotemporal association cortex, posterior
cingulate, and precuneus
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Reduction in glucose metabolism in the posterior cingulate and precuneus is con-
sidered to be an early diagnostic clue for AD [18], because this area lies inside the
brain, visual assessment of subtle reductions in metabolism on PET cross-section
images is not easy. This may be overcome by the use of statistical image analysis
methods, such as the widely used 3D-stereotactic surface projection (3D-SSP) [19]
and statistical parametric mapping (SPM) [20]. These are tools which can easily
evaluate all the cerebral regions by comparing individual case images with normal
database. 3D-SSP applies a z-score mapping to areas with reduced or increased glu-
cose metabolism. Not only does this simplify the assessment of medial side of the
brain, it also offers high reproducibility and detection of slight changes.

Many reports have examined the diagnostic ability of FDG-PET on cases that had
been diagnosed with AD according to clinical diagnostic criteria such as NINCDS-
ADRDA and DSM-IV [19, 21-42]. Reported sensitivity and specificity vary widely,
but according to a meta-analysis, the sensitivity and specificity of FDG-PET are 90%
and 89%, respectively, demonstrating FDG-PET’s superiority over biomarkers such
as cerebrospinal fluid AB42 and tau, cerebral blood flow SPECT, and MRI [43].
Furthermore, analysis of the literature published after the year 2000 revealed the
extremely high diagnostic ability offered by FDG-PET, with 96% sensitivity and 90%
specificity. This improvement in diagnostic ability is thought to be due to the use of
improved PET devices or improved interpretational skills of observers [44]. However,
the best that FDG-PET can do is differentiating between patients with AD and healthy
subjects: it must be noted that it does not incorporate histopathological evidence, and
clinical diagnosis is the current gold standard.

9.3 Differentiation between Alzheimer’s
and Non-Alzheimer’s Dementia

About half of the patients with dementia have AD, but there are also various cases of
non-AD dementia, such as dementia with Lewy bodies (DLB), frontotemporal
dementia (FTD), and vascular dementia (VaD), which must be differentiated from
AD. Differentiating between non-AD dementia and AD is important for deciding on
the treatment approach, estimating future symptoms, and determining prognosis.
There are also a number of reports about differentiation between AD and non-AD
dementia with FDG-PET [26, 27, 29, 38, 45-52], but according to a meta-analysis,
the sensitivity and specificity of FDG-PET are 93% and 70%, respectively; the speci-
ficity is somewhat low [43]. Even if only reports with histopathological confirmation
are selected, specificity still tends to be low [48, 50-52]. Among non-AD dementia
cases, there are many instances of false positive FDG-PET scans which show hypo-
metabolic patterns similar to those seen in AD.

The frequency of DLB is high among non-AD dementia cases. Differential diag-
nosis of DLB and AD is important for accurate prognostication and appropriate
treatment; however, it is not easy because there is clinically overlapping symptoms
and hypometabolism observed in DLB is similar to that observed in AD (Fig. 9.2).
In addition to a decline in glucose metabolism that is similar to that found in AD,
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Fig.9.2 Representative FDG-PET images of DLB patient. (a) Tomography, (b) 3D-SSP, and (c)
3D-SSP Z-score images show hypometabolism in the occipital lobe, parietotemporal association
cortex, posterior cingulate, and precuneus

hypometabolism in the occipital lobe including visual cortex is characteristic of
DLB. Low uptake in occipital lobe on SPECT and/or PET is one of the supportive
features suggested as a clinical diagnostic criterion for DLB [53], although specific-
ity is not high [45—47]. Also, regarding differentiation between AD and FTD, which
are covered by the US Medicare system insurance, FDG-PET has been shown to
have 99% sensitivity and 65% specificity in a study of a large number of cases [38].
In reports confirmed by histopathological diagnosis, sensitivity was high at 97%
and specificity was 71% [48]. These results suggest that it is not uncommon for
DLB and FTD to be diagnosed as AD.

9.4  FDG-PET for Mild Cognitive Impairment

MCI was proposed and revised by Petersen et al. as a summary of cognitive function
status expressing normal and dementia statuses [54]. Subtypes include amnestic
type and non-amnestic type; single-domain types, in which disability forms in the
single higher brain function area; and multi-domain type, in which the disability
manifests in many areas. The cause of MCI is heterogeneous and involves a number
of conditions; besides AD, degenerating dementia, such as DLB and FTD; cerebro-
vascular disease, including VaDj; and psychiatric conditions, such as depression and
external injury-type changes; and normal aging [54, 55]. Among these, amnestic-
type MCI patients convert to AD at a rate of about 12—15% per year [54]. If disease-
modifying treatment is developed in the future, the MCI stage would be considered
to be the appropriate period to begin treatment, so there is an especially high neces-
sity for early diagnosis at this stage. Early diagnosis at the MCI stage using FDG-
PET allows prediction of conversion from MCI to AD. In past reports with 1-2-year
follow-up periods, the accuracy of predicting conversion from MCI to AD was high,
at 80% or greater [56—58], and in a meta-analysis conducted by Yuan et al., sensitiv-
ity and specificity both tended to be high, at 88.8% and 84.9%, respectively [59].
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However, recent reports using ADNI data suggested low diagnostic ability, with a
sensitivity of 57% and a specificity of 67% [60]. This lack of consistency in diag-
nostic ability may be due to differences in backgrounds of the registered MCI
groups, discrepancies in analysis or evaluation methods, or differences in follow-up
periods.

In Japan, a prospective multicenter study targeting amnestic MCI, the Study
on Diagnosis of early Alzheimer’s disease-Japan, SEAD-J, was conducted; this
report contains the results of 3-yr. observations of progress [61]. According to
this study, the diagnostic ability of FDG-PET using visual evaluation has a sen-
sitivity of 98%, specificity of 41%, and an accurate diagnosis rate of 71%. This
trend coincides with the results of a similar multicenter study using cerebral
blood flow SPECT, the Japan Cooperative SPECT Study on Assessment of Mild
Impairment of Cognitive Function, J-COSMIC [62], but the overall diagnostic
ability of FGD-PET is higher. In the SEAD-J extension, which included a 5-year
follow-up of SEAD-J cases, there were cases of MCI that converted to AD in the
fourth or fifth year (Fig. 9.3); hence, it may be possible that the low specificity is
caused by being a slow converter. Compared with slow converters, rapid convert-
ers have clear tendencies for AD-type changes on baseline images (Fig. 9.3). In
fact, on assessments by mathematical indicators using AD t-sum, diagnostic abil-
ity was highest at 2 years when sensitivity was 70%, specificity was 90%, and
accuracy was 83%, whereas at 3 years, sensitivity was 60%, specificity was 91%,
and accuracy was 77% [61]. These results indicate that if there is no

Fig.9.3 3D-SSP images of MCI patients converted to AD. Top: Baseline image of rapid converter
during a visit in the second year of follow-up. (a) 3D-SSP image, (b) 3D-SSP Z-score image.
Glucose metabolism decreased in the parietotemporal association cortex, posterior cingulate, and
precuneus mainly on the left side. Bottom: Baseline image of slow converter during a visit in the
fifth year of follow-up. (¢) 3D-SSP image, (d) 3D-SSP Z-score image. Glucose metabolism
decreased in the parietotemporal association cortex, posterior cingulate, and precuneus. Rapid
converter exhibited clearer AD changes at baseline than slow converter
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hypometabolism that suggests AD, the probability of conversion from MCI to
AD is low and that selecting cases with clear-cut AD changes using semi-quan-
titative indicators could make it possible to select rapid converters up to the
second year.

In addition to FDG-PET evaluation, concomitant use of the ApoE genotype has
been reported to improve accuracy [56, 57]. In any case, in MCI research, histo-
pathological confirmation of the diagnosis is difficult, and results are based on clini-
cal diagnosis using follow-up examinations.

9.5 Preclinical Stage FDG-PET

There are a limited number of reports on the use of FDG-PET in the asymptomatic
preclinical stage. In the middle age and older groups at high risk for AD due to fam-
ily history and positive ApoE &4, hypometabolism of the parietotemporal associa-
tion cortex has been reported [63, 64]; this abnormality is also seen in their 20s and
30s [65]. In asymptomatic middle aged and older cases with positive ApoE &4,
parietotemporal association cortex and posterior cingulate glucose metabolism
declines at an annual rate of 2% [66]. In elderly cases with normal cognitive func-
tion progressing to MCI within 3 years of observation, abnormalities were found in
the hippocampus, suggesting that abnormal glucose metabolism may start in this
area [67]. It is difficult to predict progression to MCI or AD on an individual level
because changes in the association cortex and inner part of the temporal lobe during
the preclinical stage are normally extremely subtle; but in cases of preventive inter-
vention for asymptomatic cases, FDG-PET may determine efficacy of medical and
non-pharmacologic treatment.

In recent years, a substantial number of cognitively normal, elderly individuals
without proven deposition of Ap on amyloid imaging were reported to have at least
one significant marker of neurodegeneration including FDG metabolism [68—70].
Cases like these are placed in a separate category from preclinical AD and are des-
ignated as “suspected non-AD pathology, SNAP.” It may be affected by the pres-
ence of conditions such as cerebrovascular disease, tauopathy, or synucleinopathy,
but further verification is required.
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Abstract

Noninvasive imaging of tau pathology can contribute to the early and differential
diagnosis of neurodegenerative diseases and evaluating the efficacy of disease-
specific therapies. For in vivo imaging of tau protein deposits in the human brain,
PET tracers should exhibit high binding affinity to the B-pleated sheet structure
of PHF-tau, high binding selectivity to tau over amyloid-f, and high blood-brain
barrier permeability. Several tau PET tracers have been developed and tested in
humans. Recent tau PET studies have demonstrated a high amount of tracer
retention in sites that have a predilection for the cortical deposition of tau protein
aggregates in patients with Alzheimer’s disease (AD). The amount of tracer
retention is closely associated with dementia severity and neurodegeneration.
Therefore, tau PET is expected to be useful for tracking disease progression,
assessing disease severity, and accurately predicting dementia prognosis. In this
chapter, we will discuss recent progress in the development of tau-selective PET
tracers and clinical PET studies using these tracers.
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10.1 Introduction

Alzheimer’s disease (AD) is the most common cause of dementia, accounting for
more than half of patients with dementia in Japan, followed by vascular dementia,
dementia with Lewy bodies, and frontotemporal dementia. The two major neuro-
pathological hallmarks in AD are senile plaques (SPs) and neurofibrillary tangles
(NFTs), which are composed of amyloid-f (AP) and hyperphosphorylated tau pro-
tein, respectively. Although there are distinctive diagnostic criteria for the clinical
diagnosis of these diseases, the differential diagnosis of these diseases is sometimes
challenging, because there is substantial overlap in clinical phenotypes of these
diseases. Postmortem studies have also shown a high frequency of mixed pathology
in patients with dementia [1], which makes an accurate clinical diagnosis difficult.
A definitive diagnosis of AD is based on the neuropathological confirmation of
these protein deposits in the brain. It would thus be ideal if both SPs and NFTs in
the brain could be visualized noninvasively. Among several imaging technologies,
positron-emission tomography (PET) is the most practical method to visualize and
quantify these protein depositions because of its advantages of high sensitivity and
quantification accuracy. As shown in the previous chapter, marked progress in the
development of Ap imaging tracers has been made in recent years. In contrast, it has
been difficult to develop selective tau PET ligands.

10.2 Requirements for a Tau PET Tracer

There are several requirements for tau PET radiotracers. First, the tracer should
have a binding affinity for PHF-tau that is sufficient for in vivo imaging. There are
several methods to assess the binding ability of radiotracer candidates to PHF-tau.
The binding assay using synthetic tau fibrils has been used for the screening of
potential tau PET ligands. However, the binding assay using human brain samples
is a more reliable method to assess the binding of a candidate compound to PHF-
tau, because this method can directly assess the affinity for the native conformation
of tau in the patient’s brain. Successful amyloid PET tracers exhibit high binding
affinities (K, or K; < 20 nM) to AD brain homogenates [2-5]. Tau PET ligands
should also exhibit similar binding affinity to AD brain homogenates containing a
high density of tau fibrils and a low density of A fibrils. The amount of PHF-tau is
reported to be far less than that of AP in AD neocortex [6]. Therefore, a tau tracer
must be highly selective for tau over AP. A tracer that exhibits a high affinity to
[-sheet structure of A or tau protein fibrils tends to accumulate in the white matter,
possibly due to the binding to f-sheet structures contained in myelin [7]. Because



10 Tau PET in Neurodegenerative Diseases Manifesting Dementia 201

the white matter retention of tracers will interfere with the early detection of mild
tau pathology, these tracer signals should be as low as possible.

As is the case for other neuroimaging tracers, tau tracer should show sufficient
uptake in the brain immediately after intravenous administration. The blood-brain
barrier (BBB) permeability of radiotracers in humans can be estimated from the
pharmacokinetic data in mice or rats. Most successful neuroimaging radiotracers
exhibit an initial brain uptake above 3—4% of the injected dose (% ID) immediately
after intravenous administration in mice [3, 5, 8]. BBB permeability is strongly
associated with the lipophilicity of the tracer. Ideally, log P values of the radiotracer
should be between 1 and 3 [9]. In addition, radiotracers should be cleared rapidly
from the nontarget areas of the brain, because of the short half-life of the positron-
emitting radionuclide. An ideal radiotracer should readily enter the brain and selec-
tively bind to its target in the absence of radiolabeled metabolites. Thus, it is
important to confirm that the radiolabeled metabolites do not penetrate BBB.
18F-labeled tracer is more convenient for routine clinical use than is ''C-labeled
tracer, because the longer half-life of '¥F (T, = 110 min) allows time for its delivery
to many PET facilities. In '*F-labeled ligands, defluorination causes the emission of
8F signals from the skull, which might interfere with visual assessment of tracer
distribution in the brain.

10.3 TauPET Tracers

Screening of chemical compound libraries have been performed by several different
groups to identify small molecule compounds fulfilling the above requirements.
Recently, different classes of compounds (Fig. 10.1) have been developed as poten-
tial candidates as tau PET tracers and applied to exploratory human PET studies.

10.3.1 Naphthylethylidene Derivative

["F]JFDDNP was developed as a nonselective PET tracer for SPs and NFTs in the
brain. Autoradiography of AD brain sections has revealed binding of ['*FJFDDNP
in the temporal and parietal cortices, which matched the immunohistochemistry of
A and tau [10]. Clinical PET studies with ["*)FJFDDNP have revealed regional
accumulation of ["SF]JFDDNP in the SP- and NFT-rich areas of the AD brain [11].
FDDNP retention in the medial temporal lobes of subjects with mild cognitive
impairment (MCI) was at levels that are intermediate relative to FDDNP retention
levels in patients with AD and normal subjects [12] and contrasts with the bimodal
distribution of Af-selective PET tracers in patients with MCI [13]. These findings
suggest that FDDNP may be useful in tracing the progression of tau pathology in the
MCT stage of AD patients. ['*FJFDDNP PET has also been applied to the assess-
ment of patients with Down syndrome [14], suspected of chronic traumatic enceph-
alopathy (CTE) cases [15], and patients with progressive supranuclear palsy (PSP)
[16]. However, the lack of selectivity of FDDNP to PHF-tau will make it difficult to
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Fig. 10.1 Chemical structures of tau PET radiotracers

interpret the distribution of tau pathology, because the possibility of concomitant
tracer binding to AP plaques cannot be ruled out.

10.3.2 Phenyl/Pyridinyl-Butadienyl-Benzothiazoles/
Benzothiazolium Derivative

A series of phenyl/pyridinyl-butadienyl-benzothiazoles/benzothiazoliums (PBBs)
have been developed as candidates for tau PET tracers [17, 18]. These fluorescent
compounds clearly stained NFTs, neuropil threads, and dystrophic neurites in AD
brain sections. Intriguingly, these compounds additionally stained various tau inclu-
sions in non-AD tauopathies, such as Pick’s disease, PSP, and corticobasal degen-
eration (CBD). Three hydrophilic compounds (PBB3, PBB4, and PBB5) showed
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relatively lower binding affinity to AP deposits than did the other lipophilic deriva-
tives. Among them, PBB3 exhibited reasonable biostability and sufficient BBB per-
meability in mice. A study of [''C]PBB3 PET in PS19 mice has shown successful
noninvasive visualization of tau protein deposits in the brain. From these findings,
[''C]PBB3 was selected as a final tau PET tracer candidate. An exploratory clinical
study has been reported in three healthy controls and three patients with AD [17].
The [''C]PBB3 and amyloid PET tracer ['!C]PiB exhibited different patterns of
brain retention. Of particular note is that [''C]PBB3 showed preferential accumula-
tion in the medial temporal cortex of patients with AD, where the high density of
PHF-tau has been observed in postmortem studies. Furthermore, high [''C]PBB3
accumulation has been observed in the neocortex and subcortical structures of a
patient with corticobasal syndrome, suggesting the potential utility of this tracer for
in vivo detection of tau lesions in non-AD tauopathies. ['!C]PBB3 exhibited mini-
mal nonspecific binding to white matter and brainstem. However, a high density of
tracer signals was observed in dural venous sinuses. We expect ongoing multicenter
PET studies of [''C]JPBB3 and the newly developed '®F-labeled derivative to vali-
date the clinical usefulness of PBB3 derivatives for noninvasive assessment of tau
pathology in the human brain.

10.3.3 Benzimidazole Pyrimidine Derivatives

A series of derivatives of benzimidazole pyrimidines have been developed as poten-
tial candidates for use as tau tracers. Two promising derivatives, ['*F]AV-1451 (['*F]
T807) and ['®F]T808, have been reported as highly selective tau tracers [19, 20].
Human AD brain sections were used for the assessment of binding selectivity to
PHF-tau. An in vitro autoradiography study in AD brain sections has shown the
high binding affinity of ['®F]AV-1451 to PHF-tau (K, = 14.6 nM). Furthermore, ['*F]
AV-1451 binding on AD brain slices co-localizes completely with immunoreactive
tau pathology. As mentioned above, the high binding selectivity to tau over A is
one of the requirements for a useful tau PET tracer. From the analysis of human
brain sections, ['*F]AV-1451 showed an estimate 29-fold in vitro binding selectivity
to tau over AP. A PET study using ['*F]AV-1451 conducted in patients with AD and
MCI and healthy participants [19]. There was rapid and sufficient tracer distribution
in the brain and low white matter retention after intravenous administration of this
tracer. Cortical ['*F]AV-1451 retention followed the known distribution of PHF-tau
in AD brain. Signal-to-background ratio of ['*F]AV-1451 was far higher than those
of abovementioned tracers. Furthermore, ['8F]AV-1451 retention was strongly asso-
ciated with disease severity. Recent PET studies have suggested the potential use-
fulness of this tracer for imaging tau lesions in chronic traumatic encephalopathy
[21, 22] and non-AD tauopathies.

First-in-man ['®F]T808 PET study showed better tracer kinetics than [“F]
AV-1451 [23]. However, further clinical evaluation of ['*F]T808 was terminated
due to substantial defluorination of this tracer in some cases.
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10.3.4 Arylquinoline Derivatives

Quinoline and benzimidazole derivatives were discovered to be potential candidates
for tau tracer by the screening of a chemical compound library [24]. The quinoline
derivative BF-170 showed high binding affinity to synthetic tau protein fibrils and
selectively bound to neurofibrillary tangles, neuropil threads, and dystrophic neu-
rites in AD brain sections. Subsequently, the binding selectivity of ®F-labeled
BF-170 (["*F]THK-523) was confirmed by the autoradiography of AD brain sec-
tions [25, 26]. Following compound optimization, the three ®F-labeled quinoline
derivatives (['"*F]THK-5105, ["*F]THK-5117, and ['*F]THK-5351) have been devel-
oped and tested in humans [27-29]. Autoradiographic analyses of AD brain sec-
tions showed the preferential binding of these tracers to NFTs and neuropil threads,
which co-localized with Gallyas-positive and immunoreactive tau protein deposits
(Fig. 10.2) [26, 27]. The binding selectivity of THK-5117 to tau over AP} was esti-
mated to be 30-fold greater. The amount of tracer binding was correlated with the
amount of PHF-tau in AD brain homogenates, but it was not correlated with that of
AP. The biodistribution of '¥F-labeled THK compounds was examined in ICR mice.
The initial uptake of these tracers in mice (>4% ID/g at 2 min postinjection) meets
the prerequisites for useful PET imaging agents described above.

First-in-human PET studies with ['®F]THK-5105 and [*F]THK-5117 showed a
clear distinction between patients with AD and healthy elderly controls. Partial

[18 F]ITHK-5117 NSB

s~ M, P i
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Fig. 10.2 In vitro autoradiography of ["*F]JTHK-5117 in a temporal section from an AD patient,
and immunostaining with anti-tau and anti-Af} antibodies
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Healthy control Alzheimer’s disease
(73 y.o., MMSE 30) (79 y.o., MMSE 16)

Fig.10.3 ["®F]THK-5117 PET images (after partial volume correction) from 60 to 80 min postin-
jection in an HC (73 years old, MMSE 30) and in AD patient (79 years old, MMSE 16)

volume corrected ['*F]THK-5117 PET images of a healthy control subject (73-year-
old man, MMSE score 30) and a patient with AD (79-year-old, MMSE score 16) are
shown in Fig. 10.3. Retention of ['"8F]THK-5117 was observed in the medial tempo-
ral cortex of patients with AD, while it was not remarkable in the healthy control
subject. [*F]THK-5117 was preferentially accumulated in the temporal and parietal
lobe of the AD case, despite diffuse neocortical [!!C]PiB retention (Fig. 10.4). In
addition, the amount and extent of ['*F]THK-5117 retention was associated with the
clinical severity of dementia. These results were consistent with findings from post-
mortem studies showing significant correlations of NFT density with clinical sever-
ity of dementia. A new tracer ['®F]THK-5351 showed a higher signal-to-noise ratio
and lower white matter retention than ['*F]THK-5105 and ["*F]THK-5117, which
will allow clear visual assessment and sensitive detection of tau pathology.
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[''CIPiB [18F]THK-5117
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Fig. 10.4 Maximum intensity projection of [''C]PiB and ["*F]THK-5117 PET images (after par-
tial volume correction) in mild AD (87 years old, MMSE 25, CDR 1) and severe AD (72 years old,
MMSE 10, CDR 3)

10.4 The Role of Tau Imaging

Although AD is the most common tauopathy, many other neurodegenerative
diseases are also known to be associated with the pathological aggregation of
tau protein in the brain. These neurodegenerative diseases include frontotem-
poral dementia, PSP, CBD, CTE, argyrophilic grain, disease (AGD) [30], and
senile dementia of neurofibrillary tangle type (SDNFT) [31]. Tau lesions in
CTE are associated with repeated head trauma and are frequently observed in
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military veterans and retired football players [32]. They are considered as high-
risk populations for future progression to dementia and depression. Therefore,
these populations might also be eligible to participate in preventive intervention
using anti-tau drugs. The clinical diagnosis of AGD and SDNFT is generally dif-
ficult, because of the similarity of the clinical phenotype of these diseases with
that of AD. Using a combination of both amyloid and tau PET imaging, these
diseases could be accurately diagnosed in live patients. Recently, individuals
with imaging/biomarker evidence of AD-like neurodegeneration—but without
-amyloidosis—have been called “suspected non-Alzheimer’s pathophysiology
(SNAP)” [33]. Previous studies have shown that more than 20% of cognitively
normal individuals and MCI subjects were categorized as SNAP. Although hippo-
campal atrophy correlates with tau pathology, other pathologies (including isch-
emia and hippocampal sclerosis) are also known to produce hippocampal atrophy.
Tau PET will clarify the contribution of tau pathology to the neurodegenerative
process observed in subjects with SNAP.

The diagnosis of AD is complicated by the fact that there is a discrepancy
between the clinical phenotype and neuropathological findings. Recent amyloid
PET studies have shown that a large amount of SPs is already present in the brain,
even in an asymptomatic stage of AD. The pathological Ap deposition in the brain
starts 15-20 years before clinical dementia symptoms appear. A high amyloid bur-
den in elderly people is considered a strong risk factor for future progression to
dementia. However, it is hard to predict when these individuals will exhibit demen-
tia using only amyloid PET findings. For the prediction of progression to AD, it is
necessary to know the progress of downstream events including tau deposition,
inflammation, synaptic failure, and neurodegeneration. The assessment of neurofi-
brillary pathology using tau PET will support an accurate prediction of prognosis in
people who are at high risk of dementia. Furthermore, this technology could be used
for the assessment of disease severity in the early stages of AD.

Currently, many therapeutic drugs targeted at Af and tau proteins have been
developed for the treatment and prevention of AD dementia. For successful treat-
ment by these drugs, it is important to start the clinical trial of these drugs before
irreversible neurodegeneration begins. In the clinical trial of the forthcoming anti-
tau drugs, tau PET will contribute to the assessment of treatment efficacy and to the
establishment of inclusion criteria in the clinical trials of new drugs.

Conclusion

Several tau imaging tracers have been successfully developed for PET imaging.
For example, ['!C]PBB3, ['*F]AV-1451, and [*F]THK-5117 have displayed high
binding affinity and selective binding ability to tau protein aggregates. These
tracers displayed selective in vivo binding to PHF-tau in the brain and clearly
differentiated AD cases from normal populations. Tau PET imaging is expected
to facilitate research into the causes, diagnosis, and treatment of neurodegenera-
tive diseases where tau plays a role.
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Brain Perfusion SPECT in Alzheimer’s 1 1
Disease

Kiyotaka Nemoto

Abstract

Over the last decade, research using positron emission tomography (PET) or
single photon-emission computed tomography (SPECT) has revealed the distin-
guishing regional cerebral hypometabolism or hypoperfusion in various neuro-
degenerative disorders, which is useful for differential diagnosis of diseases. In
addition to that, development of statistical analysis of neuroimaging data unveiled
the subtle changes which was difficult to notice with visual inspection. SPECT
findings of typical AD are characterized with hypoperfusion in (1) parietotempo-
ral association cortex, (2) posterior cingulate gyrus and precuneus, and (3)
medial temporal areas. Hypoperfusion in these regions might be a predictor for
cognitive decline. With these findings, the neuroimaging examinations have
become essential in clinical settings for the purpose of diagnosis of very early
Alzheimer’s disease (AD) at a prodromal stage, prediction of conversion from
mild cognitive impairment (MCI) to AD, or differential diagnosis from other
diseases causing dementia.
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11.1 Introduction

Over the last decade, the interest toward functional neuroimaging in the field of
neurodegenerative disease has gradually increased. Research using positron emis-
sion tomography (PET) or single photon-emission computed tomography (SPECT)
has revealed the distinguishing regional cerebral hypometabolism or hypoperfusion
in various neurodegenerative disorders, which is useful for differential diagnosis of
diseases. In addition to that, development of statistical analysis of neuroimaging
data unveiled the subtle changes which was difficult to notice with visual inspec-
tion. With these findings, the neuroimaging examinations have become essential in
clinical settings for the purpose of diagnosis of very early Alzheimer’s disease (AD)
at a prodromal stage, prediction of conversion from mild cognitive impairment
(MCI) to AD, or differential diagnosis from other diseases causing dementia. In this
chapter, we first review the neuropathological findings of Alzheimer’s disease. Then
we go through the SPECT findings of AD with basic knowledge of statistical analy-
sis of SPECT images.

11.2 Neuropathological Legions of Alzheimer’s Disease

AD is characterized by two types of lesions: amyloid deposits and neurofibrillary
tangles. Amyloid deposits are the extracellular aggregation of Ap peptide and neu-
rofibrillary tangles composed of intraneuronal bundles of paired helical filaments
which are the aggregation of pathologic tau proteins. Both lesions extend progres-
sively to neocortical brain areas during the course of AD. Braak and Braak [1] found
that initial changes occur in the transentorhinal region and extend to entorhinal
region, Ammon’s horn, and neocortex. Delacourte and colleagues [2] further cate-
gorized the disease progression in ten stages: transentorhinal cortex, entorhinal, hip-
pocampus, anterior temporal cortex, inferior temporal cortex, medium temporal
cortex, polymodal association areas, unimodal areas, primary motor or sensory
regions, and all neocortical areas. They also found that the disease could be asymp-
tomatic unless polymodal association areas are affected and that individuals with
two polymodal association areas affected by tau pathology showed cognitive
impairment. In summary, degeneration occurs initially in limbic regions and extends
to neocortices. Clinical symptoms become apparent after the legions affect polymo-
dal association areas.

11.3 Principle of Statistical Mapping

Due to the low spatial resolution, it is not easy to detect subtle hypoperfusion of
SPECT images with visual inspection, which results in low intra- and inter-rater
reliability [3]. Statistical analysis approach is a way to visualize the hypoperfusion
regions plain and clearly. An example is shown in Fig. 11.1. The subject is a
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Fig.11.1 An example of the result of statistical analysis of SPECT image. It is not easy to point
out the hypoperfusion regions with visual inspection of SPECT image except for hypoperfusion in
medial temporal regions. However, statistical analysis with easy z-score imaging software (eZIS)
reveals hypoperfusion in precuneus in addition to hippocampal hypoperfusion. These results are
quite persuasive and easy to understand for not only medical staffs but also patients and their
families

76-year-old male. One may notice hypoperfusion in bilateral medial temporal
regions (arrows in white), but other areas look quite normal with visual inspection.
However, statistical analysis reveals hypoperfusion in bilateral precunei (arrow in
yellow) in addition to medial temporal regions. These results are quite persuasive
and easy to understand for not only medical staffs but also patients and their fami-
lies. Two software packages are widely used in clinical settings in Japan. One is
easy Z-score imaging system (eZIS) developed by Matsuda et al. [4] and the other
is three-dimensional stereotactic surface projection (3D-SSP) developed by
Minoshima and colleagues [5]. Since both software packages take similar process,
here we see the process of eZIS. Note that eZIS employs statistical parametric map-
ping software (SPM) for normalizing and smoothing of the images.

11.3.1 Preprocessing (Normalizing and Smoothing)

Each individual has a different size and shape of the brain. In order to compare data
from several subjects, all the images need to be in the same space. In eZIS which
employs SPM, this is accomplished by “normalizing” the images into the space
defined by the Montreal Neurological Institute (MNI) template. The detail of nor-
malizing process is described by Ashburner, one of the developers of SPM [6].

Following spatial normalization, the image data would be “smoothed” or blurred.
By smoothing, the signal-to-noise ratio is increased. It also ensures that the residual
differences are closer to Gaussian and decreases the intersubject registration error.
Another reason for smoothing is simplifying the ensuing results, producing fewer
regions of significant difference to report [7]. The outline of preprocessing is illus-
trated in Fig. 11.2.
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Fig. 11.2 A scheme of preprocessing. In order to compare data from several subjects, data are
normalized to the space defined by the Montreal Neurological Institute template. Following spatial
normalization, the image data are smoothed to be suited for statistical analysis

11.3.2 Generating Z-Score Images

After preprocessing, intensity of each image is normalized. Note that eZIS takes a
different approach from SPM. In SPM, intensity normalization takes a two-step
procedure. First, it calculates mean of an image. This averages all of the voxel val-
ues (VV) even outside the brain, so we need to threshold the image with certain
value. Threshold is calculated by mean divided by 8. Then it calculates global value
by averaging the VV above the threshold. Finally global value is set to 50 mL/
min/100 g and each V'V is adjusted with proportional scaling.

On the other hand, eZIS takes a straightforward procedure. First it applies a brain
mask to preprocessed images. Then mean value is calculated with the masked
images. Setting global value and adjusting V'V is the same as SPM. Figure 11.3 illus-
trates how mean and VV of a certain voxel will change throughout the procedure.
VV of a voxel coordinate [40 30 40] in the preprocessed image is 796.0 and mean
VV is 368.8. Note that at this point, mean includes voxels outside the brain. After
masking, VV at [40 30 40] remains the same, but the mean changes from 368.8 to
635.1. Now using proportional scaling eZIS sets mean as 50, VV at [40 30 40]

50

will be 796.0x 35 =62.7. Understanding this procedure is important because

sometimes we see apparent hyperperfusion regions in eZIS results. For example,
global cerebral blood flow (CBF) of advanced demented patients is generally low
such as 30 mL/min/100 g, but the regional CBF in primary sensory motor region is
intact such as 45 mL/min/100 g. In this case, after intensity normalization, the

adjusted regional CBF in primary somatosensory regions will be 45x% =75,
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Fig.11.3 Tllustration of how mean and voxel values (VV) of a certain voxel will change by mask-
ing and proportional scaling

which will result in remarkable hyperperfusion in this region. In order to prevent
misinterpreting the results, it is recommended to check the global CBF regularly.

Following intensity normalization, z-score at each voxel is calculated with the
following equation.

average of control VV —subject VV
SD of control VV

Z.score =

Here SD stands for standard deviation. This equation can be rephrased like the
following.

Subject VV = average of control VV — Zscore x SD of control VV

So if Z-score is 2, one can say that subject’s VV in a certain voxel is 2 standard
deviation below average of control subjects. This equation also tells us that we need
to prepare the mean and standard deviation of control subjects beforehand. Z-score
highly depends on the quality of control subjects, so we need to keep in mind that
using different control subjects might result in quite a different result.

Z-score images are overlaid on the standard brain as shown in Fig. 11.1. Z-score
threshold is an arbitrary set. In Fig. 11.1, z-score = 2 is set as a threshold.

11.4 SPECT Findings in Alzheimer’s Disease

SPECT findings of typical AD are characterized by hypoperfusion in (1) the pari-
etotemporal association cortex, (2) posterior cingulate gyrus and precuneus; and (3)
medial temporal areas [8]. It is also noteworthy that CBF of primary sensorimotor
region is spared until the advanced stage. The yellow arrows in Fig. 11.4 point the
characteristic hypoperfusion regions in AD and red arrow points the primary senso-
rimotor region where CBF is spared.
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Fig.11.4 SPECT findings of typical AD are characterized by hypoperfusion in the (1) parietotem-
poral association cortex, (2) posterior cingulate gyrus and precuneus, and (3) medial temporal
areas. Note that CBF of the primary sensorimotor region is spared until the advanced stage. The
yellow arrows point the characteristic hypoperfusion regions in AD, and the red arrow points the
primary sensorimotor region where CBF is spared

11.4.1 Parietotemporal Cortex

The parietotemporal cortex is the first cortical region to be affected in AD [8]. Kemp
and colleagues reported that early-onset AD patients have greater posterior associa-
tion cortex involvement than those with late onset [9]. Hypoperfusion regions
extend to the frontal lobes except for primary sensorimotor region as the disease
progresses.

11.4.2 Posterior Cingulate Gyrus and Precuneus

Hypoperfusion or hypometabolism in the posterior cingulate gyrus (PCG) and pre-
cuneus is the very early finding of AD. Indeed, even patients with amnestic MCI
patients show hypoperfusion in the region [10]. Though statistical image analysis
clearly demonstrates the hypoperfusion in PCG and precuneus, one can notice the
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Fig.11.5 A key to notice hypoperfusion in PCG and precuneus. The white circle shows the hypo-
perfusion in PCG and precuneus. Note the dip in SPECT image shown by white arrow. This dip
reflects the hypoperfusion in PCG

hypoperfusion with careful visual inspection. The white circle in Fig. 11.5 shows
the hypoperfusion in PCG and precuneus. Note the dip in SPECT image shown by
the white arrow. This dip reflects the hypoperfusion in PCG. Small et al. demon-
strated that hypometabolism in PCG and precuneus at a presymptomatic stage pre-
dicts a future cognitive decline in people with genetic risk of Alzheimer’s disease
[11]. This shows that hypoperfusion or hypometabolism in PCG and precuneus is
recognized well before patients show cognitive impairment.

11.4.3 Medial Temporal Areas

It is well known that AD patients show volume reduction in hippocampal regions
from the very early stage [12]. SPECT images, with its lower spatial resolution, are
affected by partial volume correction. This means that regional cerebral blood flow
(rCBF) in hippocampal regions seems decreased despite true rCBF is not decreased.
Indeed, Ishii et al. reported that rCBF at the hippocampus of mild AD patients was
intact after partial volume correction [13]. Nonetheless, hypoperfusion in hippo-
campal regions is clinically useful because it reflects dysfunction in the hippocam-
pus. Figure 11.6 shows hypoperfusion in the hippocampus. With axial view,
temporal lobe perfusion of healthy subjects look like “crab claw” (white circle).
However, it looks as if medial part of crab claw was lost when the hippocampus
perfusion is reduced.
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Fig.11.6 Hypoperfusion
in the hippocampus. With
axial view, temporal lobe
perfusion of healthy
subjects looks like a “crab
claw” (white circle).
However, it looks as if the
medial part of the crab
claw was lost when the
hippocampus perfusion is
reduced

Healthy subject

' | !

AD patient

11.5 Longitudinal SPECT Changes in Alzheimer’s Disease

Here we see a 71-year-old male case who was amnestic MCI at an initial visit but
developed clinical AD in years. We followed up his SPECT images over 5 years
(Fig. 11.7). At an initial visit, his MMSE was 26 and he complained subjective for-
getfulness. At this point, SPECT showed hypoperfusion in the PCG and hippocam-
pus. His cognition remained for 2 years. Two years after the initial visit, his MMSE
was 25. However, SPECT showed progressive hypoperfusion in PCG and precu-
neus. From that time on, his cognition declined gradually and MMSE got 21 at
4 years from the first visit. At this time SPECT showed progressive hypoperfusion
in the hippocampus. A year later his MMSE declined to 20. Note that his MMSE
between initial visit and 2 years later did not change much though his rCBF showed
prominent decline in PCG and precuneus. Noticing this in clinical settings is useful
because it can be a predictor for cognitive decline. In this respect, just following up
MMSE is not enough to predict the disease progression.

As we see in this chapter, SPECT is very useful for the diagnosis and short-term
prediction of cognitive decline. If you are not sure about the diagnosis of patients
with cognitive decline or want to know the perspective of patients in terms of cogni-
tive decline, considering SPECT might be an asset.
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Fig.11.7 Longitudinal rCBF change of a 71-year-old male who developed clinical AD. Note that
progression of hypoperfusion in precuneus preceded the cognitive decline
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Neuroimaging of Dementia with Lewy 1 2
Bodies

Haruo Hanyu

Abstract

Dementia with Lewy bodies (DLB) is the second most common form of neuro-
degenerative dementia following Alzheimer’s disease (AD). Despite the devel-
opment of consensus diagnostic criteria, differentiating DLB from other types of
dementia, such as AD, can be difficult. Several imaging studies are currently
underway to differentiate DLB from other types of dementia. Magnetic reso-
nance imaging of DLB shows preservation of the medial temporal lobe structure
and predominant atrophy of subcortical structures, including the substantia
innominata and dorsal midbrain, compared with AD. Decreased perfusion in the
occipital lobe and relatively increased perfusion in the deep gray matter (striatum
and thalamus) on single photon emission CT (SPECT) are shown to be charac-
teristic features of DLB. MIBG myocardial scintigraphy provides a higher sensi-
tivity and higher specificity for diagnosing probable DLB from AD than perfusion
SPECT. Dopamine transporter imaging, an available technique in Japan since
2014, shows good diagnostic accuracy for DLB. The international consensus
criteria for DLB (2005) incorporate abnormal imaging on dopamine transporter
as a supportive feature. As idiopathic REM sleep behavior disorder (iRBD) is
considered to be a prodromal stage of alpha-synucleinopathies, the above find-
ings are observed in some patients with iRBD. This review summarizes the
applications and findings from neuroimaging studies of DLB and iRBD.
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12.1 Introduction

Dementia with Lewy bodies (DLB) and Parkinson’s disease dementia (PDD) are the
second most common causes of dementia, exceeded only by Alzheimer’s disease
(AD), accounting for approximately 15% of all cases at autopsy. DLB (and fre-
quently PDD) is clinically characterized by fluctuating cognition with pronounced
variations in alertness, visual hallucinations, and extrapyramidal signs [1]. Other
features, such as REM sleep behavior disorder (RBD), delusions, depression,
repeated falls, and syncope, are frequently observed. A recent study using compre-
hensive geriatric assessment demonstrated that DLB has significantly higher fre-
quencies of minor or major problems than AD in several items, including visual
function, verbal communication, medication adherence, depression, upper and
lower extremity functions, history of falls, urination, and impairment of basic and
instrumental activity of daily living (ADL) function [2]. These neurologic and psy-
chotic symptoms and geriatric problems are likely to be associated with poor cogni-
tive and functional outcomes. Indeed, we found that DLB had a greater risk of
admission (or death) most commonly because of fall-related injuries and aspiration
pneumonia than AD [3]. Therefore, an accurate antemortem diagnosis of DLB is
important because there are differences in disease course, treatment, and manage-
ment between DLB and other types of dementia. However, the diagnosis of DLB is
difficult, particularly in the early stages.

Several imaging techniques have emerged as potential means of supporting the
clinical diagnosis of various dementias. Magnetic resonance imaging (MRI) and
positron emission tomography (PET) or single photon emission CT (SPECT) are
currently being employed to differentiate DLB from other types of dementia. In
addition, ['*I]-metaiodobenzylguanidine (MIBG) myocardial scintigraphy, and
dopamine transporter (DAT) imaging are valuable tools to identify DLB patients
and to differentiate them from those with other neurodegenerative disorders [4, 5].
DLB and PDD share a similar pattern of neuroimaging studies. In this report, we
review several imaging modalities to differentiate DLB from other types of demen-
tia, particularly AD.

12.2 MRI

MRI has shown global and subcortical atrophic changes in DLB [6]. Specifically,
qualitative and volumetric MRI studies have shown less medial temporal lobe
atrophy in DLB than in AD. These previous findings are consistent with recent
findings of voxel-based morphometry studies. These findings are also supported
by a prospective MRI study with pathological verification [7]. Using the voxel-
based specific regional analysis system for Alzheimer’s disease (VSRAD) [8] for
MRI, DLB showed significantly smaller z-score for the assessment of hippocam-
pal atrophy than AD (Fig. 12.1). A recent study with manual tracing of hippocam-
pal boundaries and computer-assisted post-processing showed significant tissue
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Fig.12.1 A comparison of z-scores between AD and DLB using VSRAD

loss (10-20%) in the hippocampal subregions of DLB corresponding to the ante-
rior portion of the CA1 field on both sides, along the longitudinal midline in the
dorsal aspect within the CA2-3 field, different from the pattern of hippocampal
change in AD [9]. We found that the magnetization transfer ratios (MTR) of the
hippocampus were significantly higher in DLB than in AD [10]. Pathologic
changes in the hippocampus, including loss of neurons, gliosis, demyelination,
and axonal loss, may be associated with a decrease in the MTR. These results may
reflect underlying histopathological differences with less severe neuronal degen-
eration in the hippocampus of DLB. Therefore, the relative preservation of the
medial temporal lobe structures shows promise as a diagnostic marker in differen-
tiating DLB from AD.

Among subcortical structures, atrophy of the substantia innominata (including
the nucleus basalis of Meynert) [11] and dorsal midbrain [12] has been documented
in DLB. Atrophy of these structures is supported by the pathological involvement of
the areas. Atrophy of the substantia innominata is associated with cholinergic dys-
function in DLB. However, it remains unclear whether these subcortical structural
changes are diagnostic markers for the identification of DLB and its differentiation
from AD.
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12.3 Perfusion SPECT

Perfusion SPECT studies are currently being employed in practice to differentiate
between various types of dementia, as this method can reveal perfusion abnormali-
ties that may be characteristic of different types of dementia [13]. Although the
neuropathologic and neurochemical bases underlying occipital abnormalities in
DLB are not yet clearly understood, functional brain imaging studies using SPECT
and PET have revealed that reduced occipital metabolism and perfusion are charac-
teristic features of DLB (Fig. 12.2). Several investigators have indicated the value of
functional brain imaging studies in differentiating between DLB and AD, although
there are some methodological differences, including patient selection (definite or
probable cases), scanning methods (PET versus SPECT), and image analysis (con-
ventional region of interest or statistical image analysis). In a multicenter study
examining ['*F]fluorodeoxyglucose (FDG) PET measures, the presence of hypome-
tabolism in the occipital lobe discriminated DLB from AD with a sensitivity of 71%
and a specificity of 95% [14]. On the other hand, the diagnostic accuracy of SPECT
is relatively low, as shown by a sensitivity range of 65-85% and a specificity range
of 85-87% [5]. We found that combined MMSE and perfusion SPECT studies
achieved a high discrimination between DLB and AD with a sensitivity of 81% and
a specificity of 85% [15].

Lim et al. [16] confirmed that occipital hypometabolism and relative preserva-
tion of the posterior cingulate gyrus (cingulate island sign) differentiated DLB from
AD in patients with a sensitivity of 77% and a specificity of 80%. In addition to
occipital hypoperfusion, increased perfusion in the deep gray matter (striatum and
thalamus) was shown to be a characteristic feature of DLB, possibly due to compen-
satory changes to decreased dopaminergic input to the basal ganglia [17] (Fig. 12.3).

Control (n =28) > DLB (n = 20)

Fig.12.2 Z-score images of AD and DLB on perfusion SPECT (3D-SSP)
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Fig.12.3 Two-tail views of AD and DLB on perfusion SPECT

These additional alterations on functional brain imaging may enhance the diagnos-
tic accuracy of DLB.

Psychotic symptom clusters in DLB appear to relate to spatially distinct perfu-
sion deficits. Nagahama et al. [18] found that visual hallucinations concord with
parietal and occipital association cortices perfusion deficits and delusional misiden-
tifications to perfusion deficits of the limbic-paralimbic structures. Increased tha-
lamic and decreased inferior occipital perfusion may be related to fluctuations in
consciousness [19].

12.4 MIBG Myocardial Scintigraphy

MIBG myocardial scintigraphy is a useful, noninvasive technique for estimat-
ing local myocardial sympathetic nerve damage not only in primary heart dis-
ease but also in synucleinopathies, such as PD, DLB, and REM sleep behavior
disorder (RBD) (Fig. 12.4). MIBG scintigraphy has been performed mainly
on Japanese cohorts. A number of studies have shown reduced MIBG uptake
(heart-to-mediastinum ratio) in DLB patients compared with AD and normal
controls. A review from Sinha et al. [5] showed that MIBG myocardial scin-
tigraphy yielded a high sensitivity (range, 83—100%) and a high specificity
(range, 82-100%) for diagnosing DLB. MIBG scintigraphy was more sensitive
in detecting DLB than occipital hypoperfusion on SPECT [20]. We investigated
the role of MIBG scintigraphy in the differential diagnosis of dementia in 96
dementia patients in our Memory Clinic, including 32 with DLB, 9 with PDD,
40 with AD, and 24 with other types of dementia. The overall sensitivity to
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Fig.12.5 Diagnostic accuracy for DLB and PDD using MIBG myocardial scintigraphy

positively identify patients with Lewy body disease (including DLB and PDD)
was 95%, and the specificity to differentiate them from patients with other types
of dementia was 87% [21] (Fig. 12.5). There was no correlation between MIBG
scintigraphy and disease severity or duration of DLB. Although it is impor-
tant to note that reduced MIBG uptake has also been reported in patients with
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cardiac disorders, diabetes mellitus, and some medications, this technique is
also a powerful tool in the differential diagnosis between DLB/PDD and other
types of dementia.

12.5 Dopamine Transporter (DAT) Imaging

Imaging with specific SPECT ligands for dopamine transporter (FP-CIT and beta-
CIT) provides a marker for presynaptic nigrostriatal degeneration. DAT scan has
been clinically available for patients with DLB and PD in Japan since 2014. DAT
imaging is abnormal in PD and DLB, reflecting nigrostriatal degeneration, but not
in AD, indicating a useful method in the differentiation between DLB and AD. In
our preclinical study of DAT imaging, a 4.1 cutoff score of specific binding ratio
yielded a sensitivity of 92% and a specificity of 84% for diagnosing probable
DLB from AD (Fig. 12.6). A large multicenter study demonstrated a sensitivity
and specificity of abnormal DAT scans in diagnosing probable DLB from AD of
78% and 90%, respectively [22]. DAT imaging results were in agreement with
autopsy diagnosis in the vast majority of cases (7 of 8 DLB and 12 of 12 non-
DLB) and were more precise than clinical diagnosis [23]. FP-CIT SPECT is also
reliable in confirming cases of clinically possible DLB, supporting the inclusion
of reduced DAT uptake as a suggestive feature of DLB in the International
Consensus Criteria [24].
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Fig.12.6 DAT imaging
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DAT imaging has demonstrated superior diagnostic accuracy for DLB compared
with brain perfusion SPECT and FDG-PET. A recent clinical study has revealed
that DAT imaging and MIBG scintigraphy showed similar diagnostic accuracy in
differential diagnosis between DLB and other dementias [25]. However, DAT imag-
ing fails to discriminate PD/DLB from other parkinsonian syndromes because
reduced striatal dopamine uptake has been shown in progressive supranuclear palsy,
multiple system atrophy, and corticobasal syndrome. The impact of concurrent vas-
cular pathology in striatal DAT binding has not yet been determined. Despite the
caveat and the limited diagnostic potential to differentiate between different synu-
cleinopathies, the European Federation of Neurological Societies (EFNS) guide-
lines also recommend the use of DAT scan to differentiate between DLB and AD as
the only imaging test to reach the level A category of evidence [26].

12.6 Structural and Functional Changes in Idiopathic RBD
(iRBD)

RBD is a type of parasomnia characterized by a loss of normal skeletal muscle atonia
during REM sleep and prominent motor activity while dreaming. RBD occurs either
as an idiopathic disease or in association with neurodegenerative diseases, particularly
alpha-synucleinopathies. Recent studies have demonstrated several neuropsycho-
logical impairments in iRBD patients, such as visuospatial construction dysfunction,
executive dysfunction, memory disturbance, smell testing abnormalities, reduction of
striatal presynaptic dopamine transporters, and reduced MIBG uptake. Since these
findings are characteristic features of alpha-synucleinopathies, including PD and
DLB, iRBD may be a prodromal stage of alpha-synucleinopathies.

There have been few studies examining structural and functional brain changes
in iRBD patients. We investigated structural brain changes using voxel-based MRI
morphometry in iRBD patients. Compared with the 18 age-matched controls, 20
iRBD patients had significant gray matter volume reduction in the anterior lobes of
the right and left cerebellum, tegmental portion of the pons, and left parahippocam-
pal gyrus [27]. Recently, Scherfler et al. [28] showed significant decreases in frac-
tional anisotropy in the tegmentum of the midbrain and rostral pons and increases in
mean diffusivity within the pontine reticular formation in iRBD patients. These
studies provide in vivo evidence suggesting that structural lesions of the brain stem
are responsible for the occurrence of iRBD. In our SPECT study, a decreased perfu-
sion was shown in the parieto-occipital lobe (precuneus), limbic lobe, and cerebellar
hemispheres in iRBD patients, as is commonly observed in patients with alpha-
synucleinopathies, including DLB and PDD [29] (Fig. 12.7). In addition, a longitu-
dinal study demonstrated more decreased perfusion in the parieto-occipital lobe in
the second SPECT than in the first study in iRBD patients [30], although none of the
patients showed any neurological deficits, including extrapyramidal and cerebellar
signs, visual hallucinations, or neuropsychological impairments, during the study
(Fig. 12.8). Therefore, iRBD may be a progressing neurodegenerative disorder,
even though neurological and neuropsychiatric impairments have not been shown.
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Fig.12.7 SPM analysis of perfusion SPECT in iRBD

Fig.12.8 Longitudinal perfusion changes in iRBD. Three-dimensional views of decreased stud-
ies showed regional perfusion on first SPECT (a) and second SPECT (b) of iRBD patients (n = 8,
mean age 71 + 3 years) compared with normal controls (n = 18, mean age 70 + 8 years). The mean
interval was 23 + 9 months. Three-dimensional views of decreased perfusion on second SPECT
compared with first SPECT of iRBD patients (c)
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Conclusion

On neuroimaging studies, DLB is characterized by (1) preservation of medial
temporal lobe structures on MRI, (2) occipital hypoperfusion and relatively stri-
atal hyperperfusion on SPECT, (3) reduced cardiac MIBG uptake, and (4)
reduced dopamine transporter in the striatum. These techniques are valuable
tools to identify DLB patients and to differentiate DLB from other neurodegen-
erative disorders such as AD. In the near future, synuclein imaging methods
would be available for use in clinical practice, similar to the development of
amyloid and tau imagings in AD.
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Neuroimaging of Frontotemporal Lobe 1 3
Degeneration

Seigo Nakano

Abstract

Frontotemporal dementia (FTD) is a neurodegenerative disease which symptoms
are the first signs of illness due to progressive nerve cell loss in the frontal and
anterior temporal lobes. It represents the second most frequent form of early-
onset dementia. There are three clinical subtypes: behavior variant of frontotem-
poral dementia (bvFTD), semantic dementia (SD), and progressive nonfluent
aphasia. The neuroimagings such as MRI and SPECT help in the diagnosis of
FTD on usual clinical aspects in Japan. In this chapter, the typical neuroimagings
of FTD are demonstrated in each clinical subtypes.

Keywords
Frontotemporal dementia * Semantic dementia ¢ Progressive nonfluent aphasia
* MRI » SPECT

13.1 Introduction

Frontotemporal dementia (FTD) is composed of a spectrum of dementing disorders
with degeneration of the frontal lobes, the anterior temporal lobes, or both. The
clinical features are the progressive development of behavioral and personality
change and/or language impairment. According to the criteria established by Neary
et al. [1], FTD is classified into three subtypes: the behavioral variant of FTD
(bvFTD), semantic dementia (SD), and progressive nonfluent aphasia (PNFA).
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FTD is a common cause of early-onset dementia in individuals younger than
65 years [2]. Population prevalence estimates are in the range of 2—10 per 100,000.
Approximately 20-25% of cases of FTD occur in individuals older than 65 years.
FTD accounts for about 5% of all cases of dementia in unselected autopsy series.
Prevalence estimates of bvFTD and SD are higher among males, and prevalence
estimates of PNFA are higher among females [3].

Diagnosis of FTD is demanded in the presence of behavior and language changes.
However, those features are the most silent. Therefore, the neuroimaging is useful
to define those disorders and identify characteristic patterns of frontotemporal atro-
phy on structural neuroimages and hypoperfusion on functional neuroimagings on
early stages of FTD.

In this chapter, the author demonstrates the characteristic pattern of neuroimages
in each subtypes of FTD.

13.2 Neuroimaging Associations with Clinical Subtype
13.2.1 Behavioral Variant Frontotemporal Dementia

The behavioral variant of frontotemporal dementia (bvFTD) is the most common of
the FTD. Individuals with bvFTD present with varying degrees of apathy or disin-
hibition. They may lose interest in socialization, self-care, and personal responsi-
bilities or display socially inappropriate behaviors. Insight is usually impaired, and
this often delays medical consultation. Individuals may develop changes in social
style and in religious and political beliefs, with repetitive movements, hoarding,
changes in eating behavior, and hyperorality. In later stages, loss of sphincter con-
trol may occur. Cognitive decline is less prominent, and formal testing may show
relatively few deficits in the early stage. Common neurocognitive symptoms are
lack of planning and organization, distractibility, and poor judgment. Deficits in
executive function, such as poor performance on tests of mental flexibility, abstract
reasoning, and response inhibition, are present, but learning and memory are rela-
tively spared, and perceptual motor abilities are almost always preserved in the
early stages [4].

The structural neuroimagings show distinct patterns of atrophy, which are in both
frontal lobes (especially the medial frontal lobes) and anterior temporal lobes, in
bvFTD [5]. MRI is preferred to CT in detecting these findings. However, we should
keep in mind that the structural changes are not necessary present in all cases or at
very early stages of disease. Follow-up studies are sometimes useful to demonstrate
that the frontal and anterior temporal atrophy is progressive [6].

The functional neuroimagings demonstrate cortical hypometabolism and/or
hypoperfusion in the predominant frontal or frontotemporal [7, 8], which may be
present in the early stages of disease in the absence of structural abnormality [7].
The functional imaging studies using ratings or group-averaged findings suggest
that predominant frontal or frontotemporal hypometabolism or hypoperfusion may
aid in the differential diagnosis of bvFTD [9-22] (Fig. 13.1a—c).
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R L

Fig.13.1 (a) MRI(T1) images of bvFTD. The axial (left) and coronal (right) images demonstrate
frontotemporal atrophy. (b) The result of VSRAD analysis (normal healthy volunteers vs. bvFTD
individual). The colored areas show the regions with atrophy in the bvFTD individual compared
with the normal healthy volunteers. (¢) *"Tc-ECD SPECT images of bvFTD individual. The axial
views demonstrate frontal and anterior temporal hypoperfusion. (d) The result of eZIS analysis
(normal healthy volunteers vs. bvFTD individual). The colored areas show the regions with hypo-
perfusion in the bvFTD individual compared with the normal healthy volunteers
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Fig. 13.1 (continued)

13.2.2 Semantic Dementia

Warrington reported three cases with associative agnosia and a fluent-type aphasia
characterized by anomia and impaired word comprehension attributed to circum-
scribed asymmetric atrophy in the anterior temporal lobe, which was considered a
selective impairment of semantic memory. Also, this feature was described by
Snowden et al. as semantic dementia (SD) [23]. Later, Hodges et al. provided a
comprehensive characterization of SD [24]. In 1998, Neary et al. developed diagno-
sis criteria for SD in relation to frontotemporal lobar degeneration (FTLD) [1].
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The diagnosis of SD required a gradually progressive language disorder charac-
terized by fluent, empty, spontaneous speech, loss of word meaning manifested by
impaired naming and comprehension, preserved single-word repetition, and pre-
served ability to read aloud and write down orthographically regular words that are
dictated [25]. Instead of the language disorder, individuals with prosopagnosia
(impaired recognition of identity of familiar faces) and/or associative agnosia
(impaired recognition of object identity) could also be diagnosed as having
SD. Other aspects of cognition could be intact or relatively well preserved.
Behavioral and personality changes characterized by loss of sympathy and empa-
thy, narrowed preoccupations, and parsimony are included in the supportive diag-
nostic features, as these changes are considered characteristic of SD and often
associated with high diagnostic specificity.

The neuroimaging shows atrophy and hypometabolism and/or hypoperfusion in
the middle, inferior, and anterior temporal lobes bilaterally but asymmetrical, with
the left side usually being more affected [14] (Fig. 13.2a—c).

R L

Fig. 13.2 (a) MRI (T2: left, axial) and (FLAIR: right, coronal) images of SD. There is bilateral
anterior temporal atrophy disproportionately affecting the left temporal lobe. (b) The result of
VSRAD analysis (normal healthy volunteers vs. SD individual). The colored areas show the
regions with atrophy in the SD individual compared with the normal healthy volunteers. (¢) *"Tc-
ECD SPECT images of SD individual. The axial views demonstrate bilateral temporal hypoperfu-
sion disproportionately affecting the left temporal lobe. (d) The result of eZIS analysis (normal
healthy volunteers vs. SD individual). The colored areas show the regions with hypoperfusion in
the SD individual compared with the normal healthy volunteers
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Fig. 13.2 (continued)
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Fig. 13.2 (continued)

13.2.3 Progressive Nonfluent Aphasia

Grossmann et al. reported a different form of progressive language disorder, which
was marked by dysfluent and effortful speech, hesitations, and errors in the produc-
tion of speech sounds, and termed it progressive nonfluent aphasia (PNFA) [26]. In
1998, Neary et al. developed diagnostic criteria for PNFA in relation to FTLD [1].

The diagnosis of PNFA required gradually progressive nonfluent spontaneous
speech with at least one of the following symptoms: agrammatism, phonemic para-
phasias, or anomia [25]. Other aspects of cognition could be intact or relatively well
preserved. Late behavioral changes similar to bvFTD are included as supportive
diagnostic features.

The neuroimages show predominantly atrophy and hypometabolism and/or
hypoperfusion in the left posterior frontal-insular region [27-29] (Fig. 13.3a—c).
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Fig.13.3 (a) MRI (T2: left, axial) and (FLAIR: right, coronal) images of PNFA. The images demon-
strate asymmetric atrophy of the left Sylvian fissure. (b) **Tc-ECD SPECT images of PNFA indi-
vidual. The axial views demonstrate asymmetric hypoperfusion in the left posterior frontal—insular. (c)
The result of eZIS analysis (normal healthy volunteers vs. PNFA individual). The colored areas show
the regions with hypoperfusion in the PNFA individual compared with the normal healthy volunteers
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Abstract

Neuroimaging techniques such as positron emission tomography (PET) or
magnetic resonance imaging (MRI) may provide opportunities to detect
AD-related signatures at early or even preclinical stage. We initiated the
Ishikawa Brain Imaging Study (IBIS) in 2002 to establish the Japanese stan-
dard brain images and to seek imaging biomarkers for clinical and preclinical
assessment of AD and other forms of neurodegenerative diseases using PET
and MRI. At present, approximately 1400 volunteer subjects and 610 patients
with dementia participated in the study. We found that normalcy rate in volun-
teer-based population decreases significantly as a function of age. Furthermore,
neuroimaging biomarkers are affected by factors such as age, but uncertainty
still exists as to the effect of ApoE €4 allele in cognitively normal subjects.
Therefore, more work is necessary for better understanding of interaction
between genetic or nongenetic factors such as ApoE &4 allele or aging and
neuroimaging biomarkers.

Keywords
MRI « Normal aging  PET ¢ Volunteer-based cohort

M. Samuraki * M. Yamada
Department of Neurology and Neurobiology of Aging, Kanazawa University Graduate
School of Medical Sciences, Kanazawa, Ishikawa, Japan

1. Matsunari (<)

Division of Nuclear Medicine, Department of Radiology, Saitama Medical University
Hospital, 38 Morohongo, Moroyama, Irumagun, Saitama 350-0495, Japan

e-mail: m_ichiro@saitama-med.ac.jp

© Springer Japan 2017 243
H. Matsuda et al. (eds.), Neuroimaging Diagnosis for Alzheimer’s Disease
and Other Dementias, DOI 10.1007/978-4-431-55133-1_14


mailto:m_ichiro@saitama-med.ac.jp

244 M. Samuraki et al.

14.1 Introduction

Alzheimer’s disease (AD) is the leading form of age-related dementia in many coun-
tries. Therefore, efforts have been made to develop techniques to detect abnormalities
associated with the presence and severity of AD. Neuroimaging techniques such as
positron emission tomography (PET) or magnetic resonance imaging (MRI) may pro-
vide opportunities to detect AD-related signatures at early or even preclinical stage [1,
2]. In this regard, neuroimaging studies in cognitively normal subjects are important
to identify individuals who are likely to develop dementia at later stage. Furthermore,
the identification of small disease-related changes in neuroimaging biomarkers such
as those seen in AD at early stage requires a carefully prepared normal database
(NDB) to be compared to the target subjects on voxel-by-voxel basis. To address these
issues, we initiated the Ishikawa Brain Imaging Study (IBIS) [3-6] in 2002, which is
the largest single-center PET study aiming at neurodegenerative disease in Japan.

In this chapter, we provide an overview of the IBIS, including study purpose,
design, and recruitment process, mainly focusing on cognitively normal subjects.
Additionally, we discuss the results obtained so far and some issues related to neu-
roimaging study of cognitively normal subjects such as normalcy rate.

14.2 Study Description
14.2.1 Study Purpose and Design

The IBIS is a single-center nonrandomized prospective study to establish the
Japanese standard brain images and to seek imaging biomarkers for clinical and
preclinical assessment of AD and other forms of neurodegenerative diseases using
PET and MRI. The study participants have been recruited via newspaper advertise-
ment in Hakui, Japan, or an academic memory disorders clinic at Kanazawa
University Hospital (Kanazawa, Japan). Because this is a single-center study, all the
imaging procedures have been performed at the Medical and Pharmacological
Research Center Foundation (Hakui, Japan) using a single PET (Advance, GE
Healthcare, Milwaukee, WI, USA) or MRI (Signa Horizon, GE Healthcare,
Milwaukee, WI, USA) system with a homogeneous study protocol.

14.2.2 Examination Procedure

All subjects undergo physical and neuropsychological examinations by neurolo-
gists, '"F-fluorodeoxyglucose (FDG) PET, and brain MRI and reply to the
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questionnaire for clinical information. Cognitive ability is assessed using the
Mini-Mental Status Examination (MMSE). The brain MRI scans (3D-T1, T2,
MR angiography) are performed in all subjects on the same day of PET scan. As
an option, a subset of subjects also undergo brain amyloid imaging using
HC-Pittsburg compound B (''C-PIB). At present (December 17, 2014), approxi-
mately 1400 volunteer subjects and 610 patients with dementia participated in
the study.

14.3 Criteria for Normal and Normalcy Rate

Neuroimaging such as PET or structural MRI is considered to be a sensitive and
reliable marker of AD-associated abnormalities. This is particularly true when
combined with statistical image analysis such as three-dimensional stereotactic
surface projections (3D-SSP) [7] or statistical parametric mapping (SPM) [8].
Using statistical approach, images of diseased population are typically com-
pared with those of age-matched cognitively “healthy” normals on voxel-by-
voxel basis to identify disease-associated abnormalities. Therefore, recruitment
of normals represents a critical issue for the study design and interpretation. In
such studies, normal subjects have often been recruited from a pool of volun-
teer-based population, where the subjects’ age varies considerably from study to
study depending on study target. To date, however, there have been few studies
that focused on the prevalence of normals aiming at neuroimaging in volunteer-
based population. We investigated the normalcy rate in such population particu-
larly in relation to age. The criteria to define “normal” were no history of
neuropsychological disorders, normal findings on physical and neurological
examinations, and normal findings on brain MRI that indicated no asymptom-
atic cerebral infarctions/hemorrhages/tumors or brain vessel abnormalities on
T1-/T2-weighted MRI or MR angiography. Cognitive ability was assessed using
the MMSE, and those with an MMSE score of 28 or higher and no clinical evi-
dence of dementia were considered to be normal. We found that even in the
voluntary population, there were considerable number of subjects who had
abnormalities in neurological examination (Fig. 14.1), a reduced MMSE score
(Fig. 14.2), or abnormal findings on MRI (Fig. 14.3). As a result, the overall
normalcy rate was not very high, which was particularly true in the elderly sub-
jects (Fig. 14.4). In contrast to the elderly subjects, the normalcy rate in the
younger subjects (<50 years) was relatively high. Thus, normalcy rate in volun-
teer-based population decreases significantly as a function of age. This should
be taken into account when planning a clinical study recruiting volunteers as
normal controls.
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Fig. 14.1 Age distribution of volunteers who revealed neurological abnormalities (e.g., patho-

logical reflex, sensory or motor abnormalities) by physical examination. Of the 685 volunteers
(dark + light green), 81 revealed neurological abnormalities (dark green)
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Fig. 14.2 Age distribution of volunteers who had an MMSE score of <28. Of the 685 volunteers
(dark + light green), 54 did not reach an MMSE score of >28 (dark green)
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Fig.14.3 Age distribution of volunteers who revealed asymptomatic abnormalities on brain MRI. Of
the 685 volunteers (dark + light green), 69 showed asymptomatic abnormalities (dark green)
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Fig. 14.4 Age distribution of volunteers who were finally considered to be normal. Of the 685
volunteers (dark + light green), 530 (77%) were finally considered to be normal (dark green). The
prevalence of normal subjects declined as a function of age, and 53% (85/160) of the elderly sub-
jects (=70 years) were considered to be normal
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14.4 Normal Database Generation

In addition to the aforementioned criteria for normal controls, how NDB is generated
represents an important issue because the statistical image analysis depicts differ-
ences in images between a patient and NDB on a voxel-by-voxel basis. For example,
the sample size for NDB may affect its diagnostic performance. However, there have
been few data available that focused on the effect of sample size for NDB on diag-
nostic performance of PET and MRI using statistical image analysis. In this context,
we generated nine NDB sets consisting of 4, 6, 8, 10, 20, 30, 40, 50, and 60 normal
subjects to assess the diagnostic performance using these NDBs to distinguish AD
patients from normal subjects [9]. We found that small NDBs (n < 10) yielded poor
quality of mean and standard deviation (SD) images as compared with large NDBs
(n > 20) as illustrated in Fig. 14.5 [9], and the area under the receiver operating char-
acteristic (ROC) curves (AUCs) of the large NDBs (n > 20) did not fall below 0.950,
where AUCs of the small NDBs (n < 10) never exceeded 0.950. Based on the results,
we recommend to include at least 20 subjects for generating NDBs.

In addition to appropriate sample size, age and sex matching between a target
subject and NDB is regarded as an important factor for NDB generation. We investi-
gated whether the diagnostic performance of FDG PET for AD could be maintained
even with age-mismatched and sex-mismatched NDB [10]. In that study, we gener-
ated six age-specific NDB sets consisting of participants ranging in age from 20 to
70 years and two sex-specific NDB sets, each consisting of only men or women. We
found that there was no significant difference in each z-map and AUC either between

Mean

NDB-4

NDB-8

Fig. 14.5 Mean (left) and standard deviation (SD) (right) images generated from each normal
database (NDB). NDB-n indicates normal database sample size. The quality of the mean and SD
images of NDB was relatively poor when the sample size for NDB was small (n < 10); however,
both mean and SD image became smoother as the sample size increased. (Adopted from Chen
etal. [9])
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Fig. 14.6 FDG PET z-maps of a 59-year-old woman patient with probable Alzheimer’s disease.
(a) z-maps generated by each age-related normal database (NDB) set and (b) z-maps generated by
each sex-related NDB set. The z-maps of FDG PET do not seem to be so different among the NDB
sets. (Adopted from Chen et al. [10])

age-matched and mismatched NDB sets or between sex-matched and mismatched
NDB sets, as illustrated in Fig. 14.6. Thus, exact age-matched or sex-matched NDB
may not be mandatory for discriminating patients with AD from normal subjects
using FDG PET. However, it should be noted that these results are validated only for
discrimination of AD from normal controls, and there has been no such a study on
MRI. Therefore, we recommend to use age- and sex-matched NDB whenever avail-
able to avoid missing any subtle changes between a target subject and NDB.

14.5 Normal Aging on FDG PET

Although the relationship between normal aging and cerebral glucose metabolism
has been repeatedly examined using FDG PET, inconsistent results have been
reported [11-22]. In our prior study using partial-volume effect (PVE) correction
for FDG PET [3], we found that reduction in FDG uptake with advancing age,
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detected by FDG PET without PVE correction, could be accounted for largely by an

age-related cerebral volume loss in the bilateral perisylvian and medial frontal

, the area of age-related FDG decline was confined to

fewer regions, including the anterior cingulate and inferior frontal gyrus (Fig. 14.7).
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tion. Height threshold <0.001, corrected for multiple comparisons. (Adopted from Yanase et al. [3])
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The effect of PVE correction was most significant in the regions showing negative

correlations between age and gray matter volumes as assessed by structural MRI

and voxel-based morphometry (Fig. 14.8). In a more recent study, however,

Knopman et al. [23] observed a modest but significant age-related FDG decline in
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Fig. 14.8 Maximum intensity projections of SPM results for negative (a, ¢) and positive (b, d)
correlation of regional gray matter volume with advancing age in men and women. Height thresh-

old <0.001, corrected for multiple comparisons. (Adopted from Yanase et al. [3])
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many brain regions, including areas that are known to be affected in AD, such as the
posterior cingulate/precuneus, even after correction for atrophy. Thus, more work is
necessary for better understanding of interaction between normal aging and brain
glucose metabolism.

14.6 Effect of Apolipoprotein E (ApoE) £4 Allele
on Neuroimaging Biomarkers

There is a general agreement that the apolipoprotein E (ApoE) €4 is a genetic risk
factor for developing AD. The ApoE e4 allele has been associated with glucose
metabolic activity impairment in AD-signature regions even in cognitively normal
subjects in some studies [24, 25]. As to ApoE e4-related structural alterations mea-
sured by MRI, conflicting results exist as to whether loss of gray matter truly occurs
in €4 carriers [25, 26]. In a study by Reiman et al. [25], the ApoE €4 homozygotes
showed nonsignificant trends for smaller hippocampal volumes, whereas there was
a significant decrease of gray matter in e4 homozygous subjects, as compared both
to e4 heterozygous subjects and to noncarrier subjects in a study by Lemaitre et al.
[26]. In amore recent study by Knopman et al. [23], there was an APOE e4-associated
FDG decline in AD-vulnerable regions, which was independent of amyloid burden,
as measured by '"C-PIB PET. In our prior study [5], however, the prevalence of
AD-like imaging abnormalities, such as an FDG decline in the posterior cingulate/
precuneus or hippocampal atrophy, did not differ among ApoE €4 carriers with nor-
mal cognitive function and noncarriers, as illustrated in Fig. 14.9. Furthermore, the
prevalence of FDG PET or MRI abnormalities suggestive of AD in cognitively
normal &4 carriers was rather low and did not differ from that in noncarriers, indi-
cating that the presence of ApoE €4 allele alone may not be sufficient to induce
AD-like imaging abnormalities in the majority of cognitively normal subjects.
Although the precise mechanisms explaining for the inconsistent results are unclear,
there are several differences between the studies. Firstly, unlike the study by
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Fig. 14.9 Box-and-whisker plots of mean z-score in the AD-specific region of interest (ROI) on
FDG PET (a) and MR image (b) in apolipoprotein E (ApoE) €4 carrier group and noncarrier
group. (Adopted from Samuraki et al. [5])
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Knopman et al. [23], we did not use PVE correction for FDG PET, because we
expected that uncorrected FDG signal would reflect both metabolism and atrophy
due to PVE and therefore may serve as a more sensitive marker of AD-associated
changes. This should particularly be the case in individuals with posterior cingulate/
precuneus atrophy, which is known to occur in a subset of AD patients [6]. Secondly,
our study participants were much younger (mean age: 53.6 years for the €4 carriers
and 53.5 years for the noncarriers) than those (median age: 76 years) in Knopman
et al. study [23]; the majority of our participants were 30-60 years old: there were
no significant differences between €4 carriers and noncarriers in that age group in
their study [23]. The ApoE e4-associated FDG decline may be more difficult to
detect in such young subjects. These circumstances, alone or in combination, may
have contributed to the somewhat discordant observations between the studies.
Furthermore, it should be noted that many factors other than ApoE €4, such as dia-
betes mellitus, are likely to be involved in the development of AD-like imaging
signatures in cognitively normal individuals, which has been demonstrated in a
recent study by Roberts et al. [27]. The same study group has also demonstrated that
midlife onset of diabetes may affect late-life cognition through loss of brain volume
[28]. Thus, it is likely that the effect of ApoE €4 allele on neuroimaging biomarkers
can be modulated by the coexistence of non-ApoE factors, and therefore care should
be taken when interpreting the results.

Conclusion

The IBIS is a single-center nonrandomized prospective study to establish the
Japanese standard brain images and to seek imaging biomarkers for clinical and
preclinical assessment of AD and other forms of neurodegenerative diseases
using PET and MRI. The study participants have been recruited via newspaper
advertisement or an academic memory disorders clinic. At present, approxi-
mately 1400 volunteer subjects and 610 patients with dementia participated in
the study. We found that normalcy rate in volunteer-based population decreases
significantly as a function of age. Furthermore, neuroimaging biomarkers are
affected by factors such as age, but uncertainty still exists as to the effect of
ApoE €4 allele in cognitively normal subjects. Therefore, more work is neces-
sary for better understanding of interaction between genetic or nongenetic fac-
tors such as ApoE &4 allele or aging and neuroimaging biomarkers.
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Handling of MRI Data in a Multicenter 1 5
Study

Norihide Maikusa

Abstract

A large-scale multisite clinical study to develop surrogate markers which mea-
sure directly the essential process of Alzheimer’s disease and other dementias
has been launched. It aims to develop a way to assess the stages of disease pro-
gression objectively and accurately through a variety of examinations including
clinical, psychological, imaging, and biochemical ones. These examinations
have been performed for several years at generally about 6 month or 1 year inter-
vals. Especially, the methods that delineate the structural changes caused by the
disease using brain structural MRI are known to provide objective and reproduc-
ible surrogate biomarkers. However, the image quality of MR brain images
depends on the scanners and imaging protocols selected. Moreover the reliability
of the automated image analysis algorithm depends on the image quality.
Therefore it is necessary to use a consistent imaging protocol and scanner for
longitudinal analysis. Moreover, several preprocessing steps such as geometrical
distortion correction and intensity inhomogeneity correction are needed to
improve the reliability of structural analysis.
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15.1 Introduction

Precise and accurate qualification of measurement using serial MR images to mea-
sure longitudinal structural brain changes is important in understanding the natural
progression of neurodegenerative disorders. Large multicenter studies provide a
powerful way to understand and treat neurodegenerative dementias as well as
Alzheimer’s disease. In recent years, multicenter and longitudinal imaging studies
have been undertaken all over the world. The Alzheimer’s Disease Neuroimaging
Initiative (ADNI) is a large-scale multisite clinical study that aims to develop sur-
rogate markers directly shedding light on the essential process of Alzheimer’s dis-
ease. ADNI included subjects from over 50 sites across the United States and
Canada, and its aims include testing the ability of serial magnetic resonance imag-
ing (MRI), positron emission tomography (PET), biological markers, and clinical
and neuropsychological assessments to measure progression in mild cognitive
impairment (MCI) and early Alzheimer’s disease (AD) [1]. Open Access Series of
Imaging Studies (OASIS) is a series of magnetic resonance imaging data sets that is
publicly available for study and analysis. OASIS contains a cross-sectional collec-
tion of 416 subjects aged 18-96 years [2] and a longitudinal collection of 150 sub-
jects aged 60-96 years, all acquired on the same scanner using identical sequences
[3]. In the OASIS longitudinal dataset, MRI and neuropsychological and clinical
tests were conducted on two more visits, separated by at least 1 year. Subjects were
categorized by the Clinical Dementia Rating (CDR) as being cognitively normal or
having very mild Alzheimer’s disease.

However, the use of images from different sites and/or scanners introduces par-
ticular challenges for image analysis algorithms with the potential to lose sensitivity
and cause systematic errors [4] because the image quality of MRI brain images
depends on the scanners and imaging protocols used. Therefore it is necessary to
use a consistent imaging protocol and scanner for the longitudinal analysis.
Figure 15.1 shows examples of differences between MR image qualities.
Figure 15.1a shows a good quality image, while in Fig. 15.1b a blurring artifact can
be seen around the frontal gyrus. Figure 15.1c shows a poor signal-to-noise ratio
(SNR) and contrast between gray matter (GM) and white matter (WM). The poor
SNR and tissue contrast may degrade the image analysis’ reliability and reproduc-
ibility interfering with the appreciation of neurodegenerative changes, because
many algorithms need to segment GM regions from the brain based on the differen-
tial MRI intensity. So quality control that means grading image quality and exclud-
ing poor quality is necessary.

Moreover, several preprocessing steps such as geometrical distortion correction
and intensity inhomogeneity correction are needed to improve the reliability of
structural analysis. Intensity nonuniformity is caused by poor radio frequency coil
uniformity, eddy currents, and insufficient sensitivity of the receiving coil. This
issue has little impact on the visual diagnosis, but in automatic segmentation tech-
niques, it can significantly degrade the reliability of these results [5]. Geometrical
distortion is generated by gradient nonlinearity, nonuniformity of the static mag-
netic field, and distribution of magnetic susceptibility. The geometric distortions in
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Fig. 15.1 Example of differences between MR image qualities. (a) Good quality image, (b) blur-
ring artifact around frontal gyrus, (¢) poor SNR

MR images significantly degrade the reliability and precision of volumetric or mor-
phometric measurements because their property can be changed by MRI manufac-
turer and time variation. This section introduces intensity nonuniformity correction
methods, B1 correction [6] and nonparametric nonuniform intensity normalization
[5], and distortion correction methods, Grad-unWarp [7] and phantom-based distor-
tion correction [8].

15.2 Quality Control

It is important to use MRI data obtained with consistent scan parameters and on
the same scanner to guarantee the reliability of the image analysis in longitudinal
studies. Prior to the study, the site must pass the site qualification. Site qualifica-
tion includes an examination in which a human volunteer is scanned twice at 1- or
2-week intervals with the study approved sequences loaded by a site local service
engineer. The quality control team reviews human scans for the consistent scan
parameters and good image quality between two sessions. If the human scan does
not pass the review, the quality control team will ask to re-scan the human volun-
teer. After completely passing the review, the quality control team will provide
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site qualification. The quality control team will check whether the scan parame-
ters satisfy certain scan protocols at each scan because image quality is dependent
on the scan parameters, for example, field of view (FOV), slice thickness, trans-
mit and receiver coil type, acquisition sequence, and software version (protocol
check).

MRI has shown much promise as a biomarker of quantifying AD and other
dementia progressions using morphometric or volumetric measurement of the brain
atrophy [4]. However, its reliability and reproducibility depend on the image qual-
ity. The imaging artifact also affects image quality. So the image quality must be
checked and handled to enhance standardization across sites and platforms and the
reproducibility of longitudinal image analysis (image quality check).

In this section, we explain how to conduct image quality control. Each scan
obtained from multiple imaging centers must be reviewed by the quality control
team at the central data center. The quality control team ensures the scan protocol
consistency and checks image quality in the acquired images. Moreover, a neurora-
diologist checks the image data to identify any clinically significant findings. In the
next section, we will describe the details of the consistency, image quality, and clini-
cally significant findings of the checking protocol.

15.2.1 Protocol Check

Most of the clinical image data were contained in digital imaging and communica-
tions in medicine (DICOM) format. In 1982, the American College of Radiology
(ACR) and the National Electrical Manufacturers Association (NEMA) formed a
committee to develop DICOM standards for the interconnection of digital imaging
devices [9]. The DICOM files contain information regarding the imaging scanners
such as manufacturer name, scanner model name, modality type, and acquisition
parameters in the DICOM TAG field. The quality control team checks the imaging
parameters and, if not consistent with site notification, then contacts the Clinical
Research Coordinator (CRC), technologist and site principal investigator, to notify
them of imaging failure and ask for a repeat scan as soon as possible. Table 15.1
shows an example of DICOM TAG for checking the imaging parameters. For some
parameters such as repetition time, echo time, field strength, and others, checks in
rounded values are permitted. Especially, when the machine manufacturer or model
is changed, the reproducibility of the imaging analysis is extremely degraded, and
so the quality control team must check the machine change.

15.2.2 Image Quality Check

Numerous artifacts in MR images that are not present in the original imaged object
may be caused by improper technical operation of the imaging, while at other times
they may be a consequence of natural processes or properties of the human body.
Subject motion during the scan generates artifacts by inducing phase errors in the
MRI signal. These artifacts can be classified into two types, blurring and ghosting
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Table 15.1 DICOM TAG DICOM TAG Description

?;;;glre:;z‘:kmg imaging (0008, 0070) Manufacturer
(0008, 0080) Institution name
(0008, 103e) Series description
(0008, 1090) Model name
(0018, 0023) MR acquisition type
(0018, 0050) Slice thickness
(0018, 0080) Repetition time
(0018, 0081) Echo time
(0018, 0082) Inversion time
(0018, 0083) Number of averages
(0018, 0087) Magnetic field strength
(0018, 0088) Spacing between slices
(0018, 0091) Echo train length
(0018, 0093) Percent sampling
(0018, 0094) Percent phase fov
(0018, 0095) Pixel bandwidth
(0018, 1000) Device serial number
(0018, 1020) Software version
(0018, 1100) Reconstruction diameter
(0018, 1250) Receiving coil
(0018, 1310) Acquisition matrix
(0018, 1312) Phase encoding direction
(0018, 1314) Flip angle
(0019, 107e) Number_of_echoes
(0021, 1057) Locs_per_slab
(0025, 1007) Images_in_series
(0028, 0030) Pixel spacing

artifacts. Blurring artifacts are produced by random movements, mainly in the
phase-encode direction. Periodic motion associated with the movement of the lower
jaw, eye, and the nasal cavity creates ghosting artifacts. Flow artifacts are caused by
blood flow or fluids in the body. Fourier transform from a finite sampled signal
causes truncation or gibbs artifacts as parallel lines adjacent to high-contrast border-
line. Magnetic susceptibility within the internal magnetization of a tissue also
causes artifacts due to interactions with an external magnetic field. Two different
magnetic susceptibilities between air and tissues and/or metal and tissues cause
local distortions in the magnetic field. Especially metal objects in the subject cause
large distortions and significant susceptibility artifacts which result in a loss of sig-
nal in the image (metal artifacts). In normal MRI scanning, warp-around (aliasing)
artifact occurs when FOV is smaller than an imaging object. The quality control
team checks each MR image, and if any image does not have good quality, the qual-
ity control team recommends re-scanning. However, if the image quality will not be
improved if the scan imaging is repeated, the protocol deviation must be logged or
the image data have to be excluded. Checking items will be mentioned below.
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15.2.2.1 Checking Gibbs and Blurring Artifacts Within Cerebral
Parenchyma or Outside

Glade 0: Not admit obvious blurring within the cerebral parenchyma.

Glade 1: The boundary of the gray and white matter is unclear due to gibbs and
blurring.

Glade 2: Not separate gray and white matter, collapse brain sulcus, and clearly
identify arc-shaped gibbs artifact.

Glade 3: Admit obvious blurring and ghosting.

If any image acquired from a subject is graded 2 or 3, quality control team will

ask your site to re-scan a subject.

15.2.2.2 Checking Ghosting and Flow Artifacts

Glade 0: Not admit ghosting and flow artifacts within the brain parenchyma

Glade 1: Admit ghosting and flow artifacts seen within the brain parenchyma

Glade 2: Admit ghosting and flow artifacts within the brain parenchyma and can-
not identify cerebral cortex

Glade 3: Admit severe ghosting and flow artifacts within the brain parenchyma
and cannot recognize the outline of the head

If any image acquired from a subject is graded 2 or 3, quality control team will

ask your site to re-scan a subject.

15.2.2.3 Checking Metal and Chemical Artifacts

Glade 0: Not admit metal artifacts or chemical shift

Glade 1: Admit metal artifacts or chemical shift

Glade 2: Admit strong metal artifacts and chemical shift

Glade 3: Admit very strong metal artifacts and chemical shift

If any image acquired from a subject is graded 2 or 3, quality control team will
ask your site to re-scan a subject.

15.2.2.4 Checking Aliasing (Warp-Around) Artifacts

Glade 0: Not admit aliasing artifacts

Glade 1: Admit aliasing artifacts but not overlap to the whole head

Glade 2: Admit aliasing artifacts and overlap in part of the skull

Glade 3: Admit aliasing artifacts and overlap in some slices of the cerebral
parenchyma

Glade 4: Extend to the majority of brain parenchyma

If any image acquired from a subject is graded 2 or 3, quality control team will

ask your site to re-scan a subject, and grade 1 should also ideally be re-scanned.

15.2.2.5 Checking Coverage of the Head

Grade 0: Covered whole head

Grade 1: Part of skull lacking

Grade 2: Not covered brain parenchyma

If any image acquired from a subject is graded 1 or 2, it would be desirable to re-scan.
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Table 15.2 Examples of clinical findings that Previous surgery
affect the imaging

Hemorrhage

Developmental anomaly

Space-occupying lesion

Atypical atrophy

Hemispheric infarction

Prior head trauma
Metallic artifact
Normal pressure hydrocephalus

Cerebral edema
Others

15.2.3 Clinically Significant Findings Check

Unexpected other degenerative diseases and significant clinical findings affect the
imaging analysis to detect the natural progression of a particular disorder. If the
subject has any of the significant abnormalities listed in Table 15.2, the MRI data
acquired from the subject should be excluded from the statistical imaging analysis
data set. Additionally, the subjects should be notified so that they can receive
appropriate treatment whenever a significant radiological finding is identified by
the neuroradiologist according to the terms of each facility participating in the
study.

15.2.4 Preprocessed Intensity Inhomogeneity Correction
and Distortion Correction

Nonuniformity receiver coil sensitivity and transmit radio-frequency wave cause
intensity inhomogeneity on MR images. Because many image analysis algorithms
assume homogeneity of signal intensity within each tissue type, intensity inhomo-
geneity can reduce the reliability of the analysis method. Moreover, MRI scans
often contain geometrical distortions. The most prominent factors of distortion are
image gradient nonlinearity, static magnetic field inhomogeneity, and magnetic sus-
ceptibility, as typical image reconstruction relies on linear approximation of a mag-
netic field gradient. A distortion can cause a superficial local volume change, which
affects the precision and accuracy of volumetric and morphometric analysis [7].
Some scanner instability such as variation of the static magnetic field strength can
introduce changes in the voxel size (a scaling change); it may either mimic or
obscure true atrophy changes at longitudinal analysis to detect the rate of brain
atrophy [10]. To quantify precisely the rates of brain atrophy, it is important to cor-
rect intensity inhomogeneity and distortion including scaling drift. So in this sec-
tion, two types of intensity correction method, B1 correction and nonparametric
nonuniform intensity normalization (N3), and subsequently two distortion correc-
tion methods, a theoretical correction method called Grad-unWarp (GW) method
and a phantom-based distortion correction method, are introduced.
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15.2.4.1 Correction of Intensity Inhomogeneity

B1 Correction

B1 correction employs additional B1 calibration scans to correct the image intensity
nonuniformity. In this correction procedure, it is assumed that the body coil has
uniform sensitivity. However images scanned by body coil show a poor signal-to-
noise ratio. Therefore, the intensity inhomogeneity profile of a head coil can be
obtained by dividing the smoothed body coil image by the smoothed surface coil
image. The B1-corrected head coil image can be obtained by multiplying the uncor-
rected image with the estimated intensity inhomogeneity profile [9].

N3 Correction

N3 is independent of pulse sequence and a histogram peak sharpening algorithm
without requiring additional B1 calibration scans. N3 will reduce the intensity non-
uniformity due at 3 T, and 1.5 T scans also undergo N3 processing to reduce residual
intensity nonuniformity. To eliminate the dependence of the field estimate on anat-
omy, an iterative approach is used to estimate both the multiplicative bias field and
the distribution of the true tissue intensities. Preprocessing of MR data using N3 has
been shown to substantially improve the accuracy of anatomical analysis techniques
such as tissue classification, registration. and cortical surface extraction [10].

The resulting images that were uncorrected and corrected by the B1 correction
and N3 correction are shown in Fig. 15.2. In the uncorrected image in Fig. 15.2a,
there can be seen an area of high intensity at the fore part of the brain, and by com-
paring Fig. 15.2b, ¢, N3 correction is seen to more powerfully correct the intensity
distortion than B1 correction.

15.2.4.2 Distortion Correction

Grad-Unwarp Correction

The US-ADNI employs the GW correction method and ADNI phantom-based scal-
ing correction. In GW correction, a set of spherical harmonic coefficients is com-
puted for a particular gradient coil design and can be used to correct the distortion
arising from gradient nonlinearity embedded in acquired images. Moreover, ADNI
phantom-based linear scaling correction involves reducing the observed geometric
drift or voxel size adjustment employing an affine transformation of nine degrees of
freedom. The parameters of affine transformation were acquired from design and
obtained fiducial points of the ADNI phantom.

Phantom-Based Distortion Correction

Phantom-based distortion correction method is based on image warping using a
polynomial function. The method detects fiducial points within a phantom image
and calculates warping functions for distortion correction. This method can signifi-
cantly improve the spatial errors as demonstrated in phantom and human studies.
Additionally, the method was significantly better than a distortion correction method
based on a description of spherical harmonics, i.e., GW, in improving the distortion
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Fig. 15.2 Results of intensity inhomogeneity correction. (a) Uncorrected, (b) after B1 correction,
(c) after N3 correction

of root-mean-square errors. The resulting images that were uncorrected and cor-
rected by the phantom-based distortion correction are shown in Fig. 15.3.

Conclusions

Several points promoting high reliability and reproducibility of MRI data in a
multicenter longitudinal study were outlined. First, quality control processes
included protocol check and image quality check. Protocol check guarantees that
consistency and the properties of individual scanners are consistent with the site
qualification, and image quality check can exclude inferior quality images with
major imaging artifacts that can degrade the reliability of automated image anal-
ysis. Unexpected other degenerative disease may also bias the statistical analysis
when following the progress of a specific disease. Checking significant clinical
findings can be helpful for subjects to obtain optimal treatment as well as enhance-
ment of the statistical power of analysis.
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Fig. 15.3 3D head image before and after phantom-based distortion correction. (a) Uncorrected,
(b) after phantom-based distortion correction

Signal intensity inhomogeneity and distortion on MR images also degrade the
reliability and reproducibility of MRI data. However several approaches that can
correct them have been reported.

Researchers who try to assess disease progression or the therapeutic effect of
new drugs should realize that analysis bias can be reduced by adopting an appro-
priate data handling process.
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of Brain PET Data in a Multicenter Study
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Abstract

PET data depends on the PET camera model and the detailed methods of PET
scanning including subject preparation, injected activity, accumulation time,
scan time, and reconstruction parameters. In a multicenter study, data quality
tends to be heterogeneous because participating PET centers have various PET
camera models with variable experience in brain PET. Therefore standardiza-
tion of the PET imaging protocol is essential, and the physical image quality
should be harmonized between different camera models based on phantom
tests. Japanese Society of Nuclear Medicine (JSNM) has issued the standard
PET imaging protocols and determined phantom test criteria to standardize and
harmonize brain FDG-PET and amyloid imaging. JSNM has further launched a
site qualification program that qualifies PET centers and their cameras for their
capability of high-quality standardized PET imaging based on phantom data
and site visit. This program can be used to select or qualify PET centers and
cameras in a multicenter project before initiation of the study. In such a multi-
center study, each PET data should be checked for protocol compliance and data
quality by PET QC Core before being forwarded to data interpretation and
analysis.
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16.1 Method Dependency is a Challenge

Positron emission tomography (PET) is a nuclear medicine technique, in which
a radioactive drug labelled with a positron-emitting radionuclide (PET drug) is
injected into a subject and the radioactivity distribution is imaged and mea-
sured with a PET camera (including a PET/CT unit). Because the PET drug
distributes and accumulates in the brain according to its characteristics, e.g.,
reflecting blood flow, metabolism, receptor, transmitter, enzyme activity, amy-
loid-beta and tau deposition, etc., and that analysis of PET data provides quan-
tified measurement of those physiological processes, PET is indispensable in
research and diagnosis of various brain disorders including Alzheimer’s dis-
ease (AD).

However, PET data thus obtained depend on the PET camera model and the
detailed methods of the PET scanning including subject preparation, injected activ-
ity, accumulation time, scanning time, and reconstruction parameters. This makes it
a challenge to acquire reliable data in a multicenter clinical study, in which subjects
are recruited, scanned, and evaluated in a number of PET centers, based on an iden-
tical protocol. If the PET data quality is variable across centers, the diagnostic capa-
bility may also be variable. This is a serious issue because multicenter setting is
essential for obtaining evidence of efficacy of a new PET diagnostic as well as for
evaluation of the effect of a new therapeutic using PET. To make PET a universal
tool for research and patient management, details of the PET scanning methods
should be standardized and harmonized between different PET cameras, and the
data should be quality controlled.

16.2 Factors Affecting PET Drug Distribution
16.2.1 Accumulation Time

The brain uptake of the PET drug and the radioactivity distribution within the brain
depend not only on the pathophysiological state of the subject brain but also the
interval between the injection of the PET drug and the start of data acquisition. This
interval, which is called accumulation time or uptake time, should be standardized
based on the characteristics of the PET drug.

16.2.2 Subject Condition

In case of PET drugs reflecting neuronal activity, such as FDG that accumulate
according to glucose metabolism, the distribution is further affected by resting or
stimulated condition of the subjects, such as motor, visual, and auditory stimuli.
Therefore, controlling the subject condition is important for obtaining brain FDG-
PET images of good reproducibility.
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16.3 Factors Affecting PET Image Quality
16.3.1 Resolution and Noise

Image quality is another key issue (Fig. 16.1). Image resolution and image noise are
two major factors of image quality that affect diagnostic capability. Visual detection
of an abnormally high- or low-uptake area depends both on the contrast of the lesion
against the background and on the background noise. Image resolution and noise
also affect quantitative capability, because quantitative accuracy is influenced by
partial volume effect (PVE; spill-in and spill-out) due to limited resolution and that
precision is determined by image noise. The image noise mainly comes from statis-
tical uncertainty of radionuclide decay (gamma-ray emission) and can be reduced if
a large amount of counts are collected in the scan (thus called statistical noise) or,
alternatively, if the images are smoothed at the cost of resolution. As a matter of
fact, a trade-off exists between image resolution and image noise.

16.3.2 Injection Activity and Scan Time

Each PET camera model has its own intrinsic sensitivity and resolution. While
newer models in general have better intrinsic performance, old cameras are still in
use. A PET camera of lower intrinsic sensitivity needs larger injection activity and/
or longer scan time to collect sufficient gamma-ray counts to generate images of
sufficiently low statistical noise. It should be noted, however, that a limitation exists
to the injected activity due to radiation exposure on the subject. Too much injected
activity also degrades the image because higher count rate increases random counts

.
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Fig. 16.1 Relationship between method of PET scanning and image quality and their possible
effects on diagnostic capability. NEC noise equivalent count, PVE partial volume effect
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and count loss and would only increase noise. Noise equivalent count (NEC), which
is the count corrected for random and scatter, is often used instead of crude count to
assess “effective” count.

16.3.3 Reconstruction Parameters

The reconstruction parameters, which are the parameters used for generating PET
images in the computer after the subject is scanned, together with the post-filter,
determine the trade-off between the image resolution and image noise. Iterative
reconstruction algorithm called ordered subset expectation maximization (OSEM)
and its modifications are often used for the reconstruction process, in which the
number of subsets and the number of iterations are the two parameters to be deter-
mined by the investigator. By changing the reconstruction parameters, images of
various resolution and noise are generated from the identical acquired data
(Fig. 16.2). In principle, larger number of subsets or larger number of iterations
generates an image of higher resolution but with larger noise.

16.3.4 Harmonization Between Cameras

In a multicenter study using various PET camera models, it is essential to determine
appropriate scanning conditions for each PET camera model, especially scan time
and reconstruction parameters, so that reliable images of similar quality could be

iteration
1 2 3 4 6 8 16

90000886
: R

Fig.16.2 Effect of reconstruction parameters (number of iterations and subsets in OSEM) applied
to an identical data acquired with a Discovery-690 PET/CT camera upon the FDG-PET images of
a normal subject

subset
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obtained across different imaging sites. This process is called ‘“harmonization”
between different PET cameras, and phantoms are used for this purpose. In a well
quality-controlled multicenter clinical research, the PET QC manager (PET QC
Core) selects the phantom(s) and examines each PET camera to test the performance
and to determine the appropriate scanning conditions before the PET camera is used
for subject scans of the project.

16.4 Essential Image Quality for Brain PET
16.4.1 Key Image Quality to FDG-PET

FDG, a marker of glucose metabolism, accumulates high in the cerebral cortex and
low in the white matter, creating a clear contrast between gray and white, which
provides structural information on the PET images and helps identification of
lesion localization. The area of high FDG uptake on the surface of the brain pres-
ents itself as a ring on the axial tomogram and is called cortical rim. From the
standpoint of histology, the cortical rim is actually a mixture of gray and white
matter tissues interlacing each other. Because of partial volume effect, the apparent
FDG uptake in the cortical rim reflects the fraction of gray matter tissue more than
the FDG uptake per gray matter tissue volume. If pathological cortical atrophy
occurs, the apparent FDG uptake in the cortical rim is decreased, sometimes mak-
ing it difficult to distinguish pathological tissue hypometabolism from apparently
decreased uptake due to atrophy.

Detection of localized hypometabolism is a key to interpretation of FDG-PET
images in research and diagnosis on dementia, because AD and some other neuro-
degenerative disorders each present a characteristic pattern of hypometabolism [1].
Reduced FDG uptake in the temporoparietal cortex and in the posterior cingulate
and precuneus area is called AD pattern, which is useful for early or differential
diagnosis of AD. To detect mild hypometabolism, PET images should have suffi-
cient resolution and contrast together with sufficiently low noise. Furthermore, uni-
formity is also important because regional FDG uptake is evaluated in comparison
with other areas.

In addition to visual interpretation, so-called statistical image analysis such as
3D-SSP is often used, in which the subject’s brain is spatially normalized to the
standard coordinates system and the relative regional uptake is compared voxel by
voxel with the normal database defined on the standard coordinates system to delin-
eate areas of significant hypometabolism.

16.4.2 Key Image Quality to Amyloid-PET
In amyloid PET imaging, radioactivity uptake is observed in the cerebral cortex of

subjects who have pathological deposition of amyloid beta plaque in corresponding
areas. Positive scan is characterized by such abnormal uptake and is found in most AD
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patients and in some cognitively normal old subjects, while negative scan is character-
ized by the absence of such abnormal cortical uptake [2].

There are a number of PET drugs used for amyloid PET imaging, but all of them,
more or less, accumulate nonspecifically in the white matter. Therefore it is necessary
to detect mild cortical uptake adjacent to the nonspecific uptake by the white matter,
which may often be a challenge, especially in subjects with cortical atrophy. Therefore,
PET images again should have sufficient resolution and contrast together with suffi-
ciently low noise. The contrast between gray and white evaluated in the phantom
image is especially important to detect mild cortical uptake on the subject images.

In the quantitative analysis of amyloid PET images, which is used as an adjunct
to the visual interpretation as well as for evaluation of the effect of therapeutics, the
ratio of cortex to cerebellum or pons as a reference region, called standardized
uptake value ratio (SUVR), is used. Therefore, uniformity within the field of view
is also essential in amyloid PET.

16.5 Phantom Test Criteria for FDG and Amyloid-PET
16.5.1 Phantom Tests in J-ADNI

A large-scale multicenter study named J-ADNI, followed by a similar study
J-ADNI2, was launched in Japan, in which subjects with normal cognitive function,
mild cognitive impairment (MCI), and mild AD were to be followed with various
examinations including FDG and amyloid PET scans. To standardize the PET scan-
ning protocol across the participating PET centers and to harmonize the PET image
quality between different PET cameras, the J-ADNI PET QC Core determined the
subject preparation condition, standard injection activity, and accumulation time
and established the phantom test procedures and criteria, with which to determine
the reconstruction parameters for each PET camera.

In the camera qualification and harmonization procedures, two types of phantoms,
i.e., Hoffman 3D brain phantom (Data Spectrum Corporation) and uniform cylindrical
phantom, are used to measure a total of four image quality parameters: (1) resolution,
(2) gray-white contrast, (3) uniformity, and (4) image noise. These four parameters
have been adopted because they are considered essential for qualification of PET cam-
eras and for harmonization of the PET image quality between PET cameras in multi-
center clinical research on dementia using FDG and amyloid-PET as discussed above.

These four parameters have also been adopted in the phantom test criteria by the
Japanese Society of Nuclear Medicine (JSNM) and published in the JSNM guide-
lines [3].

16.5.2 JSNM Phantom Test Criteria
The JSNM phantom tests prompt measurement of the four physical parameters (res-

olution, gray-white contrast, uniformity, and image noise) on the phantom images as
discussed above.
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Table 16.1 Outline of JSNM standard protocol and phantom procedures for brain FDG and amy-
loid PET (January 2015)*

Standard protocols Phantom procedures
Standard injection activity (MBq), Phantom scan time
accumulation time® (min post injection), Hoffman? Uniform®
and scan time® (min) (20 MBgq)* (40 MBgq)*
FDG 18MBq  |30minpi |[30min 1800 860 s
Amyloid imaging
'C-PiB 555 MBq 50 min pi. |20 min 130s 65s
8FE-florbetapir 370 MBq 50 min p.i. | 20 min 705 s 345 s
SF-flutemetamol | 185 MBq 90 min p.i. |30 min 250 s 125 s
8E-florbetaben | 300 MBq 90 min p.i. |20 min 350's 175s

aMay differ from standards issued by other organizations and subject to change based on future
data and situations. For details, see JSNM web site [3]

“Interval between injection and start of emission data acquisition

‘Duration of emission data acquisition

YHoffman 3D brain phantom

‘Phantom activity at start of scan

'Uniform cylindrical phantom (160 mm inner diameter, 300 mm inner length)

Table 16.2 Outline of JSNM phantom test criteria for brain FDG and amyloid PET (January
2015)*

Physical

parameters Phantom Method of analysis Reference values

Resolution Hoffman 3D brain | Comparison with filtered | 8 mm FWHM or better
phantom digital phantom

Contrast Hoffman 3D brain | Ratio of predefined gray 9% Contrast >55%
phantom ROIs to white ROIs

Uniformity Uniform Variability of 51 small SD of all ROIs <0.0249
cylindrical ROIs (ROI mean) (95% CI° within £5%)
phantom

Noise Uniform Voxel values within a SD/Mean <15%
cylindrical large circular ROI
phantom

aMay differ from criteria issued by other organizations and subject to change based on future data
and situations. For details, see JSNM web site [3]
"Confidence interval assuming Gaussian distribution

The phantom data acquisition methods have been determined based on the stan-
dard scanning protocol for each PET drug (FDG and four amyloid agents) and are
summarized in Table 16.1. The phantoms are filled with specified radioactivity and
scanned for the specified time that has been determined according to the standard
injection activity, physical decay during the accumulation time, average brain
uptake, and standard scan time for each PET drug. The four physical parameters of
the phantom test criteria are summarized in Table 16.2, together with the reference
values (cutoff values) for each physical parameter. The criteria are applied to brain
FDG for research on AD and other neurodegenerative disorders and to amyloid
imaging with "C-PiB, 8F-florbetapir, *F-flutemetamol, or ¥ F—florbetaben.
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Fig.16.3 Effect of reconstruction parameters (number of iterations and subsets in OSEM) applied
to an identical data acquired with a Discovery-690 PET/CT camera upon the PET images of a
Hoffman 3D brain phantom

Camera ECAT EXACT  Eminence G/X Discovery

model  HR+ (SIEMENS)  (Shimadzu) ST-EP (GE)
Hoffman
phantom
Normal
subjects

Fig. 16.4 Example of harmonization between three PET camera models. (a) PET image of a
Hoffman 3D brain phantom reconstructed with appropriate parameters that generate images satis-
fying JSNM phantom test criteria for each PET camera. (b) FDG-PET image of a normal subject
acquired and reconstructed with thus determined parameters for each PET camera. Subjects are
different persons for the three PET cameras

To harmonize the PET image quality between PET centers and between PET
cameras in a multicenter study, the investigator is supposed to find such appropriate
reconstruction parameters that would generate phantom images satisfying the criteria
(Figs. 16.3 and 16.4). The scan time (data acquisition time) may be adjusted
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depending on the sensitivity of the PET camera so that sufficient gamma ray counts
are collected. Due to a trade-off between image resolution and noise, a PET camera
of poor intrinsic performance may have difficulty in finding the reconstruction
parameters that would satisfy both resolution and noise described in Table 16.2. If no
reconstruction parameters and scan time are found for a certain PET camera that
could generate phantom images satisfying the criteria, then the investigator may
decide not to use the PET camera for the multicenter project. It is, of course, up to the
investigator whether to conform strictly to the criteria or to allow some deviations.

16.5.3 Basis for JSNM Phantom Criteria

It should be emphasized that no theoretically absolute reference values exist for those
physical parameters of the phantom test. If the reference values are set at a high level,
then the PET images acquired in the multicenter study will be of higher quality,
which may possibly lead to a result demonstrating higher diagnostic capability of the
PET imaging for the study population. However, only a few PET camera models will
meet the criteria and can be used for the study project, which may reduce the number
of participating PET centers and, accordingly, limit the number of study cases. If a
new PET drug is approved by the regulatory authorities based on the multicenter
study data, and if the phantom criteria become a requirement for the PET camera to
be used, the PET scan may not be readily available to the public. On the other hand,
if the reference values are set at a low level, then all PET camera models will meet
the criteria, and all PET centers will be able to participate in the multicenter study
from the viewpoint of PET camera performance. However, the quality of the PET
images may not be high enough to demonstrate the efficacy of a new PET drug.

JSNM desires that most PET cameras currently used in Japan should be able to
meet the phantom test criteria under appropriate scanning conditions so that most PET
centers could participate in a multicenter study that adopts the JSNM criteria. JSNM
also considers that the criteria should conform to the image quality level, at which clini-
cal research has been performed to obtain the evidence of efficacy. Therefore, phantom
experiments were carried out to obtain the parameter values on the PET camera models
that were used in clinical research and clinical trials regarding brain FDG and amyloid
imaging. Phantom experiments were also carried out on most PET cameras used in
Japan to confirm that the criteria are achievable for most of them. Naturally, the refer-
ence values in the criteria might be changed in the future according to the development
and advent of new PET cameras with higher physical performance.

16.6 Site and Camera Qualification

Unlike oncology FDG-PET, brain PET for dementia is not so popular in many coun-
tries including Japan as a routine clinical diagnostic scan. In a multicenter clinical
research or clinical trial, the chief investigator and the sponsor first select clinical
sites, in which subjects are to be recruited, registered, and clinically evaluated or
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treated; then they search for PET centers for availability of the PET scan. Such PET
centers are not necessarily used to brain PET imaging. Therefore, it is necessary to
examine the experience of the PET centers and qualify each PET center and the PET
camera for participating in the study. For qualification of the PET camera, phantom
tests with the abovementioned phantom criteria may be used. In addition to the
phantom tests, visiting the PET center and training the staff upon the purpose and
scanning protocol of the study as well as data anonymization and transfer are valu-
able. It is also important to confirm the record of maintenance and calibration of the
devices including PET camera, dose calibrator, and injector.

JSNM has launched a qualification program for PET imaging sites and cameras
concerning brain FDG and amyloid PET scan. The program qualifies that the site is
ready to acquire PET images of sufficient quality according to the JSNM standard
protocol. The qualification process includes a site visit by designated auditors to
examine the maintenance and calibration of the equipment as well as the organiza-
tional structure of the PET center. Phantom data are also acquired for qualification
to confirm that the physical parameters of the phantom images meet the JSNM
phantom test criteria. The reconstruction parameters may be determined in the
course of qualification process by searching for appropriate parameters. A number
of multicenter clinical research projects make the JSNM qualification a requirement
for the PET center to participate in the project.

16.7 PET Quality Control in a Multicenter Study

Figure 16.5 depicts the entire view of the PET QC process in a multicenter study. It
is PET QC Core that takes care of the quality of the PET data acquired in each par-
ticipating PET center. In an industry-sponsored clinical trial, a professional organi-
zation called “imaging CRO” usually takes that role. It should be noted that the
quality of PET drugs, not mentioned in Fig. 16.5, is also important in PET research,
especially when the PET drug is unapproved or manufactured on site.

Based on the research protocol, the purpose of the PET is defined, and the PET
methods are determined together with the PET manual describing the site qualifica-
tion procedures and the PET scanning protocol. The PET imaging sites are selected,
and questionnaires are sent to them inquiring about organization such as physician
and technologist contact, experience of the kind of study, PET drug availability, equip-
ment details including PET camera model name, PET scan slot availability, applica-
bility of electronic system to anonymize and submit data, etc. A site visit and phantom
tests then follow. The reconstruction parameters are determined based on the phantom
tests as explained in detail in this chapter, and the site is qualified for the study.

Upon initiation of the multicenter study, PET QC Core should check the first
PET scan from each PET imaging site before allowing the site to scan the second
subject. After the project gets off the ground, each PET data from each PET center
should be QC checked before being forwarded to image interpretation and data
analysis. The QC check process confirms that the PET scan has been carried out and
the images have been generated and transferred properly according to the protocol
without errors and artifacts. The header of the image files is also checked, which
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Fig. 16.5 Diagram of the PET quality control in a multicenter study

contains information associated with the scan such as date and time, scanning pro-
tocol, and reconstruction parameters.

PET images are then forwarded to image interpretation and analysis. The PET
images are either interpreted visually or analyzed quantitatively based on regions
of interest (ROI) or using automated software. In a multicenter study, this pro-
cess is usually carried out by analysts who are bind to clinical information of the
subjects [4, 5].
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