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Abstract
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targeting clinical routine. Digital Comprehensive Summaries of Uppsala Dissertations
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Alzheimer’s disease (AD) is the leading cause of dementia and is alone responsible for 60-70%
of all cases of dementia. Though sharing clinical symptoms with other types of dementia, the
hallmarks of AD are the abundance of extracellular depositions of β-amyloid (Aβ) plaques,
intracellular neurofibrillary tangles of hyper phosphorylated tau proteins and synaptic depletion.
The onset of the physiological hallmarks may precede clinical symptoms with a decade or more,
and once clinical symptoms occur it may be difficult to separate AD from other types of dementia
based on clinical symptoms alone. Since the introduction of radiolabeled Aβ tracer substances
for positron emission tomography (PET) imaging it is possible to image the Aβ depositions
in-vivo, strengthening the confidence in the diagnosis. Because the accumulation of Aβ may
occur years before the first clinical symptoms are shown and even reach a plateau, Aβ PET
imaging may not be feasible for disease progress monitoring. However, a negative scan may be
used to rule out AD as the underlying cause to the clinical symptoms. It may also be used as
a predictor to evaluate the risk of developing AD in patients with mild cognitive impairment
(MCI) as well as monitoring potential effects of anti-amyloid drugs.Though currently validated
for dichotomous visual assessment only, there is evidence to suggest that quantification of Aβ
PET images may reduce inter-reader variability and aid in the monitoring of treatment effects
from anti-amyloid drugs.The aim of this thesis was to refine existing methods and develop new
ones for processing, quantification and visualization of Aβ PET images to aid in the diagnosis
and monitoring of potential treatment of AD in clinical routine. Specifically, the focus for
this thesis has been to find a way to fully automatically quantify and visualize a patient’s Aβ
PET image in such way that it is presented in a uniform way and show how it relates to what
is considered normal. To achieve the aim of the thesis registration algorithms, providing the
means to register a patient’s Aβ PET image to a common stereotactic space avoiding the bias of
different uptake patterns for Aβ- and Aβ+ images, a suitable region atlas and a 3-dimensional
stereotactic surface projections (3D SSP) method, capable of projecting cortical activity onto
the surface of a 3D model of the brain without sampling white matter, were developed and
evaluated.The material for development and testing comprised 724 individual amyloid PET
brain images from six distinct cohorts, ranging from healthy volunteers to definite AD. The
new methods could be implemented in a fully automated workflow and were found to be highly
accurate, when tested by comparisons to Standards of Truth, such as defining regional uptake
from PET images co-registered to magnetic resonance images, post-mortem histopathology and
the visual consensus diagnosis of imaging experts.
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Introduction

Alzheimer’s Disease
Dementia is a broad category of brain diseases and is not part of the healthy
aging of the brain. Common for all dementia diseases is gradual decrease in
the ability to think and perform everyday activities. To be classified as demented it is required that there is a memory impairment and at least, but not
limited to, one more cognitive impairment such as emotional problems, problems with language, disorientation to time and place, reduced judgement,
changes in personality or impaired abstract thinking. The most common
causes of dementia are Alzheimer’s disease (AD), Vascular dementia (VaD),
dementia with Lewy bodies (DLB) and fronto-temporal dementia (FTD).
Though AD and VaD together are responsible for up to 90% of all cases of
dementia, AD is the leading cause of dementia and is alone responsible for
60-70% of all cases of dementia[1,2].
AD is an irreversible, progressive neurodegenerative disease that causes
memory failure, personality changes and other symptoms common for dementia. Though sharing clinical symptoms with other types of dementia, the physiological hallmarks of AD is the abundance of extracellular depositions of βamyloid (Aβ) plaques, intracellular neurofibrillary tangles of hyper phosphorylated tau proteins and synaptic depletion. The onset of these physiological
hallmarks may precede the clinical symptoms by a decade or more[3] and once
the early clinical symptoms occurs, it may be difficult to distinguish AD from
other types of dementia based on the clinical symptoms alone[4]. However,
since the introduction of radiolabeled Aβ tracer substances for positron emission tomography (PET) imaging it is possible to image the Aβ depositions invivo, increasing the confidence in the AD diagnosis[5].

Magnetic Resonance Imaging (MRI)
Magnetic resonance imaging (MRI) is a medical imaging technique that produce tomographic images that can be used as an aid in the diagnosis of a wide
range of disorders including, but not limited to, oncology, neurology, cardiology and orthopedics. The MRI images are produced from an externally measured nuclear magnetic resonance (NMR) signal coming from the object itself.
The measured NMR signal is the response to the exposure of a strong static
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magnetic field in combination of carefully manipulated radio frequency (RF)
signals. The RF signals, being nine order of magnitude smaller than X-(Roentgen) rays, is considered biologically safe. The content of a pixel (or voxel) of
an MRI image depends on several parameters, such as the nuclear spin density
ρ, the spin lattice relaxation time T2, molecular motions, susceptibility effects
and chemical shift differences. Since every parameter can be enhanced or suppressed, images from the same experiment can appear very different, containing different information.
Due to its lack of side effects, high soft-tissue contrast, three dimensional
capabilities and its high patient acceptability more and more patients are referred to MRI examinations. Today there are approximately 36,000 MRI systems available around the world and about 2,500 new machines are sold every
year[6,7].

Positron Emission Tomography (PET)
Positron Emission Tomography (PET) is a functional imaging technique
where a compound containing molecules labeled with a positron emitting isotope is administered to the patient prior to the examination. When the isotope
undergo decay by positron emission, a proton in the nucleus is transformed
into a neutron and a positively charged electron. Shortly after the positively
charged electron – or positron (β+) – has been emitted from the isotope it will
combine with a regular, negatively charged, electron in an annihilation reaction, in which the positron and electron are turned into a pair of photons – or
gamma rays - being emitted “back-to-back” at 180 degrees to each other. The
resulting gamma rays are then detected, nearly simultaneously (typically
within 6 to 12 nanoseconds), by a ring of detectors surrounding the patient in
the PET scanner. In most PET scanners, such ‘coincidence event’ represents
a line in space, connecting the two detectors, along which the annihilation occurred, i.e., the line of response (LOR). In some modern systems, with higher
time resolution (approx. 3 nanoseconds), the time when the coincident photons are detected can be recorded. The difference in detection time, where the
closest photon reaches its detector first, can then be calculated and used to
roughly estimate where along the LOR the actual annihilation occurred. This
technique is referred to time-of-flight (TOF) and can improve the resulting
image quality. Once the raw data, consisting of such coincidence events, has
been recorded and after correction of several factors such as random coincidences, photon scatter, attenuation correction (photons are absorbed by intervening tissue between the detector and the emission of the photon) and detector dead-time (the time it takes for a detector to be ready to detect another
photon), images expressing the distribution of the radioactive isotope within
the patient can be constructed[8].
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The isotopes, also called radionuclides, used in PET imaging are usually
isotopes that have a short half-life, t1/2, such as oxygen-15 (t1/2 ≈ 2 min), nitrogen-13 (t1/2 ≈ 10 min), carbon-11 (t1/2 ≈ 20 min) or fluorine-18 (t1/2 ≈ 110 min).
The radionuclides can either be incorporated into molecules normally used by
the body such as glucose (or glucose analogues) and water or they can be incorporated into molecules that binds to specific receptors. Such radionuclide
labeled molecules are referred to as radiotracers or PET tracers.
While PET is not able to deliver the same high anatomical information as
MR it instead contains functional information on a molecular level where each
radioactive decay contributes to the final PET image.

[18F]Fluorodeoxyglucose
[18F]Fluorodeoxyglucose ([18F]FDG) is one of the most frequently used PET
tracers. Chemically it is a glucose analogue where the normal hydroxyl group
at the second position in the glucose molecule has been replaced with a
flourine-18 isotope. Despite the difference in molecular structure, [18F]FDG
is taken up as regular glucose by tissue. Specifically, it is taken up by cells
that are requiring much glucose such as the brain-, kidney- and cancer cells.
Phosphorylation prevents the molecule to leave the cell once it has been absorbed. Because the second hydroxyl group, needed for metabolism, has been
replaced, the phosphorylated [18F]FDG molecule cannot be further metabolized until the radio isotope has decayed. Once the isotope has radioactively
decayed the molecule becomes a harmless glucose-6-phosphate having a hydroxyl at the second position allowing it to be further metabolized. Because
of the described properties [18F]FDG distribution gives a good reflection of
the glucose uptake and metabolism in the body.

Clinical Application
[18F]FDG is used for imaging the glucose metabolism in a number of organs
including the heart, lungs and brain. In oncology, it is also used for imaging
the glucose metabolism in certain types of rapidly growing tumors having an
increased glucose metabolic rate.
For diagnosis and monitoring of treatment of tumors the uptake is typically
measured using the standard uptake value (SUV)[9]. The SUV can be calculated voxel-wise giving a parametric image or it can be calculated for regions
of interest (ROI). SUV values can be calculated in multiple ways but one of
the more frequently used, also referred to as SUVbodyweight, is calculated as follows:
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=
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where c(t) is the metabolic rate in the tissue at time point t (e.g. MBq/kg),
injected activity(t) is the remaining activity of the injected dose (e.g. MBq) at
the same time point, t, and bodyweight is the patient’s body weight (e.g. kg).
[18F]FDG is also used for diagnosing neurodegenerative diseases, usually
by a combination of visual assessment and quantification. Instead of using
SUV values, quantification of brain images typically involves calculations of
standard uptake value ratios (SUVRs), where the uptake in target regions are
intensity normalized to that within a reference tissue. Typically, such calculations utilize a region atlas in a standard space and requires the PET images to
be spatially normalized. The SUVR values may then be compared to a normal
database to give an indication of how far away a patient is from what is considered normal.
Another method used for diagnosing neurodegenerative diseases that has
been shown successful is so called three-dimensional stereotactic surface projections (3D-SSP), a method for visualizing cortical activity[10]. The method
was originally proposed as a diagnostic approach for AD due to its ability to
show uptake patterns associated with the disease. Later it has been shown that
it also can be used to distinguish between AD and FTD. However, [18F]FDG
only images the secondary effects of AD pathology, i.e. the reduced glucose
metabolism associated with synaptic depletion and neuronal death and not the
underlying physiological AD hallmarks themselves.

Amyloid PET Imaging
Aβ tracers are a relatively new family of radio labeled tracers allowing for invivo PET imaging of the physiological AD hallmark Aβ depositions.

[11C]Pittsburgh Compound B
Ever since Alois Alzheimer in 1906 first described the accumulation of tangled bundles of fibrils, later referred to as amyloid plague, between the brain
neurons it has been the standard of truth (SoT) for diagnosing AD. Later it
was discovered that there was an abundance of the peptide Aβ in the amyloid
plaque. To be able to identify the Aβ peptide in a microscope they must be
stained with a dye. In the late 1980s William Klunk, a physician at the University of Pittsburgh, Pennsylvania, started to experiment with different dyes
trying to find a dye that could successfully bind to Aβ as well as being able to
safely get into the living brain. In the late 1990s Klunk and his team had finally
found a substance, a lipophilic Thioflavin-T derivative, labeled with a carbon16

11 isotope that possessed the desired properties. In a collaboration with the
PET center in Uppsala, Sweden, which named the substance to Pittsburgh
Compound B ([11C]PIB), one was able to produce the first PET image showing Aβ deposits in a living AD patient's brain[11].

[18F]Flutemetamol
Due to the short half-life of the carbon-11 isotope the use of [11C]PIB becomes
restricted to centers having a cyclotron on-site. For a wider access, a tracer
based on an isotope with a longer half-life was needed and several tracers labeled with fluorine-18 has been developed. Today there are three tracers that
have received approval for clinical use; [18F]florbetapir[12,13], [18F]florbetaben[14,15] and [18F]flutemetamol[16,17] are all approved in the US and
EU.
The [18F]flutemetamol tracer, developed by GE Healthcare in collaboration
with the researchers that developed [11C]PIB, is a [11C]PIB derivative radiolabeled with the fluorine-18 isotope having a five times longer half-life than
carbon-11, making it suitable for commercial production and distribution for
clinical routine use.

Clinical Application
Until today amyloid tracers have only begun to be utilized in clinical work.
Because the accumulation of Aβ depositions may occur years before the first
clinical symptoms of AD[3] and even reach a plateau, where the Aβ load has
reached an equilibrium level, Aβ PET imaging may not be feasible for disease
progress monitoring. However, a negative scan could be used to rule out AD
as the underlying cause to the clinical symptoms and recent research shows
that an amyloid scan increases the diagnostic confidence[5]. It may also be
used as a predictor to evaluate the risk of developing AD in patients with mild
cognitive impairment (MCI) [4]. Aβ PET imaging may also assist in clinical
trials for disease modifying drugs[18–20]. Specifically, it may be used as inclusion criteria if the drug is targeting Aβ depositions as well as monitoring
the potential effect of such drugs.
Since the Aβ depositions present in AD patients are primarily concentrated
to cortical areas it may be tempting to utilize similar strategies for Aβ PET
image quantification as for [18F]FDG images, i.e. spatially normalize the Aβ
PET image to a standard space, calculate SUVR values and compare to a normal database as well as utilize the 3D SSP technique. However, while
[18F]FDG has its highest uptake in cortical areas, one of the challenges with
the currently available amyloid PET tracers lies in their capacity for high update in both gray and white matter. Though increased cortical uptake occurs
in proportion to fibrillary Aβ levels, nonspecific white matter uptake is characteristically seen, regardless of fibrillary Aβ levels, see Figure 1. This is not
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a result of the amyloid PET tracers binding to amyloid, but a result of lipophilic interactions with myelin [16,18,19], a substance consisting of 40% fat,
that is surrounding the axons and hence has a high degree of presence in white
matter. The different uptake patterns across Aβ negative (Aβ-) and Aβ positive
(Aβ+) images can, therefore, result in a systematic bias when using a standard,
single template, PET driven registration method. Though utilization of a subject’s MR image stands as a possible solution to this challenge, MR imaging
is not always available as part of routine clinical workup, highlighting the relevance of a PET based method able to resolve the bias imposed by variability
in Aβ tracer uptake.
Even the 3D SSP method is challenged by the characteristic uptake of amyloid PET tracers. The original method samples data into a predefined depth
that is the same across the brain cortex. Although this works well for the
[18F]FDG tracer, it may be problematic when applied to Aβ PET images because of the risk that white matter uptake is included, if sampling too deep
into the cortex, while sampling to shallow may cause loss in sensitivity.
Hence, for amyloid tracers it is important to have a method that is capable of
projecting cortical activity and at the same time minimize the risk of projecting
signal emanating from white matter. With access to an MR image, the cortical
thickness can be calculated directly and used for an appropriate depth definition. However, since the MR image is not always available in clinical routine
a method not depending on the availability of the patient’s MR image is preferred.

Figure 1. A typical amyloid negative scan (left) and a typical amyloid positive scan
(right).
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Aims of the Thesis

The overall aim of this thesis was to find ways to fully automatically quantify
and visualize a patient’s Aβ PET image in such way that it is presented in a
uniform way and show how it relates to what is considered normal.
To achieve the aim of the thesis the following studies were performed:
In paper I and IV, registration methods, involving adaptive templates, providing the means to register a patient’s Aβ PET image to a common stereotactic
space, avoiding the bias of different uptake patterns in Aβ- and Aβ+ images
were developed and verified towards MR driven image registration.
In paper II, a clinical study to evaluate the validity of the adaptive template
image registration method described in paper I was evaluated utilizing histopathology, visual assessment and a normal database.
In paper III a novel 3D SSP method, capable of projecting cortical activity
onto the surface of a 3D model of the brain minimizing the risk of sampling
white matter, was developed and its clinical validity was validated against visual assessment.
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Materials and Methods

Research participants
Data from 724 individual Aβ PET brain images from six distinct cohorts, ranging from healthy volunteers to definite AD, were used to perform the studies
described in this thesis.
Cohort I: Paper I – IV all utilized data from a previously published
[18F]flutemetamol phase II study[17]. The study consisted of 25 healthy volunteers (HVs), 20 MCI and 27 probable Alzheimer’s disease (pAD). MiniMental State Examination[21], MMSE, scores ranged from 27-30 for MCI
subjects and 15-26 for pAD subjects. The clinical dementia rating[22], CDR,
ranged from 0-0.5 for MCI subjects and 0.5-2.0 for pAD subjects.
Cohort II: Paper I also utilized [11C]PIB data from the Australian Imaging,
Biomarker & Lifestyle Flagship Study of Ageing (AIBL)[23] to evaluate if
the adaptive template registration method developed could be generalized to
support [11C]PIB. The data used consisted of 83 HVs, 95 subjects with
subjective memory complaints, 55 MCI and 52 subjects diagnosed with AD.
Cohort III: Paper II also utilized data from 68 subjects from a [18F]flutemetamol phase III study[24] comparing amyloid brain imaging with post-mortem
levels of amyloid where the outcome from the post-mortem histopathology
was used as standard of truth.
Cohort IV: Paper II and III also utilized data from a [18F]flutemetamol phase
III study evaluating the effectiveness of an electronic training program for interpreting [18F]flutemetamol images[25]. The study comprised 59 HVs, 80
MCI and 33 pAD subjects.
Cohort V: Paper II and III also utilized data from 105 HV subjects from a
previously published [18F]flutemetamol phase II study[17] and two previously
published studies[26,27].
Cohort VI: Paper IV also used 47 subjects from an ongoing study at the
Karolinska University Hospital Huddinge, Stockholm, Sweden, investigating
the clinical utility of Aβ PET imaging in patients with unclear diagnosis. The
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subjects from this study consisted of five MCI, eight prodromal AD, 27 pAD,
three VaD, two FTD and one patient with dementia, not otherwise specified.
MMSE scores ranged from 27-29, 23-28, 24-26, 24-27, 24-27, and 22,
respectively.
All participants gave written informed concent that was approved by the
internal review board of each participating institution.

Voxel Based Principal Component Analysis (PCA)
Principal component analysis (PCA) is a statistical technique to investigate
the variance-covariance structure of a set of variables. In general, PCA serves
two purposes: data reduction and interpretation.
Even though the total variance of a system requires p variables, often much
of this variability can be described using a small number k of the total number
of principal components. If this is the case, the k number of principal components can replace the p number of initial variables. Hence, the original data set
having n measurements on p variables would be reduced to n measurements
on k variables still containing almost as much information.
Working with high dimensional data, PCA may be a good way of reducing
dimensionality of data and by that finding relationships that would otherwise
be hard to find.
Having a set of n images with p = rows × cols × slices voxels a matrix Xp×n
can be formed. The (unbiased) sample variance-covariance matrix, Cn×n, of X
can then be calculated as
=

′
−1

where Dp×n = (Xp×n-µp×111×n) where 11×n is a row vector of ones and µ is
simply the mean image where voxel i (i=1,…,p) is calculated as

μ =

1

The voxel based principal components can then be calculated using singular value decomposition (SVD)

=

′

where Vn×n is the eigenvector matrix who’s ith (i=1,…,n) column is the eigenvector, qi, Λn×n is the diagonal matrix whose diagonal elements, λi, are the
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corresponding eigenvalues and V' is the transpose of V. A principal component image, IPCi, is then calculated by multiplying D with one of its eigenvectors, qi:

=

×

Image Registration
Image registration is the process where a spatial transform maps points from
one image, X, to corresponding points in another image, Y. If a transformation
T is applied to a point in X, represented by a column vector x, produces a
transformed point x’ according to

= ( )
and x’ is equal, or close to, the point y that corresponds to x, then the transformation T successfully registered x to y. Any distance T(x)-y that is not zero
is a registration error.
Image registration has many useful areas in medical imaging, some of them
described in this thesis. For example, when monitoring disease or treatment
by imaging a patient at multiple time points collected images will have an
overall similarity where the effect of the disease and/or drug may be very subtle, not even visible for a trained eye. By registering images from different
time points and by that eliminating the effect of patient placement and potential movement artifacts and calculate difference images such subtle changes
may be easily detected. Registration may also be a very useful tool if images
are acquired using different techniques, or modalities, such as PET and MR
where the MR may show detailed information about the patient’s anatomy
while the PET image may show some functional information. For brain imaging, registering images from the same subject is the simplest form of image
registration only using a rigid transform allowing for translation and rotation.
Sometimes it is desirable to register images from different individuals into a
common coordinate system to allow signal averaging or inter-subject comparison. Such registration, or warping, is sometimes referred to as spatial normalization and is further described in section Spatial normalization.
Figure 2 illustrates the typical image-to-image registration processing pipeline, its components and how they are related to each other. The input to the
registration pipeline is two images; one is referred to as the fixed or target
image and the other is referred to as the moving image. The goal of the image
registration is to find the transformation that best aligns the moving image
with the fixed image. The transform component in the pipeline is used to map
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points between the fixed image and the moving image for a given set of parameters. The metric component calculates the similarity measure of how well
the moving image fit to the fixed image when the transform is applied to the
moving image using the current set of parameters. The similarity measure is
the quantitative measure used by the optimizer when it searches for the optimal
transform parameters. When mapping points from one image space to another,
the mapped points will generally end up on a non-grid position. Because of
this an interpolation component is needed that can calculate the weighted
pixel intensity based on some surrounding. For volumetric images, typically
tri-linear interpolation is used, but other options such as B-splines may also
be used. Image registration is an iterative process that is repeated until some
predefined condition for the optimizer is met, e.g. the similarity measure is
good enough or does not change anymore.
Fixed Image

pixels

Metric
pixels

Moving Image

Fitness value

Optimizer

Interpolator
Transform
pixels
points
Figure 2. Flowchart illustrating a typical image registration pipeline.

Transform
parameters

Spatial normalization
Spatial normalization is a special type of non-rigid image registration where a
patient’s image is registered or warped into a common coordinate system, or
stereotactic space, such as the Talairach co-ordinate system[28,29]. Spatial
normalization allows for inter-subject signal averaging and inter-subject comparison, both voxel wise and by applying a region atlas.
There are many challenges in spatial normalization depending on the modality (PET, MR and others) where each type of image has its own set of challenges such as differences in the brain that are part of the normal aging, atrophy, disease etc. It is not trivial how to define a transformation that transform
a subject into a standard space or template. The registration must be good
enough to make sure the transformed image is roughly sharing the same coordinates and properties as the template but still preserve the information of interest. There are a number of established methods for finding a deformation
field that fit this purpose, such as polynomial transforms[30,31] used by the
software Automatic Image Registration (AIR)[32], basis functions[33] used
by the software Statistical Parametric Mapping (SPM)[34] and splines[35]
used by the software FSL[36] to mention a few of the most commonly used.
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Adaptive Template Image Registration
The typical way of analyzing Aβ PET images is to outline a reference region
where there is a non-specific binding of the tracer, such as cerebellum or pons,
and then calculate the SUVR value, either per voxel or target region.
Since manual outlining of regions is a very time consuming and tedious
work as well as it may be hard to outline regions in a consistent way, it is
desirable to find a method that help standardize the measures. One approach
is to spatially normalize the patient brain into a common stereotactic space
where target regions and reference regions are predefined.
Unfortunately, most amyloid tracers can express high uptake in both gray
and white matter. Specifically, Aβ PET images show significant uptake in cortex when amyloid is present but little or none if no amyloid is present. However, amyloid PET images also show non-specific binding in white matter
both for Aβ- and Aβ+ subjects.
The different uptake patterns for Aβ- and Aβ+ could lead to a systematic
bias using a standard PET image registration method. One way to overcome
this is to use the patient's MR image, if available. By co-registering the patient's MR image to the patient's PET image using a rigid transform (i.e. only
allowing translation and rotation), the patient's MR image could then be used
to find the appropriate transform to standard space. Once the transform to
standard space has been calculated it can be applied to the patient's PET image
allowing it to transform into the standard space without the tracer specific bias
introduced.
However, even if the patient has undergone an MR examination the MR
image is not always available when the patient undergoes the PET examination. Hence, it is desirable to have a registration method that does not require
the patient's MR and that compensates for the different patterns in Aβ- and
Aβ+ images. In paper I and IV, methods are proposed to minimize the bias of
the tracer specific uptake pattern when registering images into a standard
space.
The common idea for paper I and IV is to create a synthetic template that
can model the different uptake patterns in Aβ- and Aβ+ images and incorporate such template in the spatial normalization process, allowing the template
to change during the registration in such way that it best fit the image being
registered to it.
To create the synthetic templates, both paper I and IV use a dataset from a
previously published [18F]flutemetamol phase II study[17] including Aβ PET
images showing the whole range of Aβ uptake, from low to high. The difference between paper I and IV is the way the synthetic templates are created.
Specifically, paper I utilize voxel based linear regression to create a slope and
intercept image, while paper IV utilize voxel based principal components to
find the principal component images that explains the most of the variance in
the data.
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Quantification and Normal Database Comparison
In PET brain imaging, it is common practice to intensity normalize data to a
reference tissue that is known to be less or not affected by the disease progress.
Such intensity normalization is achieved by calculating the ratio between the
activity in a target region or voxel and the activity in the reference tissue. The
calculated values are sometimes referred to as standard uptake value ratio
(SUVR) values.
Intensity normalizing images allows for comparisons between subjects.
Having a sample of intensity normalized images representing a target population it is possible to compare how a patient image relate to this sample. Such
sample is often referred to as a normal database. The most commonly used
measurement that relates a patient to a normal database is the Z-score. The Zscore is simply the number of standard deviations away from the population
mean and is calculated as

=

−μ

Where xpat is the patient value, µref is the normal database mean and σref is
the standard deviation of the normal database. Z-scores can, just like SUVR
values, be calculated on a voxel basis or using a region atlas with standardized
regions relevant for the disease in question.

Atlas Regions Definitions
The region atlas used in papers I, II, III was derived from the automated anatomic labelling-type regions[37] outlined on the ICBM-152 MR T1 template.
The AAL regions were masked with the probabilistic gray matter mask provided by SPM8[38]. The resulting somewhat course gray matter AAL regions
were manually fine-tuned using the region editing capabilities provided by the
software VOIager[39].

Reference regions Definitions
There is no or little Aβ present in Cerebellar cortex and Pons, both in healthy
and AD subjects[40]. For amyloid PET imaging the most commonly used reference region is the cerebellar cortex[12,15,16,41] but the Pons has also been
shown to be suitable for use as a reference region[16,42]. The Cerebellar cortex is a low uptake region whereas the Pons is a high uptake region. The high
uptake in Pons, despite the absence of Aβ, is, like in white matter, due to the
lipophilic interactions with myelin. The software VOIager was used to create
the reference regions, Pons, Cerebellum and Cerebellar cortex used in paper
I, II and III.
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In paper IV the regions provided by the Centiloid project[43] were used.
The Centiloid project aims to standardize quantitative amyloid plaque estimation across the available PET tracers. The project provides standardized, publicly available regions for amyloid PET quantification.

Three-Dimensional Stereotactic Surface Projections
Ever since the method was first described by Minoshima et al in 1995[10],
three-dimensional stereotactic surface projections, 3D-SSP, has become
widely used for the analysis and reporting of clinical [18F]FDG brain studies.
Following spatial normalization of the patient’s [18F]FDG brain scan, the maximum cortical metabolic activity is projected into a set of predefined surface
voxels.
In the original method, a three-dimensional symmetric binary brain mask
was created in standard space. Creating superior, inferior, right, left, anterior,
posterior and medial views of the brain mask, voxels located on the outer and
inner surface of the brain could be determined. To estimate the inverse surface
normal for a surface voxel, i.e. the vector perpendicular to the surface pointing
from the surface into the brain, a vector from the center of the surface voxel
to the center-of-mass for a sphere, with a radius of 4 voxels (9mm), surrounding the surface voxel, was calculated. To calculate the center-of-mass for such
sphere, the weight 1 was used for voxels within the brain and the weight 0 was
used for voxels outside the brain. Having the inverse surface normal for each
surface voxel, the maximum metabolic activity in a patient’s spatially normalized [18F]FDG brain scan could be calculated by sampling in this direction
from the corresponding surface voxel to a depth of 13.5 mm into the cortex.

Three-Dimensional Stereotactic Surface Projections using
Variable Depth
Both [18F]FDG and amyloid PET express changes in the cortical uptake associated with AD. Because of this, 3D SSP may be utilized to visualize and
quantify the cortical uptake of amyloid PET tracers.
However, while [18F]FDG shows the highest uptake in cortex, amyloid PET
can express high uptake in both gray and white matter. Specifically, amyloid
PET images show a high uptake in cortex when amyloid is present but little
or none if no amyloid is present. Further, amyloid PET also shows a nonspecific uptake, not related to the presence of amyloid, in white matter due to
the amyloid tracers’ lipophilic interactions with the fatty substance myelin that
is surrounding the axons and hence has a high degree of presence in white
matter.
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Because of the non-specific uptake in white matter it may not be feasible
to utilize the original 3D SSP method directly, because of the risk of white
matter being sampled if always sampling into a fixed depth of 13.5 mm into
the brain, measured from the brain surface. Even though it would be tempting
to simply reduce the sampling depth, sampling too shallow may cause loss in
sensitivity potentially missing important cortical uptake if not sampling deep
enough.
Hence, for amyloid tracers it is important to find a method that can successfully project the cortical update of the amyloid tracer but at the same time
avoid sampling white matter.
To come around this limitation in the original 3D SSP approach, an MR
based segmentation method could potentially be utilized, segmenting the MR
into a gray matter mask, to be used together with a co-registered amyloid PET
image to evaluate which voxels in the amyloid PET image are related to gray
matter and white matter uptake respectively. Using such approach would also
potentially allow for partial volume correction which could potentially further
improve the results[44]. However, since the patient’s MR is not always available in a clinical setting it is desirable to establish a method that do not rely
on access to the patients MR. In paper III a 3D SSP method is introduced that
minimize the sampling of white matter.
The idea in paper III is to utilize the amyloid negative appearance of the
intercept image in the adaptive template model presented in paper I to determine how deep it is possible to sample the brain without sampling white matter. However, the anatomical information of the intercept image is somewhat
sparse and it was considered not to be good enough to determine the boundary
between gray and white matter on its own. To overcome this limitation, the
MR images used to create the adaptive template in paper I was segmented into
probabilistic gray and white matter masks. These gray and white matter masks
were then visually inspected and fused with the intercept image to determine
how deep into the intercept image, measured from the brain surface, it would
be possible to sample without hitting white matter. It was determined that a
threshold value of 1.2 times the uptake in the cerebellar cortex in the intercept
image could successfully discriminate gray matter from white matter. By utilizing this threshold, the sampling depth for each surface voxel could now be
individually calculated, instead of using the same depth for all surface voxels
as in the original 3D SSP method.
Though a minor modification to the original 3D SSP algorithm[10] most
likely would have been enough to leverage the benefits with the proposed
method the implementation was completely re-invented, moving away from a
voxel-based approach, in favor of a 3D modelling approach, using a 3D triangulated mesh to represent the brain surface. The mesh was created using the
marching cubes algorithm[45]. To get the rid of the somewhat blocky appearance, associated with the marching cubes, the mesh was smoothed using the
Visualization Toolkit[46] implementation of a surface smoothing algorithm
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that prevents the surface from shrinking[47]. Utilizing the mesh it is not longer
possible to calculate a surface normal based on a surface voxel and its surrounding voxels as proposed in the original method. Instead, surface normals
are calculated for each triangle vertex by averaging the normals Ni of the n
incident triangles[48].

=

∑
∑

To be able to visualize the brain surface with the projected cortical activity
using the recommended rainbow colorscale[49] the projected values at the
triangle vertices were interpolated using barycentric interpolation[50].
To increase the 3D appearance of the 3D SSP, lightning was implemented
as an optional choice using Gouraud shading[48]. However, using a traditional
lightning model was not considered optimal for clinical use and a new
lightning model was developed where light is reflected according to a
monotinically increasing radial function for triangles with an incident angle
of 0° to 45° in relatioship to the observer and at 100% for triangles with an
incident angle of 45° to 90°, see Figure 3. Figure 4 illustrates the effect of the
lightning model when applied to the 3D rendering.
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Figure 3. Amount of light reflected as a function of incident angle.
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Figure 4. Comparison of lightning models. First column: no lightning model. Second
column: Traditional Gouraud shading. Third column: lightning model specifically
developed for clinical use.

To allow for an increased anatomical understanding of the 3D SSP, support
for fusing the 3D SSP with an MR image, either the patient’s MR, if available,
or the ICBM T1 template[51], if the patients MR is not available, was
implemented. The fusion method implemented supports blending of the PET
and the MR ranging from 100% PET to 100% MR. The implementation also
provides thesholding of the 3D SSP, where values below a specified threshold
value will become completely transparent, allowing the MR to show, see Figure 5.
The method was implemented in such way that the individual depth set for
all surface coordinates could be simply set to any value. In fact, if the
individual depth for each surface coordinate is set to the same value and the
value would be 13.5 mm the method would reflect the implementation strategy
of the original method suited for FDG.
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Figure 5. 3D SSP result of Aβ+ [18F]flutemetamol image. Upper left: PET values
only. Upper right: Threshold PET values with threshold set so that MR image is visible in areas where PET values are below the threshold. Lower left: PET and MR
fused with opacity of PET set to 50%. Lower right: PET and MR fused with opacity
and threshold set. Reprinted from Lilja at al. [52] with permission.
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Experiments

Paper I
Assume that gold standard for amyloid imaging quantification would be to
make a precise segmentation of structures to be quantified using the patient’s
MR image, apply the segmentation to the patient’s co-registered Aβ PET image and then calculate SUVR values in patient space for the parcellated cortical structures. In paper I, using data from cohort I and the software FreeSurfer,
such SUVR values were calculated for a neocortical composite region in native space and compared to SUVR values for a neocortical composite region
calculated in standard space, where images had been spatially normalized with
the proposed PET-only method.

Paper II
In paper II the clinical validity of the method described in paper I was evaluated against the results from a previously performed blinded image evaluation
(BIE) study, where each PET image in cohort IV was interpreted by 5 interpreters that had undergone a computer-based electronic training program. For
paper II the majority visual read results, that is, the scan classification on
which at least 3 readers agreed, were used as gold standard. As a standard of
truth, histopathology data from the autopsy study, cohort III, was used. All
images from cohort III and IV study were spatially normalized using the
method proposed in paper I and quantified using a neocortical composite region defined in three different sizes. Using post mortem brain neuritic plaque
data from the cohort III as a standard of truth, a SUVR threshold that best
separate Aβ- or Aβ+ in cohort III, could be derived. The threshold was then
used to classify images from cohort III, the BIE study, into Aβ- or Aβ+. The
result was then compared to the majority visual read results from the BIE
study.
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Paper III
In paper III a neocortical surface region was created based on the neocortical
region used in paper II. Z-scores could be calculated for a cohort IV using
healthy controls from cohort V. Using the gold standard as defined for paper
II, a z-score threshold, which was optimal for discriminating between Aβ- or
Aβ+ images, could be calculated.

Paper IV
In paper IV cohort VI and the Centiloid regions were used for comparison of
the MR driven method and the PET-only driven method by calculating SUVR
values for each method respectively.
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Results

Paper I
All scans were successfully spatially normalized using the proposed method,
with no manual adjustments performed. Comparison of the PET-only method
described in paper I and the FreeSurfers’ MR based analysis in native patient
space showed good agreement. The R2 between the SUVR values for the neocortical composite region computed with both methods were 0.92 using cerebellar gray matter as reference region and 0.98 using pons or brain stem as
reference region.

Paper II
In paper II dichotomous categorization of scans in cohort IV as Aβ- or Aβ+
using the threshold derived from autopsy gave concordance with visual read
results ranging from 97.1% to 99.4% depending on the combination of reference region and cortical composite region.

Paper III
In paper III dichotomous categorization of scans in cohort IV as Aβ- or Aβ+
using the optimal z-score threshold gave concordance with visual read results
ranging from 98.3% using cerebellar cortex as reference region and z-score
threshold 2.41, to 99.4% using pons as reference region and z-score threshold
1.97.

Paper IV
All scans were successfully spatially normalized using the proposed method,
with no manual adjustments performed. Both visual and quantitative comparison between the PET and MR driven registration methods showed good
agreement. R2 between the SUVR values for the neocortical region, provided
by the Centiloid project, computed with both methods for cohort VI were
0.984 using cerebellar gray matter as reference region and 0.996 using pons
as reference region.
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Discussion

Quantification of amyloid PET images has the potential of aiding clinicians in
the interpretation of images, as a complement to traditional visual assessment.
There is evidence to suggest that quantification of amyloid brain PET images
may reduce inter-reader variability[53] and aid in the monitoring of treatment
effects from anti-amyloid drugs[54]. Quantification may also increase the
clinical confidence for cases where the images are difficult to interpret. For
this, the interpreter needs to be provided with a quantitative measure that is
unaffected by the administered dose and patient body composition.
Traditiionally, quantification of amyloid PET images involves calculations
of SUVR values where uptake in cortical target regions are normalized to
uptake within reference regions such as cerebellar cortex or pons. Gold
standard is to outline regions of interest in native space, utilizing the patient
MR image for anatomical guidance. However, this method is time consuming
and may be subject to inter-reader variability. To overcome the obstacles with
manual outlining, methods has been developed for automatic quantification
utilizing spatial normalization and predefined atlases. Though utilization of a
subject’s MR is well suited for spatial normalization due to is rich anatomical
information, the MR image is not always available as part of routine clinical
workup.
As such, PET-only approaches have been developed, where, following
spatial normalization to a reference space, automatic quantification of regions
can be achieved by utilizing a predefined regional atlas. However, one of the
challenges inherent to current amyloid PET tracers lies in their capacity for
high uptake in both gray and white matter. Though increased cortical uptake
occurs in proportion to fibrillary Aβ levels, nonspecific white matter uptake is
characteristically seen, regardless of fibrillary Aβ load. The different patterns
of uptake across Aβ- and Aβ+ images can, therefore, result in a systematic
bias when using a standard, single template, PET driven registration method.
Although this characteristic difference in uptake patterns makes 3D SSP an
attractive method because of its capability of visualizing cortical patterns related the AD, it also falls short due to the non-specific high uptake in white
matter.
Paper I and IV demonstrate two ways of creating an adaptive template that
can be incorporated into a registration optimization algorithm to be used for
spatial normalization of brain amyloid PET images. The results show very
34

good agreement with MR driven registration to standard space (paper I and
IV) as well as with manual outlining of regions in native space (paper I).
Paper III demonstrates a 3D SSP method avoiding the sampling of the nonspecific white matter update in amyloid PET images. The method described,
using a variable depth across the brain surface, is highly depending on a highquality image registration considering the different uptake patterns for Aβand Aβ+ images, and therefor works well with the proposed adaptive template
registration strategy. The discrimination between Aβ- and Aβ+ compared with
trained visual readers resulted in an overall agreement in 170 of 171 images
(99.4%) with a sensitivity of 1.00 and specificity of 0.99.
Due to the very high correlation between the adaptive template PET-only
methods presented and the MR driven methods used for evaluation, as well as
the ability to discriminate between amyloid negative and positive subjects (paper II, III and IV), the adaptive template approach may very well facilitate the
evaluation of amyloid brain PET images in daily routine in a clinical setting,
even for physicians who do not work with amyloid imaging on a regular basis.
The standardized view of 3D SSP, allowing for easier detection of uptake
patterns related for AD, may even further increase the clinical confidence,
particularly in cases where images are difficult to interpret.
Though visually appealing, the potential clinical advantage of the lightning
model developed for clinical use, allowing for more depth in the 3D SSP images, compared to the flatter appearance when not using a lightning model has
not yet been evaluated.
Due to the generalized implementation of the 3D SSP visualization, the
method is easily generalized to support [18F]FDG and other tracers where the
cortical uptake may be of interest.
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Conclusions

The PET-only registration methods utilizing adaptive templates as proposed
in paper I and IV were found to be robust and non-biased regarding the different uptake patterns in Aβ- and Aβ+ subjects. Both PET-only registration methods were found to be equivalent to the gold-standard MR-driven registration
method regarding accuracy.
In paper II it was found that dichotomous categorization of Aβ images, registered with the adaptive template registration, using an autopsy derived SUVR
threshold had a very high agreement with the visual assessment of trained experts for dichotomous diagnosis of pathological Aβ accumulation in the brain.
Paper III establish a novel 3D SSP method that minimize the sampling of
white matter and showed very high agreement with the visual assessment of
trained experts.
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