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Chapter 7

Summary

The main focus of this thesis is the classification of neurodegenerative diseases using
machine learning, particularly learning vector quantization (LVQ).

Neurodegenerative diseases (Chapter 2) are characterized by progressive loss of
neurons in a patient’s nervous system and may show overlapping clinical symp-
toms, especially at an early stage. Therefore, [18F] fluorodeoxyglucose (FDG)-
positron emission tomography (PET) is used as an ancillary investigation in clinical
practice to help neurologists diagnose specific neurodegenerative diseases. FDG-
PET measures the uptake of glucose which directly correlates with the activity
within each small region of a person’s brain. As a diagnostic aid, quantification
of activity profiles as measured by FDG-PET would be helpful but is challenging.
The use of scaled subprofile model (SSM)/principal component analysis (PCA) has
provided promising results when working with a single neurodegenerative disease.
However, it has difficulties differentiating between multiple neurodegenerative dis-
orders.

In Chapter 4, we have provided a generalized matrix learning vector quanti-
zation (GMLVQ) system that can discriminate between Alzheimer’s disease (AD),
dementia with Lewy bodies (DLB), healthy control (HC), and Parkinson’s disease
(PD) patients. Furthermore, we show it is possible to project the high dimensional
FDG-PET data onto the three-dimensional decision space of GMLVQ and provide
the neurologist with insight into the system’s inner workings. Idiopathic rapid eye
movement sleep behavior disorder (iRBD) is the earliest definable stage of PD or
DLB. We investigate the trajectory towards DLB or PD of iRBD patients by project-
ing them onto the GMLVQ decision space. This approach, including the suggested
improvements in the chapter, might prove to be advantageous in predicting disease
progression in early-stage or prodromal patients with neurodegenerative disease.

Obtaining enough FDG-PET data from a single source can be challenging. In
Chapter 5, we study machine learning methods to perform an automated classifi-
cation of HC, AD, and PD subjects’ FDG-PET data collected at three neuroimaging
centers. Results obtained for the individual centers show that reliable classification
is possible. However, we also demonstrate that cross-center performance can de-
crease problematically due to conceivable center-specific characteristics of the avail-
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able FDG-PET data. Additionally, we introduce a technique that uses the linearity of
the SSM/PCA method to transform the prototypes and relevance matrix of GMLVQ
into the original voxel space of the FDG-PET data. The assessments of three neurol-
ogists confirm that prototypes and relevance matrices presented in voxel space are
similar to known activity profiles of PD patients.

In Chapter 6, we show that multi-source data leads to systems using sources of
variation which are extrinsic to the classes we want to distinguish. Examples of these
unwanted sources are different scanners or protocols. Ideally, one would want to get
rid of this source of variation by using the same scanners and protocols. However,
this is challenging in practice and would not fix currently available data. Therefore,
we introduce a new method to deal with the inter-center variation based on GMLVQ.
This method is a two-step approach in which a first GMLVQ system is used to find
the relevance subspace describing the difference between the centers. In a second
step, we use this subspace to correct a GMLVQ system trained on the diagnostic
problem, projecting out any center differences. We show that this procedure creates
“cleaner” performing models and more expressive relevance profiles on an artificial
and multi-center neuroimaging dataset. Finally, the “center” problem is just one
example application where a correction is possible. The method applies to other
problems as well. For example, in medicine, we often have sex specific variations in
the data which overlay the target classification. In a technical context, measurements
could come from different platforms or devices.

From a technical perspective, we have presented “sklvq”, a Python implemen-
tation of generalized learning vector quantization (GLVQ), GMLVQ, and localized
generalized matrix learning vector quantization (LGMLVQ). In addition to provid-
ing the core functionality for the GLVQ, GMLVQ, and LGMLVQ algorithms, scikit-
learning vector quantization (sklvq) is distinctive by emphasizing its modular and
customizable design. This design choice (see Chapter 3) results in a feature-rich
implementation for users and enables easy extensions of the algorithms for re-
searchers. In the second part of Chapter 3, we discuss a typical use case of GMLVQ
in biomedicine. In this study, we have compared the diagnostic performance of
GMLVQ based on steroid data obtained using gas chromatography–mass spectrom-
etry (GC-MS) and liquid chromatography–mass spectrometry (LC-MS), intending
to classify adrenocortical tumors into their benign and malignant variants. Whether
the tumor is malignant or benign plays a critical role in the management of such
patients. We found that although fewer steroids can be measured using LC-MS, it
has the potential to become the standard versus the currently used GC-MS method,
which is much more labor-intensive, time-consuming, and expensive.

7.1 Outlook

This thesis can be extended in several directions. We consider the following topics
for future research.

• The data of Chapter 4 can be improved based on the outliers and ambiguous
cases pointed out by the GMLVQ models. The included neurodegenerative
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diseases contain many sub-variants which have not been included. Three fu-
ture steps are conceivable. First, GMLVQ could be trained on typical cases
only, and sub-variants are later projected in the systems decision space of the
system, as is done with the iRBD patients. Second, one could consider the sub-
variants as part of the main variant to stretch the decision space over the entire
spectrum of a neurodegenerative disorder. Thirdly, if enough data is available,
one could consider the sub-variants as separate classes.

• Based on the findings in chapter 5, one could consider looking into differ-
ent ways of dimensionality reductions that do not use up any of the already
“scarcely” available patients. Random projection could be an intriguing can-
didate.

• The voxel representations (chapter 5) enable the explanation of the decision
process of GMLVQ in easier-to-understand formats. One could build a sys-
tem that generates a text (in any natural language) that explains the difference
between the prototypes and a new subject. Furthermore, using the voxel repre-
sentation of the diagonal of the relevance matrix, such a system could explain
why specific differences do or do not matter for the final decision.

• In chapter 6, we concluded that not all “center” variation was removed by
the correction procedure. More effort is required to improve the method and
compare it to other methods. Specifically for the neuroimaging case, one such
method is the idea that healthy controls approximate the center differences,
similarly to what a calibration phantom (Hoffman phantom) would do. By
centering the data from each location using its healthy controls, the center dif-
ferences may disappear.

Finally, the results in the fields of neuroimaging and biomedicine are promis-
ing. LVQ has shown to be an excellent diagnostic aid both in terms of performance
and the ability to reduce the decision space. Furthermore, the methods and results
presented in this thesis lay the foundation for many interesting applications and
methodological advances.
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Samenvatting

De primaire focus in dit proefschrift is de classificatie van neurodegeneratieve ziek-
ten met behulp van machinaal leren (ML), in het bijzonder de learning vector quan-
tization (LVQ)-methoden.

Neurodegeneratieve ziekten (Hoofdstuk 2) worden gekenmerkt door de pro-
gressieve afname van zenuwcelstructuren en functies. Vooral in een vroeg stadium
vertonen bepaalde neurodegeneratieve ziekten vaak dezelfde klinische symptomen.
Om de neurologen te helpen bij het diagnosticeren van de specifieke neurodegene-
ratieve ziekten wordt vaak als aanvullend onderzoek een 18F-fluorodeoxyglucose
(FDG) positronemissietomografie (PET) scan gemaakt. Met een FDG-PET scan
wordt de opname van glucose gemeten, wat direct correleert met de hersenactivi-
teit in elk hersengebied. Om FDG-PET scans als diagnostisch hulpmiddel te kunnen
gebruiken moeten de scans gekwantificeerd worden. Het kwantificeren van FDG-
PET is echter nog een onopgelost probleem. In voorgaande studies is aangetoond
dat scaled subprofile model (SSM)/principal component analysis (PCA) een veelbe-
lovende methode als hulpmiddel bij de diagnose van een individuele neurodegene-
ratieve ziekte. De methode presteert echter minder wanneer er onderscheid tussen
meerdere aandoeningen gemaakt dient te worden.

In Hoofdstuk 4 hebben we een generalized matrix learning vector quantization
(GMLVQ)-systeem getraind dat onderscheid kan maken tussen patiënten met de
ziekte van Alzheimer, Lewy-body-dementie (LBD), ziekte van Parkinson, en ge-
zonde controles. Daarnaast hebben we laten zien dat het mogelijk is om de hoog-
dimensionale FDG-PET data in de driedimensionale beslissingsruimte van GMLVQ
te projecteren. Als gevolg wordt de innerlijke werking van het systeem inzichte-
lijk voor neurologen. Idiopathische REM-slaap gedragsstoornis is het vroegst defi-
nieerbare stadium van Parkinson en LBD. In ditzelfde hoofdstuk onderzoeken we
het traject van de REM-slaap gedragsstoornis patiënten in de richting van LBD en
Parkinson, door ze in dezelfde GMLVQ-beslissingsruimte te projecteren. Deze be-
nadering, met daarnaast de in het hoofdstuk gesuggereerde verbeteringen, zou in
de toekomst kunnen leiden tot een systeem dat het ziektetraject van patienten in een
vroeg ziektestadium al kan voorspellen.

In de praktijk kan het lastig zijn om voldoende FDG-PET data te verzamelen
van één enkele bron. In Hoofdstuk 5 bestuderen we machinale leermethoden om
een geautomatiseerde classificatie van gezonde controles, patiënt met Alzheimer
en Parkinson uit te voeren, aan de hand van FDG-PET data verzameld in drie
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