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Summary
Many machine learning models have been developed to aid in the diagnosis of dementia, to predict
dementia risk and to determine cognitive performance. While it is well known that vascular pathology is
a critical contributing factor to dementia, cerebral small vessel disease is often not addressed by these
methods, possibly causing impeded generalizability of the models from research setting to clinical prac-
tice. The aim of this thesis is to evaluate whether vascular pathology, as represented by white matter
hyperintensities (WMHs), influences the outcome of machine learning prediction models for dementia
and as such hampers generalizability of these models from the research setting to clinical practice.

To answer this research question, we developed a convolutional neural network (CNN) for prediction of
cognitive performance measured by MMSE and ADAS13. We used ADNI data and included all subject
timepoints that adhered to our inclusion criteria (N = 4846). Next, we derived gray matter density maps
(GMDMs) and WMH density maps (WMHDMs) from T1 and FLAIR MRI scans using voxel-based mor-
phometry. Six CNN models were implemented, differing in input: model 1 (GMDM), model 2 (GMDM,
age, sex), model 3 (WMHDM), model 4 (WMHDM, age, sex), model 5 (GMDM, WMHDM, age, sex)
and model 6 (GMDM, log(WMH ratio), age, sex). WMH ratio was defined as WMH volume corrected
for intracranial volume. We split the data into a low, middle and high WMH load group based on WMH
ratio tertiles and performed two sets of experiments. First, we trained all models on the low WMH load
group with the intention of testing on the high WMH load group as a measure of generalizability. Sec-
ond, we trained model 2 and 5 on data from all WMH load groups. For these sets of experiments, we
split both the low WMH load group and all WMH load groups into a train, validation and test set.

The models trained on the low WMH load group obtained a similar performance to prediction of a
constant value and prediction by a model developed on randomized cognitive scores. These models
likely suffered from the underrepresentation of lower cognitive performance data (i.e. high ADAS13
scores and low MMSE scores). This is supported by the fact that model 2 and 5 outperformed constant
value prediction when trained on data from all WMH load groups. The current models did in general
not benefit from adding WMHDM input to the model, while they did benefit slightly from log(WMH
ratio) information. However, we were unable to answer our research question due to the suboptimal
performance of the models. Our future research will focus on revisiting our research question through
brain age prediction in order to improve generalizability of ML methods for AD to clinical populations
with prominent vascular pathology.

i



Contents

Summary i

Nomenclature iii

1 Introduction 1

2 Methods 3
2.1 Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Image processing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3 CNN models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.4 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.4.1 Training on low WMH load group . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4.2 Training on all WMH load groups . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 Results 8
3.1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4 Discussion 12

5 Conclusion 15

Bibliography 16

A Technical background 19

B Scores of cognitive functioning 21

C Thesis feasibility study 24
C.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
C.2 Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
C.3 Results and discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

D CNN model 27

E Flowchart of ADNI data processing and inclusion 28

F ADNI data distributions 29

G CNN performance 35

H Learning curves 40

ii



Nomenclature

Abbreviations

Abbreviation Definition

AD Alzheimer’s disease
ADAS-Cog Alzheimer’s disease assessment scale-cognitive subscale
ADNI Alzheimer’s disease neuroimaging initiative
AUC Area under the curve
CDR Clinical dementia rating
CN Cognitively normal
CNN Convolutional neural network
CSF Cerebrospinal fluid
FC Fully connected
FLAIR Fluid-attenuated inversion recovery
GM Gray matter
GMDM Gray matter density map
ICV Intracranial volume
MAE Mean absolute error
MCI Mild cognitive impairment
ML Machine learning
MMSE Mini-mental state examination
MNI Montreal neurological institute
MoCA Montreal cognitive assessment
MRI Magnetic resonance imaging
MSLE Mean squared logarithmic error
SVD Small vessel disease
VaD Vascular dementia
VBM Voxel-based morphometry
WM White matter
WMHs White matter hyperintensites
WMHDM White matter hyperintensity density map

iii



1
Introduction

Dementia is generally defined as cognitive decline that is severe enough to impair occupational, domes-
tic, or social functioning [1]. The most common type of dementia is Alzheimer’s disease (AD), which
has a prevalence of around 50 million patients worldwide [2]. AD is a slowly progressive neurodegener-
ative disease characterized by neuritic plaques and neurofibrillary tangles. Current therapies manage
to relieve AD symptoms, but no curative treatment has been developed yet. On radiological imaging,
the typical characteristic of AD is cortical atrophy, which is caused by neuronal degeneration. Often,
the hippocampus is most severely affected [3]. Following AD, vascular dementia (VaD) is considered
to be the second most common type of dementia [4]. VaD has ischemic and hemorrhagic etiologies
that damage the cerebral blood vessels. VaD subtypes include multi-infarct dementia, strategic infarct
dementia and subcortical ischemic VaD. Other common types of dementia include Lewy body dementia
and frontotemporal dementia.

Early diagnosis of dementia and its underlying diseases is highly important for delivering the right care
to the right patients. Furthermore, early diagnosis is crucial in the development of treatments, as it is
expected that late treatment plays a major role in the failure of clinical trials [5]. Yet, diagnosing demen-
tia is challenging and often takes multiple years [6, 7]. Currently, the definite diagnosis of AD and other
dementia types can only be made by post mortem pathological evaluation of brain tissue [8]. In clinical
practice, a multimodal approach is used to come to a diagnosis, possibly including neuropsychological
examination, imaging, cerebrospinal fluid (CSF) analysis and/or blood tests.

Another factor complicating correct diagnosis in clinical practice is mixed pathology. Boyle et al. [9]
analysed brain autopsy data of two longitudinal cohorts (N = 1079) consisting of residents of retirement
communities and catholic clergy. Of all samples, 9% had pure AD, while 40% showed both AD and
vascular pathology, and 44% exhibited AD in combination with both vascular and additional neurode-
generative pathology [9, 10]. In clinical practice, about 30 - 40% of the late onset dementia patients
present with a combination of Alzheimer pathology and vascular pathology [11]. This specific com-
bination of AD and vascular pathology is often referred to as mixed dementia. Cerebral small vessel
disease (SVD) is themost common vascular cause of dementia and amajor contributor tomixed demen-
tia [12, 13]. MRI characteristics of SVD include white matter hyperintensities (WMHs) [13], which are
white matter lesions that are hyperintense on T2 weighted MRI. Their presence and volume increase
with age [14, 15] and they are associated with a number of disorders and conditions such as stroke,
depression and dementia [3]. There is increasing evidence indicating that cerebrovascular pathology,
including SVD, is a critical contributing factor to dementia, and that dementia is a result of synergistic
interactions between vascular and neurodegenerative pathology [10]. Even though the importance of
addressing mixed dementia has become clear, there is no consensus on diagnostic criteria and there
is a lack of studies addressing this dementia type [16].

Manymachine learning (ML) predictionmodels have been developed to aid in the diagnosis of dementia.
These models extract features from high dimensional data to determine the diagnosis of an individual
patient or even predict conversion from mild cognitive impairment (MCI), a prodromal dementia stage,

1



to dementia. Most ML prediction models are imaging based and developed solely for AD. They show
a good performance in distinguishing AD patients from cognitively normal (CN) individuals in research
setting, with area under the curve (AUC) values of 85% - 98% [6]. Lower performances are obtained
in predicting conversion from MCI to AD, with AUC values of 62% - 82% [6]. In addition to predicting
diagnosis and MCI conversion, models have been developed for the determination of cognitive scores,
e.g. the mini-mental state examination (MMSE) and Alzheimer’s disease assessment scale-cognitive
subscale (ADAS-Cog) [17, 18, 19]. A convolutional neural network (CNN) is a popular model often used
for these classification and prediction tasks, which belongs to a ML subdomain called deep learning.

It is expected that the performance of the previously described ML prediction models is substantially
lower in clinical groups compared to the highly selected research populations in which they were devel-
oped. This is related to the generalizability of the model, which measures how well the model performs
(generalizes to) new, unseen data. Currently, most features are gray matter (GM) atrophy related and
extracted from T1 weighted brain MRI scans. Vascular pathology, including SVD, is often not taken
into account by these models. By ignoring the role that vascular pathology plays in the development of
dementia and its contribution to cognitive impairment at the time of diagnosis, and by therefore also ig-
noring mixed dementia, these models are expected to have an impeded generalizability from research
setting to clinical practice.

Therefore, the aim of this thesis is to evaluate whether vascular pathology, as represented by WMHs,
influences the outcome of ML prediction models for dementia and as such hampers generalizability
of these models from the research setting to clinical practice. More specifically, in this thesis, the in-
fluence of WMHs on the prediction of cognitive functioning by a CNN is evaluated. We hypothesize
that the performance and the generalizability of the model is better when the model is able to use both
GM atrophy related input and WMH related input, compared to a model using only GM atrophy related
input. Secondly, we hypothesize that the model is able to derive predictive information from the WMH
related input when no GM atrophy related information is supplied. MMSE and ADAS-Cog-13 are used
as measures of cognitive functioning.

The rest of this thesis is structured as follows. Chapter 2 outlines the methodology of the thesis. Chap-
ter 3 in turn describes the results and Chapter 4 provides the discussion of the results. In Chapter 5,
the conclusion of the thesis is provided. More elaborate background information on machine learning
and CNNs is provided in Appendix A.
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2
Methods

2.1. Dataset
Data used in the preparation of this thesis were obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (adni-info.org). This database consists of four data cohorts: ADNI 1, ADNI
GO, ADNI 2 and ADNI 3. The ADNI was launched in 2003 as a public-private partnership, led by
Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether
serial MRI, positron emission tomography, other biological markers, and clinical and neuropsychological
assessment can be combined to measure the progression of MCI and early AD. ADNI includes the full
AD dementia spectrum, represented by the following diagnostic groups:

1. Cognitively normal: subjects reporting no memory complaints;
2. Subjective memory complaints: subjects reporting cognitive symptoms or complaints, while ob-

jective psychometric testing shows no clear impairment [20];
3. Mild cognitive impairment: subjects with objectifiable cognitive impairment without impairment of

daily activities [21];
4. Dementia, including AD.

As ADNI only actively includes AD dementia subjects, other etiologies were present only in small num-
bers, i.e. through MCI converter subjects. Mixed dementia is not a separate diagnostic category in
ADNI. In this study, we included subject timepoints if a T1 and FLAIR brain MRI as well as an MMSE
and/or ADAS-Cog 13, further referred to as ADAS13, were available. FLAIR scans with a quality score
of 4 (termed ’unusable’ by ADNI) were not taken into account. Based on these criteria, ADNI 1 data was
not used as it included FLAIR scans for only a handful of subjects. For each subject timepoint, we ex-
tracted the following data from the ADNI database: demographic information (e.g. age, sex), diagnostic
information, image data (T1 and FLAIR brain MRI) and cognitive scores (MMSE and ADAS13).

2.2. Image processing
We processed the T1 and FLAIR scans using a voxel-based morphometry (VBM) pipeline to obtain GM
and WMH density maps (GMDMs and WMHDMs). GMDMs were used instead of raw MRI scans, as
the study of Bron et al. [6] showed higher model performance using GMDMs.

As a preprocessing step, we segmented the scans into GM, white matter (WM), CSF and WMHs. A
brain tissue and WMH segmentation method implemented by Quantib was used. This method is based
on the method described by de Boer et al. [22] and undertook the following steps using the T1 and
FLAIR MRI as the input:

1. Segmentation of GM, WM and CSF on the T1 scan using an atlas-based k-nearest neighbor
classifier.

2. Segmentation of WMHs by thresholding the FLAIR scan using automatic threshold calculation
based on the histogram of all GM-labeled FLAIR voxels.

3
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(a) Sagittal slice of gray matter template (b) Axial slice of example
GMDM

(c) Axial slice of example
WMHDM, showing

periventricular hyperintensities

Figure 2.1: Overview of voxel-based morphometry gray matter template and results. GMDM = Gray matter density map,
WMHDM = White matter hyperintensity density map.

3. Removal of false positive WMH segmentations located outside the WM based on the tissue type
of the neighboring voxels.

The output of this pipeline were the GM, WM, CSF and WMH segmentations and the WMH volume.
The second step of the image processing extracted the GMDMs using a previously developed VBM
pipeline consisting of the following steps [23]:

1. Nonlinear registration of the GM segmentations to the nonlinear symmetric standard Montreal
Neurological Institute (MNI) GM template with a 1 × 1 × 1mm voxel resolution. FSL version 5.0.2.2
was used. As the Quantib GM segmentation did not include the brainstem, we removed the
brainstem from the GM template using the CerebrA atlas [24]. A remnant outline of the brainstem
was present after applying the atlas, but the template was deemed to be of good enough quality
for the intended use.

2. Correction of registration-related differences in the absolute GM volume using a spatial modula-
tion procedure. For this, the voxel density values were multiplied by the Jacobian determinants
estimated in the previous step.

We performed an automated quality check of the resulting GMDMs to identify density maps with outlier
voxels based on their aberrant intensity. Lastly, the registration matrix and Jacobian determinants from
the GM VBM results were applied to the WMH segmentations to generate WMHDMs in the same
template space as the GMDMs. See Figure 2.1 for an overview of the GM template and VBM results.

2.3. CNN models
A CNN is a deep learning model that is able to automatically extract features from 2D and 3D data
structures [25]. The convolution layers extract feature maps, which are then used by fully connected
layers to compute the output of the network. For this thesis, we selected a CNN as the model type as
CNNs are able to derive useful features from the data itself, meaning that the model is not restricted
to pre-extracted features. We used the CNN architecture of the previously developed brain age model
[23] as we expected this model to be suitable for cognitive score prediction. First, the model also uses
GMDMs as input. Second, the model was developed for brain age prediction, which is closely linked
with cognitive performance. The network architecture includes four convolutional blocks ending in a
pooling layer, global average pooling and fully connected layers that propagate to a single regression
output.

As measures of cognitive functioning, we used MMSE and ADAS13. The MMSE [26] is commonly used
in the diagnosis of cerebral neurodegenerative diseases [27]. The maximum number of points is 30
and a higher score corresponds to better cognitive functioning. Contrarily to the MMSE, the ADAS13
is an AD-specific scale often used to measure the effects of antidementia treatments [28]. The scale
runs from 0 to 85, with higher scores denoting more severe cognitive impairment. A more elaborate
overview of the scores can be found in Appendix B. We considered MMSE as the main outcome, as this
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Figure 2.2: Total convolutional neural network architecture depicting all possible inputs, adapted from [23]. There are eight
convolutional layers in total. Depending on the model, some inputs are absent. The imaging features and input from clinical

variables (age, sex and/or log(WMH ratio)) are combined by concatenation. For the models using only imaging data (GMDM or
WMHDM), the concatenation layer is absent, and the imaging features are directly passed on to the first fully connected layer.
GMDM = Gray matter density map, WMH = White matter hyperintensity, WMHDM = White matter hyperintensity density map.

scale is widely used in clinical practice. ADAS13 served as an additional outcome measure to evaluate
the influence of the exact cognitive functioning measure on the results. To evaluate the influence of
WMHs on the prediction of cognitive functioning, CNN models were developed that differed in input:

1. GMDM;
2. GMDM, age and sex;
3. WMHDM;
4. WMHDM, age and sex;
5. GMDM, WMHDM, age and sex;
6. GMDM, log transformed WMH ratio, age and sex.

The WMH ratio is defined as WMHvolume
ICV , with ICV as the intracranial volume. The WMHDMs as well

as WMH ratio were separately used as inputs to evaluate the difference between providing informa-
tion solely on WMH load (i.e. WMH ratio) versus providing information on both WMH load and WMH
location (i.e. WMHDM). For model 5, the imaging inputs (GMDM and WMHDM) were separately propa-
gated throughout the CNN convolutional layers, before concatenation of the resulting flattened feature
maps. Therefore, the parameters for the imaging inputs were not shared but learned separately. A
total overview of the CNN architecture is depicted in Figure 2.2.

As a preparation to the rest of the thesis, a thesis feasibility study was conducted that consisted of se-
lecting and implementing a machine learning model that could be used to answer the research question
of this thesis, i.e. the brain age CNN model (Appendix C).

2.4. Experimental setup
We split the data into a low, middle and high WMH load group, consisting of timepoints in the lower
tertile (WMH ratio < t1), middle tertile (WMH ratio ≥ t1 and WMH ratio ≤ t3) and upper tertile
(WMH ratio > t3) respectively. Using these groups, we performed two sets of experiments. First,
we developed the models on the low WMH load group and used the high WMH load group as a test
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Figure 2.3: Overview of data splitting for models developed on low WMH load group. t1 = first tertile, t3 = third tertile, WMH =
White matter hyperintensity.

1Subjects with WMH ratio < 5th percentile were excluded for the CNN models on WMHDMs only (models 3 and 4).
2Timepoints with MMSE ≤ 5th percentile and ADAS13 ≥ 95th percentile were excluded.

set. This setup evaluated the generalizability from a low to a high WMH load, which is clinically most
relevant as the majority of ML models are developed on ADNI [29, 30], while ADNI subjects generally
have a low WMH load [31, 32]. Second, we combined the WMH load groups and developed and tested
models 2 (GMDM, age, sex) and 5 (GMDM, WMHDM, age, sex) on this full dataset. This was done
to evaluate the effect of adding WMH information on the model performance when more data was
available for training and validation, and when higher WMH loads (and consequently lower cognitive
performance timepoints) were included in the train set.

Both MMSE and ADAS13 were used as outcome measures. Mean absolute error (MAE) of the real
versus predicted cognitive scores was used to measure model performance. MAE was computed as
follows, with ŷi as the predicted cognitive score of the i-th sample, yi being the corresponding real
cognitive score and nsamples being the number of samples:

MAE(y, ŷ) =
1

nsamples

nsamples−1∑
i=0

|yi − ŷi|

In addition to this, the Pearson correlation coefficient (r) of the predicted versus real cognitive score
values is reported. A more elaborate description of the CNN method, the original brain age CNN archi-
tecture and a complete overview of the final CNN parameters are included in Appendix D.

2.4.1. Training on low WMH load group
In the first set of experiments, we developed the previously described models on the low WMH load
group. For this, we split the low WMH load group into a train, validation and test set using stratification
for the cognitive score outcome (Figure 2.3). The test set consisted of 10% of the complete low WMH
load group, while the remaining data (development set) was split into a train (90%) and validation (10%)
set. Subject timepoints were grouped during the split, i.e. all timepoints of one subject were assigned
to the same set to maintain the independence of the sets. When a subject had timepoints belonging
to both the low and high WMH load group, we only took the timepoints corresponding to the most fre-
quent load group into account. The timepoints of the minority group were discarded to prevent subject
overlap between the low and high WMH load group.

The log transformed WMH ratio was determined, for which WMH ratios of 0 were set to the lowest
non-zero WMH ratio. For the CNN models on WMHDMs only (models 3 and 4), we excluded subject
timepoints with WMH ratio < 5th percentile as we assumed that these maps contained too little infor-
mation on their own.
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We trained all previously described models on the low WMH load train set and tested them on the low
WMH load test set. As the high WMH load group contained better cognitive score values that were not
present in the train set, we tested the models twice on the high WMH load group:

1. Testing on the complete high WMH load group;
2. Testing on the high WMH load group excluding timepoints with out of range cognitive scores

compared to the train set (MMSE score ≤ 5th percentile or ADAS13 score ≥ 95th percentile).

In order to compare the obtained performances to the performance of a model making random predic-
tions, we developed a random model by training model 5 (GMDM, WMHDM, age, sex) while shuffling
the cognitive score outcomes within the data batches.

2.4.2. Training on all WMH load groups
In the second set of experiments, we developed models 2 (GMDM, age, sex) and 5 (GMDM, WMHDM,
age, sex) on the full dataset. For this, the data from all three WMH load groups was split into a train,
validation and test set using stratification for the cognitive score outcome. The test set consisted of
10% of the full dataset, while the remaining data (development set) was split into a train (90%) and
validation (10%) set.
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3
Results

3.1. Data
In total, 4846 subject timepoints were included. Table 3.1 contains data characteristics for the low
(N = 1615), middle (N = 1615) and high (N = 1616) WMH load group. All GMDMs passed the quality
check. Table 3.2 contains the number of timepoints in the train and validation sets. When developing
the models on only the low WMH load group, with the intention of testing on the high WMH load group,
a number of WMH load converter timepoints were excluded for the low (N = 36) and high (N = 26)
WMH load group. A flowchart of ADNI subject timepoint inclusion can be found in Appendix E. The
number of timepoints in the intended test sets and distributions of different variables, including MMSE
and ADAS13, can be found in and Appendix F.

Table 3.1: Characteristics of the low, middle and high WMH load group, computed over all timepoints, i.e. some subjects were
included more than once in the statistics. CN = Cognitively normal, IQR = Interquartile range, MCI = Mild cognitive impairment,

WMH = White matter hyperintensity.

Low WMH load Middle WMH load High WMH load

# subject timepoints 1615 1615 1616
# subjects 732 753 631
# timepoints per subject (mean) 2.2 2.1 2.6
Male/female (%) 51.0/49.0 53.1/46.9 51.1/48.9
Age (years; mean ± std) 70.8 ± 7.3 74.0 ± 6.8 77.6 ± 6.9
CN/MCI/Dementia/Unknown (%) 48.7/42.2/8.2/0.9 37.2/47.4/14.7/0.7 28.3/48.9/22.4/0.4
MMSE (Median, IQR)1 29, 2 29, 4 28, 4
ADAS13 (median, IQR)2 9.7, 8.7 12.0, 11.3 15.0, 15.0
WMH ratio (median, IQR) 0.00053, 0.00067 0.0025, 0.0016 0.010, 0.010

1 Excluding 4 timepoints in low, 3 timepoints in middle and 3 timepoints in high WMH load group with missing MMSE
2 Excluding 16 timepoints in low, 20 timepoints in middle and 19 timepoints in high WMH load group with missing ADAS13

3.2. Experiments
The MAE and Pearson correlation coefficients of the CNN models on the train and validation sets can
be found in Figure 3.1. The exact MAE values, correlation coefficients and scatter plots of model pre-
dictions are included in Appendix G, while learning curves of model training can be found in Appendix H.

Our first set of experiments trained the models on the lowWMH load group. For MMSE, validation MAE
differs little per model: it ranges from 1.55 - 1.79. For ADAS13, the spread is slightly larger with values
ranging from 5.08 - 5.91. However, a simple prediction of a constant value for each subject timepoint,
i.e. an MMSE of 29 or an ADAS of 10, already results in a good low WMH load validation MAE of
1.48 and 5.63 respectively, which is in the same range as our obtained performances. Moreover, when
we retrained model 5 (GMDM, WMHDM, age, sex) while randomizing the cognitive scores in the data
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Table 3.2: Number of subject timepoints in train and validation sets. For models 3 and 4, subjects with little to no WMHs are
excluded, resulting in the lower number of timepoints. GMDM = Gray matter density map, NA = Not applicable, WMH = White

matter hyperintensity, WMHDM = White matter hyperintensity density map.

Models Cognitive
score

Train set
low WMH

load

Validation set
low WMH

load

Train set
all WMH
loads

Validation set
all WMH
loads

1: GMDM
2: GMDM, age, sex
5: GMDM, WMHDM, age, sex
6: GMDM, log(WMH ratio), age, sex

MMSE N = 1275 N = 142 N = 3916 N = 436

ADAS13 N = 1265 N = 142 N = 3880 N = 431

3: WMHDM
4: WMHDM, age, sex

MMSE N = 1204 N = 140 NA NA

ADAS13 N = 1197 N = 136 NA NA

batches, we obtained a validation MAE of 1.63 for MMSE and 5.68 for ADAS13. As this indicates that
our CNN models do not outperform simple predictions that are not learned on the data, we consider
these models to be suboptimal. Therefore, we did not evaluate the performance of the models on the
intended test sets. While all models have similar validation MAE, their correlation coefficients show
differences. For MMSE, correlation coefficients range from 0.13 - 0.61 on the train set and -0.11 - 0.34
on the validation set. The correlation coefficients are in general higher for ADAS13, with ranges of 0.69
- 0.92 for the train set and 0.03 - 0.45 for the validation set. For both MMSE and ADAS13, the best
validation coefficient is achieved by model 6 (GMDM, log(WMH ratio), age, sex).

For training on the full cohort (all WMH load groups combined), the validation MAE of model 2 (GMDM,
age, sex) and 5 (GMDM, WMHDM, age, sex) was in general slightly higher than when these models
were developed on the low WMH load data (MMSE: 1.99 for model 2 and 2.06 for model 5; ADAS13:
5.64 for model 2 and 6.31 for model 5). Model 2, developed on all data, outperformed the low WMH
load models for MMSE with respect to the correlation coefficient on the train (0.81) and validation (0.50)
set. For model 5 and MMSE, the train correlation coefficient was in the same range as coefficients
obtained by the low WMH load group models (0.57), but the validation coefficient was slightly higher
(0.43). When looking at the ADAS13 results, model 2 (GMDM, age, sex) obtained higher train and
validation coefficients than model 5 (GMDM, WMHDM, age, sex) (0.82 vs 0.75 and 0.67 vs. 0.65).
Figure 3.2 provides a visual overview of the prediction quality of these models. In general, the models
show better predictive behavior for higher cognitive performances; for lower cognitive performances
(i.e. higher ADAS13 and lower MMSE scores), the predictions differ largely from the correct cognitive
scores.
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Figure 3.1: Mean absolute error (MAE) and Pearson correlation coefficients obtained for the CNN models. Color distinguishes
the train and validation set, while marker shape indicates on which data the model was developed: low WMH load group (•),

low WMH load group with randomized cognitive scores per batch (▽), and all WMH load groups (+). In addition to the
experimental results, the MAE when predicting a constant value is included. Note that for MAE, the vertical axis is inverted for
so that the plot can be interpreted more intuitively (smaller MAE values indicate better performance). GMDM = Gray matter

density map, WMH = White matter hyperintensity, WMHDM = White matter hyperintensity density map.
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Figure 3.2: Scatter plots of model predictions for model 2 (GMDM, age, sex) and model 5 (GMDM, WMHDM, age, sex) when
developed on all WMH load groups. Ideal predictions are indicated by the dashed line. GMDM = Gray matter density map,

WMH = White matter hyperintensity, WMHDM = White matter hyperintensity density map.
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4
Discussion

To our knowledge, this study is the first to evaluate the influence of vascular pathology (represented by
WMHs on MRI) on ML prediction models in the context of AD. We developed multiple CNN models for
prediction of cognitive performance based on several inputs. We aimed to evaluate the performance
and generalizability of these models. We presented the performance on the train and validations sets
of the low WMH load group and all WMH load groups. However, as our trained models obtained a sim-
ilar performance to prediction of a constant value and prediction by a model developed on randomized
cognitive scores, we were not able to answer our research question. Therefore, we did not evaluate the
performance of the models on the intended test sets, as we wanted to keep these sets independent and
unused for potential future research. The generalizability of the developed models to a higher WMH
load was therefore not evaluated in this thesis.

Looking at the results, the validation MAE of the low WMH load group models is similar for the different
inputs. This would indicate that adding age, sex or WMH input does not influence the model’s perfor-
mance. However, MAE is limited as a performance measure because most timepoints correspond to a
good cognitive performance with closely grouped high MMSE and low ADAS13 scores. This aspect is
better quantified by Pearson’s correlation, which is lower for the MMSE and ADAS13 WMHDM models
(model 3 and 4) than for the other models when looking at the validation set. This indicates that the
WMHDMs contain less predictive information on their own than the GMDMs. This would be expected,
especially for the low WMH load group. While adding WMHDM input to the GMDM, age, sex model
results in a slightly lower validation coefficient, adding log(WMH ratio) results in a higher validation
coefficient (MMSE: ∆r = 0.13; ADAS13: ∆r = 0.10). Adding age and sex information to the model
generally results in more overfitting, as it mostly affects the training performance. However, age, sex
and WMH information can be added to a CNN in multiple ways, and we only examined one possibility.

When using all data, our models were able to predict the cognitive measures succesfully. The ADAS13
model based on GMDM, age and sex (validation MAE: 5.64) outperforms constant value prediction
(validation MAE: 7.39), and higher ADAS13 and lower MMSE values were predicted than when using
only low WMH load data. While adding WMHDM input to this model results in a slightly lower perfor-
mance (MAE: validation 6.31), it still outperforms constant value prediction. The Pearson correlation
validation coefficients of these two models are similar (MMSE: 0.50 and 0.43; ADAS13: 0.67 and 0.65).
Using all data for training instead of just the low WMH load group also reduces the difference between
train and validation coefficients, indicating that information learned on the train set generalizes better
to the validation set. It would be interesting to look into the weights of these models and to generate
saliency maps, i.e. heatmaps of the imaging inputs indicating what areas the model focused on, to
evaluate how the models used the WMH input.

Multiple explanations can be considered for the suboptimal performances of the lowWMH load models.
First, there are clear limitations in the cognitive score data. The ADNI MMSE distribution suffers from
a pronounced ceiling effect because the majority of the subjects perform well on the MMSE. Lower
MMSE scores are largely underrepresented, making it harder for a model to capture the relations be-
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tween the input data and the outcome. Consequently, our models mostly predicted high MMSE values
and failed to consider the lower MMSE scores. While the ADAS13 distribution suffers less from a floor
effect, it is still skewed and higher ADAS13 scores (i.e. lower cognitive performance) occur much less
than the lower (i.e. good) scores. For ADAS13, better model performance was obtained using all
WMH load groups, indicating that the model benefits from more (lower cognitive performance) data.
Additionally, the models could suffer from MMSE and ADAS13 measurement noise. Exact scores may
fluctuate due to e.g. different raters, patient’s education and cultural background, and the exact timing
of the cognitive examination. Therefore, a change in MMSE or ADAS13 score does not necessarily
reflect a change in cognitive performance. Lastly, a limitation of the input data is that MRI scans are
a macroscopic measure of cerebral disease and do not always fully correspond to a patient’s clinical
presentation.

In addition to the cognitive score limitations, ADNI data may not be the most ideal study population
for other reasons as well. We used ADNI data as it is publicly available and frequently used for the
development of ML prediction models. Hence, our results are valid for most AD related ML predic-
tion models. Also, ADNI used strict criteria and protocols resulting in a large harmonised multicenter
dataset. As these criteria made for a well educated study population with few comorbidities and, as
stated before, a relatively good cognitive performance, ADNI is not fully representative of the patient
spectrum encountered in clinical practice. Most importantly for this study, it is known that ADNI has
a relatively low WMH load [31, 32]. As most ML models have been developed on ADNI data [29, 30],
they encounter lower WMH loads in their training population than those present in the clinical popu-
lation. We simulated this phenomenon by splitting ADNI data into a low and high WMH load group,
with the low WMH load group being used for training and the high WMH load group representing the
clinical population as a test set. We aimed to evaluate the generalizability from a low to a high WMH
load, providing an estimate of the generalizability to clinical practice. However, the WMH load in ADNI
(especially in its low WMH load group) could be too low to capture the relation between WMHs and
cognitive performance. Furthermore, the ADNI WMH load group had a low percentage of dementia
timepoints (8.2%), which could make it harder for the model to learn the relationship between atrophy
and cognitive performance. We expect that higher WMH loads are encountered in clinical practice than
are included in ADNI, and that the high WMH load group is even older with more extensive cognitive
complaints than encountered in ADNI.

Another explanation of our model’s performance could lie in the model architecture (i.e. the number,
types and order of layers) and hyperparameters, as these can greatly influence the performance. How-
ever, as this model has been used succesfully for brain age prediction, we believe the model archi-
tecture to be suitable for our research question. Also, we performed hyperparameter optimization,
albeit with a limited amount of hyperparameters, and the learning curves show logical learning behav-
ior. Therefore, we do not consider wrong hyperparameter settings to be a large underlying cause of
the impeded performances.

Several other ML prediction models have been developed for MRI based cross-sectional determination
of MMSE and ADAS on ADNI data. Bhagwat et al. [17] developed an artifical neural network for ADNI
1 and ADNI 2 data (N = 1359) based on hippocampal segmentations and cortical thickness measures
(MMSE: mean r = 0.55; ADAS: mean r = 0.63). Yan et al. [18] implemented a sparse multitask learn-
ing model for ADNI 1 data (N = 718) using cortical thickness measures (MMSE: mean r = 0.56; ADAS:
mean r = 0.64). Lastly, Stonnington et al. [19] applied relevance vector regression to ADNI subjects
(N = 586) using GMDMs (MMSE: r = 0.48; ADAS: r = 0.57). As for our models, MMSE prediction was
found to be harder than ADAS prediction. Although we cannot completely compare our performance
to these values because we did not use our test sets, the Pearson correlation on the validation set of
our GMDM, age, sex model is similar when using all data (MMSE: r = 0.50; ADAS: r = 0.67).

Even though our performances are not state of the art, this study takes an important methodological
step towards inclusion of vascular pathology in AD related ML prediction models, thereby addressing
mixed dementia. In relation to this, our study has several strengths. By developing multiple models, we
assessed the added value of different inputs. Importantly, we evaluated adding only WMH volume infor-
mation as well as adding both WMH volume and spatial information. To make the comparison between
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models as fair as possible, we optimized hyperparameters separately for each input. While this could
result in different hyperparameters, this prevents the model optimization from being biased towards
one particular input. Moreover, including multiple timepoins per subject resulted in a large dataset and
an intrinsic form of data augmentation. Limitations of this study other than previously discussed include
incorrect GM and WMH segmentation and incorrect registration to the GM template. Incorrect WMH
segmentation could lead to subjects being included in the wrong WMH load group. For example, some
subjects converted from the high to the low WMH load group over time, which is clinically not possible.
However, if a subject had timepoints belonging to both WMH load groups, only timepoints from the
most frequent group were used, thereby partly removing these unrealistic conversion timepoints.

As our research question has been left unanswered, many roads are open for future research. First,
other cognitive scores could be used as outcomes of the CNN, e.g. the clinical dementia rating (CDR)
or the Montreal cognitive assessment (MoCA). However, for ADNI data, these scores likely also suffer
from skewed distributions with underrepresentation of subjects with lower cognitive performance. The
influence of WMHs on dementia diagnosis (as opposed to cognitive performance) could also be eval-
uated. Yet, this setup would not permit taking VaD or mixed dementia into account, as the number of
subjects with this diagnosis is probably too low for a model to recognize them as a separate diagnos-
tic category. Therefore, the research population would mainly consist of AD patients, but the models
already perform well on AD vs. CN classification. Most added value of WMHs would lie in populations
with higher WMH loads and with vascular or mixed dementia. Other research populations might there-
fore be more suitable than ADNI for answering our research question, e.g. population-based cohorts
like the Rotterdam Study or clinical datasets.

As a next step, we aim to use the methodology of this thesis for brain age prediction. The CNN model
used in this thesis was specifically developed for brain age prediction, and brain age is related to
cognitive functioning and dementia risk. Age as an outcome does not suffer from a largely skewed dis-
tribution, and we would be able to include even more data as age is known for each subject timepoint.
Moreover, we plan to combine ADNI data with data from the Rotterdam Study, thereby generating a
large dataset with a broader spread in WMH load, including vascular and mixed dementia cases. With
this setup, we hope to revisit and answer our research question in order to improve generalizability of
ML methods for AD to clinical populations with prominent vascular pathology.
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5
Conclusion

In conclusion, we were not able to answer our research question due to the suboptimal performance of
our models. The models developed on the lowWMH load data likely suffered from an underrepresenta-
tion of lower cognitive performance data, which is supported by the fact that the ADAS13 models were
able to perform better than constant value prediction when developed on all WMH load data. In general,
the models did not benefit from adding WMHDM input to the model, while they did benefit slightly from
log(WMH ratio) information. Adding age and sex to the current models only increased overfitting. In
the end, other datasets may be more suitable for answering our research question as ADNI’s study
population has few comorbidities and a low WMH load in general. While our research question could
not be answered, there is still a pressing need to address vascular pathology and thereby vascular and
mixed dementia in machine learning research. Our future research will focus on revisiting our research
question through brain age prediction and by combining ADNI data with Rotterdam Study data.
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A
Technical background

Machine learning is used to learn patterns from high dimensional data to predict a specific outcome,
e.g. a diagnosis or a cognitive score. Inputs to the model can be derived from clinical data, e.g. age or
lab tests, but also from medical imaging data. In classical machine learning methods, the user decides
which imaging data features are used as the input to the machine learning algorithm. In deep learning,
however, the algorithm is able to extract useful features from the image itself.

The most commonly used deep learning model in medical image analysis is the CNN. In a CNN, the
input image is propagated through different layers, including convolution layers, pooling layers and fully
connected (FC) layers. The convolution and pooling layers carry out the feature extraction, whereas
the FC layers determine the relation between the extracted features and the outcome [25]. The convo-
lution layers perform a convolution of the image with a filter, which can be considered as filtering the
image. The last layer of the network is an activation function, which maps the extracted feature values
to the predicted outcome value. The term ’model architecture’ is used to refer to CNN characteristics
such as the number, type, order and shape of the layers.

Once the model architecture is defined and the data is preprocessed, the model can start training
(Figure A.1). In supervised machine learning, training refers to a stage in which the model learns the
relationship between the input and the outcome. Deep learning models also learn which features to
extract during this stage. During training, part of the dataset (the train set) is supplied to the model,
including the outcome value. Throughout the training process, the CNN learns which filters should be
used in the convolution layers and which weights in the FC layers [25]. The learning process is guided
by the loss function, which compares the predicted outcome of the model to the actual outcome and
is therefore a reflection of the model performance. A high loss indicates that the model makes wrong
predictions, whereas a low loss indicates that the model predicts the outcome well. During the training
phase, the goal is to minimize the loss function. Each training step, the CNN adjusts its learnable pa-
rameters in such a way that the loss function becomes lower and that in turn the predictions become
better. This optimization of the learnable parameters is conducted through backpropagation and gra-
dient descent. Examples of loss functions for regression are the mean absolute error and the mean
squared error. During the training, data is supplied to the CNN in small parts that are called batches.
Each batch contains data from a limited number of subjects. Standard batch sizes are 4, 8, 16, 32 or 64.
An epoch is defined as the period during which the whole training set, i.e. all batches, has been passed
to the CNN once. As CNNs have many parameters that are learned during training, these models are
in general data hungry.

When developing a model, the dataset is generally split into a train, validation and test set (Figure A.2).
The train set is used during the previously described training phase to learn the relationship between
the input data and the outcome. The validation set is used during the training phase to evaluate the
performance on and generalization to unseen data. Lastly, once the model is fully trained, the test
set is used to evaluate the performance of the model on independent, unseen data that was not used
during the development of the model. The comparison of the training performance with the validation
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Figure A.1: Visual overview of a CNN and its training process [25]. An input image is propagated throughout different layers.
The convolutional layers perform filtering of the image, with kernels being the applied filters. The last layers of the network are
fully connected (FC). Forward propagation computes the loss of the model by comparing the output of the model with the real
label. Next, backpropagation is conducted to adjust the learnable parameters, i.e. the kernels/filters of the convolution layers

and the weights of the FC layers, in such way that the loss is minimized.

performance provides an indication of the model fit to the data. If the model performs well on the
training data, but badly on the validation data, the model is overfit. This means that the model has
learned to predict the training data too well by extracting patterns that do not generalize to other data,
e.g. the validation data. If the model performs badly on both the training and validation data, the model
is underfit. Underfitting occurs if the model was not able to learn relevant patterns from the data and
was therefore not able to predict the outcome. Ideally, the performance on the training and validation
data is similar.

Figure A.2: Overview of the use of a train, validation and test set in machine learning [25]. The train set is used for training of
the model, while the validation set is used to monitor the model performance, to tune model parameters or to select the most
ideal model. Once the model is developed, the test set is used to evaluate the performance of the model on unseen data.
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B
Scores of cognitive functioning

In this study, we used two scores of cognitive functioning: Mini-mental state examination (MMSE) and
Alzheimer’s disease assessment scale-cognitive subscale 13 (ADAS-Cog-13 or ADAS13).

The MMSE (Figure B.1) addresses a multitude of cognitive functions, including orientation to time and
place, recall ability, short-term memory, and arithmetic ability [27]. Any score ≥ 25 can be considered
normal. Abnormal scores can be divided into severe (≤ 9), moderate (10 - 20) and mild (21 - 24) cog-
nitive impairment.

The ADAS-Cog, in turn, consists of tasks assessing the memory, language and praxis domains [33].
The ADAS-Cog-11 evaluates eleven tasks depicted in Figure B.2. The ADAS-Cog-13 adds the two
tasks of delayed word recall and a number cancellation or maze task to this score [28, 34].
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Figure B.1: Overview of the Mini-mental state examination [27].
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Figure B.2: Overview of the ADAS-Cog-11 [28].
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C
Thesis feasibility study

C.1. Introduction
The aim of this thesis was to evaluate whether vascular pathology influences the outcome of ML pre-
diction models for dementia and as such hampers generalizability of these models from the research
setting to clinical practice. Therefore, a machine learning model had to be selected and implemented
that could be used to answer this research question, which was the goal of this thesis feasibility study.
As our model input included imaging data, a CNN model was selected as the model type. Initially, we
planned to use a CNN model developed by Bron et al. [6], which obtained a good performance for
AD versus CN classification. However, consultation with clinical staff raised the question on the added
value of vascular pathology to this model. First, the model distinguishes AD and CN subjects. If the
AD subjects purely have AD, and little to no vascular component to their dementia, which is often the
case in ADNI data, the vascular pathology would not be of added value to the diagnosis. Second, this
model would not allow for (future) inclusion of vascular and mixed dementia subjects due to the small
number of subjects with these diagnoses in datasets. Therefore, we selected cognitive performance
as our outcome. It is well known that vascular pathology influences cognitive performance, and this
outcome would also allow for (future) inclusion of non-AD dementia subjects in smaller numbers.

The next step was to select a CNN network, preferably already developed, that would be suitable for
cognitive performance prediction. For this, we selected the brain age CNN model [23]. This model was
previously developed within the department for determination of age from gray matter density maps
(GMDMs). As brain age is related to cognitive performance, and as our study also used GMDM input,
we deemed this model to be suitable for our cognitive performance regression task. However, when
first implementing this model with GMDMs as the input and MMSE as the outcome, the model did not
learn anything from the data. The model predicted a near constant value for each subject timepoint.
This indicated that the model was unable to extract useful patterns from the data and could therefore not
determine the relationship between the input and output. The rest of the feasibility study was focused
on implementing the brain age model succesfully for our data and outcomes, i.e. making sure that the
model was able to predict distinct cognitive score values.

C.2. Methods
In our first implementation of the brain age CNN model, the model was unable to extract predictive
information for the data. In general, this can have multiple causes:

1. There is a bug in the code causing the model to be unable to learn the relationship between the
input and the output.

2. The model architecture and/or hyperparameters are not suitable for the problem and should be
adjusted.

3. The problem cannot be solved using deep learning as there is no coherent relationship between
the input and the output.
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To differentiate between these possible causes, a multitude of experiments were conducted:

1. Evaluate the data quality. If data quality is low, switch to data of higher quality. This provided an
indication of whether the model itself was at fault (e.g. due to a bug) or whether the problem was
too hard for the model to learn (e.g. due to noisy data).

2. Evaluate different sets of hyperparameters. This provided an indication of whether the model
settings were not correct for the problem at hand.

3. Perform an experiment in which the outcome to predict also serves as an input to the model.
This model should be able to predict the outcome with near perfect performance. If the model
was indeed able to predict the outcome when the outcome value was also supplied as the input,
it was more likely that the original problem was too hard to predict using the specified network
architecture and parameters. If the model would still be unable to learn anything, a bug in the
code is more likely.

We first addressed the data quality. In the initial experiment, MMSE was used as the outcome. How-
ever, this score suffered from a pronounced ceiling effect. Most subject timepoints were clustered
around high MMSE scores of 26 - 30 and only a handful of subject timepoints corresponded to low
MMSE scores. Therefore, the lack of distinct MMSE scores made for a complicated machine learn-
ing problem that was perhaps unsolvable due to intrinsic limits of the data itself. As a next step, we
switched to the ADAS13 score as the outcome, as this score has a broader score range (maximum
score of 85 for ADAS13 versus maximum score of 30 for the MMSE) and the subject timepoints were
more evenly distributed amongst the different scores.

We performed experiments differing in the following hyperparameters: learning rate, batch size, early
stopping patience and maximum number of epochs. Additionally, we evaluated both ADAS13 and
log(ADAS13) as the outcome, as the ADAS13 score distribution still had a positive skew, thereby fa-
voring lower ADAS13 scores. For the same reason, we evaluated multiple loss functions, including the
mean squared logarithmic error, which penalizes underestimation more than overestimation. Lastly,
we set up an experiment that supplied the outcome as an input to the model in addition to the GMDM
input. If a persistent bug existed in the code, the model would still not be able to learn much from the
input data. We repeated the previous experiments using this extra input.

C.3. Results and discussion
The experiments optimizing hyperparameters, outcome variables and loss functions all resulted in pre-
diction of a near constant value. When repeating these experiments while adding the outcome as an
input variable, the model was still not able to pick up much from the data. When the learning rate was
increased, the model was able to predict a few distinct ADAS13 values, which could indicate that there
was a problem of getting stuck in a local minimum. However, we were not able to optimize this model
further, indicating that there was a bug present in the code. When going through the code, we found
out that the outcome value of each subject (i.e. the cognitive score) was nested and supplied to the
network with another shape than the output of the model. When we assured that the outcome values
were of the same shape as the output of the model, the model started to learn and was able to predict
the ADAS13 score successfully.

In Figure C.1, learning curves can be found of the models before and after the bug was uncovered. As
can be seen, with the bug present, the model is unable to learn much from the data even if the outcome
is supplied as the input. When the bug is removed and the outcome is again supplied as an input, the
model is able to quickly predict the outcome with near perfect performance.
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Figure C.1: Learning curves for brain age CNN model before and after the bug was uncovered. GMDM = Gray matter density
map, MSLE = Mean squared logarithmic error.
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D
CNN model

The architecture of the original brain age model is depicted in Figure D.1. For model 5 (GMDM,
WMHDM, age, sex), two identical imaging branches were defined that performed feature extraction
prior to the fully connected layers. Python 3.7.4, Tensorflow 2.2.0 and keras 2.3.0 were used to im-
plement the CNN model. The models were trained on the high memory GPU nodes (gpu005, gpu006
and gpu-hm-001) of the GPU cluster of the Biomedical Imaging Group Rotterdam. The image input
size to the network was 160 x 192 x 144. A mask excluding the cerebellum was applied to the images,
followed by cropping of the images to the input size. Unnecessary background was removed, but some
zero padding was preserved around the density maps. As a preprocessing step, age and log(WMH
ratio) were normalized using Z-score normalization, for which the mean and standard deviation were
determined on the train set. The model obtaining the lowest validation loss during training was saved
as the final model. Adam optimization and early stopping were used.

The following CNN parameters were shared between all models: Adam optimizer β1 (0.9), β2 (0.999), ϵ
(10−8) and decay (10−4); early stopping monitor (validation loss),∆min (0) and patience (20); maximum
number of epochs (200). The learning rate (10−3, 10−4, 10−5, 10−6) and batch size (8, 16) were opti-
mized based on the validation set performance for the models. However, the ideal batch size was 16
for all final models. The learning rate was set to 10−4 for the MMSE models, except for model 5 trained
on all data (10−5), and 10−5 for the ADAS13 models. Loss functions were the mean absolute error
for MMSE and mean squared logarithmic error for ADAS13. Data batches were stratified on cognitive
score to make sure that each batch was representative of the cognitive score distribution.

Figure D.1: Original brain age CNN model architecture [23].
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E
Flowchart of ADNI data processing and

inclusion

Identified timepoints with T1
and FLAIR scan available

(N = 5715)

Timepoints with brain tissue
and WMH segmentations

(N = 5713)

Timepoints with GM
and WMH density map

(N = 5712)

Timepoints with at least
one known cognitive score

(N = 4847)

Timepoints with cor-
rect VBM results

(N = 4846):
• Low WMH load (N = 1615)
• Middle WMH load (N = 1615)
• High WMH load (N = 1616)

Timepoints with error during
Quantib segmentation pipeline

(N = 2)

Timepoints with error
during VBM pipeline

(N = 1)

Timepoints missing both
MMSE and ADAS13

(N = 865)

Timepoints excluded due to pro-
cessing of bad quality T1 scan

(N = 1)

Figure E.1: Flowchart of subject timepoint inclusion for ADNI data. GM = Gray matter, VBM = Voxel-based morphometry,
WMH = White matter hyperintensity.
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F
ADNI data distributions

Table F.1 shows the number of timepoints in each of the test sets (that were in the end not used). In
Figure F.1 and Figure F.2, data distributions of respectively general clinical variables and scan variables
can be found. Figure F.3 contains scatter plots depicting the relations between age, WMH ratio and
the cognitive scores. Figure F.4 and Figure F.5 show the MMSE and ADAS13 distributions over the
train, validation and test sets of respectively the low WMH load group and all three WMH load groups.
Figure F.6 shows the scores that were considered to be (not) out of range when determining the subset
of the high WMH load group excluding out of range scores.

Table F.1: Number of subject timepoints in the defined test sets. For models 3 and 4, subjects with little to no WMHs are
excluded, resulting in a lower number of timepoints. GMDM = Gray matter density map, NA = Not applicable, WMH = White

matter hyperintensity, WMHDM = White matter hyperintensity density map.

Models Cognitive
score

Test set
low WMH

Test set
high WMH 11

Test set
high WMH 22

Test set
all WMH

1: GMDM
2: GMDM, age, sex
5: GMDM, WMHDM, age, sex
6: GMDM, log(WMH ratio), age, sex

MMSE N = 158 N = 1587 N = 1498 N = 484

ADAS13 N = 157 N = 1571 N = 1492 N = 480

3: WMHDM
4: WMHDM, age, sex

MMSE N = 152 N = 1587 N = 1498 NA

ADAS13 N = 152 N = 1571 N = 1492 NA

1 Complete high WMH load group
2 High WMH load group excluding timepoints with out of range cognitive scores
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Figure F.1: Distribution of general variables for all timepoints in the low, middle and high WMH load group. Please note that the
histograms are stacked. CN = Cognitively normal, MCI = Mild cognitive impairment, WMH = White matter hyperintensity.
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Figure F.2: Distribution of scan parameters for all timepoints in the low, middle and high WMH load group. WMH = White
matter hyperintensity.
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Figure F.3: Scatter plots of age, WMH ratio and cognitive scores. WMH = White matter hyperintensity.
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Figure F.4: Distribution of cognitive scores over the train, validation and test sets of the low white matter hyperintensity load
group.

Figure F.5: Distribution of cognitive scores over the train, validation and test sets of all three white matter hyperintensity load
groups.
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Figure F.6: Overview of (not) out of range cognitive scores when defining the high WMH load group subset excluding out of
range cognitive scores.
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G
CNN performance

The MAE of the CNN models on the train and validation sets can be found in Table G.1. The Pearson
correlation coefficients of the predicted versus real cognitive score values are included in Table G.2.
Table G.3 lists performances obtained when predicting a constant value, while Table G.4 contains
the performance of model 5 (GMDM, WMHDM, age, sex) when the cognitive scores are randomly
shuffled per batch. Scatter plots of the real versus predicted cognitive scores are included for the
MMSE models developed on the low WMH load group (Figure G.1), the ADAS13 models developed
on the low WMH load group (Figure G.2) and the models trained on random cognitive scores within the
batches (Figure G.3).

Table G.1: Mean absolute error of the CNN models over the train and validation sets. GMDM = Gray matter density map, NA = Not
applicable, WMHDM = White matter hyperintensity density map.

MMSE

Model Train set low
WMH load

Validation
set low

WMH load

Train set all
WMH loads

Validation
set all WMH

loads

1: GMDM 1.41 1.55 NA NA
2: GMDM, age, sex 1.29 1.59 1.51 1.99
3: WMHDM 1.69 1.79 NA NA
4: WMHDM, age, sex 1.50 1.66 NA NA
5: GMDM, WMHDM, age, sex 1.46 1.71 1.96 2.06
6: GMDM, log(WMH ratio), age, sex 1.37 1.62 NA NA

ADAS13

Model Train set low
WMH load

Validation
set low

WMH load

Train set all
WMH loads

Validation
set all WMH

loads

1: GMDM 4.60 5.83 NA NA
2: GMDM, age, sex 2.67 5.21 4.23 5.64
3: WMHDM 4.89 5.69 NA NA
4: WMHDM, age, sex 2.67 5.91 NA NA
5: GMDM, WMHDM, age, sex 2.95 5.41 6.16 6.31
6: GMDM, log(WMH ratio), age, sex 2.80 5.08 NA NA
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Table G.2: Pearson correlation coefficients of the CNN predictions over the train and validation sets. GMDM = Gray matter density
map, NA = Not applicable, WMHDM = White matter hyperintensity density map.

MMSE

Model Train set low
WMH load

Validation
set low

WMH load

Train set all
WMH loads

Validation
set all WMH

loads
1: GMDM 0.46 0.26 NA NA
2: GMDM, age, sex 0.61 0.21 0.81 0.50
3: WMHDM 0.13 -0.11 NA NA
4: WMHDM, age, sex 0.16 -0.04 NA NA
5: GMDM, WMHDM, age, sex 0.46 0.17 0.57 0.43
6: GMDM, log(WMH ratio), age, sex 0.57 0.34 NA NA

ADAS13

Model Train set low
WMH load

Validation
set low

WMH load

Train set all
WMH loads

Validation
set all WMH

loads

1: GMDM 0.91 0.38 NA NA
2: GMDM, age, sex 0.92 0.35 0.82 0.67
3: WMHDM 0.69 0.03 NA NA
4: WMHDM, age, sex 0.91 0.03 NA NA
5: GMDM, WMHDM, age, sex 0.92 0.28 0.75 0.65
6: GMDM, log(WMH ratio), age, sex 0.92 0.45 NA NA

Table G.3: Lowest mean absolute error to be obtained when predicting a constant value. MAE = Mean absolute error, WMH =
White matter hyperintensity.

Data
Predicted
value
MMSE

MAE
MMSE

Predicted
value

ADAS13

MAE
ADAS13

Low WMH load train set 29 1.43 10 5.48
Low WMH load validation set 29 1.48 10 5.63
Low/middle/high WMH load train set 29 2.17 12 7.50
Low/middle/high WMH load validation set 29 2.18 12 7.39

Table G.4: Mean absolute error and Pearson correlation coefficients of model 5 (GMDM, WMHDM, age, sex) over the train and
validation sets when the cognitive scores are randomly shuffled for each batch. GMDM = Gray matter density map, MAE =

Mean absolute error, WMHDM = White matter hyperintensity density map.

Outcome MAE train set MAE validation
set

Pearson
correlation train

set

Pearson
correlation

validation set
MMSE 1.57 1.63 -0.033 -0.022
ADAS13 5.48 5.68 -0.036 -0.11
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Figure G.1: Scatter plots of model predictions for MMSE models when developed on the low WMH load group. Ideal
predictions are indicated by the dashed line. GMDM = Gray matter density map, WMH = White matter hyperintensity, WMHDM

= White matter hyperintensity density map.
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Figure G.2: Scatter plots of model predictions for ADAS13 models when developed on the low WMH load group. Ideal
predictions are indicated by the dashed line. GMDM = Gray matter density map, WMH = White matter hyperintensity, WMHDM

= White matter hyperintensity density map.
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Figure G.3: Scatter plots of model predictions for model 5 (GMDM, WMHDM, age, sex) when cognitive scores are randomized
within the batches. Ideal predictions are indicated by the dashed line. GMDM = Gray matter density map, WMHDM = White

matter hyperintensity density map.
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H
Learning curves

Learning curves are a visualization of the training process of a CNN. The horizontal axis is a representa-
tion of training progress, often the number of epochs. The vertical axis shows a performance measure,
e.g. the loss or another performance metric, for both the train and validation set. During training, the
loss should decrease for the train and validation set. Ideally, the train and validation losses converge
towards the same plateau. Often, early stopping is used to stop model training once the validation
loss starts increasing, which indicates that the model starts overfitting. See Figure H.1 for a depiction
of an expected learning curve. Figure H.2 and Figure H.3 contain the learning curves for respectively
the MMSE and ADAS13 models developed on the low WMH load group. Learning curves of model 2
(GMDM, age, sex) and model 5 (GMDM, WMHDM, age, sex) when developed on all WMH load groups
are included in Figure H.4. Lastly, see Figure H.5 for learning curves of model 5 (GMDM, WMHDM,
age, sex) when cognitive scores are shuffled within each batch.

Figure H.1: Expected learning curves of a CNN [25]. The white interval in between underfitting and overfitting is the most ideal
configuration of the model that can be reached by early stopping of the training process.
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Figure H.2: Learning curves for MMSE models developed on low WMH load group. GMDM = Gray matter density map, MAE =
Mean absolute error, WMH = White matter hyperintensity, WMHDM = White matter hyperintensity density map.
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Figure H.3: Learning curves for ADAS13 models developed on low WMH load group. GMDM = Gray matter density map,
MSLE = Mean squared logarithmic error, WMH = White matter hyperintensity, WMHDM = White matter hyperintensity density

map.
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Figure H.4: Learning curves for models developed on all WMH load groups. GMDM = Gray matter density map, MAE = Mean
absolute error, MSLE = Mean squared logarithmic error, WMHDM = White matter hyperintensity density map.

Figure H.5: Learning curves for model 5 when trained using shuffled batch cognitive scores. The left plot is the learning curve
for MMSE, while the right plot shows the learning curve for ADAS13. GMDM = Gray matter density map, MAE = Mean absolute

error, MSLE = Mean squared logarithmic error, WMHDM = White matter hyperintensity density map.
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