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HIGHLIGHTS
1%t place in International Challenge for Automated Prediction of MCI from MRI Data

Multi-class classification of normal control, MCI, converting MCI, and Alzheimer’s
disease

Morphometric measures from 3D T1 brain MRI images have been analysed (ADNI1
cohort).

A Random Forest Feature Selection, Fusion and Ensemble Strategy was applied
to classification and prediction of AD.

Accuracy and robustness have been assessed in a blind dataset
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Abstract:
Background:

In the era of computer-assisted diagnostic tools for various brain diseases, Alzheimer’s
disease (AD) covers a large percentage of neuroimaging research, with the main scope being
its use in daily practice. However, there has been no study attempting to simultaneously
discriminate among Healthy Controls (HC), early mild cognitive impairment (MCI), late MCI

(cMCl) and stable AD, using features derived from a single modality, namely MRI.

New Method:

Based on preprocessed MRI images from the organizers of a neuroimaging challenge?, we
attempted to quantify the prediction accuracy of multiple morphological MRI features to
simultaneously discriminate among HC, MCI, cMCI and AD. We explored the efficacy of a
novel scheme that includes multiple feature selections via Random Forest from subsets of the
whole set of features (e.g. whole set, left/right hemisphere etc.), Random Forest classification
using a fusion approach and ensemble classification via majority voting.

From the ADNI database, 60 HC, 60 MCI, 60 cMCI and 60 AD were used as a training set
with known labels. An extra dataset of 160 subjects (HC: 40, MCI: 40, cMCI: 40 and AD: 40)
was used as an external blind validation dataset to evaluate the proposed machine learning
scheme.

Results:

In the second blind dataset, we succeeded in a four-class classification of 61.9% by
combining MRI-based features with a Random Forest-based Ensemble Strategy. We
achieved the best classification accuracy of all teams that participated in this neuroimaging
competition.

Comparison with Existing Method(s):

The results demonstrate the effectiveness of the proposed scheme to simultaneously

discriminate among four groups using morphological MRI features for the very first time in

the literature.

Conclusions:



Hence, the proposed machine learning scheme can be used to define single and multi-

modal biomarkers for AD.

2The preprocessing of the T1-weighted Magnetic Resonance Images (MRI) was realized by the organizers of the

competition. Information can be found here: https://inclass.kaggle.com/c/mci-prediction

1.Introduction

In the era of computer-assisted diagnostic tools for various brain diseases, Alzheimer’s
disease (AD) covers a large percentage of neuroimaging research that is applied in daily
practice. Pattern recognition approaches, tailored to neuroimaging, offer to the neuroscience
community a potential diagnostic tool, particularly though not restricted to magnetic resonance
imaging (MRI), which has shown its effectiveness in the diagnosis of AD (O'Brien, 2007).

In recent years and with the release of free available databases, a large number of studies
have introduced the use of pattern recognition and machine learning approaches, based on MR,
for the early detection of AD (Gray et al., 2013 ; Lebedev et al., 2014 ; Schwarz et al., 2016 ;
Vos et al., 2016 ; Kalin et al., 2017). The obvious advantage of the proposed semi- or fully-
automated methods, compared to visual inspection of an MRI by an expert, e.g. a radiologist
or neurologist, is its avoidance of biases and, in many cases, errors to which human diagnosis
is subject. All these techniques further improved classification accuracy, primarily through
enhancing the stability of the algorithmic pipelines and finally through development of a
standardized computerized decision support system, a rapidly progressing field in the
overlapping areas of radiology and machine learning (Stivaros et al., 2010; Belle et al., 2013).

Alzheimer’s disease (AD) is a neurogenerative disorder with chronic symptoms that
mostly starts slowly and progresses faster over an individual’s lifetime (Mendez, 2012). AD is
the main cause of 60% to 70% of dementia, and the first symptom is difficulty in remembering
recent events, which is called short-term memory loss (Jahn, 2013). The basic anatomical
alteration of AD is hippocampal atrophy, which is highly used as a clinical biomarker (Morra
et al., 2009). Complementary to hippocampal atrophy, the atrophy of grey matter in AD could
be extended also to the medial temporal lobe and other subcortical structures (Seeley et al.,
2009). The localization and the extension of grey matter atrophy can be realized via the
visualization of anatomical magnetic resonance imaging (MRI) scans, which is the most
commonly used approach for the clinical diagnosis of AD (Frisoni et al., 2010). Previous
studies have revealed that AD patients have different volumes and shapes of hippocampi areas,
compared to elderly individuals with normal cognitive abilities (Scher et al., 2007). Another

study demonstrated that the volumes of the thalamus and the putamen are also reduced in AD
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(de Jong et al., 2008). Additionally, extended grey matter atrophy has been revealed in AD
patients compared to age-matched controls (Karas et al., 2003) and also reduced cortical
thickness in another study (Lerch et al., 2005).

In contrast, many significant observations based on MRIs of AD patients with direct
comparison with controls cannot be used in a straightforward way in a daily clinical setting.
Some of the candidate AD biomarkers have also been detected in healthy aging. Potential MRI-
based AD biomarkers are only useful if they can discriminate AD subjects from non-affected
subjects at the subject level (Salat et al., 1999). Lately, research on anatomical MRI markers
tailored to AD has shifted from group differences to disease detection (de Vos et al., 2016).
Measurements of the shape and volume of hippocampi sub-areas and cortical thickness, and
voxel-based morphometry (VBM), have been extensively used to separate controls from AD
patients with a high range of classification accuracy (Cuingnet et al., 2011; Davatzikos et
al.,2011; Querbes et al., 2009 ; de Vos et al., 2016 ; Kalin et al., 2017).

Alternative anatomical MRI-based estimates have been mainly used to discriminate AD
patients from healthy controls. The principle behind the strategy of using features from
different feature sets is that they encapsulate complementary information and their combination
could further increase the classification accuracy of AD. VBM and voxel-based cortical
thickness demonstrate complementary aspects of age-based decline of grey matter (Hutton et
al., 2009). Combining alternative anatomical MRI-based estimates further improved AD
classification accuracy (Bron et al., 2015; Wolz et al., 2011; Westman et al., 2013; de Vos et
al., 2016; Kalin et al., 2017). Apart from separating AD patients from individuals undergoing
healthy aging, these features have proved useful for separating mild cognitive impairment
(MCI) converters from individuals with stable MCI (Dyrba et al., 2015a,b; Schouten et
al.,2016; Trzepacz et al., 2014; Teipel et al., 2010). Based on the aforementioned studies, it
would be very important to demonstrate the effectiveness of combining different but
complementary sets of features derived from anatomical MRI to simultaneously discriminate
among healthy controls, AD, MCI and cMCI.

We analyzed the T1-weighted Magnetic Resonance Images (MRI) preprocessed by the
organizers of a Neuroimaging Challenge/Competition, information on which can be found

here: https://inclass.kaggle.com/c/mci-prediction. The anatomical MRI scans were derived

from four groups (healthy controls, AD, MCI and cMCI). The MRI features that were extracted
are the following: (i) cortical thickness, (ii) cortical surface area, (iii) cortical curvature, (iv)
grey matter density, (v) the volume of the cortical and subcortical structures, (vi) the shape of

the hippocampus and (v) hippocampal subfield volumes. We attempted to achieve high
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generalization of the proposed feature extraction and classification strategy with the use of a
training set aiming at increasing classification accuracy in a second blind dataset.

In this study, Random Forest (RF) was adopted as a proper ensemble learning
algorithm, which is a combination of tree predictors where each tree is built on a random vector
built in with features sampled independently and with the same distribution across trees in the
forest (Breiman, 2001). In addition, out-of-bag error estimation (OOB) was adopted in order
to accurately detect the generalization error of the model. Finally, proximity ratio estimation
for late fusion strategies and weighted fusion (Liparas et al., 2014) was applied to further
improve the classification accuracy in a blind test set.

We hypothesized that using RF with the complementary techniques that guarantee the
generalization of the model based on a training dataset and the incorporation of MRI-based
features, it would be possible to achieve a high classification in the aforementioned four-class
problem. Additionally, we hypothesized that it is possible to keep the classification
performance on the same level as in previous studies, in which three classes were used (HC,
MCI and AD).

2. Material and Methods
2.1 Participants

In particular, MRIs were selected from the Alzheimer’s disease Neuroimaging
Initiative (ADNI). ADNI is an international project that collects and validates neurological
data, such as MRI and PET images, genetics or cognitive tests.

We randomly and automatically selected subjects with a static seed, by using the data
analytics platform Konstanz Information Miner (KNIME).

Subjects from ADNI were selected by filtering text files downloaded from the website
in three steps. In particular, we used the file containing the conversion of diagnosis for first
choosing healthy controls (HC), Alzheimer's patients (AD) and Mild Cognitive Impairment
(MCI) who did not convert their diagnosis in the follow up. Then, with the same approach, we
selected those  with  MCI  who converted to  Alzheimer's  (cMCI).
The second step was to obtain demographic and clinical parameters at that timepoint, i.e. age,
gender and Mini-Mental State Examination score (MMSE).
This dataset was grouped by diagnostic criteria, in order to obtain a balanced number of
subjects (100) for each of the four classes (HC, AD, MCI, cMCI).
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The last step was to obtain the subjects’ MRI scan ID at the baseline from the file
MPRAGEMETA.csv (green area in Fig. 1 in Sarica et al., 2014). In particular, we selected the
first MPRAGE sequence (no repetition), acquired at 3 Tesla.

Finally, the whole dataset of 400 subjects was split into a training dataset of 240
subjects (60 subjects for each of the four groups) and a testing dataset of 160 subjects (40
subjects for each of the four groups).

Table 1 summarizes the demographics of the training and testing datasets, including
the average age, the gender contribution and the average MMSE.

Table 1a. Summary of demographics for the training dataset

Age Gender MMSE
(male/females)
HC  (60) 723 £5.7 62/58 292 +1.1
MCI  (60) 722 +75 66/54 28.3 +16
cMCI (60) | 730 +7.3 60/60 272 +1.9
AD  (60) 748 +7.4 56/64 23.4 +2.1

Table 1b. Summary of demographics for the testing dataset

Age Gender MMSE
(male/females)
HC (40) 749 +56 18/22 29.00 +11
MCI  (40) 724 481 23/17 276 =+1.9
cMCI  (40) 717 +6.3 25/15 276 +1.8
AD  (40) 73.1 482 23/17 22.7 420

2.2 MR Image Acquisition
All participants were scanned on a Philips 3 T Achieva MRI scanner. The MRI data

acquisition protocol is described in ADNTI’s official webpage? .

http://adni.loni.usc.edu/methods/mri-analysis/mri-acquisition/



2.3 Freesurfer processing and Features Extraction
T1-weighted Magnetic Resonance Images (MRI) were processed by the organizers of the
Neuroimaging Challenge/Competition for an automated classification of MCI. Additional

information can be found here: https://inclass.kaggle.com/c/mci-prediction.

MRIs were preprocessed by Freesurfer (v5.3), with the standard pipeline (recon-all -hippo-
subfields) on a computer running GNU/Linux Ubuntu 14.04 with 16 CPUs and 16Gb RAM.
We used the KNIME plugin K-Surfer (Sarica et al., 2014) for extracting numerical data
produced by Freesurfer into a table format. The organizers of the competition then joined this
table with demographical and clinical parameters.

The set of features used for the training procedure are the following:

e MMSE_bl - Mini-mental state examination total score at the baseline of the subject

e Age

and

e (i) cortical thickness,(ii) cortical surface area, (iii) cortical curvature, (iv) grey matter
density, (v) the volume of the cortical and subcortical structures, (vi) the shape of the
hippocampus and (v) Hippocampal subfields volume.

2.4 Problem Formulation

The organizers of the International Challenge for Automated Prediction of MCI from MRI
Data generated an additional 340 artificial test observations that were joined with the real test
observations (4x40=160) in the Challenge test set to form a combined test set of 500
observations. This testing sample was used in the online Kaggle competition platform for the
evaluation of the classification performance (Sarica et al., 2016). This set, which can be called
an artificial — Challenge dataset, was split into a public and private test set. The competition
started online between 21 December 2016 and 1 June 2017 and every team that participated in
this neuroimaging competition had the option of one submission per day. After every
submission, the organizers returned, via the kaggle web system, the accuracy over 500
subjects, where only 160 subjects were the real blind dataset, while the rest (340 subjects -
dummy) were created via a model based on the features from the training dataset. By the end
of the challenge on 1 June 2017, the best performance of each team was evaluated and selected
based on the private test set. The final evaluation and the ranking of the teams in terms of the
classification accuracy was realized based on the Challenge test set which contains the real test

data. Finally, the labels of the test data and the confusion matrices were released to the
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participants and teams that were invited to contribute to this special issue, dedicated to the
international challenge for the automated prediction of MCI using MRI data. Our team won
the first position in this neuroimaging challenge.

Our best submission was built around an ensemble of five classification models. The
construction of these models was based on the well-known Random Forests (RF) machine
learning method and its operational capabilities. More specifically, in all models, we performed
feature selection using the Gini impurity index, a type of feature importance measurement
commonly used in RF. In addition, we employed early fusion, as well as weighted fusion by
means of late fusion schemes based on internal mechanisms provided by RF, namely the out-
of-bag error and proximity ratios.

In what follows, the theoretical background of the involved methodologies, as well as
a description of each classification model that was utilized in our experiments, are provided.

2.4.1 Random Forests

Random Forests (RF) is a popular machine learning method used in classification,
regression and other tasks (Breiman, 2001). The methodology involves the construction of a
multitude of decision trees and within RF, randomness is employed in the following ways:
Firstly, each decision tree is constructed using a different bootstrap sample (a training set that
is drawn randomly from the original training data by sampling uniformly and with
replacement). Secondly, during the construction of each decision tree, each node split involves
the random selection of a subset of k variables (from the original variable set), based on which
the best split is determined and used. For the prediction of unknown cases, the decisions of the
constructed trees are aggregated by employing majority voting for classification and averaging
for regression tasks.

The out-of-bag (OOB) error estimate is an internal mechanism provided by RF for
estimating the generalization error of a constructed model. The OOB error is estimated as
follows: RF uses only around 66% (2/3) of the original data in order to build each decision tree.

The other 33% (approximately) of the original data cases, called OOB data, are
predicted by the constructed decision tree and are consequently utilized as “test” data. The
averaged prediction error for each training case X, using only the trees that do not include x in
their bootstrap sample, is the OOB error estimate. Additionally, the proximity matrix is another
useful tool in RF. The way to compute the proximity matrix is the following: for each
constructed decision tree in an RF model, all data cases (both training and OOB) are put down
that tree. If a pair of cases is found in the same terminal node of the tree, their proximity is



increased by one. In this way, a matrix of proximities between all data cases is constructed for
the entire RF model. Finally, the proximities in the matrix are normalized by dividing their

values by the number of trees in the forest.

Another operational feature of RF is its natural ability to provide a ranking of the
importance of variables in a regression or classification problem. This can be achieved in two
ways. The first one is based on statistical permutation tests, while the second way, which is
used in this study, is based on the Gini impurity index. Gini impurity is computed at every node
split during the construction of a decision tree in an RF model and is used for measuring the
quality of the split in terms of separating the samples of the different classes in the considered
node. For a variable, the Gini impurity index is computed as in the following equation:

G =Yi.1pi(1—py) 1)

where ¢ the number of classes in the variable and pi the fraction of samples labeled with class
i in the node.

For a given node split, the values of the Gini impurity index for the two resulting nodes
are less than the value for the parent node. If we sum the Gini impurity decreases for each
variable in a dataset over all trees in a RF model, we get the corresponding Gini importance
measure for each variable, which can consequently be used for feature selection. For more

details on the Gini variable importance approach in RF, we refer to (Menze et al., 2009).

2.4.2 Fusion schemes

An interesting and at the same time important challenge in classification tasks is the use
of methods for the combination of multiple feature sets (or modalities), a procedure that is
known as multimodal fusion. In this context, two basic strategies regarding the level at which
fusion is performed can be considered. In the first strategy, known as early fusion, feature-level
fusion is performed, where features from the individual feature sets/modalities are
concatenated in order to create a common feature vector. Then, a classifier is trained using this
common feature vector in order to form the final prediction model. In the second strategy,
called late fusion, decision-level fusion is performed, in which a classification model is trained
separately for each feature set/modality and the individual results (classifier scores) are fused
into a final common decision. The standard way to combine multiple classifiers in late fusion
is to compute a weighted sum of the individual classifiers’ scores. Figures 1 and 2 depict the

notion of early and late fusion, respectively.
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Figure 2: A flowchart that describes the notion of late fusion

[Figures 1,2 around here]

In this study, we applied early fusion as well as late fusion strategies based on RF’s
operational features, namely the OOB error and proximity ratios (derived from the proximity
matrix). The description of these two late fusion strategies is provided below:

Suppose there are two feature sets/modalities, namely D and E. First, the feature vector
from each set is used for training a separate RF model. From the two RF models, the weights
for each feature set/modality needs to be computed in order to apply weighted fusion and
provide the final RF predictions. The OOB and proximity ratio late fusion strategies are applied
as follows:

OOB strategy: From the OOB error estimate of each feature set’s RF model, the OOB
accuracy values are computed separately for each considered class. These values are then
normalized (by dividing them by their sum) and serve as weights for the two feature
sets/modalities.

Proximity ratio strategy: The same approach, as in the case of the OOB strategy, is followed
for the proximity ratio strategy. Nevertheless, instead of utilizing the OOB accuracy values
from each RF model, the ratio values between the inner-class and the intra-class proximities
(for each class) are used (Zhou et al., 2010). For each RF model, the proximity matrix between

11



all pairs of data cases PR = {prij, i,j = 1,...,n} (n=number of data cases) is constructed, and then
the ratio values between the inner-class and the intra-class proximities are computed as in the
following equation:

k= % (2)

where
PRinner = Xfj=1 p1ij (if cl; = cl;) (3)
PRintra = XFj=1 p1ij (if cl; # cl;) (4)

and clj, cljthe class labels of cases i and j, respectively.

Weighted fusion: For the prediction of an unknown case, the RF models provide probability

estimates per class for that case. In our example, the probability outputs Pp and Pe from the
two feature sets/modalities D and E, respectively, are multiplied by their corresponding
modality weights Wp and We (computed either with the OOB strategy or the proximity ratio

strategy) and summed in order to produce the final RF predictions as in the following equation:

Prinai = WpPp + WgPg (5)

For more details on the aforementioned late fusion strategies, we refer to (Liparas et al.,
2014).

2.4.3 Models description

In this section, the features of the five classification models of our best submission’s ensemble
are described.

1. Model 1: The first model involved the training of a RF classifier on the whole feature
set, as well as feature selection by means of the Gini importance measure, which
provided the final feature subset that was used for retraining the RF model.

2. Model 2: In the second model, the following steps were involved:

A. The initially provided feature space was first split into two modalities — feature
sets, with each set containing features/measurements from the left or right
hemisphere, respectively.

B. A RF model was trained for each modality and, as in the case of Model 1, the
Gini importance measure was utilized for selecting the most important features
from each modality.

12



C. The RF models were retrained with the use of the resulting feature subsets.

D. For formulating the final predictions/probability scores from the two RF
models, weighted fusion was applied with the use of the proximity ratio late
fusion strategy (described in Section 2.4.2).

3. Model 3: With respect to the third model, the exact same approach as in the case of
Model 2 was followed, with the only difference being the use of the OOB late fusion
strategy in the weighted fusion step (instead of the proximity ratio scheme).

4. Model 4: The fourth model involved the same application of steps A and B from Model
2. Then, instead of retraining RF classifiers for the two modalities (as in Step C — Model
2) with the use of the final feature subsets, we opted to train Support Vector Machine
(SVM) classification models. Finally, regarding the fusion step (step D — Model 2), we
performed simple averaging of the probability scores provided by the SVM models. It
should be noted that the probability scores of the SVM models were computed with the
use of the Platt scaling method (Platt, 1999). Based on this technique, the output of a
classification model is converted to a probability distribution over classes.

5. Model 5: In the case of the fifth model, steps A and B from Model 2 were applied in
the same way (the only difference was the application of a different value/threshold for
the Gini importance measure regarding the feature selection process in step B). Then,
we applied early fusion to the resulting feature subsets from the two modalities (the
feature subsets were concatenated into a common feature vector) and finally, a new RF
model was trained with the use of the concatenated feature vector.

It should be noted that for Models 2-5, variables not specifically related to measurements
from the left or right hemisphere (e.g. AGE, MMSE_bl, CSF, WM.hypointensities, etc.) were
assigned to both modalities (left and right), before the feature selection process.

Finally, for the prediction of unknown cases based on the outputs of the ensemble’s models,
a majority voting scheme was applied, meaning that the predicted class was the one that
received the highest number of votes by the ensemble’s models. In the case of ties, the class
with the highest probability estimate (provided by any of the models) was selected as the final
prediction.

Our code for the experiments was written in R3. All RF models were developed using the
randomForest* package, while for the construction of the SVM models, the e1071° package
was used.

https://www.r-project.org/
4 https://cran.r-project.org/web/packages/randomForest/index.html

https://cran.r-project.org/web/packages/e1071/index.html
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3  Experimental results

3.1 Experimental setup

With respect to the RF parameters that we used in the experiments, the number of trees for
each RF model was empirically set (based on the OOB error estimate), while for each RF model
and for each node split during the growing of a tree, the number k of the subset of variables
used to determine the best split was set based on repeated 10-fold cross-validation that was
performed using the caret® package. Based on the aforementioned, the following parameter
values were used for the RF models of the ensemble:

e Model 1: Number of trees = 2000, k = 53
e Models 2/3: Number of trees = 2000, k = +/m (where m is the total number of features)
e Model 5: Number of trees = 1000, k =9

Regarding the threshold values for the Gini importance measure during the feature selection
process in all RF models, the following values were used: 0.5 for Model 1, 0.75 for Models
2/3/4 and 4 for Model 5.

Finally, as already mentioned (Section 2.4.3), in Model 4, Support Vector Machine (SVM)
classification models were trained for the two modalities/ final feature subsets. Specifically,
for the left modality’s SVM model, a polynomial kernel was used, while a radial basis function
(Gaussian) kernel was used for the right modality’s model. The aforementioned kernel types,
as well as the parameter values for the two SVM models, were determined with the use of
repeated 10-fold cross-validation (using the caret package). Specifically, for the left modality’s
SVM model, the parameters degree and scale were set to 3 and 0.01, respectively, while for

the right modality’s SVM model, the parameter sigma was set to 0.0163.

3.2 Selected Features Extraction

In Table 2, the selected features (with the use of the Gini importance measure) for each

model of the ensemble are provided. We can notice that 53 features were selected for Model

https://cran.r-project.org/web/packages/caret/index.html
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1, 67 for Models 2/3/4, 41 for the left and right modality, respectively, and 9 features were

selected in the context of Model 5.

Table 2: Selected features (based on the Gini importance measure) for each classification
model of the ensemble

Classification
model

Selected features

Model 1

“AGE”, “MMSE_bl”, “Left.Inf.Lat.Vent”, “Left.Cerebellum.Cortex”, “Left.Hippocampus”, “CSF”,
“Left.VentralDC”, “Left.vessel”, “Right.Inf.Lat.Vent”, “Right.Cerebellum.Cortex”,
“Right.Hippocampus”, “Right.Amygdala”, “X5th.Ventricle”,
“Ih_lateralorbitofrontal_thickness”, “lh_medialorbitofrontal_thickness”,
“Ih_middletemporal_thickness”, “lh_parstriangularis_thickness”,

n u n u

“Ih_posteriorcingulate_thickness”, “rh_entorhinal_thickness”, “rh_pericalcarine_thickness”,

n u ” o u

“rh_posteriorcingulate_thickness”, “rh_precentral_thickness”, “rh_insula_thickness”,
“lh_medialorbitofrontal_area”, “Ih_parsorbitalis_area”, “Ih_temporalpole_area”,

n o«

“rh_paracentral_area”, “rh_transversetemporal_area”, “Ilh_entorhinal_volume”,

7” o u

“Ih_rostralanteriorcingulate_volume”, “rh_caudalanteriorcingulate_volume”,
“rh_cuneus_volume”, “rh_entorhinal_volume”, “rh_rostralanteriorcingulate_volume”,
“rh_transversetemporal_volume”, “lh_fusiform_thicknessstd”,
“Ilh_parahippocampal_thicknessstd”, “Ih_paracentral_thicknessstd”,
“Ih_posteriorcingulate_thicknessstd”, “rh_medialorbitofrontal_thicknessstd”,
“rh_precentral_thicknessstd”, “rh_temporalpole_thicknessstd”, “rh_insula_thicknessstd”,
“Ilh_frontalpole_meancurv”, “rh_lateraloccipital_meancurv”,
“rh_medialorbitofrontal_meancurv”, “left_presubiculum”,
“Right.Hippocampus_hipposubfields”, “left_CA1”, “right_presubiculum”, “right_CA2_3”,
“right_subiculum”, “right_CA4 DG"

Models 2/3/4

Left modality: “AGE”, “MMSE_bl”, “Left.Lateral.Ventricle”, “Left.Inf.Lat.Vent”,
“Left.Cerebellum.Cortex”, “Left.Pallidum”, “X3rd.Ventricle”, “Left.Hippocampus”,
“Left.Amygdala”, “CSF”, “Left. Accumbens.area”, “Left.VentralDC", “Left.vessel”,
“Left.choroid.plexus”, “WM.hypointensities”, “non.WM.hypointensities”, “SubCortGrayVol”,
“BrainSegVol.to.eTIV”, “MaskVol.to.eTIV”, “Ih_bankssts_thickness”,
“Ih_caudalmiddlefrontal_thickness”, “Ih_entorhinal_thickness”,
“Ih_inferiorparietal_thickness”, “Ih_inferiortemporal_thickness”,
“Ih_isthmuscingulate_thickness”, “Ih_lateraloccipital_thickness”,
“Ih_medialorbitofrontal_thickness”, “Ih_middletemporal_thickness”,
“Ih_parahippocampal_thickness”, “lh_parstriangularis_thickness”,
“Ih_posteriorcingulate_thickness”, “lh_precuneus_thickness”,
“Ih_rostralanteriorcingulate_thickness”, “Ih_superiorfrontal_thickness”,
“Ih_superiortemporal_thickness”, “Ilh_MeanThickness_thickness”, “Ih_entorhinal_area”,
“Ih_inferiortemporal_area”, “lh_bankssts_volume”, “Ih_entorhinal_volume”,
“Ih_fusiform_volume”, “Ih_inferiorparietal_volume”, “Ih_inferiortemporal_volume”,
“Ih_middletemporal_volume”, “Ih_parahippocampal_volume”, “Ilh_supramarginal_volume”,
“Ih_bankssts_thicknessstd”, “Ih_caudalmiddlefrontal_thicknessstd”,
“Ih_entorhinal_thicknessstd”, “Ih_parahippocampal_thicknessstd”,
“Ih_paracentral_thicknessstd”, “lh_posteriorcingulate_thicknessstd”,
“Ih_rostralanteriorcingulate_thicknessstd”, “lh_superiorfrontal_thicknessstd”,
“Ih_insula_thicknessstd”, “Ih_fusiform_meancurv”, “Ih_inferiorparietal_meancurv”,
“Ih_inferiortemporal_meancurv”, “Ih_medialorbitofrontal_meancurv”,
“Ih_frontalpole_meancurv”, “Left.Hippocampus_hipposubfields”, “left_presubiculum”,
“left_CA1”, “left_CA2_3", “left_fimbria”, “left_subiculum”, “left_ CA4 DG"
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Right modality: “AGE”, “MMSE_bl”, “CSF”, “Right.Lateral.Ventricle”, “Right.Inf.Lat.Vent”,
“Right.Cerebellum.White.Matter”, “Right.Cerebellum.Cortex”, “Right.Hippocampus”,

n u ” o«

“Right.Amygdala”, “rh_entorhinal_thickness”, “rh_pericalcarine_thickness”,

n u n o«

“rh_posteriorcingulate_thickness”, “rh_insula_thickness”, “rh_paracentral_area”,

n o«

“rh_supramarginal_area”, “rh_transversetemporal_area”,

n u

“rh_caudalanteriorcingulate_volume”, “rh_entorhinal_volume”,

n u

“rh_rostralanteriorcingulate_volume”, “rh_supramarginal_volume”,
“rh_transversetemporal_volume”, “rh_isthmuscingulate_thicknessstd”,
“rh_medialorbitofrontal_thicknessstd”, “rh_parahippocampal_thicknessstd”,
“rh_pericalcarine_thicknessstd”, “rh_precentral_thicknessstd”,
“rh_temporalpole_thicknessstd”, “rh_insula_thicknessstd”, “rh_bankssts_meancurv”,

2

“rh_caudalanteriorcingulate_meancurv”, “rh_inferiorparietal_meancurv”,
“rh_lateraloccipital_meancurv”, “rh_medialorbitofrontal_meancurv”,
“rh_transversetemporal_meancurv”, “Right.Hippocampus_hipposubfields”,
“right_presubiculum”, “right_CA1”, “right_CA2_3", “right_fimbria”, “right_subiculum”,

“right_CA4_DG”

Model 5

“AGE”, “MMSE_bl”, “Ih_medialorbitofrontal_thickness”, “Ih_parahippocampal_thicknessstd”,

” u ” u

“left_presubiculum”, “rh_entorhinal_thickness”, “rh_temporalpole_thicknessstd”,

” o u

“rh_lateraloccipital_meancurv”, “right_subiculum”

[Table 2 around here]

In Figure 3, boxplots for 5 features (for each diagnosis class) that were selected as

important in all classification models of the ensemble are depicted:
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Figure 3: Boxplots for 5 features (for each diagnosis class), selected as important in all
models of the ensemble

[Figures 3 around here]

The confusion matrix for the predictions of the 160 test set subjects (without the 340
dummy subjects) can be seen in Table 3, while in Table 4, more detailed results (in terms of
precision, recall and F-score measures for each class, their corresponding macro-averaged

values and accuracy) with respect to the ensemble’s performance on the test set are provided:
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Table 3: Confusion matrix for the predictions of the 160 subjects of the test set (without the
340 dummy test subjects)

Class HC predicted MCI predicted AD predicted cMClI predicted
HC real 24 9 1 6
MCI real 14 14 7 5
AD real 0 0 38 2
cMCl real 5 8 4 23

[Table 3 around here]

From the results in Table 4, we notice that our classification ensemble achieves an
accuracy of 61.9% (the best performance achieved in the neuroimaging challenge), as well
as macro-averaged values of 60.2%, 61.9% and 60.5% for the precision, recall and F-score
measures, respectively. The best performance is achieved for the class “AD” (precision 76.0%,
recall 95.0%, F-score 84.4%), while the worst results are attained for the “MCI” class
(precision 45.1%, recall 35.0% and F-score 39.4%).

Table 4: Test set results

Class Precision| Recall [F-score
HC 55.8% | 60.0% | 57.8%
MCI 45.1% | 35.0% | 39.4%
AD 76.0% | 95.0% | 84.4%

cMCl 63.8% | 57.5% | 60.5%

a“c::;:e 60.2% | 61.9% | 60.5%
Accuracy 61.9%

[Table 4 around here]
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Discussion

In the present study, we managed to achieve a high level of classification accuracy in a
blind dataset working for the first time in a four-class AD-based problem. In the feature space,
we added morphological MRI-based features that in recent years have been shown to increase
classification accuracy for the automatic diagnosis of AD, such as cortical thickness,
subcortical volumes and hippocampal subfields (Desikan et al., 2009; Vasta et al., 2016; de
Vos et al., 2016). Regarding the classification strategy, we adopted an RF approach, designing
various models for a better learning of the feature space in the internal dataset, thus improving
the generalization of the whole model. Then, we performed classification using the selected
feature set from the training set to the blind testing dataset. We achieved a 61.9% classification
performance for the simultaneously discrimination of four groups (HC, MCI, cMCI and AD).
It is the very first time in the literature where classification is performed simultaneously in a
four AD-based class problem using MRI.

Regarding the modalities, many studies focusing on predictive biomarkers for either
AD or MCI or both conditions investigated structural MRI data alone (Lebedev et al., 2014;
Moradi et al., 2015; Nanni et al., 2016 ; Salvatore et al., 2015,2016 ; Ardekani et al., 2017;
Lebedeva et al., 2017) or combined with features extracted from other modalities, like FDG-
PET (Gray et al., 2013; Sivapriya et al., 2015), florbetapir-PET (Wang et al., 2016), FLAIR
(Oppedal et al., 2015) and fMRI (Tripoliti et al., 2007; Son et al., 2017).

Focusing on the cohort diagnosis and the targeted groups, two studies (Tripoliti et al.,
2007; Lebedev et al., 2014) investigated Alzheimer’s patients (AD) and healthy controls (HC),
four studies (Cabral et al., 2013; Sivapriya et al., 2015; Maggipinto et al., 2017; Son et al.,
2017) examined AD, HC and Mild Cognitive Impairment (MCI), two studies (Gray et al., 2013;
Moradi et al., 2015) considered AD, HC, stable MCI (sMCI) and progressive MCI (pMCl,
converted to AD), two had sMCI and pMCI (Wang et al., 2016; Ardekani et al., 2017), one had
HC and MCI (Lebedeva et al., 2017) and one (Oppedal et al., 2015) had AD, HC and Lewy-
body dementia (LBD) patients.

A total of eight studies (Tripoliti et al., 2007; Cabral et al., 2013; Lebedev et al., 2014;
Moradi et al., 2015; Sivapriya et al., 2015; Ardekani et al., 2017; Lebedeva et al., 2017;
Maggipinto et al., 2017) applied a feature selection strategy for reducing the dimension of the
variables space. In two out of eight cases, the number of trees used in the RF was not specified
(Moradi et al., 2015, Son et al., 2017).
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Finally, the reported classification accuracies for binary classifiers were: 64.63% for
HC-AD (Cabral et al., 2013), HC-AD: 89% / HC-MCI: 74.6% / SMCI-pMCI: 58.4% (Gray et
al., 2013), HC-AD: 90.3% (Lebedev et al., 2014) and sMCI-pMCI: 82% (Moradi et al., 2015).
Two studies that adopted multi-class classifiers reported 96.3% classification accuracy for HC-
MCI-AD: (Sivapriya et al., 2015) and 87% for HC-LBD-AD (Oppedal et al., 2015). However,
both of them used multimodal features, in contrast to only MRI-based studies.

A recent multi-class study based on MRI reported a classification accuracy of ~60%
for HC-MCI-AD using a regularized extreme learning machine and PCA for feature selection
(Lama et al., 2017). The whole approach was based on an internal cross-validation scheme
without attempting to classify a second external blind dataset. In our study, we outperformed
the best reported single-modality classification performance for HC-MCI-AD focusing on the
distinction of MCI to cMIC-MCI.

In this study, we applied early fusion as well as late fusion strategies based on RF’s
operational features, namely the OOB error and proximity ratios. For the prediction of an
unknown case, the RF models provide probability estimates per class for that case based on a
weighting fusion strategy (Liparas et al., 2014). We built in total five models by splitting the
feature space in the left and right hemispheres. Finally, for the prediction of unknown cases
based on the outputs of the ensemble’s models, a majority voting scheme was applied, meaning
that the predicted class was the one that received the highest number of votes by the ensemble’s
models. Finally, the class with the highest probability estimate (provided by any of the models)
was selected as the final prediction. This is the very first time that such an RF-based scheme
was performed and particularly an automatic multi-class classification scheme tailored to
Alzheimer’s disease and structural MRI modality.

The most discriminative structural features were the following: age, MMSE scores, the
thickness of the right entorhinal thickness, right temporal pole thickness and the right medial
orbitofrontal cortex thickness. Right entorhinal atrophy has been revealed as a consequence of
frontotemporal dementia and Alzheimer’s disease (Frisoni et al., 1999). Thickness of the right
temporal pole has been linked to the lateralization effect of semantic dementia (Kumfor et al.,
2016) while the thickness of the right medial orbitofrontal cortex is a key brain area that
differentiates the prodromal stage of AD from normal aging (Blanc et al., 2015).

It is important to underline here that both training and testing datasets were age-
matched. We employed age as a possible feature among the MMSE and MRI-based on the
assumption that the synergy with morphological properties could play a key role in the

improvement of classification accuracy. A recent study explored the synergy of age and APOE
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for predicting progression from MCI to AD (Korolev et al., 2017). Another study demonstrated
a Bayesian model for the early prediction and early diagnosis of AD (Alexiou et al., 2017). We
hypothesize that age will have a weaker relation to a prediction model, e.g. for the conversion
of MClI to AD for a group, following a physical and cognitive intervention.

RF has been successfully applied to a wide range of disciplines and several studies that
make use of RF in the neuroscience domain can be mentioned. For instance, Ramirez et al.
(2010) presented a computer aided diagnosis (CAD) method for the early detection of the
Alzheimer’s disease (AD), based on partial least square (PLS) regression for feature extraction
and RF for single photon emission computed tomography (SPECT) image classification. The
experimental results of their study showed that the proposed PLS-RF system’s generalization
error converges to a limit as the number of trees in the RF model increases and is affected by
the strength of the trees in the model, as well as the correlation between them. In another study,
Smith et al. (2013) performed prediction of the concentrations of 9 neurochemicals in the
vestibular nucleus complex and cerebellum by means of Random Forest regression (RFR) and
compared the results with those of multiple linear regression (MLR). In general, the
experimental results demonstrated the superiority of MLR over RFR in terms of predictive
value and error. Nevertheless, an interesting conclusion of the study was that RFR can still
have good predictive value in certain cases. Lebedev et al. (2014) investigated the effectiveness
of RF classifier ensembles in the detection and prediction of AD in terms of accuracy and
between-cohort robustness. The ensembles were trained with the use of different structural
MRI measures and they resulted in significantly better classification performance compared to
the reference model (linear Support Vector Machine). Finally, McKinley et al. (2016) proposed
a method, called fully automated stroke tissue estimation using random forest classifiers
(FASTER), which estimates the penumbra (tissue-at-risk) volume in the context of ischemic
stroke treatment. The method utilizes multimodal MRI in order to predict tissue damage in the
case of persistent occlusion, as well as of complete recanalization.

A recent systematic review of RF algorithms tailored to the classification of
neuroimaging data in AD underlines the limitations of single modalities, the best accuracies of
multimodal imaging and overfitting (Sarica et al., 2017). Finally, they suggested the need for
the use of machine learning techniques for the early prediction of the progression from MCI to
AD.

Complementary to the aforementioned structural features, hippocampal volume has
been listed high in the ranking of features. Hippocampal volume plays a key role in early

dementia and cognitive decline. Hippocampal atrophy is higher in AD compared to MCI and
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healthy controls (Heiyer el al., 2010). Hippocampal volumes were also inversely correlated
with age in older healthy controls while in Alzheimer’s disease hippocampal atrophy in the
body and tail of overlap with atrophy was also observed in healthy controls. In contrast, the
atrophy in the anterior and dorsal CA1 subfield involved in Alzheimer’s disease was not found
in normal ageing (Frisoni et al., 2008). Parcellating the hippocampus with Freesurfer 6.0 will
increase the distinction of atrophy between healthy control and Alzheimer’s disease patients

and also in mild cognitive impairment subgroups (Iglesias et al., 2015).

Limitations of the Study

In the current study, we attempted to predict the labels of an unknown dataset in a four-
class problem. We achieved a classification accuracy of 61.9%, which is low for a classification
performance, especially for AD, but the best till now in the literature. This open competition
with a common starting point for every team underlined the limitations of a single imaging
modality in the construction of a reliable biomarker that can track every pre-stage of AD and
distinguishes MCI from cMCI. It is vital in the near future to combine features from multimodal
imaging with genetic risk for AD (Foley et al.,2017), various neuropsychological estimates and
also complementary features, such as living habits (Alexiou et al., 2017), for the design of a
better early diagnostic model for Alzheimer’s disease. To reveal the complementary
information shared between every group of features in a final model and also their causal role,
accelerated longitudinal studies are very important (Teipel et al., 2015). We strongly believe
that the current methodology could be a substrate to fuse multimodal features and to further
predict the clinical status of an unknown dataset.

In the future, we will attempt to use the same methodological approach, focusing also
on subjects with a longer follow-up period with main scope to improve the sensitivity of our
algorithm in discriminating stable vs progressive MCI subjects (Lebedev et al., 2014). In
addition, we will extract features from static and dynamic functional brain networks, based on
resting-state fMRI recordings for building multi-modal biomarkers.

Conclusions
Our methodology based on RF and structural MRI features produces the highest
classification accuracy for a multi-class AD-based problem. It is the very first study that

attempted to simultaneously classify four classes (HC, cMCI, MCI, AD), and achieved a
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classification accuracy of 61.9% in a blind external validation dataset. Our approach could be

useful also for multimodal biomarkers focusing on novel and robust AD biomarkers.

Acknowledgement

We would like to thank the anonymous reviewers for their valuable comments that further
improved the quality of the manuscript. SID was supported by a MRC grant MR/K004360/1
(Behavioural and Neurophysiological Effects of Schizophrenia Risk Genes: A Multi-locus,
Pathway Based Approach). SID is also supported by a MARIE-CURIE COFUND EU-UK
Research Fellowship.

23



References

Alexiou A, Mantzavinos VD, Greig NH, Kamal MA. A Bayesian Model for the Prediction and
Early Diagnosis of Alzheimer’s Disease. Frontiers in Aging Neuroscience. 2017;9:77.
d0i:10.3389/fnagi.2017.00077.

Ardekani, B.A., Bermudez, E., Mubeen, A.M., Bachman, A.H., and Alzheimer's Disease 505
Neuroimaging, I. (2017). Prediction of Incipient Alzheimer's Disease Dementia in Patients
with Mild 506 Cognitive Impairment. J Alzheimers Dis 55, 269-281.

Belle, A., Kon, M.A., Najarian, K., 2013. Biomedical informatics for computer-aided decision
support  systems: a  survey.  TheScientificWorldJournal 2013,  769639.
http://dx.doi.org/10.1155/2013/76963923431259.

Blanc F, Colloby SJ, Philippi N, de Petigny X, Jung B, Demuynck C, et al. Cortical thickness
in dementia with Lewy bodies and Alzheimer’s disease: a comparison of prodromal and
dementia stages. PLoS One. 2015;10(6), e0127396

Breiman, L. Random Forests. Machine Learning, 45(1), pp. 5-32 (2001).

Bron EE, Smits M, van der Flier WM, Vrenken H, Barkhof F,Scheltens P, Papma JM, Steketee
RME, Orellana CM, MeijboomR, Pinto M, Meireles JR, Garrett C, Bastos-Leite AJ,
AbdulkadirA, Ronneberger O, Amoroso N, Bellotti R, C_ardenas-Pe~na D, Alvarez-Meza
AM, Dolph CV, Iftekharuddin KM, Eskildsen SF,Coup_e P, Fonov VS, Franke K, Gaser C,
Ledig C, Guerrero R,Tong T, Gray KR, Moradi E, Tohka J, Routier A, Durrleman S,Sarica
A, Di Fatta G, Sensi F, Chincarini A, Smith GM,Stoyanov ZV, Sgrensen L, Nielsen M,
Tangaro S, Inglese P,Wachinger C, Reuter M, van Swieten JC, Niessen WJ, Klein S (2015):
Standardized evaluation of algorithms for computeraideddiagnosis of dementia based on
structural MRI: TheCADDementia challenge. Neuroimage 111:562-579.

Cuingnet R, Gerardin E, Tessieras J, Auzias G, Leh_ericy S, HabertMO, Chupin M, Benali H,
Colliot O (2011): Automatic classification of patients with Alzheimer’s disease from
structuralMRI: A comparison of ten methods using the ADNI database.Neuroimage
56:766-781.

Davatzikos C, Bhatt P, Shaw LM, Batmanghelich KN, TrojanowskiJQ (2011): Prediction of
MCI to AD conversion, via MRI, CSF biomarkers, and pattern classification. Neurobiol
Aging 32:2322.e19-2322.e27.

De Jong LW, Van Der Hiele K, Veer IM, Houwing JJ, Westendorp RGJ, Bollen ELEM, De
Bruin PW, Middelkoop HaM, Van Buchem Ma, Van Der Grond J (2008): Strongly reduced

24


http://dx.doi.org/10.1155/2013/76963923431259

volumes of putamen and thalamus in Alzheimer’s disease: An MRI study. Brain 131:3277—
3285.

de Vos, F., Schouten, T. M., Hafkemeijer, A., Dopper, E. G., van Swieten, J. C., de Rooij, M.,
et al. (2016). Combining multiple anatomical MRI measures. improves Alzheimer’s disease
classification. Hum. Brain Mapp. 37, 1920-1929. doi: 10.1002/hbm.23147

Dyrba M, Barkhof F, Fellgiebel A, Filippi M, Hausner L,Hauenstein K, Kirste T, Teipel SJ
(2015a): Predicting prodromal Alzheimer’s disease in subjects with mild cognitive
impairment using machine learning classification of multimodal multicenter diffusion-
tensor and magnetic resonance imaging data. J Neuroimaging 25:738—747.

Dyrba M, Grothe M, Kirste T, Teipel SJ (2015b): Multimodal analysis of functional and
structural disconnection in Alzheimer’s disease using multiple kernel SVM. Hum Brain
Mapp 36:2118-2131.

Foley SF, Tansey KE, Caseras X, et al. Multimodal Brain Imaging Reveals Structural
Differences in Alzheimer’s Disease Polygenic Risk Carriers: A Study in Healthy Young
Adults. Biological Psychiatry. 2017;81(2):154-161. doi:10.1016/j.biopsych.2016.02.033.

Frisoni GB!, Laakso MP, Beltramello A, Geroldi C, Bianchetti A, Soininen H, Trabucchi
M.Hippocampal and entorhinal cortex atrophy in frontotemporal dementia and Alzheimer's
disease. Neurology. 1999 Jan 1;52(1):91-100.

Frisoni GB, Ganzola R, Canu E, et al. Mapping local hippocampal changes in Alzheimer's
disease and normal ageing with MRI at 3 Tesla. Brain. 2008;131:3266-3276.

Frisoni GB, Fox NC, Jack CR, Scheltens P, Thompson PM (2010):The clinical use of structural
MRI in Alzheimer disease. Nat Rev Neurol 6:67—77.

Gray, K.R., Aljabar, P., Heckemann, R.A., Hammers, A., Rueckert, D., Alzheimer3s Disease
Neuroimaging Initiative, 2013. Random forest-based similarity measures for multimodal
classification of Alzheimer3s disease. Neuroimage 65, 167-175.
http://dx.doi.rg/10.1016/j.neuroimage.2012.09.06523041336.

TD, Fedde van der Lijn, Peter J. Koudstaal,Albert Hofman,Aad van der Lugt ,Gabriel P.

Krestin,Wiro J. Niessen and Monique M. B. Breteler. A 10-year follow-up of hippocampal
volume on magnetic resonance imaging in early dementia and cognitive decline. Brain
(2010) 133 (4): 1163-1172.DOI:https://doi.org/10.1093/brain/awq048
Hutton C, Draganski B, Ashburner J, Weiskopf N (2009): A comparison between voxel-based
cortical thickness and voxel based morphometry in normal aging. Neuroimage 48:371-380.
Jahn H. Memory loss in Alzheimer’s disease. Dialogues in Clinical Neuroscience.

2013;15(4):445-454.

25


https://www.ncbi.nlm.nih.gov/pubmed/?term=Frisoni%20GB%5BAuthor%5D&cauthor=true&cauthor_uid=9921854
https://www.ncbi.nlm.nih.gov/pubmed/?term=Laakso%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=9921854
https://www.ncbi.nlm.nih.gov/pubmed/?term=Beltramello%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9921854
https://www.ncbi.nlm.nih.gov/pubmed/?term=Geroldi%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9921854
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bianchetti%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9921854
https://www.ncbi.nlm.nih.gov/pubmed/?term=Soininen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9921854
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trabucchi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9921854
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trabucchi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9921854
https://www.ncbi.nlm.nih.gov/pubmed/9921854
http://dx.doi.rg/10.1016/j.neuroimage.2012.09.06523041336
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1093/brain/awq048

Iglesias, J.E., Augustinack, J.C., Nguyen, K., Player, C.M., Player, A., Wright, M., Roy, N.,
Frosch, M.P., McKee, A.C., Wald, L.L., Fischl, B., and Van Leemput, K. A computational
atlas of the hippocampal formation using ex vivo, ultra-high resolution MRI: Application to
adaptive segmentation of in vivo MRI. Neuroimage, 115, July 2015, 117-137.

Kalin AM?, Park MT?, Chakravarty MM?, Lerch JP% Michels L®, Schroeder C!, Broicher
SD®, Kollias S, Nitsch RM?, Gietl AF!, Unschuld PG!, Hock C!, Leh SE!. Subcortical
Shape Changes, Hippocampal Atrophy and Cortical Thinning in Future Alzheimer's Disease
Patients. Front Aging Neurosci. 2017 Mar 7;9:38. doi: 10.3389/fnagi.2017.00038.
eCollection 2017.

Karas GB, Scheltens P, Rombouts SaRB, Visser PJ, Van SchijndelRa, Fox NC, Barkhof F
(2004): Global and local gray matter loss in mild cognitive impairment and Alzheimer’s
disease.Neuroimage 23:708-716.

Korolev 10, Symonds LL, Bozoki AC, Alzheimer’s Disease Neuroimaging Initiative. Predicting
Progression from Mild Cognitive Impairment to Alzheimer’s Dementia Using Clinical, MRI, and

Plasma Biomarkers via Probabilistic Pattern Classification. Herholz K, ed. PLoS ONE.
2016;11(2):e0138866. doi:10.1371/journal.pone.0138866.

Kumfor F, Landin-Romero R, Emma Devenney, Rosalind Hutchings, Roberto Grasso,1 John
R. Hodges and Olivier Piguet.On the right side? A longitudinal study of left- versus right-
lateralized semantic dementia.BRAIN 2016: 139; 986-998

Lama R.K., Jeonghwan Gwak,Jeong-Seon Park,and Sang-Woong Lee .Diagnosis of
Alzheimer's Disease Based on Structural MRI Images Using a Regularized Extreme
Learning Machine and PCA Features. J Healthc Eng. 2017; 2017: 5485080.

Lebedev AV, Westman E, Van Westen GJ, et al, and the Alzheimer’s Disease Neuroimaging
Initiative and the AddNeuroMed consortium. Random Forest ensembles for detection and
prediction of Alzheimer’s disease with a good between-cohort robustness. Neuroimage Clin
2014; 6: 115-25.

Lebedeva, A.K., Westman, E., Borza, T., Beyer, M.K., Engedal, K., Aarsland, D., Selbaek, G.,
and 554 Haberg, A.K. (2017). MRI-Based Classification Models in Prediction of Mild
Cognitive Impairment 555 and Dementia in Late-Life Depression. Front Aging Neurosci 9,
13.

Lerch JP, Pruessner JC, Zijdenbos A, Hampel H, Teipel SJ, EvansAC (2005): Focal decline of
cortical thickness in Alzheimer’s disease identified by computational neuroanatomy. Cereb

Cortex15:995-1001.

26


https://surfer.nmr.mgh.harvard.edu/fswiki/McKee
http://www.nmr.mgh.harvard.edu/~iglesias/pdf/subfieldsNeuroimage2015preprint.pdf
http://www.nmr.mgh.harvard.edu/~iglesias/pdf/subfieldsNeuroimage2015preprint.pdf
http://www.nmr.mgh.harvard.edu/~iglesias/pdf/subfieldsNeuroimage2015preprint.pdf
https://www.ncbi.nlm.nih.gov/pubmed/?term=K%C3%A4lin%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chakravarty%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lerch%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Michels%20L%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schroeder%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Broicher%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Broicher%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kollias%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nitsch%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gietl%20AF%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Unschuld%20PG%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hock%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leh%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=28326033
https://www.ncbi.nlm.nih.gov/pubmed/28326033
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lama%20RK%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gwak%20J%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20JS%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20SW%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5494120/

Liparas, D., HaCohen-Kerner, Y., Moumtzidou, A., Vrochidis, S., Kompatsiaris, 1. News
articles classification using Random Forests and weighted multimodal features. Information
Retrieval Facility Conference, pp. 63-75, Springer (2014).

McKinley, R., Hani, L., Gralla, J., EI-Koussy, M., Bauer, S., Arnold, M., Fischer, U., Jung, S.,
Mattmann, K., Reyes, M., Wiest, R. Fully automated stroke tissue estimation using random
forest classifiers (FASTER). Journal of Cerebral Blood Flow & Metabolism,
p.0271678X16674221 (2016).

Mendez MF, (2012). "Early-onset Alzheimer's disease: nonamnestic subtypes and type 2
AD". Archives of Medical Research. 43 (8): 677-85.

Menze, B.H., Kelm, B.M., Masuch, R., Himmelreich, U., Bachert, P., Petrich, W., Hamprecht,
F.A. A comparison of random forest and its Gini importance with standard chemometric
methods for the feature selection and classification of spectral data. BMC bioinformatics,
10(1), p.213 (2009).

Moradi, E., Pepe, A., Gaser, C., Huttunen, H., Tohka, J., and Alzheimer's Disease
Neuroimaging, I. 571 (2015). Machine learning framework for early MRI-based
Alzheimer's conversion prediction in MCI 572 subjects. Neuroimage 104, 398-412

Morra JH, Tu Z, Apostolova LG, E A, Avedissian C, Madsen SK, Parikshak N, Hua X, Toga
AW, Jr CRJ, Schuff N, Weiner MW(2009): Automated 3D mapping of hippocampal
atrophy and its clinical correlates in 400 subjects with Alzheimer’s disease, mild cognitive
impairment, and elderly controls. Brain 30:2766-2788.

Nanni L, Salvatore C, Cerasa A, Castiglioni 1. Combining multiple approaches for the early
diagnosis of Alzheimer’s disease. Pattern Recogn Lett. 2016;84:259—66.

O’Brien, J.T., 2007. Role of imaging techniques in the diagnosis of dementia. British Journal
of Radiology 80 (Spec No 2), S71-S77. http://dx.doi.org/10.1259/bjr/3311732618445747.

Oppedal, K., Eftestol, T., Engan, K., Beyer, M.K., and Aarsland, D. (2015). Classifying
dementia 574 using local binary patterns from different regions in magnetic resonance
images. Int J Biomed 575 Imaging 2015, 572567.

Querbes O, Aubry F, Pariente J, Lotterie J-A, D_emonet J-F, DuretV, Puel M, Berry I, Fort J-
C, Celsis P (2009): Early diagnosis of Alzheimer’s disease using cortical thickness: Impact
of cognitivereserve. Brain 132:2036-2047.

Platt, J. (1999). Probabilistic outputs for support vector machines and comparisons to
regularized likelihood methods. Advances in large margin classifiers, 10(3), 61-74.

Ramirez, J., Gorriz, J.M., Segovia, F., Chaves, R., Salas-Gonzalez, D., Lopez, M., Alvarez, 1.,

Padilla, P. Computer aided diagnosis system for the Alzheimer's disease based on partial

27


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3532551
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3532551
http://dx.doi.org/10.1259/bjr/3311732618445747

least squares and random forest SPECT image classification. Neuroscience letters, 472(2),
pp. 99-103 (2010).
Salvatore C, Battista P, Castiglioni I.Frontiers for the Early Diagnosis of AD by Means of MRI
Brain Imaging and Support Vector Machines. Curr Alzheimer Res. 2016;13(5):509-33.
Salvatore C,Cerasa A, Battista P, Gilardi MC, Quattrone A, Castiglioni | “ and the Alzheimer's
Disease Neuroimaging InitiativeMagnetic resonance imaging biomarkers for the early
diagnosis of Alzheimer's disease: a machine learning approach. Front. Neurosci., 01
September 2015 | https://doi.org/10.3389/fnins.2015.00307

Sarica A, Giuseppe Di Fatta, Cannataro M. “K-Surfer: A KNIME Extension for the

Management and Analysis of Human Brain MRI FreeSurfer/FSL Data.” Brain Informatics
and Health. Springer International Publishing, 2014. 481-492.

Sarica A, Cerasa A,Quattrone A. Random Forest Algorithm for the Classification of
Neuroimaging Data in Alzheimer's Disease: A Systematic Review. Front. Aging Neurosci.,
06 October 2017 | https://doi.org/10.3389/fnagi.2017.00329

Scher al, Xu Y, Korf ESC, White LR, Scheltens P, Toga aW, Thompson PM, Hartley SW,

Witter MP, Valentino DJ, Launer LJ (2007): Hippocampal shape analysis in Alzheimer’s
disease: A population-based study. Neuroimage 36:8-18.

Schouten TM, Loitfelder M, de Vos F, Seiler S, van der Grond J,Lechner A, Hafkemeijer A,
Meéoller C, Schmidt R, de Rooij M, Rombouts SARB (2016): Combining anatomical,
diffusion, and resting state functional magnetic resonance imaging for individual
classification of mild and moderate Alzheimer’s disease. Neurolmage Clin 11:46-51.

Schwarz CG, Gunter JL, Wiste HJ, et al. A large-scale comparison of cortical thickness and
volume methods for measuring Alzheimer’s disease severity. Neuroimage 2016; 11: 802—
12

Seeley WW, Crawford RK, Zhou J, Miller BL, Greicius MD (2009):Neurodegenerative
diseases target large-scale human brain networks. Neuron 62:42-52.

Sivapriya, T.R., Kamal, A.R., and Thangaiah, P.R. (2015). Ensemble Merit Merge Feature
Selection for Enhanced Multinomial Classification in Alzheimer's Dementia. Comput Math
Methods Med 584 2015, 676129

Smith, P.F., Ganesh, S., Liu, P. A comparison of random forest regression and multiple linear
regression for prediction in neuroscience. Journal of neuroscience methods, 220(1), pp. 85-
91 (2013).

Son, S.J., Kim, J., and Park, H. (2017). Structural and functional connectional fingerprints in

mild 586 cognitive impairment and Alzheimer's disease patients. PLoS One 12, e0173426.

28


https://www.ncbi.nlm.nih.gov/pubmed/?term=Salvatore%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26567735
https://www.ncbi.nlm.nih.gov/pubmed/?term=Battista%20P%5BAuthor%5D&cauthor=true&cauthor_uid=26567735
https://www.ncbi.nlm.nih.gov/pubmed/?term=Castiglioni%20I%5BAuthor%5D&cauthor=true&cauthor_uid=26567735
https://www.ncbi.nlm.nih.gov/pubmed/26567735
https://doi.org/10.3389/fnins.2015.00307
https://doi.org/10.3389/fnagi.2017.00329

Stivaros, S.M., Gledson, A., Nenadic, G., Zeng, X.J., Keane, J., Jackson, A., 2010. Decision

support systems for clinical radiological practice — towards the next generation. British
Journal of Radiology 83, 904-914. http://dx.doi.org/10.1259/bjr/3362008720965900.

Teipel SJ, Kurth J, Krause B, Grothe MJ (2015): The relative importance of imaging markers
for the prediction of Alzheimer’s diseasedementia in mild cognitive impairment — Beyond
classical regression. Neurolmage Clin 8:583-593.

Tripoliti, E.E., Fotiadis, D.l., and Argyropoulou, M. (2007). A supervised method to assist the
590 diagnosis of Alzheimer's disease based on functional magnetic resonance imaging. Conf
Proc IEEE 591 Eng Med Biol Soc 2007, 3426-3429

Trzepacz PT, Yu P, Sun J, Schuh K, Case M, Witte MM, Hochstetler H, Hake A (2014):
Comparison of neuroimaging modalities for the prediction of conversion from mild
cognitive impairment to alzheimer’s dementia. Neurobiol Aging 35:143-151.

Wang, P., Chen, K., Yao, L., Hu, B., Wu, X,, Zhang, J., Ye, Q., Guo, X., and Alzheimer's
Disease 597 Neuroimaging, I. (2016). Multimodal Classification of Mild Cognitive
Impairment Based on Partial 598 Least Squares. J Alzheimers Dis 54, 359-371.

Westman E, Aguilar C, Muehlboeck JS, Simmons A (2013):Regional magnetic resonance
imaging measures for multivariate analysis in Alzheimer’s disease and mild cognitive
impairment.Brain Topogr 26:9-23.

Wolz R, Julkunen V, Koikkalainen J, Niskanen E, Zhang DP,Rueckert D, Soininen H,
L€otj€onen J (2011): Multi-method analysis of MRI images in early diagnostics of
Alzheimer’s disease.PLoS One 6:1-9.

Zhou, Q., Hong, W., Luo, L., Yang, F. Gene selection using random forest and proximity
differences criterion on DNA microarray data. Journal of Convergence Information
Technology, 5(6), pp.161-170 (2010).

29


http://dx.doi.org/10.1259/bjr/3362008720965900

