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ABSTRACT

A specific pattern of morphological changes in the human brain is
observed during the process of brain development and healthy ag-
ing. The age of subjects can be estimated from brain images by
evaluating such patterns. This paper proposes an age estimation
method using 3-Dimensional Convolutional Neural Network (3D-
CNN) from brain T1-weighted images so as to fully utilize the po-
tential of volume data. Through a set of experiments using over
1,000 T1-weighted images of healthy Japanese, we demonstrate that
the proposed method exhibits better performance on age estimation
than the conventional methods using handcrafted local features and
2D-CNN.

Index Terms— MRI, T1-weighted image, age estimation, brain
aging, deep learning, CNN

1. INTRODUCTION

The statistical analysis of brain MR images has presented that a spe-
cific pattern is observed in brain morphological changes during the
process of brain development and healthy aging. Volumetric changes
of brain tissues, i.e., gray matter (GM), white matter (WM) and
Cerebrospinal fluid (CSF), are observed during the normal aging
process [1, 2, 3, 4]. Taki et al. [4] have demonstrated that GM vol-
ume monotonically decreases, WM volume shows small changes,
and CSF monotonically increases in contrast with GM volume dur-
ing the aging process. This result alows us to estimate the age of
subjects from T1-weighted images, which is one of MR images and
has been used to analyze volumetric changes in brain sciences. In
addition, the analysis between the estimated and actual age might
become a biomarker for early identification and diagnostic support
of age-related brain disorders, since neurodegenerative diseases such
as Alzheimer's disease (AD) have caused the accelerated brain atro-
phy.

There is some literature on age estimation from T1-weighted
images [5, 6, 7, 8]. These methods employ high-order features, all
the voxels or combined information to estimate the age from T1-
weighted images. In addition, only afew hundred MR images have
been used to evaluate the accuracy of methods. We have proposed
two approaches of age estimation [9, 10, 11, 12]. Thefirst approach
[9, 10, 12] employed brain local features defined by regional volume
from 90 or 1,024 local regions of GM, WM and CSF parcellated by
the automated anatomical labeling (AAL) atlas [13, 14]. Relevance
vector regression (RVR) [15] was used to construct the age estima-
tion model. The second approach [11] employed the 2-Dimensional
Convolutional Neural Network (2D-CNN) to automatically extract

features and estimate the age from T1-weighted images. The 2D-
CNN-based method is higher prediction accuracy than other meth-
ods, while 3D features may not be utilized in age estimation, since
2D convolution was used to extract features from dlice images of
volume data.

In this paper, we propose an age estimation method using 3D-
CNN [16] in order to fully utilize volume data in age estimation.
We consider a new and simple 3D-CNN architecture for age esti-
mation from T1-weighted images and some performance improve-
ment techniques for 3D-CNN. We demonstrate that the proposed
method exhibits efficient performance on age estimation compared
with conventional methods through a set of experiments using T1-
weighted images database collected by Aoba brain image research
center project [17] and Sendai Tsurugaya project.

2. METHOD

The proposed method consists of preprocessing and age estimation.
Thefollowing isthe detail of each step and the training process with
some techniques.

2.1. Preprocessing

Preprocessing has to be applied to T1-weighted images before age
estimation. We empirically confirmed that preprocessing improves
the accuracy of age estimation aswell as2D-CNN [11]. Preprocess-
ing used in the proposed method consists of the following 3 steps.
First, al the T1-weighted images are aligned with the standard tem-
plate, i.e., the ICBM 152 template, using the procedure proposed by
Good et al. [18]. Statistical Parametric Mapping 2 (SPM2)* and
Voxel-Based Morphometry 2 (VBM2)? are used in this step, since
the T1-weighted images used in the experiment are taken by a 0.5T
MR scanner. Note that the newer version of SPM and VBM should
be used when T1-weighted images are taken by a 1.5T or 3.0T MR
scanner. Next, the aligned images are resized to 95 x 79 x 78 vox-
els to reduce the computation time and the memory usage. Finally,
the voxel values are normalized so as to have zero mean and unit
variance.

2.2. Architecture

Fig. 1 shows a 3D-CNN architecture used in the proposed age esti-
mation method. This architecture has 4 convolution blocks consist-
ing of a 3D convolutiona layer (kernel size: 3 x 3 x 3, stride: 1),

1http ://www.fil.ion.ucl.ac.uk/spm/software/spm2/
2http ://dbm.neuro.uni-jena.de/vbm/vbm2-for-spm2/
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Fig. 1. 3D-CNN architecture used in the proposed age eatimation method.

a 3D batch-normalization layer, arectified linear unit (ReLU) acti-
vation layer and a max-pooling layer (kernel size: 2 x 2 x 2, stride:
2). The number of feature channelsis 8, 16, 32, 64 for each block,
respectively. The last 3 layers are fully-connected layers to combine
the feature vectors. The output isa scalar value of the predicted age.
We use TensorFlow and Keras to implement the 3D-CNN architec-
ture in this paper.

2.3. Training

The hyper-parameters used in the experiment are shown in Table
1. This architecture is designed to be simple, taking into account
the large computation time and the large memory usagein 3D-CNN.
The network weights are trained so asto minimize the Mean Squared
Error (M SE) using the Stochastic Gradient Descent (SGD) optimiza-
tion with momentum.

Theloss function L used in the proposed 3D-CNN is defined by
L=+ D (tn =) + Liw? 1)
N Lt ) A

where N is the number of the data, ¢,, is the actual age of the n-th
subject, y,, is the predicted age of the n-th subject, ) is the weight
decay and W istheweightsto betrained. Thelossfunction includes
the regularization term to prevent overfitting in the training. The
regularization term is calculated by the weight decay and L2 norm
of al the weights. The learning rate n) is determined for every epoch
asfollows:

Mo
1T (epoch x decayy)’ &
where o istheinitia value of learning rate, decay, isthe learning
rate decay and epoch is the number of epochs.

All the training data have to be augmented to improve the ac-
curacy of the proposed method. In the proposed method, we em-
ploy the three augmentation methods: (i) flipping, (ii) scaling and
(iii) shifting. Note that the augmentation methods used in the pro-
posed method add only realistic variation to T1-weighted images.
We empirically confirmed that the estimation accuracy is decreased
by other augmentation methods such as rotation, noise, deformation,
etc. The method (i) flips input images horizontally with a proba-
bility of 0.5. The method (ii) randomly crops input images within
[0, 10]-voxel around and resizes it to the original size. The method
(iii) randomly shifts input images within [—8, 8] voxels.

Table 1. Hyper-parameters for the proposed 3D-CNN.

Hyper-parameter Value
Initial value of learning raten,  0.00005
Learning rate decay decayn 0.0001
Weight decay A 0.0005
Batch size 16
Momentum 0.9

3. EXPERIMENTS

This section describes experiments for evaluating the proposed
method using a large-scale dataset.

3.1. Experimental Condition

T1-weighted MR images collected by the Aoba Brain Imaging
Project (Aoba 1) in Sendai, Japan [17] and the Tsurugaya Project
(Tsurugaya 1) in Sendai, Japan are used in the experiment. T1-
weighted images were taken by the same 0.5T MR scanner (Signa
contour, GE-Yokogawa Medical Systems, Tokyo) in both projects,
where theimage sizeis 256 x 256 x 124 voxels. Theimage sizeis
changed to 189 x 157 x 156 voxels after alignment with the ICBM
152 template and then isresized to 95 x 79 x 78 voxels.

The subjects of both projects were al healthy and had neither
present illness nor a history of neurological disease, psychiatric dis-
ease, brain tumor or head injury. 1,101 subjects aged from 20 to
80 years from the dataset are used in the experiment. The age dis-
tribution of images used in the experiment is shown in Fig. 2. We
randomly select 768 subjects for the training data and also select the
remaining 333 subjectsfor test data. We evaluate the accuracy of age
estimation using the Mean Absolute Error (MAE), the Root Mean
Square Error (RMSE) and the correlation coefficient (Coor.). We
compare the estimation accuracy of our proposed method with con-
ventional methods: PCA [7], brain local features [9] and 2D-CNN
[11].

3.2. Experimental Results

We evaluate the training techniques for the proposed method such
as voxel normalization and data augmentation. Fig. 3 shows the
training and testing errors with and without training techniques in
the proposed method. In the case without data augmentation, the
overfitting is observed as shown in Fig. 3 (a) and (c). In the case
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Fig. 3. Training and testing errors with and without training tech-
niques in the proposed method.

without voxel normalization, the loss is not below 5 in the testing,
while that is below 5 in the training as shown in Fig. 3 (a) and
(b). In the case of the combined use of voxel normalization and data
augmentation, there is no overfitting and the 3D-CNN model iswell
trained as shown in Fig. 3 (d).

Table 2 shows a summary of experimenta results. The CNN-
based methods exhibit higher estimation accuracy than the hand-
crafted feature-based methods [7, 9]. The accuracy of the proposed
method is much higher than that of 2D-CNN [11], since the 3D-
CNN-based method can fully utilize volume datain age estimation.

We analyze effective local regionsin the age estimation in order
to discussmedical implication of the experimental result. We add the
random noise to one local region of T1-weighted images and then
estimate the age using the proposed method. If the MAE increases,
the effectiveness of the masked local region is high. If the MAE
decreases, its effectivenessis low. The masked region is determined
by the 90 AAL atlas [13] or the 1,024 AAL atlas [14]. The use
of the above procedure makes it possible to evaluate the effective
local regions in the CNN-based approach although, in generd, it is
difficult for CNN-based approaches to explain which local features

Table 2. Sumarry of experimental results.

Method MAE RMSE Corr.
[y/q] [y/q]
Franke[7] PCA 461 5.90 0.94
Kondo [9] Local features 4.34 5.56 0.94
Huang [11] 2D-CNN 4.04 5.13 0.94
Proposed 3D-CNN 3.67 4,71 0.96
are effective.

Fig. 4 shows effective local regions for each method. Effective
local regions are concentrated in the frontal association area, the
Wernicke's area, the angularis gyrus and the primary motor cortex.
The frontal association area takes on the function of behavioral de-
cision and working memory. The functions of the Wernicke's area
include language comprehension, semantic processing, language
recognition and language interpretation. The angularis gyrus takes
on the functions related to language, spatial cognition, memory
retrieval, attention and theory of mind. The above regions take on
the high-order function compared with other regions, and hence
are impaired with aging. The primary motor cortex exhibits high
effectiveness in age estimation, athough this region takes on the
low-order function. The location of the primary motor cortex is
close to that of the central sulcus. The central sulcus becomes di-
lated by atrophying the frontal area and the primary motor cortex
also becomes dilated which looks like atrophy. On the other hand,
ineffective local regions are concentrated in the parietal lobe and
the occipital lobe. These regions take on the low-order function
and hence are robust against aging. The above result corresponds
to the statistical analysis of age-related morphological changes[19].
The proposed method shows a more clear trend than other meth-
ods, athough all the methods indicate almost the same trend in the
statistical analysis.

4. CONCLUSION

This paper proposed an age estimation method using 3D-CNN from
T1-weighted images. The use of 3D-CNN makes it possible to fully
utilize volume data in age estimation. We demonstrated that the pro-
posed method exhibits efficient performance on age estimation com-
pared with conventional methods through a set of experiments using
the large-scale healthy Japanese MR images. We also investigated
effective local regions in age estimation and demonstrated that our
3D-CNN model would be trained so as to correspond to the statisti-
cal analysis of age-related morphological change. In the future, we
will apply the proposed method to early identification and diagnostic
support of age-related brain disorders such as Alzheimer’s disease.
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