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Abstract—Alzheimer’s Disease (AD) is a progressive memory
disorder that causes irreversible cognitive decline. Recently,
many statistical learning methods have been presented to predict
cognitive declines by using longitudinal imaging data. However,
missing records that broadly exist in the longitudinal neuroimag-
ing data have posed a critical challenge for effectively using these
data in machine learning models. To tackle this difficulty, in
this paper we propose a novel approach to integrate longitudinal
(dynamic) phenotypic data and static genetic data to learn a fixed-
length biomarker representation using the enrichment learned
from the temporal data in multiple imaging modalities. Armed
with this enriched biomarker representation, as a fixed-length
vector per participant, conventional machine learning models
can be used to predict clinical outcomes associated with AD.
We have applied our new method on the Alzheimer’s Disease
Neruoimaging Initiative (ADNI) cohort and achieved promising
experimental results that validate its effectiveness.

Index Terms—Alzheimer’s Disease; Multi-Modal; Longitudinal
Imaging Data; Enrichment

I. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegernative condition
in which people suffer from the progressive deterioration of
cognitive functions such as memory, language, and judgment.
To address this major public health crisis, it is critical to
identify signs of AD at an early stage from both the therapeutic
and research standpoints. Recent works [1]–[3] have analyzed
the progression of AD through the modeling and prediction
of clinical assessments. Furthermore, in the last decade [4],
rich neuroimaging measurements, such as magnetic resonance
imaging (MRI) scans, have been widely used to predict the
clinical outcomes associated with AD.
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Incomplete temporal neuroimaging records pose a challenge
to effectively use longitudinal multi-modal imaging data. To
tackle this difficulty, we propose a semi-supervised learning
method to learn a participant-specific projection to enrich the
multi-modal phenotypic and genotypic measurements. We un-
cover the temporal relationships across the imaging biomarkers
by learning a projection for each participant from the available
neuroimaging records. Since the number of the records in
a studied cohort varies between participants, we introduce
the trace norm regularizations over the concatenation of all
projections matrices. Furthermore, our model factorizes the
enriched biomarker representations, available cognitive scores,
and genetic biomarkers of the participants, where a latent par-
ticipant representation shared across the different modalities
can be learned. Finally, a structured sparsity-induced norm
regularization is applied to the genotypic biomarker data. The
purpose of this group-wise regularization is to strengthen the
weights of the learned projections related with the subgroups
of SNPs that are more predictive of a given clinical outcome.
Previous studies [5], [6] have identified that groups of SNPs
operate together. Provided with the learned projections per-
participant, we can transform the multi-modal phenotypic and
genetic biomarker representations with varied lengths into an
enriched representation in the format of a fixed length vector.
Using this learned fixed-length vector, one can easily make use
of conventional machine learning models to predict clinical
scores associated with AD.

II. OUR METHOD

A. Notations and problem formulation

Throughout this paper, we write matrices as bold uppercase
letters and vectors as bold lowercase letters. For a matrix M =[
mi
j

]
, its trace is defined as tr(M) =

∑
im

i
i and its Frobenius

norm is defined as ‖M‖F =
√∑n

i=1

∑m
j=1 |mi

j |2. The group

`2-norm [5], [6] is defined as ‖M‖G2
=
∑k
m=1 ‖Mm‖2,

where M = [M1;M2; · · · ;Mk] consists of k blocks. The
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trace norm of M is defined as ‖M‖∗ =
∑min{n,m}
i=1 σi, where

σi is the i-th singular value of M.
For a given longitudinal imaging dataset, phenotypes are

usually described by the biomarkers extracted from brain scans
that vary over time. Mathematically, the medical records of
the i-th participant in a studied cohort can be denoted as
Xi = {Xi,xi}, where i = 1, 2, · · · , n indicates the index
of the participant. Here, Xi = [xi1, · · · ,xini ] ∈ <d×ni
collects the available medical records of the i-th participant
from the baseline (first time point) to the second last visit,
where ni+1 denotes the total number of the medical records
of the i-th participant. We note that ni varies across the
dataset due to inconsistent/missing temporal records of the
participants. We use xi ∈ <d to denote the last medical
record of the i-th participant and use X = [x1, · · · ,xn]
to summarize these recordss of all the participants. Because
multiple types of biomarkers can be extracted from the brain
scans, such as the voxel-based morphometry (VBM) markers
and FreeSurfer (FS) markers extracted from the MRI images.
We thereby concatenate the vector representations of these
biomarkers as the phenotypic assessment of a participant. For
example, in our study we write xi = [xV BMi ,xFSi ] and
xij = [xV BMij ,xFSij ], where 1 ≤ i ≤ n, 1 ≤ j ≤ ni.

In addition to the phenotypic measurements of the partic-
ipants of a neuroimaging data set, genotypes of the same
cohort may also be available, such as the single nucleotide
polymorphisms (SNPs) that can be represented by XSNP =
[xSNP1 , . . . ,xSNPn ], where xSNPi is the vector representation
of the SNP profile of the i-th participant. Here we note that
XSNP is constant that does not vary over time.

Besides the input phenotypic and genotypic data, the outputs
of the task of predicting clinical outcomes are cognitive status
of the participants, which are usually assessed by the clinical
scores of a set of cognitive tests. We use Yl ∈ <c×l to
list the clinical scores of the first l participants at her or
his last visit, where c is the number of clinical scores. Here,
without losing generality we consider the first l samples as the
labeled data for training. Then our task is to learn a projection
tensor W = {W1,W2, · · · ,Wn} ∈ <d×r1×n, by which
we can compute the fixed-length biomarker representations
WT ⊗ X = [WT

1 x1,W
T
2 x2, · · · ,WT

nxn] ∈ <r1×n by
projecting the medical records of X for all the participants.

B. Our Objective

In this section we describe our objective to learn the
projections f : <d 7→ <r1 , which can be formulated as a
linear projection by computing zi = WT

i xi.
First, to eliminate the redundant information in the

biomarker measurements over time [7], we choose to use the
Principal Component Analysis (PCA) to preserve as much
information of every participant as possible that minimize the
following objective:

J (W) =
n∑
i=1

∥∥Xi −WiW
T
i Xi

∥∥
2
, s.t. WT

i Wi = I. (1)

Second, to capture the longitudinal patterns when AD devel-
ops, we consider the following two types of tasks correlations
[8], [9]. First, for an individual cognitive measure, although
its association to the imaging features at different stages of
the disease could be different, its associations patterns at two
consecutive time points tend to be similar. Second, we know
that during the AD progression, different cognitive measures
are interrelated to each other. Mathematically, we can describe
these two types of correlations by minimizing the ranks of the
coefficient matrices unfolded from the coefficient tensor along
different modes as following [9]:

J (W) =
n∑
i=1

∥∥Xi −WiW
T
i Xi

∥∥
2

(2)

+
(∥∥W(1)

∥∥
∗ +

∥∥W(2)

∥∥
∗

)
, s.t. WT

i Wi = I,

where W(1) = [W1,W2, · · · ,Wn] ∈ <d×r1n and W(2) =[
WT

1 ,W
T
2 , · · · ,WT

n

]
∈ <r1×dn are unfolded matrices of

the projection tensor W along the first and second modes,
respectively.

Third, given that cognitive status of the first l participants
Yl are available as the training data, our model aims to
learn the relationship between the output clinical scores and
input biomarker measurements. We introduce the variable of
F = [Fl,Fu] ∈ <c×n as our estimated predictive outcomes
and set the constraint of Fl = Yl for the training data. We
factorize F into two sets of latent factors, i.e., F ≈ UTG1,
where G1 ∈ <r2×n is the representations of the imaging
biomarkers of the participants in the studied cohort in the
latent subspace of UT ∈ <c×r2 . Likewise, we factorize the
enriched biomarker representations WT ⊗X ≈ H1G1, where
G1 ∈ <r2×n again is vector representation of the participants
in the latent subspace of H1 ∈ <r1×r2 . Here the operation
of WT ⊗X indeed enriches the baseline biomarker represen-
tations using the longitudinal phenotypic measurements over
time [7], [10], [11]. By sharing the data representations by
the same factor matrix G1 in the above two factorizations,
the longitudinally enriched biomarker representations for each
participant are connected with the clinical scores. To summa-
rize, we develop Eq. (2) as follows:

J (U,F,H1,G1,W) =
n∑
i=1

∥∥Xi −WiW
T
i Xi

∥∥
2

+
(∥∥W(1)

∥∥
∗ +

∥∥W(2)

∥∥
∗

)
+
∥∥F−UTG1

∥∥
2
+ ‖U‖1 (3)

+
∥∥WT ⊗X−H1G1

∥∥
2
,

s.t. WT
i Wi = I, Fl = Yl,

where ‖U‖1 is the regularization term to avoid overfitting our
learning model.

Finally, apart from making use of the information conveyed
by the longitudinal phenotypic measurements of the imaging
biomarkers and the cognitive status of the participants, we
can also take advantage of the genetic information encoded
by the SNP profiles. Similarly, we factorize the SNPs data of
all the participants XSNP = H2G2, where H2 ∈ <dSNP×r2
and G2 ∈ <r2×n. To ensure the consistency between the
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learned phenotypic and genotypic representations, we use a
soft constraint ‖G1 −G2‖2 and develop our objective as
follows:

J (U,F,H1,H2,G1,G2,W) =∥∥F−UTG1

∥∥
2
+ γ1

n∑
i=1

∥∥Xi −WiW
T
i Xi

∥∥
2

+ γ2
∥∥WT ⊗X−H1G1

∥∥
2
+ γ3 ‖XSNP −H2G2‖2 (4)

+ γ4 ‖G1 −G2‖2 + γ5 ‖H2‖G2
+ γ6

(∥∥W(1)

∥∥
∗ +

∥∥W(2)

∥∥
∗

)
+ γ7 ‖U‖1 , s.t. Fl = Yl, WT

i Wi = I,

where γ1, γ2, · · · , γ7 are hyperparameters to adjust the impact
of each term. In Eq. (4), we use ‖H2‖G2

to leverage the group
structures of the SNPs data [5], [6].

C. The Solution Algorithm

While our objective in Eq. (4) is clearly motivated, it is
difficult to solve in general, because it is a non-smooth opti-
mization objective [12]. Thus we drive an efficient algorithm to
solve our objective. Using the optimization framework in the
earlier works [13], [14] that proposed the iterative reweighted
method to solve non-smooth objectives, we can solve Eq. (4)
by an iterative procedure [13, Algorithm 1] in which the key
step is to minimize the following objective:

J R(U,F,H1,H2,G1,G2,W) =

tr((UTG1 − F)TD1(U
TG1 − F))

+ γ1

n∑
i=1

tr((Xi −WiW
T
i Xi)

TD2,i(Xi −WiW
T
i Xi))

+ γ2 tr((WT ⊗X−H1G1)
TD3(WT ⊗X−H1G1))

+ γ3 tr((XSNP −H2G2)
TD4(XSNP −H2G2))

+ γ4 tr((G1 −G2)
TD5(G1 −G2)) + γ5 tr(H

T
2 D6H2)

+ γ6 tr(W
T
(1)D7W(1)) + γ6 tr(W

T
(2)D8W(2))

+ γ7

c∑
p=1

((up)
TD9,pup), s.t. Fl = Yl, WT

i Wi = I,

(5)
where [D1]

j
j , [D2,i]

j
j , [D3]

j
j , [D9,p]

j
j , [D4]

j
j , [D5]

j
j are defined

in the following diagonal matrices respectively:

1

2
√
‖[UTG1 − F]j‖22 + δ

,
1

2
√∥∥[Xi −WiWT

i Xi]j
∥∥2
2
+ δ

1

2
√
‖[WT ⊗X−H1G1]j‖22 + δ

,
1

2

√
(ujp)2 + δ

,

1

2
√
‖[XSNP −H2G2]j‖22 + δ

,
1

2
√
‖[G1 −G2]j‖22 + δ

,

D7 =
1

2
(W(1)W

T
(1) + δI)−

1
2 , D8 =

1

2
(W(2)W

T
(2) + δI)−

1
2 .

(6)
D6 is a block diagonal matrix, where j-th block is

1

2
√
‖Hj

2‖2F+δ
Ij . Ij ∈ <dj×dj is an identity matrix, and

dj denotes the number of rows of j-th block of H2 =

[H1
2;H

2
2; · · · ;Hk

2 ], so that
∑k
j=1 dj = dSNP . The dimen-

sions of the matrices in Eq. (6) are: D1 ∈ <c×c, D2,i ∈
<d×d, D3 ∈ <r1×r1 , D4 ∈ <dSNP×dSNP , D5 ∈
<r2×r2 , D6 ∈ <dSNP×dSNP , D7 ∈ <d×d, D8 ∈
<r1×r1 , D9,p ∈ <r2×r2 .

To minimize the smoothed objective Eq. (5), we use the Al-
ternating Direction Method of Multipliers (ADMM) proposed
by [15]. By introducing two more constraints A = U and
B(2) = W(2) ⇔ Bi = Wi (i = 1, 2, · · · , n) to decouple the
U andW , the smoothed objective in Eq. (5) can be minimized
by Algorithm 1. Due to space limit, the detailed derivations of
Algorithm 1 will be provided in the extended journal version
of this paper.

Algorithm 1: Solve minimization problem in Eq. (5)
Input:X, Xi, Yl (1 ≤ i ≤ n)
Initialization:
U,F,W,H1,H2,G1,G2,A,B(2),Λ1,Λ2,i,Λ3,Λ4,i,

1 < ρ1, ρ2,i, ρ3, ρ4,i < 2,
µ1, µ2,i, µ3, µ4,i, γ1, γ2, γ3, γ4, γ5, γ6, γ7 > 0;
while not converge do

1. Update D1,D2, · · · ,D9 defined in Eq. (6);
2. Update H1 by H1 = (WT ⊗X)GT

1 (G1GT
1 )−1;

3. Update H2 by
H2 = sylvester(

γ5
γ3

D−1
4 D6,G2GT

2 ,XSNPGT
2 );

4. Update G1 by
G1 = ( 1

2 (AD1UT + UD1AT ) + γ2HT
1 D3H1 +

γ4D5)
−1( 1

2 (AD1+UD1)F+γ4D5G2+γ2HT
1 D3(WT⊗X));

5. Update G2 by
G2 = (γ3HT

2 D4H2+γ4D5)
−1(γ3HT

2 D4XSNP +γ4D5G1);
6. Update Bi (1 ≤ i ≤ n) by
Bi = (−γ1(D2,i(Xi −WiW

T
i Xi)X

T
i + Xi(Xi −

WiW
T
i Xi)

TD2,i) + µ2,iWiW
T
i + µ4,iI)

−1(−γ6WiD8 +
µ4,iWi −Λ4,i + µ2,iWi −WiΛ2,i);

7. Update [A]p (1 ≤ p ≤ c) by [A]p =
(2γ7D9,p + µ3I)−1[−G1(G

T
1 U− FT )D1 + µ3U−Λ3]p;

8. Update [F]p (1 ≤ p ≤ l) by [F]p =
(2D1 + µ1I)−1([D1(U

T + AT )G1]p + µ1[Yl]p − [Λ1]p);
9. Update [F]p (l + 1 ≤ p ≤ n) by [F]p = 1

2 [(U
T + AT )G1]p;

10. Update U by U = − 1
µ3

G1(G
T
1 A− FT )D1 + A + 1

µ3
Λ3;

11. Update [Wi]p (1 ≤ i ≤ n) and (1 ≤ p ≤ r1) by
[Wi]p = (−γ1(XiX

T
i D2,i −XiX

T
i BiB

T
i D2,i +

D2,iXiX
T
i −D2,iBiB

T
i XiX

T
i ) + 2γ6D7 + µ2,iBiB

T
i +

µ4,iI + 2γ2[D3]
p
p[X]i[X

T ]i)−1(Bi(−γ6[D8]p + (µ2,i +

µ4,i)[I]p − [ΛT2,i]p) + 2γ2[D3]
p
p[H1G1]

p
i [X]i + [Λ4,i]p);

12. Update Λ1 by Λ1 = Λ1 + µ1(Fl −Yl);
13. Update Λ2,i (1 ≤ i ≤ n) by Λ2,i = Λ2,i + µ2,i(W

T
i Bi − I);

14. Update Λ3 by Λ3 = Λ3 + µ3(A−U);
15. Update Λ4,i (1 ≤ i ≤ n) by Λ4,i = Λ4,i + µ4,i(Bi −Wi);
16. Update µ1, µ2,i, µ3, µ4,i (1 ≤ i ≤ n) by
µ1 = ρ1µ1; µ2,i = ρ2,iµ2,i; µ3 = ρ3µ3; µ4,i = ρ4,iµ4,i;

end
Output:Wi (1 ≤ i ≤ n)

In Algorithm 1, Λ1,Λ2,i,Λ3,Λ4,i are the Lagrangian mul-
tipliers for the constraints Fl = Yl, WT

i Wi = I, A =
U, and Bi = Wi (1 ≤ i ≤ n). In step 3 of Algo-
rithm 1, we use solution of Sylvester equation, such that
sylvester(P,Q,R) gives an unique and exact solution for X
of equation PX+XQ = R if it exists. The time complexity
of Algorithm 1 is O(nr1d

2(d+ r1)) for each iteration where
the step 11 of Algorithm 1 is the most dominant.

III. EXPERIMENTS

Experimental data. We experiment with the data obtained
from the ADNI database (http://www.adni.loni.usc.edu). We
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TABLE I
RMSE OF PREDICTIONS ON CLINICAL SCORES. THE SMALLER RMSE IS

DENOTED AS BOLD FONT.

Target class Representation SVR RR CNN

RAVLT TOT Original 0.2441 0.2110 0.2855
Enriched 0.1816 0.1780 0.1804

RAVLT 30 Original 0.3270 0.2856 0.3440
Enriched 0.2742 0.2648 0.2696

RAVLT RECOG Original 0.3657 0.2897 0.3147
Enriched 0.2449 0.2460 0.2592

downloaded the MRI scans, SNP genotypes, and the longitu-
dinal scores of Rey’s Auditory Verbal Learning Test (RAVLT)
of 821 ADNI-1 participants. We perform VBM and FreeSurfer
automated parcellation on the MRI data as described by [16]
and extract mean modulated gray matter (GM) measures for 90
target regions of interest (ROI). We follow SNP quality control
steps discussed in [17]. Among 821 ADNI-1 participants, 412
participants are selected on the basis of existence of MRI
records at Month 0 (baseline)/Month 6/Month 12/Month 24.
We discard Month 24 scans with 50% probability to evaluate
the learning capability of our model from longitudinal data
with missing records.

Experimental settings. In our experiments we aim to
predict RAVLT clinical scores in the test set using two types
of the inputs — the learned enriched representation and
original representation at the baseline time point. We use the
different concatenations of SNPs, FS, and VBM modalities to
assess the prediction performance of our model with diverse
modalities. We split the dataset into a training and test set with
a proportion of 80% and 20% each, therefore the number of
participants is l = 323 in the training set and n − l = 89 in
the test set. The SNPs and MRI images of all n participants
and clinical scores of only the l participants in training set are
provided for our model to learn enriched representation. To
predict the n−l clinical scores in test set, we use the following
conventional prediction models: Ridge linear Regression (RR),
Convolutional Neural Network (CNN), and Support Vector
Regression (SVR) which is the regression version of Support
Vector Machine. We conduct a 5-fold cross-validation to
search the set of best hyperparameters for each conventional
model, and to control the effects of hyperparameters.

Experimental results. In the experimental result reported
in Table I, we compute the Root Mean Squared Error (RMSE)
between the ground truth clinical scores and predicted clinical
scores from both the original and enriched representations. The
results show that the prediction performance by the enriched
representations are consistently more accurate than the predic-
tions using the original baseline representation, which firmly
demonstrate the effectiveness of our new method.

IV. CONCLUSION

Missing data is one of the most challenging issue on using
longitudinal multi-modal healthcare datasets. This research
aims to devise a novel method to learn a fixed-length represen-
tation for all the participants in the ADNI dataset. The learned
biomarker representation summarizes the genetic biomarkers

and their group structure, known clinical scores, and all
the available measurements of longitudinal biomarkers on a
per-participant basis. Our experiments show that the learned
enriched representation outperforms the baseline measurement
in predicting the clinical scores.
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