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Abstract: How to use multi-dimensional time series data is a huge challenge for big data analysis.
Multiple trajectories of medical use in electronic medical data are typical time series data. Although
many artificial-intelligence techniques have been proposed to use the multiple trajectories of medical
use in predicting the risk of concurrent medical use, most existing methods pay less attention to
the temporal property of medical-use trajectory and the potential correlation between the different
trajectories of medical use, resulting in limited concurrent multi-trajectory applications. To address
the problem, we proposed a multi-stage neural network-based application mode of multi-dimensional
time series data for feature learning of high-dimensional electronic medical data in adverse event
prediction. We designed a synthetic factor for the multiple -trajectories of medical use with the
combination of a Long Short Term Memory-Deep Auto Encoder neural network and bisecting k-
means clustering method. Then, we used a deep neural network to produce two kinds of feature
vectors for risk prediction and risk-related factor analysis, respectively. We conducted extensive
experiments on a real-world dataset. The results showed that our proposed method increased the
accuracy by 5%~10%, and reduced the false rate by 3%~5% in the risk prediction of concurrent
medical use. Our proposed method contributes not only to clinical research, where it helps clinicians
make effective decisions and establish appropriate therapy programs, but also to the application
optimization of multi-dimensional time series data for big data analysis.

Keywords: neural network; time series data; feature learning; electronic medical data; concurrent
medical use; risk prediction

1. Introduction

Owning to the popularization of the Internet of Things and the increasing computa-
tional capacity during the last decades, nowadays, the era of big data is beginning in many
different fields, such as healthcare. Additionally, with the influence of national policies and
social needs, healthcare big data has been a national strategy. As a consequence, lots of time
series data are generated in healthcare, some of which constitute prescriptions filling for
drugs included in electronic medical data. Socio-demographics and health status are also
included in electronic medical data, and we consider it as patients’ static data. Therefore,
how to make full use of the multi-dimensional time series data in the electronic medical
use is a huge challenge for healthcare big data analysis. In this paper, we discussed the
application mode of multi-dimensional time series data in electronic medical data. We used
medical-use trajectory to describe the patients’ prescription fills for a period, as trajectory is
defined as the chain of positions through which an item passes over time. The prescription
fills of different drugs constitute multi-dimensional time series data, which are called the
multiple trajectories of medical use in this paper.

Feature learning is an effective method for data mining. It can be used not only as an
independent task, but also as the basis of other research. Features driven based on experts is
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a traditional method, but is limited because it depends too much on the expert knowledge,
which cannot help to discover the complex features hidden in electronic medical data. Deep
learning in neural networks has been proved to be an advanced technology for feature
learning, and has already contributed to major breakthroughs in image classification,
speech recognition, object detection, and so on. Deep learning is widely used without
domain knowledge, so it shows great promise in learning the features of complex electronic
medical data.

There are a large number of successful applications in clinical research based on deep
learning, such as disease diagnosis, clinical treatment, and medical-image processing, as
shown in Table 1. The classification method for nuclear cataracts [1] based on eye images,
with the combination of CNN- and RNN-based deep learning models, broke a record in
terms of their accuracy in the diagnosis of cataracts. The CNN-based method [2], which
automatically identifies mitosis in adenocarcinoma cell images, was the champion of the
ICPR (International Conference Pattern Recognition) competition owing to its high accuracy.
Meanwhile, with the enormous amount of data being generated in the biological field, there
also are a number of breakthroughs in using deep learning to promote bioinformatics, in-
cluding sequence analysis, structure prediction, biomolecular function prediction, structure
reconstruction, and biomolecule interaction prediction, as shown in Table 1. For example,
Ref. [3] proposed a method based on DNN and reached dermatologist-level performance
in classifying skin cancer.

Table 1. Medical applications based on deep learning.

Application Category The Problems to Solve Deep Learning Models
AD/MCI classification [4-8],
cancer [9-13], cataract grading
erinric dpression [16] | SAF DBN, CNN, DBN.+
Disease diagnosis genatrc dep S SVM, CNN + SVM, FCN,
Alzheimer’s disease classifier
. ANN, DNN
[17], autism spectrum
disorder [13], pulmonary
classification [18]
Clinical treatment Drug discovery [19,20] DNN
Biomedical image processin Automatic image
1ase pr & segmentation [21,22], MRI SAE, CNN
and diagnosis . :
image reconstruction [23,24]
Medical data modeling Brain c%evelopment' [25,26], DBN
emotional analysis [27]
Protein structure prediction Secondary structure [28,29], SAE, DBN, DNN, GSN,
and reconstruction three-level structure [30-32] DST-NN
. DNA marking [33,34], RNA
Sequence analysis variable shear [35-37] DNN, CNN, SAE + DNN
Biomolecule property and Structure properties [38],
function prediction function prediction [39,40] DNN, CNN, RNN
Microarray gene expression
Biomolecule interaction [41], gene—disease interaction
[42], disease—disease CNN, GCN

prediction

similarity, disease-variant
network [43,44]

Although a lot of progress has been made in the relevant studies, there still remain
some limitations, especially in the analysis of both the multiple trajectories of medical use
and the patients’ static data, such as electronic medical data. Researchers always employ
two modes of feature learning for electronic medical data. One is to analyze patients’
medical-use trajectories and static data independently, and the other one is to consider
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the medical-use trajectories as some specific statistical indicators, such as the mean value
for each medical-use trajectory. However, neither mode has a correlation between the
medical-use trajectories and other static data in electronic medical data, nor between the
different medical-use trajectories. Therefore, their ability to mine the hidden patterns of the
multiple trajectories of medical use and analyze the entirety of the electronic medical data
is limited.

To tackle the abovementioned limitations, we devised an application mode of multi-
dimensional time series data based on a multi-stage neural network (MSNN) in electronic
medical data, which shows how we use multi-trajectory of medical use data in risk predic-
tion for concurrent medical use. This study makes the following contributions. First, for the
feature learning of multiple trajectories of medical-use data, we designed neural network
architecture with the combination of a Long Short-Term Memory (LSTM) neural network
and a Deep Auto-encoder (DAE) neural network. Second, we used a deep neural network
(DNN) to produce two feature vectors: one is to predict patients’ risk of concurrent medical
use, and the other one is to analyze the factors related to high risk of concurrent medical
use. Third, we developed a finer-grained application model for the multi-dimensional time
series data in the analysis with both time series data and static data. In risk prediction of
concurrent medical use, the multiple trajectories of medical use are converted into synthetic
factors to account for the temporal properties of medical-use trajectory and the correlation
between different medical-use trajectories.

2. Multi-Stage Neural Network

According to the different types of electronic medical data, we constructed a LSTM-
DAE neural network and DNN to perform the feature learning of the multi-dimensional
medical-use data and the static data, respectively.

2.1. LSTM-DAE

The LSTM-DAE neural network is to perform feature learning of multiple trajectories
of medical use, with the LSTM neural network as the hidden layer neurons of the DAE
model. The LSTM neural network could handle the problem of long-term dependencies
well by introducing a gate function into the cell structure. The DAE neural network
is similar to Principal Component Analysis (PCA), but much more flexible and shows
superior performance in feature self-learning. Then, the LSTM-DAE neural network
realizes dimensional reduction, accounting for the temporal property of time series data,
and performs well on the feature learning of medical-use trajectories.

2.1.1. LSTM

The LSTM neural network is a variation of a recurrent neural network (RNN). While
RNN only has a hidden state to keep previous medical-use information in the trajectory and
an output state to indicate the adverse events in concurrent medical use, LSTM contains a
more complex gate mechanism, including an input gate, a forget gate, an output gate, and
a memory cell with a hidden state. A gate is a structure controlling information moving
through. A LSTM cell for input x<*> can be calculated as Equations (1)—(6).

Forget gate:
Ty = o(Wela="" 1>, x<] + by) )
Update gate:
Ty = o(Wa [a<712, 25 ] 4 by) )
Output gate:
To = a(Wo|a<71>,x<71>] 4+ by) 3)

Memory cell:
c<t> — Ty & o<t> + T * C<t71> (4)
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&<*> = tanh(W, [a<t*l>,x<t>} + bc) ®)

Hidden state:
a~!> =T, xtanh(c=") (6)
x<* is the new medical-use dose at each time step ¢ in the medical-use trajectory. W,

U, and b are learnable model parameters, and the values are between 0 and 1. The forget
gate controls the extent to which the previous medical-use information is forgotten, the
update gate controls how much medical-use information is updated in each state, and
the output gate controls the proportion of medical-use information that will determine
the health state. In detail, at time ¢, state c<*> and the activation a<"> are updated by the
current input x<*, the previous state c<~1>, and previous activation a<~1>. Since LSTM
adopts a memory cell to store the information at previous time step, it could accurately
process the medical-use information by keeping the information in long-term medical use.
Function o(-) is the sigmoid activation function, defined as e*/ (1 + e*). Function tanh(-)
is the activation function. The operator o is element-wise multiplication. To deal with the
long-term gradient vanishing and explosion problem, LSTM automatically updates and
forgets the state in each cell.

2.1.2. DAE Neural Network

AE [45] extracts a feature vector in lower dimensions from a huge of unlabeled high-
dimensional data and cannot be affected by humans. A standard AE is a symmetrical
three-layer feedforward neural network including an input layer, a hidden layer, and an
output layer. The input and output layer have the same dimensions, while the hidden layer
has less dimensions. The objective of AE is to establish identical mapping and minimize
the difference between the input and output, and then the hidden layer can represent the
features of the input. Therefore, the mapping from the input to the feature vector is called
encoding, and the mapping from the feature vector to the output is called decoding.

DAE is a usually used as a variation of AE [46]. Compared with AE, there are more
hidden layers in the architecture of DAE, which make the feature vector more reliable and
valid. In DAE, the middle layer that has the least neurons is considered as the feature
vector. The neuron number from the input to feature vector decreases layer by layer and
from the feature vector to the output is opposite. With adding the number of neuron layers
and the number of neurons in each layer, turning AE into a deep network performs the
feature transformation of the input layer by layer and can increase the non-linearity of the
neural network.

While DAE has proven to be useful for feature extraction, it overlooks the temporal
correlation between different time steps on the trajectory, e.g., the contextual and cumulative
medical-use information. To explicitly extract the temporal correlation between different
time steps on medical-use trajectory, LSTM can be used to replace the feedforward networks
in both the encoder and decoder. Figure 1 illustrates the architecture of LSTM-DAE, whose
training process is as follows:

Encoder

Figure 1. The architecture of LSTM-DAE.
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(1) Take the medical-use trajectory as input for the encoder network of LSTM-DAE one
by one, then consider <™~ obtained by x<"~, which is the last one, as the representation
of input. Take Relu as the activation function.

(2) Take a<™> as the input for the decoder network of LSTM-DAE. Mean Squared
Error (MSE) is the optimization function once the network is trained, which is calculated as
Equation (7). Kullback-Leibler divergence is used to perform the sparse reconstruction of
the encoder network, calculated as Equations (8)—(10).

M
UMSE = Z la="m= —a="= || @)
m=1
J
Lsparse = UMSE + 5ZKL(P| |ﬁ) ®)
j=1
35
Nn:l
_ 1-

KL(pllp) = plog% +(1-p)log _g (10)

B is the weight parameter that controls the sparseness, p is the average activity of the
hidden layer, and KL(p||p) is the relative entropy between the two variables.

2.2. DNN

Deep neural network (DNN) is a typical deep learning architecture that is widely used
in literature and technology. It is a feedforward network, where the input from the input
layer flows though hidden layers and reaches the output layer. The output of each layer is
calculated as Equation (11).

y =8(Wx+b) (11)

x, 8§, W, and b are the input, the activation function, the weight matrix, and the bias
vector, respectively. The cross-entropy loss function, including the regularization item, was
used as the optimization once the network was trained.

1 N K 1 K M )
J= N L LMozt L X () (12)

N, K, and M are the numbers of training samples, data features, and the neurons,
respectively. v, and z,; are the expected value and the observed value of the output,
respectively.

2.3. The MSNN Method

Taking the different types of data in electronic medical data into account, we propose
the MSNN method, constructing LSTM-DAE and DNN, to perform feature learning of
multiple trajectories of medical-use data and multi-dimensional static data, respectively.
Then, we predict the risk of concurrent medical use and analysis its relative factors. The
architecture of the MSNN method is shown in Figure 2, consisting of the following sections:
the construction of the synthetic factor for multiple trajectories of medical use, data merging,
the construction of feature vectors for risk prediction of concurrent medical use and its
related factors, the risk prediction for adverse events, and the analysis of its related factors.
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Trajectory data pre-processing

Bi-Kmeans p e .

LSTM-DAE clustering Discretization

Data merging

Medicare i
data

® Validation
e ® Digitization
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Static data pre-processing
Figure 2. Architecture of the MSNN method.

2.3.1. Synthetic Factor for Multiple Trajectories of Medical Use

Based on feature learning for multiple trajectories of medical use with LSTM-DAE,
bisecting kmeans (bi-kmeans) clustering method was used to construct the synthetic factor
for multiple trajectories of medical use. The process consists of four steps as follows:
(1) calculating the distance between different patients” multi-trajectories of medical use,
(2) k value selection in bi-kmeans clustering, (3) bi-kmeans clustering, (4) constructing the
synthetic factor for multiple trajectories of medical use.

1.  Calculating the distance between different multi-trajectories of medical use

Taking into consideration that the value domains of different trajectories will affect
the distance measure between different patients’ multiple trajectories of medical use, we
carried out the data normalization first, calculated as Equations (13) and (14).

_ x; —min(xg)
1= max(x1) — min(xq) 13
Xy = X2 — min(x;) (14)

max(xp) — min(x;)

We used Euclidean distance to measure the distance between different patients” mul-
tiple trajectories of medical use, which is calculated as Equations (15)-(17). For each
dimensional trajectory in multiple trajectories of medical use, we computed the distance
between two patients. Then, we treated the average of the two distances as the final distance
between two patients.

d(x,y) _ deuc(xlz]/l) ‘;deuc(XZr ]/2) (15)

N
deuc(x1,¥1) = 2 X1i — ]/11 (16)
i=1

(x2i — y2i)° (17)

i

deuc (x2/ yz) =

i=1

2. kvalue selection

We decided to use the k value in bi-kmeans clustering by using the gap statistic method,
which is calculated as Equation (18).

-1 L e as)

=1q,r€C

Gap, = 3 Zlog wp) — log(Wy) (19)
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1 B
dy = E; (log(Wip) —1) (20)

B
Z (21)

/ 1

k = max(Gap(n) — (Gap(1n+1) — $,1)) 23)

where 7 is the number of clusters, | Cj | is the number of samples in Cj, d(g,7) is the distance
between g and r, Wy, is cluster dispersion, and B is the number of data sets. The processing
of k selection is as follows [47]:

(1) Set the domain of k as 1~N.

(2) For each value within the value domain, randomly generate samples with the same
number as initial samples according to a uniform distribution, then perform bi-kmeans
clustering and obtain the value of Wy.; repeat this step 100 times.

(3) Select the maximum value calculated by Gap(n) — (Gap(n + 1) —s,,+1) as the optimal
value of k.

Ud\'—‘

3. Bi-kmeans clustering

Bi-kmeans algorithm, as a classic unsupervised learning approach, is a modification
of the k-means clustering algorithm. It has been widely used for identifying groups in
many domains, aiming to group data samples that are similar to each other into the same
group. Compared with other clustering algorithms, bi-kmeans is very effective and less
susceptible to initialization problems.

(1) Bisect all data samples using bi-kmeans clustering.

(2) Select the cluster with the minimum value of sum of squared errors (SSE), which is
calculated as Equation (24), to perform bisecting.

(3) Repeat the second step until the number of clusters meets k as decided in the section

of k value selection.
USSE = Z Y (x (24)
=1 ]ECI

4. Synthetic factor construction for multiple trajectories of medical use

After the multiple trajectories of medical use in electronic medical data are grouped
into k groups by the bi-kmeans clustering algorithm, we denoted each group with one-hot
encoding respectively, which is considered as a synthetic factor for multiple trajectories of
medical use.

2.3.2. Data Merging

First, discretize the string data in static data with one-hot encoding, e.g., map ‘male’
and ‘female’, which belong to gender characteristics, to 01 and 10, respectively. Then, merge
the static data with the synthetic factor for multiple trajectories of medical use as the input
data trained in DNN.

2.3.3. Feature Vectors of Electronic Medical Data

In order to predict the risk of concurrent medical use and analyze its related factors,
we applied DNN to construct two kinds of feature vectors of electronic medical data:
feature vector of risk prediction and feature vector of risk-related factor analysis. The
first one constitutes the new feature expression of electronic medical data, and the second
one represents the association between patients’ characteristics with the risk of concurrent
medical use.
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e  Feature vector of risk prediction. It consists of new feature values constructed by all
neurons on the last layer of DNN.

e  Feature vector of risk-related factors. The weight values of all hidden layers in DNN
were used to construct a weight network of characteristics in electronic medical data,
and the weight value of each node was calculated by summing products of the values
of its upper node and corresponding edge. The structure of the weight network is
shown as Figure 3.

Figure 3. Weight network structure of patients’ characteristics.

L, n, m are the sequence number of the node on the current layer and the upper one
in the network, w"/=0 is the initial weight value of the patient’s characteristic I, which is
defined as 1, w;’l is the weight value of the I/th layer and the nth node, and willm is the
weight value of the edge between the nth node on the ith layer and the mth node on the /th
layer. The processing is as follows:

Dl=1 w;l:ll is the weight value of the edge between the current node and the initial
e
@l=2. w;l:f is the sum of products of the weight values of the current node and the

node, which is w 1 x L

M o
edge between the current node and its upper node, which is m;l w;l:’f X w;l:’fm
, M ‘
@ I =3. Accordingly, the weight value of the nth neuron is wit=3 = 21 w%;z X wi;f,jg’.

m=
The weight values of all the neurons on the last layer constitutes feature vector of risk-
related factor analysis.

3. Experiment and Results
3.1. Data Sources

We performed our analysis on the Medicare claim data from a 5% national represen-
tative sample of Medicare beneficiaries from 2013 to 2016. Medicare claim data include
master beneficiary summary files with socio-demographics, health status, and part D drug
event files. Socio-demographic factors include age, sex, race/ethnicity, disability status,
and receipt of low-income subsidy and dual Medicaid eligibility. Health status factors
include patient comorbidity, serious mental illness, anxiety disorders, and numbers of
prescription fills for drugs and other prescriptions not mentioned above. We initially
identified 10,000 random Medicare beneficiaries who filled at least one opioid (OPI), and
about 23.5% patients have OPI overdose events. Due to lack of complete medical infor-
mation in the Medicare data, 6171 patients remained. Then for each patient, we construct
multiple trajectories for OPI and benzodiazepine (BZD) utilization during the 90 days prior
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to the overdose date or the end date. We calculated the single daily dose (SDD) for OPI
using a morphine milligram equivalent (MME), and for BZD used the minimum effective
daily dose, which was defined as DDD. We calculated MME for each OPI prescription
by multiplying the quantity dispensed by strength in milligrams and a conversion factor
provided by the Centers for Disease Control and Prevention (CDC). We created a daily
diary of opioid and benzodiazepine use for each patient by summing up the total daily
SDD for opioids and benzodiazepines, respectively. For example, the total SDD for BZD
for a day is two if a person had a 1 mg alprazolam prescription overlapped with a 2.5 mg
lorazepam prescription on the same day.

Then each patient has 139 dimensions of characteristic information, including 90 di-
mensions of medical-use trajectory and 49 dimensions of static information. The bi-kmeans
algorithm grouped all patients into four groups. Then the four groups of patients were de-
noted with one-hot encoding, respectively, 0001, 0010, 0100, and 1000, which is considered
as synthetic factor for multi-trajectory medical use. After data merging, the Medicare data
were converted from 139 dimensions to 62 dimensions.

Of the Medicare data, 80% were selected as a training set, and 20% were used as test
sets. Taking the patients’ characteristics as the input, whether the patient has overdose
events as the output, and 62: 40:20:2 as the training network structure of the DNN model.

3.2. Performance Measurement Metrics

We adopted silhouette coefficient (SC) and consensus clustering method to assess the
clustering results. Additionally, we adopted precision rate (PR), recall rate (RR), false rate
(FR), and F; score as the evaluation metrics, which are commonly used in binary predictive
studies.

e  Silhouette coefficient.

_ N
vse = (i) = IiIZ%S(l) (25)
~ _ b(i)—a(i)
s(f) = max{a(i), b(i)} (26)

a(i) is the dissimilarity in one cluster, which is calculated as the average distance
between sample i and other samples in the same cluster, and b(i) is the dissimilarity
between different clusters, which is calculated as the average distance between sample i
and other samples in other clusters.

e  Precision assessed the proportion of patients the model classified as high risk among
those who actually suffer from overdose events.

nrp
PR (27)

e  The false rate assessed the proportion of patients which the prediction method classi-
fied as high risk among those that did not actually have overdose events.
"Fp

UpR = ————— 28
R = e (28)

e  Recall assessed the proportion of patients identified by the prediction method among
those that actually had overdose events in the dataset.

nrp
= 29
URR praE— (29)
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log (loss function)

log (loss function)

e  Fjscore is a comprehensive measure of accuracy integrating both precision and recall.

o ZHTP
2n7p + nEp + NEN

Z)Fl (30)

np is the number of patients classified as high risk but who actually had overdose
events, nty is the number of patients classified as no risk, npy is the number of patients
classified as no risk but actually had overdose events, and ngp is the number of patients
classified as high risk but actually have not had overdose events.

3.3. Utilization Pattern Analysis of Concurrent Medical Use
3.3.1. DNN Parameter Analysis

We analyzed the parameters of learning rate (¢) and the number of hidden neurons (1)
used in LSTM. As shown in Figure 4, The loss function of Lsparse reached the minimum value
at & = 0.00001, and it achieved the fastest convergence rate at m = 75 while a = 0.00001.
Consequently, we chose « = 0.00001 and m = 75 in the LSTM training.

a (m=25) b (m=50)
0 0 . Learning rate
=2 = M 0.0001
H 0.0005
. —4 W 1x10°
4 W 5x10°
= —6
g8 -8
—10 Learning rate -10
M 1x10°
-1z ®5x10° -12
M 0.0001 -14
14 mo0005
5 25 5 5 5
0 5 10 15 20 25 30 35 40 45 50 v 2 = 13 an 30 » Ly 4 L
: i iteration number
iteration number
¢ (m=75) d (m=100)
0 TeisEs e 0 g Learning rate
3 W 1x10® 1k W 1x10°
W 5x10° = W 5x10°
—4 M 0.0001 Sl = M 0.0001
M 0.0005 k=1
=
-6 £
%
-8 =) -8
2
-10 =10
=12 -12
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
iteration number iteration number

Figure 4. The changes of log(Lsparse) with different parameters in LSTM.

3.3.2. Clusters Quality Assessment

We used SC to evaluate the quality of clustering. SC ranges between —1 and 1, where
a higher value indicates more coherent and better performance of the clustering result. The
results are from multiple iterations (n = 5) of an inner-loop bi-kmeans clustering, which is
shown as Figure 5. Figure 5A shows the SC values at different k values, and Figure 5B is
the SC value distribution at k = 4. We can see that the SC value reached the maximum at
k =4, and the SC values of most patients at k = 4 were higher than 0.75, which performed
best among all the k values. It shows that k = 4 is the optimal value in our study.
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Figure 5. SC analysis.

We compared the clustering performance of bi-kmeans (BK) to methods built with
five classic models: a hierarchical clustering method (HCM), kmeans, kmedoids (KM),
and bi-kmeans without data normalization (BW). Additionally, in the comparison, we
used four kinds of distance-measurement methods: Euclidean, Pearson, longest common
subsequence (LCSS), dynamic time wrapping (DTW) and edit distance on real sequence
(EDR). It can be seen from Table 2 that the BC value of the BK method is significantly
higher than other methods and increased by at least 15%; the BC value of the BK method
is higher than the BW method without data normalization. Finally, compared with other
distance-measurement methods, the BW method with Euclidean distance measurements is
the highest.

Table 2. SC values of different clustering methods.

Distance HCM Kmeans KM BW BK
Euclidean 0.65 0.56 0.63 0.63 0.88
Pearson 0.41 0.49 0.59 0.61 0.72
LCSS 0.55 0.52 0.53 0.59 0.70
DTW 0.63 0.54 0.47 0.53 0.67
EDR 0.57 0.58 0.51 0.55 0.66

3.3.3. Clustering Stability Assessment

In order to assess clustering stability, we used the consensus clustering method to
incorporate results from multiple iterations (1 = 50) of an inner-loop bi-kmeans clustering
algorithm. Consensus clustering method generates a consensus value for each pair of
patients by calculating the proportion of times that two patients are assigned to the same
group among total number iterations of bi-kmeans clustering executed. Figure 6A is a
heatmap of the consensus matrix for k = 4. The values in the consensus matrix, shown as
rectangles in the figure, range from 0 to 1 marked by white to blue. The color of white
shows the proportion of these memberships clustered together is 0, and the blue shows the
proportion of these memberships clustered together is 1. Clearer heatmaps indicate more
stable clustering. From the figure we can see that the separation of colors in the heatmap is
very clear, which indicates good stability of the clustering by the MSNN method. Figure 6B
shows the cumulative distribution functions (CDF) of the consensus matrix for each k,
which is indicated by different colors. We can see that the CDF reached an approximate
maximum at k = 4, where consensus and cluster confidence at a maximum. Figure 6C
shows the relative change in area under the CDF curve comparing k and k — 1. Figure 6D
shows the cluster-consensus value of clusters at each k, which is the average of all pairwise
consensus values between members in the same group. Higher values indicate a cluster
has higher stability. From all of the figures, we can see that the clustering result at k = 4 had
better stability than other k values.
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Figure 6. Consensus clustering method with bi-kmeans results.

3.4. Pattern Analysis of Concurrent Medical Use
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Concurrent medical-use patterns

Four distinct trajectories of medical use were identified, which incorporate both
medical dose and duration changes over time. Figure 7 illustrates the results along with
the predicted probability of each multi-trajectory subgroup of medical use within 90 days
preceding the opioid overdose events or the first OPI prescription day. The value at a
certain time of the trajectory is the centroid of the data points in the same group. The Y axis
(above) indicates the daily average dose of OPI in different groups, and the Y axis (below)
indicates the daily average dose of different groups for BZD There were distinct patterns in
terms of the dose level of concurrent opioid and benzodiazepine use prior to the first OPI

prescription day, and each one is denoted as the synthetic factor of concurrent medical use
in the form of one hot, which is shown as follows.
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e  Pattern A, whose synthetic factor is denoted as 0001. the majority (76.6% of the patients)
only had minimal opioid and benzodiazepine use (MME < 30 and benzodiazepine
SDD < 1).

e Pattern B, whose synthetic factor is denoted as 0010. 5.2% patients had consistent
low-dose opioid and very-high-dose benzodiazepine use (30 < MME < 50 and 6 <
benzodiazepine SDD < 8).

e Pattern C, whose synthetic factor is denoted as 0100. 12.2% patients had consistent
high-dose opioid use and low-dose benzodiazepine use (60 < MME < 90 and benzodi-
azepine SDD < 1).

e Pattern D, whose synthetic factor is denoted as 1000. 6.0% patients had consistent very-
high-dose opioid and high-dose benzodiazepine use (MME > 210 and benzodiazepine
SDD > 2).

2. Comparison of characteristics that contribute to different multi-trajectories

Compared to patients with minimal opioid and benzodiazepine use, patients in pattern
C were more likely to be over 65 years old (40.2% vs. 32.8%), and to have more alcohol
use disorders (7.1% vs. 4.3%). Additionally, the patients in the other three patterns are
more likely to be white, and to have more opioid use disorders. All these differences were
statistically significant (p < 0.0001). Figure 8 shows the ranked characteristics by the mean
standardized proportional distribution difference between the concurrent medical-use
pattern pairs. The pattern results are from both the MSNN method and group-based
multi-trajectory models (GBTM). The proportions of the characteristic (e.g., COAG) in the
individual pattern and both patterns in the graph as a whole are calculated separately. A
value of 0.1 for the variable value of proportional distribution (x-axis) signifies that the
proportion of the characteristic in the pattern was 10% higher than the proportion in both
patterns as a whole. Figure 8A shows the difference between multi-trajectory A and B,
Figure 8B shows the difference between multi-trajectory A and C, Figure 8B shows the
differences between multi-trajectory A and D. It is seen that the overall results from both
methods yielded similar findings and the characteristics of patients in different patterns are
distinguishable, which validate the effectiveness of our proposed clustering procedure in
the MSNN method.
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3.5. Risk Prediction and the Related Factors

Based on the feature vector of risk prediction and the feature vector of risk-related
factors analysis, we predict the patients’ risk of overdose events, and analysis the correlation
between the patients’ characteristics and overdose events.

3.5.1. Risk Prediction

We used DNN to predict patients’ risk of overdose events in the MSNN method. To
show the effectiveness of our design, we benchmark with other three methods: Random
Forest (RF), RNN, SVM, and all of the four methods were performed both with and without
synthetic factor of concurrent medical use. Figure 9 shows the methods” performance,
the color represents different prediction methods, and the triangles and strips represent
the model with and without synthetic factor of concurrent medical use respectively. The
performance of methods with synthetic factor of concurrent medical use significantly
outperformed the methods without synthetic factor in F; score, prediction, and recall by the
range between 5% and 10%, among which the value of DNN is the highest. Additionally,
the FR of the methods with synthetic factors was reduced by a range between 3% and 5%,
among which the value of DNN is the lowest. It shows that the mode we proposed in
the MSNN method significantly increased the prediction accuracy by converting multiple
trajectories of medical use into synthetic factor for multiple trajectories of medical use. The
MSNN method is effective and optimizes the risk prediction for concurrent medical use.
The doctors can predict the risk of adverse events with the patients’ electronic medical
data, and adjust the medical refill based on the results, which can effectively reduce risk of
adverse events.

100 A

Result

[DNN"RF RNNSVM|DNN RF RNNSVM[DNN RF RNNSVMDNN RF RNNSVM

Figure 9. Risk prediction for concurrent medical use.

3.5.2. Correlation between Concurrent Medical-Use Patterns and Adverse Event Risk

Based on the weight values of the patients’ different characteristics in the weight
network of patients’ characteristics, as shown in Section 2.3.3, we analyze the correlation
between concurrent medical-use patterns and overdose events risk, as Figure 10 shows.
Orange and blue dots represent concurrent medical-use patterns and other characteristics
respectively. The greater the absolute value is, the more the correlation between this
characteristic and the risk of overdose events. Then if the value of the concurrent pattern is
greater, the patients in the relative group take more risk of overdose events. It can be seen
from the figure that patients in the concurrent medical-use pattern D take the most risk,
followed by B and C, and A. The different levels of risk may be valuable to identifying the
concurrent medical-use type most associated with the risk of adverse events to better guide
clinical care and target interventions.
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Figure 10. Important factors for risk prediction.

3.5.3. Relative Importance Analysis of Characteristics for Risk Prediction

We take the final weight value of each characteristic in the weight network constructed
in Section 2.3.3 as the relative importance for risk prediction. Higher values indicate more
importance in risk prediction. According to the final weight values, we selected the top
15 characteristics as important factors for the risk prediction. We analyzed the importance
from two aspects: one is comparing the performance between different hidden layers
in DNN and the other one is between DNN and the other four methods: LASSO, RF,
RNN, SVM.

As shown in Figure 11, the row indicates the prediction method, the line indicates
the characteristic number, and the deep red color indicates that the characteristic on the
line was selected as an important factor by the method on the row. B, C, and D indicate
concurrent medical-use patterns, respectively. It is seen that characteristic 17 (opioid use
disorder), characteristic 45 (sleep disorder), and concurrent medical-use pattern D were the
most important for risk prediction, with the proportion reaches 5/5. There are 10 identical
important factors selected by all hidden layers in DNN. Compared with the second hidden
layer, the importance factors selected by the third layer are more similar to the final selection
by DNN.

Attribute number
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Figure 11. Important factors for risk prediction.

4. Conclusions

In this paper, a mode called MSNN based on multi-stage neural network was proposed
to deal with the application of multi-dimensional time series data. We validated it in the
scene of risk of adverse event prediction for concurrent medical use. The LSTM-DAE neural
network is adopted to perform feature learning of multiple trajectories of medical use,
and combined with bi-kmeans clustering method to produce synthetic factor for multiple
trajectories of medical use. The DNN is used to produce two kinds of feature vectors
for risk prediction and risk-related factor analysis, respectively. Compared with other
methods, the MSNN method performs better on effectively extracting patients’ features
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in electronic medical data, and predicting the risk of concurrent medical use. Our study
contributes to the application of multi-dimensional time series data, especially how to use
multiple trajectories of medical use in risk prediction for concurrent medical use. To our
best knowledge, we are the first to convert the multiple trajectories of medical use into
a synthetic factor and merge the synthetic factor with other characteristics for the risk of
concurrent medical-use prediction based on a multi-stage neural network. Our findings
shed direct implications to health practitioners. It may provide important implications and
guidance in clinical practice. At present, this paper only analyzes the concurrent medical
use of two medications. In future research, both the number of medications and the reverse
events will be added to cover more clinical scenarios.
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MDFL multi-stage deep learning based feature learning method
LSTM Long Short-Term Memory
AE Auto-encoder
PCA Principal Components Analysis
DNN Deep neural network
Bi-kmeans Bisecting K-means
MME morphine milligram equivalent
CDC the Centers for Disease Control and Prevention
SC silhouette coefficient
CDF cumulative density function
OPI opioid
BZD benzodiazepine
ICPR International Conference Pattern Recognition
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SAE stacked auto-encoder
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ANN artificial neural network
GSN generative stochastic network
DST-NN deep spatio-temporal neural network
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