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Abstract—With the rapidly growing volume and variety of
Electronic Health Records (EHR) data, deep-learning models ex-
hibit state-of-the-art performance for many predictive tasks in the
health domain. To overcome the challenge of high dimensionality
in EHR data, many representation learning methods have been
proposed to learn low-dimensional diagnosis representations.
Another challenge is how to effectively incorporate the domain
knowledge, such as the International Classification of Diseases
(ICD) medical ontology, into the learned embeddings. Albeit the
medical ontology is a knowledge graph, none of the existing
methods take advantage of Graph Neural Network (GNN), which
has demonstrated its ability in other domains. The problem is
that a GNN with multiple hidden layers, which are required
to propagate information from the leaf of the medical ontology
graph to the root, dilutes the differences among the nodes,
degrading the quality of the learned embeddings. In this paper we
introduce a densely connected graph derived from the original
ontology graph to tackle the problem. Furthermore, to model
the information in patient records, we construct a single co-
occurrence graph based on the co-occurrence of diagnoses and
a patient’s diagnosis history. Experimental results show that
the diagnosis embeddings learned from our model, DUal-GRAph
Representation Learning (DUGRA), outperform the current state-
of-the-art models in terms of diagnosis prediction accuracy.

Index Terms—Electronic health records, representation learn-
ing, knowledge graph, graph neural networks.

I. INTRODUCTION

Due to the extensive adoption of health information technol-
ogy in recent years, more and more Electronic Health Records
(EHR) data are becoming available, leading to increasing
usage of machine learning methods to predict the health status
of patients. The primary challenge of performing machine
learning on EHR data comes from its variety and high di-
mensionality composed of thousands of diseases, medications,
treatments, lab test results, etc. Considerable effort has been
made to perform predictive tasks based on learning low-
dimensional diagnosis representations or embeddings from
EHR data, including prediction of a patient’s health status
[L], [2], [3], [4], readmission prediction [5], [6], [[7], mortality
prediction [8], [9], [LO], etc. The medical history of each
patient in an EHR system consists of a sequence of medical
events, so an EHR data can be considered as sequence data.
Due to the high similarity between EHR sequence data and
the corpus data in natural language processing, many repre-
sentation learning methods in NLP have been deployed in
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the field of health informatics. Among them, the well-adopted
word2vec method [11] inspires many EHR machine learning
works to automatically learn low-dimensional representations
of diagnoses through the co-occurrence information in order
to make frequently co-occurring diagnoses close in the em-
bedding space.

Despite promising results given by the models inspired by
the word2vec method, these models require a large amount of
training data, which is difficult to find in the healthcare domain
due to privacy concerns [2]], [3], [4]]. Also, most of these works
do not utilize the domain background knowledge to increase
the representation power. To tackle these problems, new meth-
ods [2], [3], [4] that incorporate knowledge graphs have been
recently proposed. They use the graph to find the ancestor
of a given diagnosis node in order to partially form the final
representation as a convex combination of its ancestors’ and
its own feature vectors. Although some works [2] claim that
they use knowledge graphs, none of them takes advantage of
the newly emerging graph neural network (GNN), which has
demonstrated its ability in knowledge graphs representation
learning [12].

Graph Neural Network (GNN) is an effective way to learn
node or graph representation from graph structure data [13].
The input of a GNN is a graph where each node is a
representation without considering its neighbor information.
The output of a GNN is a graph where each node is a
representation with the consideration of its neighbors, i.e.,
the contextual information of the graph. In this paper we
propose a new representation learning model, DUal-GRAph
Representation Learning (DUGRA), to generate two embed-
dings of each diagnosis. The first one comes from the medical
ontology graph, such as an International Classification of
Diseases ICD-9 taxonomy in Figure [I] extracted from the
Clinical Classifications Software (CCS) from the Agency for
Healthcare Research and Quality (AHRQ), which captures
the domain knowledge. The second one comes from the co-
occurrence information of diagnosis codes in EHR data. Both
are modelled as graphs, so we use a GNN to learn each
embedding and concatenate them to form a joint embedding.

GNN for Medical Ontology Graph. A medical ontology
graph can be considered a knowledge graph, and it can be
modelled by GNN. GNN was originally proposed to solve
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Fig. 1. Graph illustration of ICD-9 taxonomy
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the semi-supervised classification problem. Recent work [14]]
has further shown that GNN can achieve the same result as
Laplacian smoothing, where feature vectors of nodes become
more similar as the number of layers increases in the GNN,
resulting in better prediction accuracy. However, the aim of
applying representation learning in the medical ontology graph
is to better capture the relationship information between parent
and children diagnosis nodes and improve differentiation of
various diagnosis nodes. Therefore, over-smoothing is not
desirable as it dilutes the differences among the nodes, leading
to worse prediction accuracy, as illustrated in our experiments.

Due to the aforementioned drawbacks of GNN, we ar-
gue that using the raw medical ontology graph as input to
GNN is not ideal for the task of representation learning.
Also, the number of layers in the GNN should be small in
order to avoid over-smoothing. In this paper, we introduce
a densely connected graph derived from the raw medical
ontology graph such that every pair of connected nodes in
the densely connected graph is only 1-hop away. Although
this connection schema allows us to propagate information
without the over-smoothing problem, it removes important
structural information from the graph. To compensate for the
loss of structural information, we design two attention-based
aggregate functions to compress the ancestor relationships and
embed them into the representation of the child nodes.

GNN for Co-occurrence Graph. To model a diagnosis,
it is crucial to consider its frequently co-occurred diagnosis
in patient records. Thus, we construct a co-occurrence graph
from an EHR dataset where patients and diagnoses are nodes;
the edge weight between two diagnosis nodes represents their
degree of co-occurrences, and the edge weight between a
diagnosis node and a patient node represents the weighted fre-
quency of the patient having such a diagnosis in their medical
record. There is no edge between two patient nodes because
most EHR datasets do not capture the relationship informa-
tion among patients. To further enhance the co-occurrence
embedding we use an auxiliary self-prediction task to guide
the learning process of the co-occurrence GNN. This helps the
model perform better in downstream prediction tasks, such as
the next admission diagnoses prediction.

The contributions of this paper can be summarized as
follows:

o This is the first work that utilizes a GNN to model the co-

occurrence information of diagnosis codes in EHR data.
Our experiments demonstrate that using the GNN-based
co-occurrence graph can improve the predictive power of
the learned embeddings, especially for the primary care
patients.

« We propose a novel densely connected graph to improve
the representation of a medical ontology graph with two
attention-based aggregate functions for GNN to integrate
the compressed structural information.

« We conduct extensive experiments on one de facto public
benchmark dataset for Intensive Care Unit (ICU) patients.
Experimental results suggest that our models outperform
all state-of-the-art models in terms of diagnosis prediction
accuracy and justify the choice of our proposed densely
connected graph and attention-based aggregate function.

The rest of the paper is organized as follows: Section
presents the related work in graph representation learning with
focuses on EHR and provides an introduction of Message
Passing Neural Network (MPNN). Section formally de-
fines the research problem. Section describes DUGRA in
detail. Section [V] illustrates the experimental results. Finally,
Section [V]] concludes the paper.

II. RELATED WORK
A. Graph Representation Learning

Graph neural network (GNN) is a variant of neural network
that operates on graph domain [13]. Graphs are prevalent in
our daily life. Social networks [15], biological protein-protein
networks [16], drug-drug interactions [17], recommendation
systems [[18]], and neural language processing [[19] — all data
in these domains can be modeled as graphs. Recently, various
GNNs have been proposed to encode graph structure infor-
mation, including Graph Convolutional Network (GCN) [20],
GraphSAGE [21]], and Graph Attention Network (GAT) [22]].

Message Passing Neural Network (MPNN) [23] is a frame-
work that generalizes all the aforementioned graph neural
network models. In MPNN, the node embedding learning
process has two steps. The first step is to aggregate neighbor
information using a function M?¢, and the second step is
to update the node representation based on the aggregated
information of its neighbors, denoted by m!, using function
Ut. Both M? and U? can be customized depending on the
context. A node n; uses aggregate functions to collect the
latent representation after ¢ — 1 time steps updating from its
neighbors N (n;). The latent state of a node after ¢ time steps
is denoted by vf € R%, where d is the dimension of the latent
state. It is updated based on the message m! from its neighbors
N (ni):

mi = Z Mt(vffl,vﬁfl), (D
JEN(n;)
vl = Ut (m}) @)

GNN has demonstrated its power on EHR data [24], [25]],
[26], [27], [28]. The authors in [25], [24] use heterogeneous
graph neural network to model heterogeneity attributes in EHR



data. ME2Vec [26]] uses graph embedding and GAT on a patient
and doctor graph. However, ME2Vec does not take into account
the medical ontology graph to enhance the representation
power. GAMENet [28] uses GNN and a drug-drug interaction
graph for medical recommendations. Another work worth
mentioning is G-Bert [27], which uses one-layer GAT on a
medical ontology graph to enhance the representation quality
for the diagnosis concept. In contrast, our work uses a densely
connected graph to enable passing information of leaf nodes
directly to the parents without interference by intermediate
nodes. Also, G-Bert does not consider the co-occurrence
information in their embeddings as we do in our work.

B. Representation Learning in EHR

EHR data contains sequences of patient visits. Each visit
contains heterogeneous information such as diagnoses, medi-
cations, lab results, and procedures. Due to the vast number
of data types in EHR data, learning better representations is
critical to improving the performance of downstream tasks.
Previous work on representation learning for EHR data mainly
followed work in Natural Language Processing (NLP) due
to similar forms of data sequentiality [29]. Recurrent neural
networks (RNN) can be used for diagnosis prediction [1],
[30], [31]], patient sub-typing [32], and handling missing data
in EHR [33], [34]. Deepcare [1] redesigns the forget gate
in Long-Short Term Memory (LSTM) to solve the irregular
time gap problem in EHR data. Attention mechanism can
also be used in EHR representation learning [35]]. Recently,
approaches similar to Bidirectional Encoder Representations
from Transformers (BERT) [36] have been applied to diagnosis
prediction [37], [38] and medical recommendation [27]].

The medical ontology graph, which can be considered as
another source of knowledge, has been recently exploited
to improve the quality of the learned representation and the
predicted power. GRAM [2] treats the medical ontology graph
as Clinical Classifications Software (CCS) multilevel diagnosis
hierarchy and ICD-9 code taxonomy as a Directed Acyclic
Graph (DAG); then it uses attention mechanism to learn the
medical code embedding of a node as a weighted sum of the
embeddings of itself and its ancestors. The authors of GRAM
argue that this would help low-frequency medical code to learn
better embedding from their ancestors. MMORE [4] extends
the idea from GRAM and also takes the idea from multi-
sense for words [39]. MMORE assigns two basic embeddings
for each ancestor in the medical ontology graph. Ideally, each
embedding corresponds to a distinct sense that represents a
particular cluster of low-level medical concepts. To alleviate
the inconsistency problem between ontology graph and co-
occurrence, they integrate EHR co-occurrence statistic data
and the predictive task in their model to enhance the predictive
power. They concatenate ontology embedding and EHR co-
occurrence embedding to form their final representation of
medical codes. The authors of KAME [3] argue that GRAM
uses only child embedding learned from the model and ignores
the ancestor embedding. KAME employs the unused ancestor
embedding to generate a knowledge vector for each visit, then

combines the knowledge vector and visit vector together to
form the final visit embedding as the input to the predictive
model. However, none of these methods use child nodes to
enhance the ancestor embeddings and they do not utilize the
power of GNN in a knowledge graph.

III. PROBLEM DESCRIPTION

Let C' = {ei1,c2,¢3,...,¢¢|} be a set of diagnosis con-
cepts, e.g., ICD-9 or ICD-10 codes. An EHR database contains
a set of patient records P. Each patient record p' € P consists
of a time-ordered sequence of visits (v}, v}, v, ..., v%.), where
T is the number of visits made by patient p’. Each visir v’
contains a set of diagnosis concepts v; C C. We use a binary
vector z € {0,1}/°! to represent the diagnoses in the visit,
where the k-th element is set to 1 if ¢, € vé, indicating patient
p* has diagnosis ¢ in the visit vj.

Consider Figure |1} Suppose the entire set of patient records
contains only three diagnoses, namely Type I Diabetes Mellitus
(ICD-9 code: 25001, c1), Type Il Diabetes Mellitus (ICD-9
code: 25002, cs), and Left Heart Failure (ICD-9 code: 42800,
c3). If a patient has diagnoses 25001 and 42800 in a visit, then
x = [1,0, 1] represents their visit.

A medical ontology graph captures the relationships of
diagnosis concepts and represents such domain knowledge
in a tree structure, where the parent nodes capture more
general diagnosis concepts of their descendants. For example,
in Figure (1| the two diagnoses Type I Diabetes Mellitus
(ICD-9 code: 25001) and Type II Diabetes Mellitus (ICD-
9 code: 25002) share the same ancestor Diabetes Mellitus
without complication (ICD-9 code: 2500). Each leaf node is
a diagnosis concept ¢ € C. A(c) denotes the set of ancestors
of a diagnosis concept ¢, containing the internal nodes from
root to leaf ¢, but not including ¢. Leaf(n) contains all leaf
nodes of an internal node n.

Given a set of patient records P in an EHR dataset and a
set of diagnosis codes C organized in the form of a medical
ontology graph G, the research problem is to learn a high-
quality embedding ey, for each diagnosis concept ¢; € C based
on the co-occurrence information in P and the domain knowl-
edge G. To evaluate the quality of the learned embeddings,
we follow the convention in the literature of representation
learning and use a downstream prediction task to measure the
quality using classification accuracy. Specifically, the goal is to
predict diagnoses in future visits v; based on previous visits.
Since a visit may contain multiple diagnosis code, this is a
multi-label classification problem.

IV. PROPOSED METHOD: DUGRA

In this paper, we propose a method called DUGRA that
uses a customized Message Passing Neural Network (MPNN)
to learn high-quality representations from two graphs, one
graph for the medical ontology and another graph for the
co-occurrences of diagnosis concepts. We utilize the power
of GNN to pass important information between co-related
medical concepts. Figure |2| depicts the overview of DUGRA,
where the matrices Fp and E¢o are the embeddings learned
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Fig. 2. Overview of DUGRA. The left part illustrates the idea of a densely connected graph. The leaf nodes (solid circles) are diagnosis concepts, while the
internal nodes (dotted circles) represent the ancestors. The ontology embeddings are learned from the left part. The right part illustrates learning embeddings

from the co-occurrence graph, and the lower-mid part is the predictive model.

from the densely connected ontology graph and co-occurrence
graph, respectively. The left part of the figure corresponds
to learning embeddings from the medical ontology graph.
The right part is learning from the co-occurrence graph.
The two learned embeddings are concatenated to form the
final embeddings, which can be utilized for the downstream
prediction task, as shown in the middle part. The detail of each
module is elaborated below.

A. Densely Connected Graphs

1) Densely Connected Graph Construction: Our proposed
densely connected schema aims to use the hierarchical struc-
ture of the medical ontology graph to learn high-quality diag-
nosis code embeddings, and it avoids dilution of knowledge by
intermediate nodes. Li et al. [14] showed that as the number of
propagation layers in GNN increases, the learned embeddings
of nodes would become indistinguishable and converge to the
same value. Our experimental result in Section supports
this observation.

In practice, most GNN will have at most 2 layers. A medical
ontology graph has a hierarchical structure, and it may have
5 levels, as shown in Figure E} However, a 2-layers GNN
can at most pass information from 2-hops neighbors to the
target nodes, which means the a 2-layers GNN can not pass
information from the leaf to ancestors who are more than
2-hops away. We believe that fully using a graph neural
network to propagate useful information from leaf nodes
to all its ancestors is important to enhance the embedding
representation abilities of ancestors.

To avoid the aforementioned problems of knowledge di-
lution caused by intermediate nodes, we design two densely
connected directed graphs, namely child-to-parent graph and
parent-to-child graph, from the raw medical ontology graph.
The child-to-parent graph directly connects each leaf node
¢; to its ancestors A(c;). The parent-to-child graph directly
connects the internal nodes n; to all of their leaves Leaf{c;).
Figure [3] depicts an example of a raw medical ontology graph.
Figure [] depicts the corresponding child-to-parent graph and
parent-to-child graph. Note that the only difference between

Fig. 4. Mean aggregate function data flow

the two resulting graphs is the edge direction. Unlike the
raw medical ontology graph, this connectivity pattern allows
nodes to directly access their parents’ or children’s information
without being influenced by other intermediate nodes on their
paths. Due to the fact that the raw medical ontology graph
is a directed acyclic graph, this property guarantees that for
each node the maximum number of parents in the densely
connected graph is the depth of the node in the raw medical
ontology. For example, in Figure [3| the depth of node C. is
2, so the maximum number of parents, i.e., the number of
outgoing edges in the child-to-parent graph, is 2, as shown
in Figure ] Therefore, the resulting graphs would not be too
large for MPNN to handle.

2) Message Propagation: Recall that the Message Passing
Neural Network (MPNN) described in Section has two



steps: aggregation and update. The aggregation step gathers
and integrates information from immediate neighbors. The
update step is responsible for updating the node embedding
based on the aggregated information from its neighbors.
Putting MPNN in the context of the densely connected graphs,
the message propagation mechanism operates on both child-
to-parent and parent-to-child graphs.

In the child-to-parent propagation, MPNN passes informa-
tion from leaves to their ancestors. Each parent node receives
information from its children and uses an aggregation function
to integrate the received information. The choice of aggregate
function is flexible. We have tried three different aggregate
functions, namely mean aggregate, weighted mean, and at-
tention. They are explained in detail in Section The
aggregated information of each node is then fed to an update
function. We formulate the update function of a diagnosis
concept ¢ using a feed forward neural network:

Ve, = 0 (wyme, +b) 3)

where w,, and b are learnable parameters, and m., is the
message ¢ received from its children in the aggregation step.
Each parent gets an updated embedding that integrates their
children’s information.

The learned embeddings v, is the input embedding of
the diagnosis ¢y in parent-to-child propagation, in which the
parents pass information to their children in the same way
as described in the child-to-parent propagation. The output
embedding of diagnosis concept c; from the parent-to-child
propagation is denoted by €. In this step, all children would
get information from their parents. Also, since parents have
received information from their children in the child-to-parent
propagation, the children can indirectly receive information
from their siblings.

In a medical ontology, there are actually two types of nodes.
The leaf nodes represent an actual diagnosis, and the internal
nodes are generalized diagnosis concepts. To model such a
heterogeneous graph, we argue that the relations between a
parent and its child, and a child to its parent, are different
and should be modeled differently. This justifies why we
propose two separate sets of learnable parameters for the
child-to-parent propagation and parent-to-child propagation.
Section provides empirical evidence to support our
choice.

After the child-to-parent propagation and parent-to-child
propagation, we follow the practice of GRAM [2] to get
the embedding of diagnosis concept node c; from a densely
connected graph as a linear combination of the output of itself
and its ancestors from the parent-to-child propagation:

>

JE(A(ex)Ucy)

EkON = Q€5 (4)

where A(cg) is the ancestors of ¢, and the attention weight
ay; is calculated by a feed forward neural network followed
by a softmax function:

exp(a’tanh(wlek; €5]))
AN —
T Yl Atenyue, exp(a”tanh(wley; €]))

®)

where a and w are learnable parameters, and ;’ is a concate-
nation operator.

3) Aggregate Functions: Three MPNN aggregate functions
are used in our densely connected graphs. The first one, mean
aggregate function, is a simple formulation for the purpose
of baseline comparison in our experiments. Since our densely
connected graph ignores the underlying structural hierarchical
information in the raw medical ontology graph, we design two
additional aggregate functions, weighted mean and attention,
to incorporate the structural information.

Mean aggregate function. Each node c;, takes the element-
wise mean of the incoming node embeddings:

1
Mey, = o7 E €c; (6)
IN|
JEN (ck)

where N(cy) is the set of neighbors of cx, and e, is
the embedding of its neighbor c;. Figure [3| is the original
knowledge graph. Figure [ shows the information flow of the
mean aggregation function.
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Fig. 5. Weighted-mean aggregate function data flow

Weighted-mean aggregation function. The learned em-
bedding of a target node is influenced by its neighborhood.
Neighbors in different distances in the raw medical ontology
graph should have different levels of influences to the target
node. Instead of having a predefined weight for different
distances, we propose using a learnable vector that gives the
weight of an edge based on the distance of two nodes in the
raw medical ontology graph. w? and wg denote the learnable
weights of neighbors who are §-hop away from the target node
for the child-to-parent and parent-to-child graphs, respectively.

The aggregate function for the child-to-parent propagation

is:
m = 71 E E w6€ (7)
Ccr |N| a~Cj

0=0jEN (ck)?

where N (cy)? is the set of neighbors of ¢;, that are k-hop away
in the raw medical ontology graph, || is the total number of
d-hop neighbours, H is the height of the raw medical ontology,
and e, is the embedding of node c;. This method only adds
2 x(H 4 1) parameters to our model, where H tends to be
small. In the case of the medical ontology from CCS, H =
5. The aggregate function for the parent-to-child propagation
is the same as Equation [7] but replacing w? by wj. Figure
depicts the data flow of weighted-mean aggregate function,

where the edge values stand for the weights wg or wg.
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Attention aggregation function. Inspired by the graph
attention networks (GAT) [22], we use an attention mechanism
to determine the weight of each edge. The implemented

aggregate function:
| Z a jee, ®)
JEN(Ck)

where oy, ; is the attention weight given to the edge between
nodes ¢ and c;, which is computed as follows:

exp(LeakyReLU (a™ tanh(wley; €;])))

2ieN(er) €XP(LeakyRe LU (a tanh(wley; el])))

9)
where a € R?™ is a learnable weight vector, and LeakyReLU
is a nonlinear function. Following the convention, we set the
negative input slope o = 0.2. Figure [6] shows the information
propagation flow for the attention aggregate function, where
the edge value «;; denotes the value obtained from the
attention mechanism.

Ak,j =

B. Co-occurrence Graph

Both GRAM [2] and MMORE [4] are using the co-
occurrence information to form the final embeddings for
medication and diagnosis concepts. GRAM uses co-occurrence
embedding to initialize the input embedding of the medication
concept. MMORE concatenates the embedding learned from
the medication and diagnosis ontologies and the co-occurrence
information together to form the final embeddings. The idea
of using co-occurrence information is based on the assumption
that medication or diagnosis concepts appearing frequently
together in the same visit should share similar characteristics
and, therefore, similar embeddings. However, none of the ex-
isting methods intend to capture the co-occurrence information
across all visits of one patient. Therefore, we propose to use
a large EHR graph of patients and diagnosis concepts to learn
the co-occurrence embedding through MPNN.

Inspired by the idea of graph convolutional network for text
classification [19]], which uses a huge text graph to conduct
text classification tasks, we build a large heterogeneous co-
occurrence graph that contains diagnosis concepts and patients
as nodes so that the co-occurred diagnoses within the same
visit and the same patient record can be modeled together,
and MPNN can be deployed on this graph. The number
of nodes in the co-occurrence graph, |V, is the number of
distinct diagnosis concepts plus the number of patients in the

training set. We set the input feature embedding randomly,
I € RU™*9) where m is the number of nodes in the graph,
and d is the input embedding dimension. We build edges
between diagnosis nodes and between diagnosis nodes and
patient nodes. There is no edge between patient nodes because
most of EHR system does not capture the relationship among
patients. Note that there is an edge between two diagnosis
nodes if they co-occur in the same visits, and there is an edge
between a patient and a diagnosis node if the patient has the
diagnosis in any visit.

To compute the degree of co-occurrences between two
diagnosis nodes we use point-wise mutual information (PMI),
which is a popular method for measuring associations between
two objects, to quantify the edge weight. The PMI value
between two diagnosis nodes cj and c¢; is:

p(ck, ¢;)
PMI(cy,ci) = log(———— (10)
(ck; ¢5) g(p(Ck)p(Cj))
co-occurrence(cy, c;)
N 11
p(Ck:a C_]) # of patients o
of patients having ¢
plex) = # of p 8 Ck (12)

# of patients

where co-occurrence(cy, c;) is the number of patients having
both ¢, and c;. A positive Pointwise Mutual Information
(PMI) value implies high correlation between two nodes, and
a negative PMI value indicates no correlation between cj, and
c;. Therefore, we only add edges between two diagnosis nodes
that have a positive PMI value.

For the edge weight between patients and diagnoses we
employ a variation of Term Frequency-Inverse Document Fre-
quency (TF-IDF) [40]], a popular measure in data mining and
natural language processing. We treat patients as documents
and diagnoses as words. The term frequency is the number
of times a diagnosis is assigned to a patient, and the inverse
document frequency is the inverse fraction of the number
of patients containing these diagnoses. The TF-IDF value
between diagnosis node c; and patient node p; is computed
as:

#of ciinp;
TF,, , = : 13
BT of distinet diagnoses in p; (13)
# of patients
IDF, =1 14
o = log( # of patients having cj, + 1) (14
TF - IDF,, ,, =TF xIDF (15)

If a diagnosis has been assigned to many patients, its IDF
value would be small, implying the diagnosis concept is not
a good candidate to represent the distinct situation of the
patients. Therefore we assign a small value to the weight
through the small IDF value. In contrast, a rare diagnosis
would receive a higher IDF value because it can reflect the



special situation of the patients. Formally the weight of edge
between node ¢ and node j is defined as:

PMI(’L ]) Z,j are diagnosis nodes, and PMI(i, j) > 0
TF — IDF,L s Lisa diagnosis node andj is a patient node
Wij 1 .
9 1= j
O, otherwise

(16)
After building the graph we feed the graph to a 2-layer MPNN.
The aggregate function for node ¢ is an element-wise weighted
sum of the incoming nodes’ embedding:

E , Wi, ;€5

JEN

a7)

The update function is a feed forward neural network similar to
Equation [3] A 2-layer MPNN allows message passing among
nodes that are at most 2-hops away. Thus, although some
diagnosis nodes may not co-occur in any visit, they can be a 2-
hop neighbor through patient nodes or through other diagnosis
nodes.

Self-prediction task. We implement an auxiliary self-
prediction task to help the co-occurrence graph learn mean-
ingful representation from the co-occurred diagnoses in visits
in patient records. For each patient p;, we use the output
embedding o; of the MPNN as the representation of p;.
The basic idea is that the patient embedding can be used to
predict the health status, i.e., the set of k diagnosis codes
{c1,¢c2,¢3,...,cp} € C in p;’s patient record. The goal can
be achieved by minimizing the negative log probability of the
codes presented in the patient node output o;:

K| |K|

= ‘K‘Zlogp(ck\ol = \K|Z

’
exp(w,” - 0;)

S eap(wy” - 0i))
(18)

We use the softmax function to compute the conditional
probability, and w; and w, are learnable parameters.

C. End-to-End Predictive Model

We train the dual graph neural networks together with a pre-
dictive model so that the graph module improves the predictive
performance. The embedding matrices EOV and E¢© are first
row-wisely concatenated to form the final representations for
the diagnosis concepts, i.e, £ = [EON; ECO]. We create the
final visit embedding v; € R™ where n is the dimension of
the visit embedding as follows:

= Relu(E[x¢]) (19)

where x; is a one-hot representation of diagnosis concepts
appearing in the visit. Then we input the visit embedding to
a feed forward neural network to get the prediction.

= Softmax(Qus + s) (20)

where @ and k are the learnable parameters. We use cross-
entropy loss as the objective function:

, 1 & ) X
Lyt = ;[yT log(ge) + (1 =) "log(1 = 40))] (21

where T is the number of hospital admissions to be predicted
for patient p;, and y; is the ground truth label. ¢ starts from
2 because the first visit result has no previous visit. Note that
the above loss is for a single patient. We take the average of
the individual patient’s loss for training all patients in the set.

V. EXPERIMENTS

To demonstrate the quality of the diagnosis representation
we compare the performance of our proposed model, DUGRA,
with other state-of-the-art models in terms of the predictive
performance of future diagnoses on an EHR dataset. By
predicting a patient’s future health status, physicians can
start preventive measures earlier and alleviate the burden on
medical systems. We also use experiments to justify our choice
of a densely connected graph to replace the original medical
ontology graph. Furthermore, we conduct ablation studies to
evaluate the impact of different modules in our proposed
model on the overall performance.

# of patients 5,404
Avg # of diagnoses per admission 12.26
Min # of diagnoses per admission 1
Max # of diagnoses per admission | 39

Avg # of visit 2.60

Min # of visit 2

Max # of visit 29

# of diagnosis codes 3,495

# of labels 712
TABLET

STATISTICS OF THE MIMIC DATASET

A. Dataset and Preprocessing

MIMIC-III [41] is a de facto benchmark dataset consisting
of medical records of more than 7.5K patients admitted to
intensive care units (ICUs), with over 46K visits over 11 years.
It contains various information such as demographics, lab
results, diagnoses, and medications. Since it is an ICU dataset,
most visits span a short period of time with severe situations.
For a fair comparison we follow the preprocessing set-up in
MMORE. We extract adult patients with at least two hospital
admissions where diagnoses and medications are both present
in the MIMIC dataset. We exclude the base-type medications.
Finally, we extract 5,404 patients with an average of 2.6 visits
per patient; the average number of diagnoses per admission is
12.3. The statistics of the datasets are summarized in Table [

B. Baseline Models

We compare our model with the following four state-of-the-

art models:

1) RETAIN [30] implements a two-level neural attention
model, one for visit-level attention and the other for
variable-level. RETAIN uses two reverse-order RNNs to
generate the attention weight for the two attentions.

2) Med2Vec [42] considers medical concepts in neighbor
admissions to capture their co-occurrence relationships
by the Skip-gram algorithm.

3) GRAM 2] is the first work that uses the medical ontology
graph to learn the medical concept representation and



Training size

Model 20% 40% 60% 80%

RETAIN 0.4422 | 0.4447 | 0.4449 | 0.4545
Med2Vec 0.5064 | 0.5187 | 0.5200 | 0.5290
GRAM 0.4980 | 0.5218 | 0.5409 | 0.5498
MMORE 0.5205 | 0.5426 | 0.5548 | 0.5618
DUGRAmcan 0.5274 | 0.5472 | 0.5617 | 0.5705
DUGRA yeighted_mean | 0.5324 | 0.5512 | 0.5656 | 0.5737
DUGRAttn 0.5329 | 0.5527 | 0.5664 | 0.5740

TABLE

ACCURACY @20 PREDICTION FOR COMPARING DIFFERENT MODELS

predict the next admission status. The medical concept
representation is a weighted sum of its own embedding
and the ancestors’ embeddings. The weight is computed
by a self-attention mechanism.

4) MMORE [4] extends the GRAM framework by allow-
ing each ancestor, except the root node, to have two
embeddings. Also, they combine an embedding learned
from co-occurrence statistics into their medical concept
embedding.

To test the performance of the mean aggregate function,
weighted-mean aggregate function, and attention aggregate
function in the ontology graph, we conduct experiments on
three models, namely DUGRA,,.cqn, DUGRA ycighted_mean
and DUGRA 444, respectively.

C. Experiment Setup

For a fair comparison we follow the setting in MMORE and
set the dimension of both the knowledge graph embedding and
the co-occurrence embedding to 400 in DUGRA and MMORE.
The embedding dimension of all other baselines, RETAIN,
Med2Vec, and GRAM, is set to 800 for fair comparison as
other models do not concatenate the two embedding matrices.
We use a single-layer neural network as the prediction model.
We also try to use GRU as the prediction model; however,
the performance is worse than a single layer neural network
because many patients in MIMIC-III only have two visits.
Therefore, using a GRU may overfit the dataset. The model is
optimized using Adadelta [43] with batch size 100.

D. Result

We generate the ground-truth label y; for the diagnoses pre-
diction task by grouping the diagnoses in the next admissions
into 712 groups based on the first 3 digits of their ICD-9
codes in database. We randomly split the data into training,
validation, and testing sets. We fix the size of the validation set
to be 10% of the total number of patients. In real-life health
machine learning tasks, the availability of training data can
be very different depending on the specific study. To validate
the robustness of DUGRA, we vary the training set size to
be 20%, 40%, 60%, and 80% of the total number of patients
and use the remaining part as the testing set. We measure the
predictive performance by Accuracy @k, which is defined as:

# of true positives in the top k predictions
Accuracy@k =

# of positives in this visit
(22)

Training size
Model 20% 40% 60% 80%
Densely connected graph | 0.5306 | 0.5479 | 0.5605 | 0.5700
1 hidden layer in MPNN | 0.5254 | 0.5419 | 0.5545 | 0.5633
2 hidden layer in MPNN | 0.5227 | 0.5348 | 0.5493 | 0.5584
3 hidden layer in MPNN | 0.5164 | 0.5248 | 0.5434 | 0.5504
4 hidden layer in MPNN | 0.5054 | 0.5236 | 0.5402 | 0.5501
5 hidden layer in MPNN | 0.4981 | 0.5232 | 0.5378 | 0.5470
TABLE TIT

ACCURACY @20 PREDICTION FOR ABLATION STUDY ON DENSELY
CONNECTED GRAPH

This is a multi-label classification problems as mentioned in
Section

1) Comparing with State-of-the-Arts: Table [lI] shows the
Accuracy@20 result of the next-admissions prediction tasks
for the three variants of DUGRA and baselines. The result sug-
gests that all three variants of DUGRA generally outperform
the baselines, especially with a small training set. This result
also illustrates the effectiveness of using a graph neural net-
work for embedding learning from a medical ontology graph
and a co-occurrence graph. By using the co-occurrence statistic
information and medical ontology graph together, DUGRA
and MMORE show even more significant improvement when
compared to other baselines that use only an either medical
ontology graph or co-occurrence information. This implies that
both the human-defined knowledge graph and the degree of
co-occurrence are useful for learning high-quality diagnosis
representations.

2) Performance of Aggregate Functions: Consider the Ac-
curacy@20 result of different aggregate functions in Table
DUGRA yeighted_mean and DUGRA 441y, achieve similar accu-
racy, but the method of DUGRAcighted_mean Only adds a
small number (2 x (H + 1), where H is the number of layers
in the original ontology graph) of parameters to the traditional
MPNN and does not require considerable memory overhead
as in DUGRA 44y, This is due to the fact that a more complex
model, such as DUGRA 41, cannot show its power given the
limited size and simple structure of an ICD-9 ontology graph.
Also, DUGRA yeighted_mean outperforms DUGRA,cqn by a
relatively larger margin. This supports our hypothesis that
different levels of neighbors should have different levels of
influences to the target nodes.

3) Ablation Study on Proposed Densely Connected Graph:
The objectives of this ablation study are to evaluate the
performance of our proposed densely connected graph com-
pared to the performance of the original medical ontology
graph, e.g., ICD-9 taxonomy, and to support our claim that
stacking more hidden layers in the MPNN would cause a drop
in performance, as discussed in Section . Since this
ablation study is on the densely connected graph, all models
in this experiment use only the medical ontology graph without
the co-occurrence information. The dimension of the ontology
embedding is 800 in both cases. We use the attention function
as the aggregate function because it yields the best result in
Section Table [T demonstrates the model performance
of MPNN with a different number of hidden layers using



Training size
Variants of DUGRA 20% 40% 60% 80%
2 sets of parameters 0.5306 | 0.5479 | 0.5605 | 0.5700
same set of parameters | 0.4886 | 0.5087 | 0.5119 | 0.5231
TABLE IV

ACCURACY @20 PREDICTION FOR ABLATION STUDY ON HAVING TWO
SEPARATE SETS OF LEARNABLE PARAMETERS IN DIFFERENT
PROPAGATION PHASES ON DENSELY CONNECTED GRAPH.

the original knowledge graph and supports our claim that
stacking more layers in the MPNN of the original medical
ontology graph would degrade the prediction performance for
downstream tasks. Since the maximum distance of a leaf node
to the root is 5 in the ICD-9 taxonomy, an MPNN with at least
five hidden layers is enough to pass information from the leaf
to the root. This study demonstrates that adding more layers
to MPNN to allow information from the bottom to propagate
to the root cannot get better results compared to a shallow
MPNN due to the oversmoothing problem in GNN.

4) Ablation Study on Two Separate Sets of Learnable Pa-
rameters: We further perform an empirical evaluation to sup-
port our choice of using two separate sets of parameters for the
child-to-parent propagation and parent-to-child propagation in
Section [I[V-A2] Since this is an ablation study on our proposed
densely connected graph, all models in this experiment use
only the medical ontology graph without the co-occurrence
information. The dimension of the ontology embedding is
800. The aggregate function is attention function. Table
shows the Accuracy@20 result of a densely connected graph
with/without using two different sets of parameters for two
different propagation phases with different training set sizes.
The result shows that the performance using two sets of
parameters consistently outperforms the performance using
only one set. This justifies our choice of using two different
sets of parameters.

VI. CONCLUSION

In this paper, we introduce DUGRA to learn high-quality
embeddings for diagnosis concepts from a densely connected
graph and a co-occurrence graph via MPNNs. Instead of
using the original ontology graph we introduce a densely
connected schema to avoid the dilution of knowledge from the
intermediate nodes. This is the first work that utilizes a GNN
to model the co-occurrence information of diagnosis code in
EHR data. The empirical evaluation suggests that our proposed
model performs better than the state-of-the-art models in terms
of the diagnosis prediction accuracy for future visits, even with
small training sets. Also, the experimental results confirm our
choice of using a densely connected graph and a co-occurrence
graph. Future work will focus on generalizing our model to
integrate other heterogeneous medical concepts and optimizing
the co-occurrence graph for a large EHR dataset.
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