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Abstract
Diabetes is a worldwide health issue affecting millions of people. Machine learning methods have shown
promising results in improving diabetes prediction, particularly through the analysis of diverse data
types, namely gene expression data. While gene expression data can provide valuable insights, challenges
arise from the fact that the sample sizes in expression datasets are usually limited, and the data from
different datasets with different gene expressions cannot be easily combined.

This work proposes a novel approach to address these challenges by integrating multiple gene
expression datasets and domain-specific knowledge using knowledge graphs, a unique tool for biomedical
data integration. KG embedding methods are then employed to generate vector representations, serving
as inputs for a classifier. Experiments demonstrated the efficacy of our approach, revealing improvements
in diabetes prediction when integrating multiple gene expression datasets and domain-specific knowledge
about protein functions and interactions.
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1. Motivation

Diabetes is a chronic health condition resulting from insufficient insulin production by the
pancreas or the body’s inability to utilize the insulin it generates effectively [1]. This disease
has emerged as a worldwide health issue, impacting millions of people globally. According to
the World Health Organization, in 2019, diabetes directly contributed to 1.5 million deaths, with
48% occurring before the age of 70. Besides that, this chronic disease is associated with the
development of several comorbidities, such as blindness, kidney failure, heart attacks, strokes,
and lower limb amputation.

Due to the multidisciplinary nature of diabetes, predicting and detecting this complex dis-
ease continues to pose a significant challenge. In the last decades, some approaches have
demonstrated encouraging outcomes using machine learning methods to identify patterns and
potential risk factors linked to diabetes, allowing not only the early detection of diabetes but
also enabling tailored interventions [2, 3, 4, 5]. These machine learning approaches encompass
several types of data, including electronic health records [6], imaging data [7], and demographic
data [8]. Omics data, namely gene expression datasets, have also received attention since
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genomics, epigenomics, and transcriptomics can help understand the critical pathways and
regulatory mechanisms in diabetes [9].

While gene expression datasets are readily accessible in public databases, and gene expression
analysis is a powerful tool for pinpointing genes associated with diseases, particularly in the
context of diabetes prediction, a significant issue arises in handling this type of data. On the
one hand, gene expression datasets often exhibit a limitation in sample size, with a relatively
small number of included samples. Conversely, supervised machine learning methods are
data-driven, relying on a large number of labeled data for effective training and performance.
One alternative involves combining multiple expression datasets to increase the sample pool
for training machine learning models. However, this brings us to the challenge of how to
integrate the information about multiple expression datasets, as each dataset may measure gene
expression across distinct genes. Additionally, variations in experimental platforms and designs
across different studies further complicate integration efforts. Knowledge graphs (KGs) present a
unique and promising solution. KGs can represent knowledge about concepts and relationships
in a fully machine-readable format [10]. Moreover, several biomedical ontologies are publicly
available to enrich KGs [11], enabling the representation of domain-specific knowledge. In fact,
over the past few years, biomedical ontologies and KGs have emerged as a tool for biomedical
data integration and have been adopted in many machine learning applications, with KG
embedding approaches [12] becoming increasingly popular [13].

This work tackles the challenge of integrating heterogeneous gene expression datasets in
biomedical applications, focusing on diabetes prediction. We propose a novel approach that
generates a KG to incorporate both gene expression data and domain-specific knowledge and
then employs KG embedding methods to generate vector representations of patients. These
patient representations serve as the input for a classifier to predict the likelihood of a patient
having diabetes. We conducted an evaluation of the impact of integrating multiple gene
expression datasets, which showed that incorporating other expression datasets and domain-
specific knowledge improves diabetes prediction, emphasizing the efficacy of our approach. This
work is developed in the context of the KI-DiabetesDetektion project, funded by the German
Federal Ministry of Education and Research, that aims to integrate biomedical data from various
sources and apply machine learning methods to improve the early-stage detection of Diabetes.

2. Related Work

Several works have been using gene expression data to predict diabetes, employing diverse
methodologies and datasets. In Li et al. [14], a support vector machine classifier is used for
the diagnosis of diabetes. While multiple datasets were extracted from the Gene Expression
Omnibus database, the machine learning model was trained on only one dataset, with three
additional datasets used for validation. Feature selection involved the identification of ten
common genes across all datasets. Mansoori et al. [15] and Kazerouni et al. [16] focus on long
non-coding RNAs potentially associated with diabetes type 2. Both studies incorporated data
collected from 100 diabetic and 100 non-diabetic to train the classifiers. Mansoori et al. [15]
employed logistic regression, whereas Kazerouni et al. [16] compare four classifiers (𝐾-nearest
neighbor, support vector machine, logistic regression, and artificial neural networks) to predict



diabetes type 2 using the expression values for specific long non-coding RNAs as input. Both
studies suggest that increasing the dataset with a larger number of samples would likely improve
the performance of the classifiers. Furthermore, some other approaches explore expression data
for diabetes prediction without employing machine learning methods [17, 18, 9].

In the biomedical domain, the exploration of KGs has become increasingly prominent, with
KG embedding methods emerging as particularly promising for capturing KG-based informa-
tion [19]. These methods map entities and relationships in a KG into a lower-dimensional vector
space while preserving graph structure and, in some cases, semantic information. Various types
of KG embedding methods have been proposed to date. Translational models, exemplified by
TransE [20], employ distance-based scoring functions to capture relationships between entities.
On the other hand, semantic matching approaches, such as distMult [21], use similarity-based
scoring functions to capture the latent semantics of entities and relations in their vector space
representations. Walk-based methods, such as RDF2Vec [22], employ random walks to generate
entity sequences as input to a neural language model that learns latent entity representations.
Different walk-based approaches differ in their strategies for random walks and consideration
of edge direction and type. In the context of biomedical KGs, characterized by rich hierarchical
relations, walk-based approaches emerge as particularly well-suited, considering that these
hierarchical relations can be more easily captured in walks.

3. Methodology

As discussed above, gene expression datasets typically only have few instances, and different
datasets record different gene expressions. Thus, when training prediction models, one can
either (1) use only one dataset, thereby having only little training data, or (2) try to combine
multiple datasets. In the latter case, those are typically “incompatible” in the sense that they
have different feature sets, i.e., a naive combination would lead to a larger dataset with lots of
NULL values.

To overcome these challenges, we propose a methodology to integrate multiple expression
datasets into a biomedical KG and then use it for diabetes prediction. Figure 1 shows an overview
of this methodology. The first step corresponds to building the KG that integrates not only
expression data from different datasets but also domain knowledge on protein function and
protein interactions. Then, we generate a vector representation for each patient described in
the biomedical KG. The last step involves giving the vectors as input for a classifier. The source
code for our methodology is available on GitHub (https://github.com/ritatsousa/expressionKG).

3.1. Expression Data

Several studies have recently explored gene expression for diabetic and non-diabetic individuals,
and the findings from these studies can be accessed in publicly available databases. The Gene
Expression Omnibus (GEO) [23] is a public database maintained by the National Center for
Biotechnology Information that archives high-throughput gene expression and other genomics
datasets. Each GEO dataset represents a curated collection of biologically comparable GEO
samples whose measurements are assumed to be calculated equivalently. The file associated with
each dataset contains the raw gene expression data generated by microarrays. In addition to raw
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Figure 1: Overview of the proposed methodology with the main steps: building the KG, learning patient
representations and predicting diabetes.

data, processed files containing normalized or transformed expression values may be included.
In the latter scenario, the data is structured in a tabular format, with each row corresponding
to a unique sample, columns representing different genes, and the cells containing specific
expression values of those genes for each respective sample.

3.2. Building the Knowledge Graph

The KG is built by integrating two types of data sources: expression data and domain-specific
knowledge. Figure 2 illustrates the integration of the two data sources into a KG.

Since our approach relies on KG graph embeddings for generating patient representations
and most embedding approaches are not able to handle numeric literals [24], we adopt two
different strategies to include the expression data in the KG:

• The first strategy involves representing patient gene expression values in a KG using blank
nodes and binning approaches. Following the technique proposed in [24], we create bins
from the set of expression values for each gene within a given dataset. The percentage of
unique values defines the number of bins. To implement this, a blank node is generated
to represent the expression value attributed to a specific gene for a given patient. This
establishes an association wherein a patient is connected to a blank node, which, in turn,
is linked to a bin representing the expression value and the corresponding gene. Let us
consider a simplified example using RDF:
(patientID, rdf:type, :Patient)
(:geneID, rdf:type, :Gene)
(:patientID, :hasExpression, _:x)
(_:x, :isExpressionOfGene, :geneID)
(_:x :hasValue :binID)
where _:x denotes a blank node.

• The second strategy employs a linking approach between patients and genes based on
expression values. A link between a patient and a gene is created when the patient’s
expression value for that gene is higher than the calculated average expression value for
the gene within the dataset.



Figure 2: Schema of the two types of data sources and how they are integrated into the KG.

The domain-specific knowledge includes the Gene Ontology (GO) [25], GO annotation
data [26], and protein-protein interaction (PPI) data [27]. The GO defines a hierarchy of classes
that describe protein functions that can be represented as a graph where nodes are GO classes
and edges define relationships between them. The GO encompasses three distinct domains
for characterizing functions: the biological processes a protein is involved in, the molecular
functions a protein performs, and the cellular components where a protein is located. These
three domains of GO are represented as separate root ontology classes since they do not share
any common ancestor. The GO annotation data refers to assigning functions represented as
GO classes to proteins represented as links in the graph. Finally, the PPI data is extracted from
STRING [27], one of the largest available PPI databases that integrates physical interactions
and functional associations between proteins collected from several sources.

To bridge the gap between the two types of data sources, the expression data and the
domain-specific knowledge, a gene in the expression data graph is mapped to a protein in the
domain-specific KG. Online ID mapping tools, namely UniProt ID Mapping tool1, are used to
convert identifiers between genes and proteins.

3.3. Learning Patient Representations

We propose to generate patient representations by leveraging the information of multiple
gene expression datasets and domain knowledge. As a preliminary step, the KG is converted
into a directed and labeled RDF graph, following the W3C’s OWL to RDF Graph Mapping
guidelines2. Next, our methodology employs RDF2Vec, a KG embedding method, to generate
1https://www.uniprot.org/id-mapping
2https://www.w3.org/TR/owl2-mapping-to-rdf/



the low-dimensional vector representations. RDF2Vec [22] is a path-based embedding method
that generates random walks in a graph that take into consideration both edge direction and
type, making it particularly suited to KGs. Word2vec, a language model, is then employed over
random walks on the RDF graph to produce the embeddings.

Two distinct approaches are employed to represent patients: the first involves generating
RDF2vec embeddings directly for the patients using the KG, while the second generates RDF2Vec
embeddings for the genes present in gene expression datasets and represents patients as the
weighted average of gene embeddings, determined by the respective gene expression values.

3.4. Predicting Diabetes

Diabetes prediction is formulated as a binary classification task, where the goal is to categorize
a set of patients based on whether they have diabetes or not. Therefore, in the final step, the
patient representations are fed into a decision tree [28] algorithm for training.

4. Evaluation

4.1. Data

Three diabetes-related GEO datasets (GSE15932, GSE30208, and GSE55098) are considered for
this work (Table 1). These datasets comprise samples associated with two distinct groups:
patients diagnosed with type 1 diabetes (T1D) and those serving as control subjects (non-T1D).
The data from the three datasets are integrated into a KG described in Table 2.

Table 1
Number of samples, number of shared genes across different datasets, and references for each GEO
dataset.

Dataset Number of samples Number of shared genes Refs.
Total T1D non-T1D GSE30208 GSE15932 GSE55098

GSE30208 63 37 26 368 0 0 [29, 30]
GSE15932 22 12 10 0 764 337 [31]
GSE55098 16 8 8 0 337 764 [32, 33]

Table 2
Number of triples, types of relations, GO classes and proteins in the KG.

Number

Triples 2433477
Types of relations 56
GO classes 51375
Proteins 19169



4.2. Results and Discussion

To assess the efficacy of the proposed methodology, we analysed the diabetes performance
on the GSE30208 dataset by enriching the training data with information from the GSE15932
and GSE55098 datasets. Since our approach involves integrating data from multiple expression
datasets into a KG, we compare it against two baselines that employ the expression values
of the patient directly as input for the classifier. The first baseline exclusively employs data
from GSE15932 for training the classifier. The second baseline represents a more simplistic
approach to adding information from other datasets. It involves merging all measured genes
across datasets and setting the value to 0 when the patient does not have an expression value.
We employed a stratified cross-validation strategy to ensure robust evaluation, dividing the
GSE30208 dataset into five folds. The same five folds were used throughout all experiments.
The reported results represent the average performance over these five folds. Figure 3 illustrates
the employed cross-validation strategy.

Figure 3: Experimental strategy to split the GSE30208 dataset and enrich with data from the GSE15932
and GSE55098 datasets.

Table 3 shows the accuracy, precision, recall, f-measure, weighted average f-measure and
the area under the ROC curve for the baselines and the proposed methodology. The two
baseline results indicate that simplistically adding information from other datasets does not
enhance performance. In fact, it appears to introduce noise to the classifier. This outcome is
not unexpected, as the integration of information from diverse datasets is lacking, leading to
an ineffective impact on overall performance. However, by integrating the information from
other datasets in a KG, it becomes evident that training a model with diverse datasets improves
the performance of machine learning models in all metrics, with the exception of precision.
Therefore, it confirms our hypothesis that injecting other expression datasets can improve the
performance of machine learning models.

However, there are performance variations between the different alternatives of our approach.
For the integration of expression data into the KG, we explore the use of blank nodes and
binning approaches versus a linking method based on expression values to link patients and
genes. In generating patient representations, we employed two strategies: direct learning of
embeddings for patients in the KG; or learning embeddings for genes and representing patients
as the weighted average of gene embeddings. This last strategy is independent of the strategy
employed to represent the expression data in the KG, so Table 3 presents only three alternatives.



Table 3
Average diabetes prediction performance on the GSE30208 dataset for the baselines and the proposed
methodology. Acc stands for accuracy, Pr stands for precision, Re stands for recall, F1 stands for f-
measure, WAF stands for weighted average f-measure, and AUC stands for area under the ROC curve.
For each metric, the best value is in bold.

Acc Pr Re F1 WAF AUC

Baselines
Only one dataset 0.554 0.708 0.561 0.578 0.529 0.560
Using all the datasets 0.442 0.650 0.314 0.396 0.422 0.474

Our methodology
Patient rep. using weighted avg. gene emb. 0.619 0.677 0.739 0.683 0.589 0.606
Patient rep. using KG with binning approach 0.481 0.565 0.579 0.551 0.460 0.466
Patient rep. using KG with patient-gene links 0.583 0.638 0.604 0.595 0.567 0.578

Comparing the performance results of Table 3, the strategy involving the weighted average
of gene embeddings for patient representation emerges as particularly promising because it
consistently outperforms the other alternatives. Using links between patients and genes based
on the expression values is the second-best strategy, and it still improves performance across
several metrics compared to the baselines. Employing the binning approach achieves the worst
results, performing worse for many metrics than the baseline. These results may be attributed to
the inherent limitations of our path-based embedding method since genes and gene-expression
values exist on separate paths.

(a) Using binning approach (b) Using patient-gene links

Figure 4: Performance comparison between using a KG with domain knowledge and without domain
knowledge generated with two approaches: binning and patient-gene links. Acc stands for accuracy, Pr
stands for precision, Re stands for recall, F1 stands for f-measure, WAF stands for weighted average
f-measure, and AUC stands for area under the ROC curve.

Since we are interested in investigating the impact of domain-specific knowledge on inte-
grating data from different datasets, we evaluated the diabetes prediction performance using
a KG that only contains gene expression data. Figure 4 illustrates the performance variations



observed when employing a KG with domain knowledge alongside expression data, compared
to utilizing a KG with expression data alone. The performance decreases when the domain
knowledge is removed for both strategies of building the KG. This demonstrates that knowledge
about protein functions and interactions can play an important role in integrating data from
datasets measuring gene expression across different genes.

5. Conclusion

Several diabetes prediction approaches rely on the analysis of expression data, which provide
a detailed molecular profile reflecting gene activity and regulation and therefore can uncover
relationships between specific genes and the development of diabetes. However, exploring
expression data in machine learning presents its own set of challenges. Existing expression
datasets related to diabetes have a very low number of samples what can be a limitation for data-
driven methods such as machine learning algorithms. Therefore, the integration of multiple
expression datasets can address the issue of limited samples and, at the same time, offer a
comprehensive perspective on the complex factors influencing diabetes.

We have developed an approach that enables a comprehensive representation of gene ex-
pression data from different datasets within a KG. Through semantic links and domain-specific
knowledge, KGs can create a unified knowledge space to connect datasets from distinct studies.
In this work, we have explored different strategies to include the expression data in the KG
and different strategies to represent the patients within the KG using KG embedding methods.
The results of our experiments showed that integrating gene expression data in a KG is able to
improve the performance of diabetes prediction.

The proposed approach is versatile and can be extended to the prediction of other diseases. In
addition, since graph neural networks has gained substantial traction recently, as future work,
we aim to investigate how can these architectures explicitly designed for graph structures can
be used rather than the conventional process of generating embeddings and given them as input
for classical machine learning methods such as decision trees.
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