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Abstract

As graph neural networks (GNNs) become more frequently used in the biomedical
field, there is a growing need to provide insight into how their predictions are made. An
algorithm that does this is GNN-SubNet, developed with the aim of detecting disease
subnetworks in protein-protein interaction (PPI) networks. GNN-SubNet makes use
of a sampling scheme to generate a global explanation in the form of a node mask
which indicates each node’s importance for all of the GNN’s predictions on a dataset.
The aim of this study is to validate GNN-SubNet by comparing it with an alternative
approach of obtaining global explanations. Instead of obtaining the node mask via a
sampling scheme, multiple (local) explanations are optimized per dataset sample, then
the node masks are aggregated by either the mean (Mean Aggregation) or the median
value (Median Aggregation) per node.

GNN-SubNet is compared with its two modifications firstly by analyzing which dis-
ease subnetworks each algorithm detects, and secondly by leveraging metrics devised
to assess explainers for GNNs. The results show that all algorithms detect subnetworks
associated with cancer. In terms of the metric scores, Mean Aggregation obtains ex-
planations with the highest fidelity, however no algorithm obtains sparse explanations.
The study also indicates that GNN-SubNet obtains variate outcomes over multiple
runs, and as such the results may not be reproducible.

1 Introduction

Protein-protein interactions serve a wide range of purposes in the human organism, including
aiding locomotion and metabolism regulation [1]. The alteration or malforming of proteins
can generate disease phenotypes, such as cancer phenotypes [2]. Because the alteration of a
protein can propagate throughout the network it is a part of, the process of linking proteins
to certain diseases is complex and cannot be performed in isolation [3]. Thus, the analysis
of data contained by protein-protein interaction (PPI) networks has proved to be of great
use in disease subnetwork detection, as it can lead to discovering potentially malformed
subnetworks pertaining to diseases such as cancer or Alzheimer’s [2], [4].

In order to efficiently analyse the data encompassed by PPI networks, the task of disease
subnetwork detection can be automated with the use of machine learning algorithms. In
particular, graph neural networks (GNNs) have shown significant potential in the biomedical
and healthcare fields [5], as they are able to cope with data comprising complex relationships
[6]. The advantages of GNNs over other deep learning models in the medical field also
include their ability to capture "hidden information in biological networks", as well as graph
structures in input data in which they are not apparent, such as images |7, p.2].

Nevertheless, one drawback of GNNs is their lack of interpretability, which is especially
relevant in bioinformatics [7]. When devising an algorithm to explain GNNs’ predictions,
multiple challenges arise. For instance, this algorithm should adapt to multiple GNN ar-
chitectures and multiple classification tasks on graphs [8]. Thus, the intrinsic black-box
nature of these deep learning models has led to the proposal of multiple explainers for them
[5], [8]. Some models, such as Guided Backpropagation or Sensitivity Analysis, return the
gradient of the GNN’s prediction with respect to its input as an explanation. Others, such
as GNNExplainer and Zorro, return explanations in the form of node masks indicating for
each node in the graph how important it was for the model’s prediction [9].

Pfeifer, Saranti and Holzinger [10] are among the first to bring together explainable
graph models and disease subnetwork detection with GNN-SubNet, which leverages an ex-
plainer for GNNs to detect subgroups associated with cancer. The algorithm operates on



PPIs, which are modeled as graphs, where a protein corresponds to a node, and an edge
corresponds to an interaction between two proteins. The authors investigate three differ-
ent types of cancer: kidney renal clear cell carcinoma (KIRC), breast invasive carcinoma
(BRCA) and lung adenocarcinoma (LUAD). GNN-SubNet extends GNNExplainer, which
returns an explanation for a single sample in the input dataset (a local explanation), by
optimizing a node mask with a continuous sampling scheme. The final node mask contains
values indicating for each node in the graph topology how important it was for a GNN’s
predictions for an entire graph dataset, i.e. a global explanation.

The purpose of this research project is to validate GNN-SubNet’s method of obtaining a
global explanation by comparing it with an alternative approach. As such, the main question
to be answered is:

How does the global-level explanation of a GNN obtained by GNN-SubNet compare with
an aggregation of local-level explanations of the same model?

To answer this question, the following three sub-questions are proposed:
1. How can GNN-SubNet be modified to return a local-level explanation of a GNN?

2. How can multiple local-level explanations of a GNN be aggregated to obtain a global
explanation?

3. How does GNN-Subnet compare with its proposed modification in terms of metrics
devised to compare explainers for GNNs?

This research paper is structured as follows: firstly, the background information that is
necessary to understand the key concepts of the study is presented in Section 2. Afterwards,
the modifications made to GNN-SubNet, as well as the experimental setup that compares
the old and new explainers, are elaborated on in Section 3. Afterwards, Section 4 presents
and discusses the results of the performed experiments. Lastly, the ethical aspects of the
project are considered in Section 5.

2 Background
2.1 Graph Neural Networks (GNNs)

GNNs represent a class of powerful Machine Learning tools that operate on graph data,
more specifically, on the information encoded in each node of the graph. At every iteration
of the algorithm, the embedding of a node is updated with an aggregation of the information
stored in its neighbourhood [8]. After k iterations, the embedding of a node represents an
aggregation of the embeddings of its k-hop neighbourhood, i.e. the set of nodes which are
at most k£ edges away. The final step of the algorithm is a classification task based on the
learnt embeddings [11].

GNNs can be differentiated by the methods used to aggregate and update the node
embeddings after each iteration [8]. The Graph Isomorphism Network (GIN), a specific
type of GNN, draws insight from the Weisfehler-Lehman (WL) Graph Isomorphism Test [12].
The WL-test aims to assess whether two graphs are topologically identical by comparing
the hash values of their aggregated node labels. GINs return different hash values for
topologically different graphs. This GNN architecture has been shown to outperform others
in terms of train and test set accuracy on multiple datasets [12], which prompted the choice
to implement GNN-SubNet as an explainer for a GIN [10].



2.2 Explainers for GNNs

In machine learning, explainability aims to understand why a model generates a certain
prediction for a specified task [8]. For deep network models, this translates to insight either
into correspondences between certain inputs and outputs, or into how data is represented
within the network [13]. In a graph classification task, a local explanation relates to the pre-
diction of a single graph instance from the dataset. On the other hand, a global explanation
clarifies the predictions of all input graphs [8].

GNN-SubNet obtains a global explanation for a GIN by expanding on GNNExplainer,
which returns a local explanation [10]. GNNExplainer finds the most relevant input features
for a GNN’s prediction as subgraphs, by perturbing the inputs and analysing the resulting
outputs [8]. The explainer masks the node features of all nodes in the graph topology, and
optimizes this mask using Gradient Descent. A threshold is then applied on the mask to find
the most relevant input features for the prediction of a single dataset entry. GNNExplainer
has been shown to outperform other alternatives in node classification tasks, as well as two
graph classification tasks based on real-world datasets [14].

GNN-SubNet leverages an explainer for a GIN that is trained on a graph classification
task, where all input graphs are PPI networks with the same topology. The node mask
optimization is similar to that of GNNExplainer, however instead of optimizing on a single
input graph it optimizes on a sample of dataset entries, which is continously updated. The
node mask is then used to obtain weighted edges, which are processed by an algorithm that
discovers communities in the PPI network. The final disease subnetwork is contained by the
community ranked highest by this algorithm [10].

2.3 Evaluating explainers for GNNs

A significant proportion of the datasets which are mainly used in classification tasks by
GNNs do not have a ground-truth explanation. Thus, it is difficult to evaluate explainers
for such models [15], and multiple metrics were proposed to this end. Validity is one such
metric. An explanation is considered valid if the prediction of a GNN does not change when
taking into account only the nodes in the graph topology that were considered important
by the explainer [16]. Another example is Fidelity+, which measures the difference in a
GNN’s accuracy when using all features versus removing those deemed important by the
explanation [9]. On the other hand, Fidelity- implies removing the unimportant features
and measuring the difference in the accuracy of the model [9].

Lastly, the BAGEL benchmark is meant to assess and compare different explainers for
GNNs [5]. Four metrics for evaluating explainers for GNNs are proposed:

e Fuaithfulness: the ability to accurately explain the model’s predictions. A high fidelity
can mean either that the GNN’s prediction does not change when only the features
considered relevant by the explainer are selected, or that the explainer reports all, or
enough relevant features for a GNN’s prediction.

e Sparsity:  the ability to generate non-trivial explanations. An explanation which
reports the entire feature set as relevant for a prediction would have the lowest sparsity
score.

e (orrectness: the ability to recognize external correlations introduced in the network.
This translates to how many decoys are detected by the explainer in a GNN that is
re-trained with perturbed input data.



e Plausibility: how closely the explanations align with human rationale. This metric
treats data on people’s underlying opinions as the ground truth for evaluating an
explanation.

3 Methods

This section elaborates on the changes made to GNN-SubNet as well as the experiments
devised to compare it with the new explainers. Subsection 3.1 describes two alternatives to
GNN-SubNet’s method of obtaining a global explanation. The evaluation metrics chosen
for comparing the three explainers are presented in Subsection 3.2. Finally, the experimen-
tal pipeline by which GNN-SubNet is compared with its modifications is elaborated on in
Subection 3.3.

3.1 Modification of GNN-SubNet

3.1.1 RAQ1: Obtaining a local explanation

In order to obtain a global explanation of a GNN, GNN-SubNet utilizes a node mask on the
entire list of nodes. The node mask contains a single value for each node in the graph topol-
ogy, which signifies how important the node was in the GNN’s computation of predictions
for the entire input dataset. For a trained GNN ¢, the goal is to minimize the expected
value of the conditional entropy of its predicted label distribution Y [14]. GNNExplainer
[14] and, by extension, GNN-SubNet [10], achieve this by optimizing the node mask N to
minimize the following value via gradient descent:

c
min —» " 1[y = clog Py(Y = y|G, X = X x o(N)). (1)
N c=1
Here, C represents the set of all classification classes, and G is an input graph. Moreover,
1[y = ¢] is an indicator function equal to 1 for all predictions of the classification class ¢ and
0 otherwise. Lastly, X is the node feature matrix, and X x o(N) illustrates the application
of the node mask, which is passed through the sigmoid function, to the node feature set [10].
When optimizing the node mask, the following loss function is employed:

Zeéentropy €
loss = —log Pp(Y = y|G, X = X x 0(N)) + s x node_feat reduce - ———=—  (2)
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where N represents the node mask as in Equation 1 and s is a configurable hyperpa-
rameter, in this case set to 1. For all arrays A, |A| represents their length. Moreover,
node__feat reduce represents the mean value of the node mask passed through the sigmoid
function and is computed as:
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Lastly, entropy measures the entropy of the node feature mask:

node feat reduce =

entropy = ent x (o(N) x log(c(N) +¢) + (1 —o(N)) x log(1 — o(N) +¢)). (4)



In this equation, ent is a configurable hyperparameter, set to 0.1 in GNN-SubNet. Lastly,
€ is a positive value close to 0 that was introduced to avoid computing log(0). As observed,
the loss takes into account the prediction of the model, as well as the values and entropy of
the node feature mask.

GNN-SubNet performs gradient descent on a restricted sample of the input data. The
size of this sample is customizable. Every 50 epochs, the sample is reinitialized with random
input graphs from the dataset. The loss value in Equation 2 is computed for each entry in
the current sample, and the sum of all of the loss values per entry is the final value used in
backpropagation. Thus, the algorithm ensures that the value of the feature mask converges
to a global explanation representing the entire dataset [10].

GNN-SubNet can be modified to return a local explanation by removing the sampling
scheme mentioned above. The new node mask is optimized for a single graph input from
the dataset, instead of computing a node mask over multiple graph instances at once. Thus,
for a dataset of size D, the new algorithm optimizes D node masks instead of a single one.
In this context, the node mask reflects how important the nodes in the graph topology are
in the prediction of a single input.

3.1.2 RQ2: Obtaining a global explanation

Once all local node masks are computed, the global explanation is obtained by aggregating
all local mask values per node. To this end, multiple methods can be employed. However, it
is important to ensure that the aggregated node mask reflects all of the local explanations
and, by exension, the entire input dataset. This project explores two different methods of
local node mask aggregation:

e Mean Aggregation: Here, the final node mask value is computed as the mean of all
local mask values per node. The mean is more suitable for situations in which these
values form a normal distribution. However, there exists no guarantee that this will be
the case for multiple datasets. Moreover, this method can be sensitive against outliers
as it is much more easily influenced by extreme values.

e Median Aggregation: Instead of taking the mean of all node mask values, this
method calculates the median of the distribution of mask values for a single node.
This method is better suited for skewed distributions and more robust against outliers,
making it more adaptable to multiple datasets.

For clarity purposes, the two modifications listed above will be referred to as Mean
Aggregation and Median Aggregation throughout the rest of the document.

3.2 RQ3: Evaluation metrics

As stated in Subsection 2.3, the BAGEL benchmark provides four metrics by which to
assess the performance of an explainer for a GNN. However, not all metrics are suitable
for evaluating GNN-SubNet. For example, plausibility is not applicable in this context, as
collecting data from experts in disease subnetwork detection is out of scope for this project.
As such, the selected methods of assessment for GNN-SubNet as well as its modifications
are Rate Distortion Based (RDT) Fidelity, Sparsity, Validity+ and Validity-.



3.2.1 Rate Distortion Based (RDT) Fidelity

This metric indicates how well a generated explanation can clarify a GNN’s prediction.
RDT Fidelity is measured by selecting a number of node features from the input graph and
randomizing the rest. If the GNN’s prediction shows no significant change, then the selected
features are relevant in the prediction [5].

To compute this metric, the input graph features are perturbed a specific number of
times. For the context of this project, the empirical choice is made to perturb the features
10 times. Thus, the score can be analysed over multiple runs and the computational time
remains manageable. The final RDT fidelity score represents the proportion of times in
which the prediction does not change for a distorted input graph. The perturbation of the
input graph with the feature set X and the explanation in the form of a node mask M(S) is
performed using the following formula:

Ys =X OM(S)+ 20 (1 - M(5)). (5)

Here, "® denotes an element-wise multiplication, and 1 a matrix of ones with the corre-
sponding size" [5, p.4]. Moreover, Z represents a noise distribution that perturbs the input
graph. An explanation that is stable in the face of input perturbation will have a high RDT
fidelity score [5].

It should be noted that RDT fidelity is computed over a single input graph. For a dataset
of D graphs, D values for this metric will be generated.

3.2.2 Sparsity

When evaluating the explanation of a GNN, sparsity refers to how succint it is. To this end,
the sparsity of an explanation is computed as its "entropy over the mask distribution" [5,
p.5]:

H(p) = - p(¢)log(p()). (6)

peM

Here, M represents the set of all node features, and p is the normalized distribution of
the node mask. To limit the sparsity score between 0 and 1, the final score is calculated
with the formula:

H(p)

max__entropy’

1- (7)

where maz_ entropy denotes the maximum possible value that the entropy of a node
mask can have. This corresponds to an explanation consisting of all nodes in the graph
topology, which is computed as — log(ﬁ). It is more favourable that explanations have a
lower entropy and, by extension, a higher sparsity score. For k runs of the explainer on the
input dataset, the sparsity score will be evaluated k times.

3.2.3 Validity+ and Validity-

Validity+ and Validity- are adapted from the notions of validity, as well as Fidelity+ and
Fidelity-, which are presented in Subsection 2.3. Taking this information into account, Va-
lidity+ averages the unimportant feature values, whereas Validity- averages the important
feature values. In order to differentiate important features from unimportant features, a



threshold t is employed such that the top t% of the node mask values are considered impor-
tant, and the rest, unimportant.

A good explanation should have a low Validity+ score and a high Validity- score. This
is because the prediction should change considerably more when removing the important
nodes than when removing those that are deemed unimportant.

3.3 Experimental Setup
3.3.1 Input data used

Throughout the experimental pipeline, two datasets are used: one containing synthetically
generated graphs, and another containing data on PPI networks retrieved from The Cancer
Genome Atlas (TCGA). It is important to note that, in both datasets, one entry comprises
the node features of a single graph instance. Moreover, all graph entries have the same
topology, and it is only the node feature values that differ among multiple graph instances.
This facilitates the explainers’ process of reaching a global mask that is representative of
the entire dataset.

The first dataset represents a series of graph samples used to perform sanity checks on
GNN-SubNet. Each graph entry is a synthetically generated network of 30 nodes [10]. In
this study, the dataset is employed to verify the implementation of Gradient Descent by
which a local explanation is obtained. Figure 1 visualizes this data.

N2 N24
“\NB @& \ N12
NS
[ N25
3
N23 "‘x L
/ 22
NI NL N2 =N21—— N9
o 10— o s
Z N26——
2 z NS
52 -
a N30 \‘13

-2 -1 0 1 2
Node Features

(a) (b)

Figure 1: A visualization of the synthetic dataset. (a) plots the numeric distribution of the
feature values of all 30 nodes. The y-axis indicates the estimated probability density of a
node’s features. (b) shows the graph topology corresponding to each dataset sample.

The TCGA dataset contains mRNA and protein methylation features [17], which are
retrieved from The Cancer Genome Atlas', and is used in GNN-SubNet’s task of disease
subnetwork detection [10]. The node features contain genetic profiles relating to Kidney
Renal Cell Carcinoma (KIRC) and are much more complex and variate than the synthetic
dataset. As such, the graph models a PPI with cca. 4780 proteins and more than one million
protein interactions. In this study, the dataset is used when comparing GNN-SubNet and
its two modifications in terms of their performance in disease subnetwork detection, as well
as the BAGEL metrics. A visualization of the data is shown in Figure 2.
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Figure 2: A visualization of the TCGA KIRC dataset. (a) plots the numeric distribution of
the node feature values of the first 10 proteins. As before, the y-axis indicates the estimated
probability density. (b) illustrates a visualization of a subset of the graph. Each node
represents a protein, and each edge represents a protein interaction.

3.3.2 Experimental Pipeline

The comparison of GNN-SubNet with the proposed modifications is achieved in multiple
steps. Firstly, the correctness of the method by which a local explanation is obtained is
verified by plotting the loss function value from performing gradient descent. The GIN
model is trained on the synthetic dataset for 20 epochs. Then, GNN-SubNet and the Mean
Aggregation modification are run for 300 epochs and the gradient descent loss value per
epoch is recorded. The implementation is deemed functional when the plot shows a gradual
decrease in the loss value and eventual convergence.

To appraise the global explanations obtained by the new explainers, the node masks are
employed for disease subnetwork detection. Firstly, a GIN model is trained for 20 epochs on
the test set of the TCGA dataset, which contains 200 proteins. The procedure of obtaining
this test set is described more in detail by Pfeifer, Saranti and Holzinger [10]. Then, the
selected explainer is run for 300 epochs in 10 iterations. The resulting global explanation is
employed in a community detection algorithm [10], which results in a series of subnetworks,
each with an associated importance score. This entire process is repeated 10 times, and
for each iteration the obtained subnetwork with the highest importance score is recorded.
Afterwards, for each reported subnetwork, its frequency among the ten runs is analysed and
compared to that of other protein subgroups.

The pipeline that assesses the scores for RDT fidelity, Sparsity, Validity+ and Validity- is
similar to that of the experiment performing disease subnetwork analysis. However, instead
of analysing the obtained subnetworks, the metric scores are evaluated on the resulting
node masks. Firstly, the mean RDT Fidelity over the input dataset, as well as the mean
Sparsity over the explainer runs, are computed. Validity+ and Validity- are evaluated at the
thresholds ¢ = 30.0 and ¢ = 50.0. This choice was made to appraise a hard masking approach
that is more lenient, which considers the proteins ranked in the top half as important, as
well as a stricter approach, which only considers the top 30%. This entire process is run 10
times for all three explainers and the scores for each metric are stored per run in separate
files. After all iterations are finished, the scores of all runs are aggregated (for both Validity



scores, the aggregation is done per threshold) and their mean value is obtained.

4 Results and Discussion

4.1 RQ1: Obtaining a local explanation
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Figure 3: Side-by-side comparison of the values of the loss function when performing Gradi-
ent Descent on the synthetic dataset. The plot shown in (a) corresponds to GNN-SubNet,
and the plot shown in (b) corresponds to the Mean Aggregation modification. The x-axis
indicates the epoch for which the value is recorded. The y-axis represents the value of the
loss function recorded for the corresponding epoch.

Upon analysing the gradient descent loss value plots shown in Figure 3, it can be noticed
that, whereas the loss function decreases gradually in the plot corresponding to the modified
GNN-SubNet, that of the original algorithm does not. This is likely due to the sampling
scheme employed by GNN-SubNet. The sample that aids in the optimisation of the node
mask is reset every 50 epochs, but the optimized node mask only changes to accomodate to
one sample at a time. As a result, upon reinitialization, the loss function loses its monotony.

It can be observed that the loss is negative in both plots. This is likely due to the manner
in which the loss function is computed in the Gradient Descent algorithm, which is shown
in Equation 2. The plotted loss function value is likely negative due to the fact that the
mean value of the node mask is smaller than the sum of the forward function value and the
node mask entropy. Moreover, the loss values showcased by GNN-SubNet are far lower than
those of its modification. This is due to the fact that GNN-SubNet computes its final loss
as the sum of the losses for each entry in its current sample, which leads to a much lower
final value.

4.2 RQ2: Performance in disease subnetwork detection

A subnetwork analysis as described in Subsection 3.3 shows that GNN-SubNet and its two
modifications return multiple protein groups over ten runs. Three of the most frequently
discovered subnetworks are illustrated in Figure 4. Among all algorithms, the most common
subset of the returned subnetworks is a group of 38 proteins, more specifically:
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Figure 4: Plots of three of the most frequently discovered subgroups among ten runs of
GNN-SubNet and its two modifications. Each node models a protein and an edge models
a protein interaction. Note that only the edges with an importance score above the 95th
percentile are shown. The nodes with a connectivity above the 95th percentile, as well as
their connected edges, are highlighted in green. For (a), these are NOP14, NOP58 and
BMS1. For (b) this is MGAT4B and, for (c), MEIS1.

ABTI1, BMS1, DCAF13, DDX18, DDX21, DDX2/, DIS3L, DNTTIP2, ESF1, EXOSCY,
FBL, FTSJ3, GNL2, HEATR1, MPHOSPH10, NAT10, NCL, NMD3, NOL10, NOLG,
NOP14, NOP2, NOP58, PDCD11, PES1, PIH1D1, POLR1B, PWP2, RBM2S, RRP1,

RRP12, RRPY, TBL3, TSR1, UTP15, UTP20, WDR3, WDR75

From this list, NOP14 is one of the proteins with the highest connectivity as noted in
Figure 4. The protein has been shown to potentially cause some cancer types, and supress
the tumor of others, and it has a significantly higher expression in tumor tissues compared
to normal tissues. However, in terms of KIRC, NOP14 has been associated with a good
prognosis in terms of the patients’ overall survival rate [18]. On the other hand, NOP58,
another protein with a high connectivity in the identified subnetwork, has shown a significant
expression in multiple types of cancerous tumours, including KIRC tumours [19].

Another subnetwork common to GNN-SubNet and the Mean Aggregation Algorithm
contains four proteins, i.e. MGAT3, MGAT}B, MGAT5 and MGAT5B. Among these pro-
teins, MGATS5 is considered an important gene in cancer classification [20]. It has been
shown that a high expression of MGATS can potentially indicate a poorer prognosis for the
survival rate of clear-cell Renal Cell Carcinoma (ccRCC) patients [21], where ccRCC is a
subtype of KIRC. MGAT4B, which has the highest connectivity in the subgraph, is also
relevant in cancer classification. However, a differential expression level when compared
with other genes such as MGATS5 is not detected in the case of KIRC [20].

The authors of GNN-SubNet have indicated that the subnetwork of greatest importance
reported by them in one run was formed of the genes EGR2, HOXA2, HOXB13, HOXB2,
MEIS1, MEIS2, TEADI and TEAD/ [10]. Upon running the algorithm ten times on the
TCGA dataset, this gene group was never reported as the most important subnetwork. On
the other hand, both the Mean Aggregation and the Median Aggregation modifications have
identified this subnetwork once in the ten runs. From this subnetwork, HOXB13 has been
reported as potentially significant in the genesis and progression of Renal Cell Carcinoma
(RCC) tumours. HOXB13 also directly interacts with MEIS1 and MEIS2, which aids tumour
suppression, and the disruption of this linkage can generate cancerous cells [22].

Overall, the results indicate that GNN-SubNet and its two modified versions are able
to identify subnetworks containing proteins that have a higher expression level in cancer
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patients. Nevertheless, upon 10 iterations of this experiment, each explainer has obtained
highly variate subnetworks. It is thus advised that the results shown in the section be
further investigated, as the reproducibility of these three algorithms is not guaranteed. This
limitation is elaborated on in Subsection 4.4.

4.3 RQ3: Comparison in terms of the selected metrics

The final experiment described in Subsection 3.3 resulted in a series of values corresponding
to RDT Fidelity, Sparsity, Validity+ and Validity- scores. These metric scores are shown in
Table 1.

Table 1: Mean RDT Fidelity, Sparsity and, for thresholds 30.0 and 50.0, Validity+ And
Validity-, recorded on the TCGA (KIRC) dataset. The metric scores are computed for
GNN-SubNet as well as its two modifications, which are described in Section 3. The numbers
in bold show the best metric scores among the three different explainers.

GNN | Mean Mean Thres. | Mean Mean
Acc. Fidelity | Sparsity | Value | Validity+ | Validity-

GNN-SubNet | 75.0 0.855625 | 0.042664 30.0 0.25875 0.73625

Explainer

50.0 0.47125 0.85375
Mean 30.0 0.32375 0.8150
Aggregation 75.75 | 0.861375 | 0.019166 50.0 0.39750 0.8725
Median 30.0 0.39375 0.80750
Aggregation 730 0.837375 0.038665 50.0 0.45500 0.83375

Overall, the Mean Aggregation modification outperforms the other two explainers in
terms of some metrics. For RDT Fidelity, the results show a 0.67% increase compared
to GNN-SubNet. This signifies that a global explanation that is guaranteed to take into
account all graph instances can have a higher fidelity than one that is aggregated via a
sampling algorithm. However, the Median Aggregation variant performs the worst out of
the three explainers, with Mean Aggregation outperforming it by 2.86%. This could indicate
that the median value of all node masks may not be the most accurate aggregation method.
The mean value is also usually employed when computing values with little chances of being
influenced by outliers. As such, the results may reflect the distribution of the aggregated
local explanations and, by extension, the node features in the input dataset.

The existing literature contains multiple assessments of GNN explainers’ performances in
terms of RDT Fidelity. For example, Rathee et al. [5] analyse the RDT Fidelity of a range
of explanations for a GIN performing a graph classification task. The results show that
GNNExplainer, which GNN-SubNet extends, is the best performing model when explaining
the GNN’s predictions of chemical compound mutagenic effects. However it showcases the
worst performance when explaining the GIN’s protein classification task [5]. This can indi-
cate that GNNExplainer’s RDT Fidelity score may differ greatly depending on the dataset
that is used, and that GNN-SubNet, together with its modifications, inherit this quality as
well.

In terms of Sparsity, it can be noted that all explainers have obtained very low scores
on the TCGA dataset. This implies that the node mask value distributions for all nodes in
the graph topology has a high entropy. A possible explanation for this result is represented
by the fact that GNN-SubNet randomly initializes the node mask values for the Gradient
Descent algorithm. This limitation is further detailed in subsection 4.4.
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The Mean Aggregation modification showcases the worst sparsity score out of all ex-
plainers. Compared to the original algorithm, it shows a 55% decrease in score. In this
respect, Median Aggregation obtains a much better score. This could be due to the fact
that the median value is less likely to be influenced by exceedingly high node mask values,
which could lead to lower node importance values overall. However GNN-SubNet is still
shown to obtain the sparsest explanations.

The low Sparsity scores may also be an issue derived from GNNExplainer. Funke et al.
[16] compare multiple explainers for GNNs performing a classification task on datasets of
scientific publications. Their results report that, on all datasets, when explaining a GIN’s
decisions, GNNExplainer showcases the worst Sparsity scores.

In terms of Validity+, GNN-SubNet shows the best performance at threshold 30.0, but is
outperformed by the Mean Aggregation modification at threshold 50.0. In terms of Validity-
Mean Aggregation shows a better performance by 10% compared to GNN-SubNet at thresh-
old 30.0, and 2.19% at threshold 50.0. On the other hand, Median Aggregation outperforms
GNN-SubNet at threshold 30.0, but shows the worst performance at threshold 50.0. Thus,
though Mean Aggregation showcases the best Validity- scores, there does not seem to be a
clear winner in terms of the Validity+ metric.

It can be observed for all explainers that increasing the threshold value when computing
validity scores (more concretely, an increase in the amount of nodes considered "impor-
tant") will lead to an increase in the metric value, both for Validity+ and Validity-. For
Validity+, the results indicate that the metric score worsens the more feature values re-
main unchanged. For Validity-, the score becomes better the less "unimportant" features
maintain their original value.

It is important to note that, in most cases, the metric score distributions have show-
cased a high variance over ten runs of the three explainers. This can also be observed in
the visualizations in Appendix A. As such, it is important that the presented results and
their subsequent interpretation be viewed critically, and that the performance of the three
explainers be further analysed.

4.4 Limitations

Since Mean Aggregation and Median Aggregation build upon the original implementation
of GNN-SubNet, the limitations of this algorithm apply to its extensions as well. It is
important to note that GNN-Subnet randomly initializes the values for the node mask to
optimize via gradient descent. Different initial values will lead to different optimizations
and as such the final node mask will differ from one iteration of the algorithm to another.
Consequently, both the final obtained subnetworks and the metric scores will vary over
multiple runs, which can affect the reporoducibility of the results. This becomes clearer
when studying the plots in Appendix A; most of the distributions of the metric scores are
skewed and indicate a high variance. This limitation can be overcome by setting a seed for
the randomization of the initial node mask values, which will lead to a deterministic and
reporoducible algorithm. This random seed will then need to be tuned in order to find the
best value for the initial node mask.

Moreover, due to time constraints, the hyperparameters employed in the entire pipeline
of the algorithm as described in Section 3 have been set to the same values as GNN-SubNet.
It is recommended that a grid search be performed to find the best values for how many
epochs gradient descent should be run for, or how many iterations of the three explainers
will lead to the best metric scores. A tuning of the hyperparameters used to compute the
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loss function could also be performed for the two modifications of GNN-SubNet.

Lastly, the Median Aggregation modification can be extended to take into account multi-
ple quantile values. Currently, time constraints impede a further fine-tuning of the quantile
value to be employed when aggregating all local node masks. The quantile value that leads
to the best metric scores can be explored in a future extension of this project.

5 Responsible Research

Genomic research, which includes the study of genes coding for proteins [23], is a field which
does not allow for errors. False positives or negatives of this kind of research incur a great
toll on the individuals whose genome data is employed [23]. The usage of genomic data,
which represents sensitive information, can also lead to data protection issues. Moreover,
from a technological perspective, it is paramount that the developed code be correct as well
as reproducible. It is also important to ensure that the process of obtaining results upholds
academic integrity. The rest of this section will highlight the extent to which each of these
matters has been addressed throughout the research pipeline.

Firstly, the data sources employed in the project are retrieved in compliance with prin-
ciples of responsible research. As such, the data obtained from The Cancer Genome Atlas
upholds the FATR principle [24] in that its public accessibility 2 renders it findable as well as
available. The dataset is also interoperable and reusable as the project repository contains
a python notebook which explores it in depth. Additionally, The Cancer Genome Atlas
highlight guidelines for ethical data access and usage. To access sensitive data that can be
traced back to a specific person, researchers must agree to comply with norms on accessing
secure and private information [25].

Secondly, the modification of GNN-SubNet is verified in the following manner: the pro-
cess of obtaining a local explanation is assessed by analysing the loss value over multiple
epochs. Then, the process of obtaining global explanations is verified by appraising their us-
ability in disease subnetwork detection, as well as by leveraging a selected subset of metrics
designed to assess explainers for GNNs.

One drawback of this study as described in Subsection 4.4 is its limited reproducibility.
The high variance in results over multiple runs of GNN-Subnet gives rise to concerns with
regard to how feasible it is to replicate the results obtained for the explainer’s proposed
modifications. Nevertheless, to the extent possible, the project is designed with careful
consideration for reproducibility by future researchers. To make the code understandable
and easy to reuse, all modifications to GNN-SubNet are properly documented. The python
notebooks that run all experiments highlighted in section 3.3 and visualize the input data
displayed in 3.3.1 are available in the repository to facilitate the replication of the experi-
ments. Additionally, to maintain the transparency of the research process, version control
is assured via the use of GIT, and the project repository is publicly available®.

6 Conclusions and Future Work

The purpose of this research project is to investigate how to modify the means by which a
global explainer for a GNN generates an output that is representative of an entire dataset.
Thus, the main questions to be answered are firstly, how to modify GNN-SubNet such

2https://portal.gdc.cancer.gov/
3https://github.com/0ana-M03/GNN-SubNet_modified.git
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that it returns a local explanation and, secondly, how to aggregate the local explanations to
obtain a global explanation. Moreover, the project aims to validate the algorithm’s sampling
method by comparing it with the new approach in terms of four metrics devised for assessing
explainers for GNNs.

GNN-SubNet obtains a global explanation by optimizing a node mask via gradient de-
scent with the use of a continuous sampling scheme. The modification of this algorithm lies
in removing the sampling scheme such that a local node mask is now optimized per dataset
sample. Then, all of the obtained local explanations are aggregated per node either by their
mean or their median value to obtain a global explanation.

To investigate how GNN-SubNet compares with its modifications, the three algorithms
are run on data provided by The Cancer Genome Atlas relating to Kidney Renal Carcinoma
(KIRC) to generate disease subnetworks. An analysis of the obtained disease subnetworks
reveals that all explainers uncover proteins related to cancer. Another experiment involves
comparing the three algorithms in terms of metrics meant to assess explainers for GNNs.
The results indicate that changing the method by which a global explanation is obtained can
lead to a slight improvement in terms of RDT Fidelity scores, however it leads to significantly
lower Sparsity scores.

One recommendation for future research lies in exploring whether GNN-Subnet can be
modified to compute an edge mask, rather than a node mask. This would remove the need
to aggregate the node mask values into an edge mask when performing disease subnetwork
detection. As such, assessing the model’s behaviour with such a change can prove to be an
interesting direction for the future.

Lastly, the research described paves the way for further investigations into the workings of
GNN-SubNet. This study shows that one limitation of the explainer lies in its highly variate
results. It is thus recommended that a method of combating this limitation be investigated.
In order for the research to be reproducible, ideally, GNN-SubNet should return a single
subnetwork per dataset. A suggestion is to set a random seed for the generation of the
initial node mask values in the optimization process. On a more general level, this issue
poses the need for further research into low variance explainable graph models for biological
applications.
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Figure 5: The numeric distributions of RDT Fidelity, Sparsity, Validity+ and Validity-
scores (at thresholds 30.0 and 50.0) for GNN-SubNet and its two modified versions. The
values are recorded over 10 runs of each explainer. For all plots, the x-axis indicates the
metric values. The y-axis indicates the estimated probability density of the metric values.
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