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Abstract:

Gleason grading of histopathology slides has been the “gold standard” for diagnosis, treatment and prognosis
of prostate cancer. For the heterogenous Gleason score 7, patients with Gleason score 3+4 and 4+3 show a
significant statistical difference in cancer recurrence and survival outcomes. Considering patients with Gleason
score 7 reach up to 40% among all prostate cancers diagnosed, the question of choosing appropriate treatment
and management strategy for these people is of utmost importance. In this paper, we present a Graph Neural
Network (GNN) based weakly supervised framework for the classification of Gleason score 7. First, we
construct the slides as graphs to capture both local relations among patches and global topological information
of the whole slides. Then GNN based models are trained for the classification of heterogeneous Gleason
score 7. According to the results, our approach obtains the best performance among existing works, with
an accuracy of 79.5% on TCGA dataset. The experimental results thus demonstrate the significance of our
proposed method in performing the Gleason grading task.

1

INTRODUCTION

Prostate cancer is one of the most common cancers,
seriously affecting around 1 in 9 men all over the
world (Moch et al., 2016). Gleason grading system
has been recognized as the most powerful indicator
for estimating the aggressiveness of prostate cancer,
which is of great significance for instructing its risk
stratification and determining treatment. Specifically,
Gleason score (GS) is defined by a sum of the primary
and secondary patterns present in the tumor area with
the range of 2 to 10. Each pattern is assigned with
a score ranging from 1 (G1) to 5 (G5), that higher
scores indicate more aggressive cancer and poorly differentiated glands. In current clinical practice, the
lowest GS assigned is GS 6 (G3 + G3) (Epstein and
Jonathan, 2018), since assignment of GS 2 to 5 have
poor reproducibility and low correlation with radical prostatectomy grade (Zareba et al., 2010) (Epstein
et al., 2015).
Conventionally, the assessment of GS is carried
out manually by well trained pathologists, which is
time-consuming and suffers from very high interobserver variability. In recent years, there is growing
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interest in computer-aided automatic Gleason grading methods based on deep learning techniques, especially Convolutional Neural Network (CNN). Existing researches can be roughly categorized into supervised methods (Arvaniti et al., 2018) (Ren et al.,
2018) and weakly supervised methods (del Toro et al.,
2017) (Arvaniti et al., 2018) (Xu et al., 2018) (Wang
et al., 2019) (Pinckaers et al., 2020). However, most
of them have focused on the classification of homogeneous tumor regions with only one single Gleason pattern (i.e., G3 ,G4 or G5) (Khurd et al., 2010)
(Kallen et al., 2016) (Nagpal et al., 2018) (Pinckaers
et al., 2020) (Wang et al., 2018), or high grades (i.e.,
GS ¿= 8) versus low grades (i.e., GS ¡= 7) (del Toro
et al., 2017) (Ren et al., 2018) (Xu et al., 2018) (Wang
et al., 2019), which are of limited help for clinical diagnosis.
In this paper, we mainly focus on the classification
of heterogeneous GS 7 (e.g., G3 + G4 and G4 + G3).
Studies show that GS 7 should be delineated into different prognostic groups since patients with G3 + G4
and G4 + G3 show a significant statistical difference
in cancer recurrence and survival outcomes (Hochreiter and Schmidhuber, 1997). Comparing to G3 + G4,
the gland structures in G4 + G3 are poorly differentiated (Epstein et al., 2016). Considering patients with
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GS 7 reach up to 40% among all prostate cancers diagnosed (Siegel et al., 2017), the question of choosing appropriate treatment and management strategy
for these people is of utmost importance.
Recently, several studies have been carried out
on the analysis of heterogeneous GS 7. For example, (Zhou et al., 2017) proposed an automatic Gleason grading method for heterogeneous GS 7. Their
pipeline consists of gland region segmentation by
K-means clustering, color decomposition, and CNN
based classification. (Li et al., 2019) proposed a
two-stage attention based Multiple Instance Learning (MIL) model that can classify the prostate cancer slides into benign, low-grade (i.e., G3 + G3 or
G3 + G4) and high grade (i.e., G4 + G3 or higher).
Both approaches mentioned above are not sufficiently
context-aware and do not capture the correlations
among patches that are predictive of Gleason grading. (Jian et al., 2018) developed a survival analysis model, further exploring the prognosis of prostate
cancer patients that are graded with G3 + G4 and
G4 + G3. Specifically, they used a CNN based long
short-term memory (LSTM) (Hochreiter and Schmidhuber, 1997) method to model the spatial relationship
of patches extracted from one slide. However, LSTM
model works in a sequential way, which is not capable
of describing one to many correlations among patches
correctly.
To alleviate the deficiencies, we introduce Graph
Neural Network (GNN), which is an emerging technology for graph data analyzing, into the Gleason
grading task. In particular, with the introduction of
convolution operator on the basis of GNN, Graph
Convolutional Network (GCN) has a strong ability
of modeling the global information and dependencies
among graph nodes. It updates each node embedding by aggregating the information come from multilayer neighborhoods. Then the updated node representations are used to complete subsequent tasks (Wu
et al., 2019). (Wang et al., 2019) came up with a GCN
based automatic Gleason grading method that assigns
prostate cancer tissue micro-arrays (TMA) with GS
=6 or GS ¿= 7. Their model can capture the distribution and spatial relations of cells by modeling
TMAs as cell-graphs through learning nucei features
as nodes. However, the cell-graph is not capable of
modeling the gland structures, which is of great importance in the classification of GS 7. In our work,
for the sake of capturing both gland features and relations among patches, we crop the prostate cancer
slides into small patches to model patch-graphs.
In this paper, we present a GNN based weakly
supervised Gleason grading method, which models
the prostate cancer slides as graphs with patch-level

Figure 1: Overview of the GNN based Gleason grading
workflow. a. Graph reconstruction module. b. GNN module.

features and introduces two edge construction mechanisms. The patch–level feature extractor is trained
on pure slides (GS 3+3 and GS 4+4) to further promote the accuracy of classification. Our GNN based
model has the inherent ability to accurately capture
both local relations among patches and global topological information of the tumor area.
The main contributions of this work can be summarized as follows:
• We focus on the classification of heterogeneous
GS 7 that very few researches have studied. We
propose a GNN based weakly supervised method
without relying on the patch-level annotations and
non-tumor slides. To the best of our knowledge,
we are the first to introduce GNN mechanism into
heterogeneous GS 7 classification task.
• We conducted experiments on cancer genome
atlas (TCGA), which is one of the most famous databases for cancer research. Our model
achieves an accuracy of 79.5% in differentiating
G3 + G4 with G4 + G3, which is superior to stateof-the-art result.
The rest of this paper is organized as follows. We
first review some related works about automatic Gleason grading techniques in Sec. 2. Next, in Sec. 3,
we describe the pipeline of our proposed GNN based
model. Implementation details of the experiments and
final results with analysis are shown in Sec. 4. Finally, conclusion is present in Sec. 5.

2

RELATED WORK

Existing automatic Gleason grading methods can be
roughly divided into supervised methods and weakly
supervised methods.
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2.1

Supervised Gleason Grading

At an earlier stage of computer aided Gleason grading, (Khurd et al., 2010) assign GS to prostate cancer
slides by classifying texture, which is characterized
by clustering the filter responses extracted from every pixel. With the revolution of Convolutional Neural Networks (CNNs), many researchers train CNN
based classifiers with sufficient fine-grained labels
that manually annotated by pathologists. Several
prevalent CNN models, such as ResNet (He et al.,
2016), VGGNet (Simonyan and Zisserman, 2014),
and GoogleNet (Szegedy et al., 2014) were tested in
previous works (Arvaniti et al., 2018) (Nagpal et al.,
2018) (Zhang et al., 2020). While promising results
were reported compared to traditional methods, labeling every patch and drawing all the discrete tumor areas are tedious and error-prone for pathologists.
In order to reduce the dependence on detailed labels, many weakly supervised Gleason Grading methods using only slide-level labels have been released
recently.

2.2

Weakly Supervised Gleason
Grading

Toro et al. detected cancerous patches of prostate cancer slides according to the Blue Ratio Image (BR image). Then the selected patches were used to train
a patch-level classifier of high grade (GS ¿= 8) vs.
low grade (GS ¡= 7) (del Toro et al., 2017). However,
they annotated the patches with their slide label directly, which is inconsistent with the Gleason grading
principle and will seriously damage the accuracy of
classification. (Zhou et al., 2017) proposed a research
on the classification of heterogeneous GS 7. In their
work, human engineered features and CNN features
are combined to give patch-level predictions. (Xu
et al., 2018) used multi-class Support Vector Machine
(SVM) to classify the texture feature of all patches.
Then the results were integrated to assign prostate
biopsies with GS 6, 7 or GS ¿=8. (Li et al., 2019) developed an attention based Multiple Instance Learning (MIL) model, which is a two-stage model that
imitated the procedure that pathologists perform the
Gleason grading. However, they used benign prostate
cancer slides, which are not always available, to train
a cancer versus non-cancer MIL classification model.
Information embedded in the final GS is not fully incorporated. Moreover, in these methods, the final GS
is obtained by integrating independent patch-level results without considering topological information and
correlations among patches.
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In this work, we develop a GNN based weakly
supervised Gleason grading method, which aims to
capture both global information and relations among
patches.

3

GNN BASED GLEASON
GRADING

Considering the clinical significance of the classification of heterogeneous GS 7, we develop a weakly
supervised method that can automatically grade the
GS 7 slides using only slide-level labels. Different
from previous researches that rely on patch-level or
pixel-level annotations, our model uses only cancerous slides with their slide-level labels.
Specifically, in Sec. 3.1, we reconstruct prostate
cancer slides as graphs. GNN-based models are
trained to learn graph representations of the slides in
Sec. 3.2. Figure 1 shows the overall workflow of our
method.

3.1 Reconstruct Prostate Cancer Slides
The graphs we use to train the GNN based model are
reconstructed from prostate cancer slides, with the
patch-level feature vectors as graph nodes and connections among nodes as graph edges. Our reconstruction module consists of node embedding construction and edge generation.

3.2 Node Embedding Construction
We construct node embeddings by extracting feature
vectors of each patch using CNN models. CNN is
a kind of neural network that can accurately learn
useful information of images. Performance of CNN
learned features is superior to texture descriptors
(Khurd et al., 2010) and human-engineered features
(Zhou et al., 2017) in image analyzing tasks. In this
paper, we train a CNN model as the feature extractor
using prostate cancer slides with pure GS (e.g., G3 +
G3 and G4 + G4), the primary GS and the secondary
GS of which equals to each other. Figure 5 shows the
training process of the feature extractor. We transfer
the ImageNet features by initializing the CNN model
with weights of pretrained model. This makes it possible to differentiate Gleason patterns G3 and G4.

3.3 Edge Generation
Edges of graphs represent the connections among
nodes in feature space. In this paper, we use the dis-
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tance between node embeddings to represent the correlations. If the distance between two node vectors is
larger than a threshold, they are considered to share
less similarities then no edge will be generated and
vice versa. We employ two kinds of distance metrics
(e.g., Euclidean distance and Mahalanobis distance)
to establish edges of the graphs and evaluate performance of them. The details are as follows.
(1) Euclidean distance. It is the most common used
definition of distance, which represents the linear distance between two points in n-dimensional Euclidean
space. It is widely accepted as a useful distance metric and can be defined as Eq. (1).
q
DEi j = (Xi − X j )T (Xi − X j )
(1)
Where Xi and X j are node feature vectors.
(2) Mahalanobis distance. It is another metric suitable for calculating the distance between node embeddings. Different from Euclidean distance, which
only computes the straight-line distance, Mahalanobis
takes the correlations of attributes into consideration.
Therefore, it is an effective method to calculate the
similarity of two unknown points in high-dimensional
space. Mahalanobis distance of node embedding Xi
and X j is formulated in Eq. (2).
q
DMi j = (Xi − X j )T Σ−1 (Xi − X j )
(2)
Where Xi and X j are node feature vectors and Σ is
the covariance matrix that shows the relationships of
attributes.
By modeling prostate cancer slides as graphs, the
heterogeneous GS 7 classification problem has been
converted into Graph classification task.

3.4

GCN based Model For Gleason
Grading

GCN is a deep learning approach for performing feature extraction and classification on graphs, which introduces convolution operator based on GNN. It plays
a role of message passing and updates each node embedding in a flat way following “neural message passing method” (Gilmer et al., 2017) formulated as Eq
(3).
H (l) = M(A, H (l−1) ; θ(l) )

In the message passing framework, each node representation is computed by aggregating features of
neighborhood nodes iteratively and the final node embedding is generated after several iterations of Eq (3).
In our work, we take GCN as the message passing
method and the iterative process can be expressed as
Eq. (4).
Z (l) = GCNl,embbed (A(l) , X (l) )
1

(4)

Where A represents adjacency matrix and X indicates
the input node embeddings. W is trainable weights
of GCN model. Since node embeddings are not adequate for our graph classification task, differentiable
pooling (DIFFPOOL) (Bulten et al., 2019) is introduced into our work to hierarchically learn the graph
representation. Notably, it pools node embeddings
(e.g., the output of GCN layer) into different clusters
hierarchically and finally encodes the graph into a feature vector as graph representation.
DIFFPOOL module is realized through an assignment matrix S(l) ∈ Rnl ×nl+1 as discribed in Eq. (5). nl
and nl+1 are the number of nodes (clusters) in layer
l and layer l + 1 respectively (nl > nl+1 ). Sl is used
to coarsen the graph step by step and finally obtains
the graph representation vector. Each row of S(l) indicates a node (cluster) in layer l while each column
corresponds to a node (cluster) in layer l + 1. Softmax
is performed in each row to indicate the probability of
a node (cluster) in layer l assigned to a cluster in next
layer l + 1.
S(l) = so f tmax(GCNl,pool (A(l) , X (l) ))

(5)

With the learned matrix S(l) , new embeddings of
the clusters in layer l + 1 is computed as Eq. (6) and
adjacency matrix of new coarsened graph in layer l +
1 is calculated as Eq. (7).
T

X (l+1) = S(l) Z (l)
(l+1)

A

=S

(l)T

(l) (l)

A S

(6)
(7)

DIFFPOOL module can be simply summarized as
Eq. (8).
(A(l+1) , X (l+1) ) = POOL(A(l) , Z (l) )

(3)

Where H (l) ∈ Rn×D denotes the output of layer l (e.g.,
node embeddings) and M indicates the message passing method. M computes the node representation depends on adjacency matrix A and trainable parameters
θ(l) in each layer. Specifically, H (0) = X (e.g., patch
feature vectors).

1

= ReLU(D̃− 2 ÃD̃− 2 H (l−1)W (l−1) )

4

(8)

EXPERIMENTS

The organization of this section is consistent with the
process of our experiments. We first introduce the
dataset in Sec. 4.1. and data preprocessing in Sec.
429
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4.2. The implementation details about our method is
described in Sec. 4.3. Finally, in Sec. 4.4, we present
the results of our method with detail analysis.

4.1

Dataset

All hematoxylin and eosin (H & E) stained prostate
cancer slides and their clinical GS are obtained from
an open database-the cancer genome atlas (TCGA)
(Weinstein et al., 2013), including histopathology
slides uploaded by 32 institutions that have been acquired at 40x magnification. We train our model
and evaluate the performance using 406 high quality
slides selected from TCGA. Table 1 shows the number of prostate cancer slides used under different GS
during the experiments.

4.2

Implementation Details

The implementation details of our experiments are described as follows.
(1) Parameter setting for training CNN models as feature extractor. During training, the batch size is set to
32 and SGD optimizer is used with an initial learning rate of 1e−3 . Specifically, all the CNN models are
trained for 20 epochs using a warming up step in the
first 2 epochs, which can further promote the accuracy
of classification.
(2) Parameter setting for GNN based models. We set
3 GCN layers followed by 1 Pooling layer with an
assignment rate of 20%. All the GNN based models
are trained for 1000 epoches using 10-fold validation.
Finally, the batch size and initial learning rate during
training process is set to 20 and 1e−3 respectively.

430

Patch Selection

In a histopathology slide, tumor area takes up only
a small ratio of the whole image, automatic Regions
Of Interests (ROIs) selection is crucial for Gleason
grading. In histopathology slides, tumor area means
active mitosis and more nuclei, which appears more
blue while non-tumor area appears more pink or red
(Chang et al., 2011). Blue ratio image (BR image)
corresponds well to this property and was used in previous research (del Toro et al., 2017) to select relevant
patches. BR value can be calculated as Eq. (9) where

Data Preprocessing

Since prostate cancer slides with giga-pixel resolution
contain around 50% background regions, we shrink
the slides by a factor of 32 and threshold the foreground pixels (e.g., tissue areas) using OTSU algorithm (Otsu, 2007), which is suitable for tissue area
segmentation. Some prostate cancer slides may have
been contaminated by red, blue or green pen marks.
We filter R, G, B channels respectively with tens of
threshold values to create a mask for tissue area. Morphological operations such as dilation and erosion are
conducted to fill in small blanks and remove outliers.
Then, shrinked images are multiplied with their binary masks to generate tissue area (Fig. 2). Finally,
a set of patches with size 256*256 are extracted from
tissue area without overlap. Patches that contain less
than 70% tissue regions are discarded from analysis.

4.3

4.3.1

Figure 2: Filtered images. The two images on the top are
original slides shrinked by a factor of 32x. The filtered images are shown at the bottom.

R, G, B represent the pixel value of red, green, blue
channel respectively.
BR =

100 × B
256
×
1+R+G 1+B+R+G

(9)

We rank the patches extracted from one slide according to their BR scores, which are calculated by
averaging BR value of every pixel. Usually, tumor
area only accounts for about 10% of the whole tissue
area, thus top 10% patches are regarded as cancerous.
To further reduce the computation cost, 1000 patches
are randomly selected for subsequent processing. For
the slides with less than 1000 cancerous patches, all
of them are accepted. Figure 3 shows an example heat
map created based on BR score, the number of nuclei
in the patch with high BR score is significantly higher
than that in the patch with a lower BR score.
4.3.2

Color Normalization

Color variation is another factor that could damage
the accuracy of GS classification (Abhishek et al.,
2016). Distinct tissue preparation, H & E stain reactivity, and scanners produced by different man-
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Table 1: The number of prostate cancer slides from TCGA under different GS.

GS
#WSI

6(3+3)
43

7(3+4)
110

7(4+3)
84

8(4+4)
47

9 (4+5,5+4)
117

10(5+5)
5

Table 2: Classification accuracy of different CNN backbones.

Figure 3: Patch Selection. The patch with high BR score
appear more blue due to active mitosis while that with low
BR score appear more pink.

ufacturers will result in color variations of digital
histopathology slides. Therefore, color normalization
is performed on selected patches using the color transfer method (Reinhard et al., 2001), which converts
patches into a color template that is determined in
advance, to alleviate the damage of color variations.
Figure 4 shows the comparison of a patch before (left)
and after (right) color normalization.

Feature Extractor backbones

Accuracy

VGG19

77.01%

GoogleNet

77.04%

ResNet18

88.27%

ResNet34

89.42%

ResNet50

85.46%

DenseNet

81.04%

labels of the patches selected from pure slides (e.g.,
G3 + G3 and G4 + G4) are consistent with G3 and
G4.
Table 2 compares the performance of VGG19 (Simonyan and Zisserman, 2014), GoogleNet (Szegedy
et al., 2014), ResNets (He et al., 2016) and DenseNet
(Huang et al., 2016). From table 2, we can see that
ResNets have a higher capability to learn useful information for classification task. As the number of
CNN layer grows, the accuracy first increases and
then starts to decrease. This is because more trainable
parameters yields overfitting. Therefore, the best performing ResNet34 was choosen as our patch feature
extractor.

Figure 4: Color normalization. Image on the left is the original patch and the normalized patch is shown on the right.

4.3.3

CNN Feature Extractor

For graph reconstruction, we train a CNN classifier
to extract patch features (Figure 5). To evaluate the
performance of different CNN architectures, VGG19
(Li et al., 2019), ResNet18, ResNet34, ResNet50 (He
et al., 2016) and DenseNet (Huang et al., 2016) are
used as backbones for classification of G3 patches
versus G4 patches. Since our interest lies in classification of G3 + G4 and G4 + G3, we assume that

Figure 5: The training process of feature extractor. We
train the feature extractor using patches extracted from pure
slides (e.g., GS 6(3+3) and GS 8(4+4)).

4.3.4

Graph Reconstruction

We feed patches selected into ResNet34 to get 512
dimensional feature vectors. Then PCA is used to
compress the vectors into 32 dimension to reduce the
431
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Table 3: Test performance of different models for Gleason grading.

Models

Accuracy

Nagpal et al.

70.0%

Dataset

F1 score

classification task

-

4 Gleason groups

112 million patches
and 1490 slides

Zhou et al.

75.0%

TCGA

-

G3 + G4 vs.G4 + G3

GCN + Euclidean

75.3%

TCGA

0.720

G3 + G4 vs.G4 + G3

GCN + Euclidean + DIFFPOOL

76.8%

TCGA

0.741

G3 + G4 vs.G4 + G3

GCN + Mahalanobis

77.9%

TCGA

0.774

G3 + G4 vs.G4 + G3

GCN + Mahalanobis + DIFFPOOL

79.5%

TCGA

0.775

G3 + G4 vs.G4 + G3

Table 4: Results of classification of low GS(e.g.,<=GS 7) vs. high GS (e.g., >= GS 8).

Models

Accuracy

Dataset

F1 score

#GCN layer

del Toro et al.

78.2%

TCGA

-

-

GCN + Mahalanobis + DIFFPOOL

83.4%

TCGA

0.820

3

computation cost. In addition, dense graphs will significantly increase the computation cost and sparse
graphs can not accurately model the correlation between patches. In order to construct graphs with appropriate number of edges, distance threshold is set to
40% of the average distance between all patch pairs in
the edge generation module (e.g., Eq. (10)).
∑i, j∈n Dist(xi , x j )
d = 0.4 ×
(10)
Cn2 (i 6= j)
Where d is the distance threshold and n denotes the
number of patches that selected from one prostate
cancer slide.

4.4

Results

In this study, we focus on the classification of heterogeneous GS 7 and propose a GCN based weakly
supervised Gleason grading model. We construct
edges of graphs using Euclidean and Mahalanobis
distance metrics and train the models with GCN and
GCN+DIFFPOOL as backbones. Our models are
trained for 1000 epochs using 10-fold validation, the
best accuracy and F1-score of each fold are averaged
to obtain the final results. All the results are shown in
table 3 and table 4.
In table 3, we show the performance of different
combinations and results of existing works. We can
see that all GCN based methods give better results
than (Zhou et al., 2017) and (Wang et al., 2018). This
is likely due to the fact that GCN can accurately capture the relationships among patches and the global
topological information, which are of great significance for Gleason grading task. GCN + Mahalanobis
432

+ DIFFPOOL achieves the best performance with an
accuracy of 79.5%. It approves that DIFFPOOL module can help to learn meaningful node clusters by
pooling similar nodes together and obtain the accurate graph representation hierarchically. Table 3 also
reveals that distance metrics make a difference on
the performance of classification of GS 7. Methods
with Mahalanobis metric achieve better results than
those with Euclidean metric, this is because the Mahalanobis metric leverages correlations of attributes
of features by introducing the covariance matrix that
shows the correlations of attributes.
To further verify the effectiveness of our developed method, we apply our model on the classification of high GS (e.g., GS ¿= 8) vs. low GS (e.g., GS ¡=
7). The results are shown in table 4. We train the feature extractor using patches selected from the slides
with GS 6 (G3 + G3), GS 8 (G4 + G4) and GS 10
(G5 + G5). Since we have only 5 slides graded as GS
10, data augmentation including mirroring, random
cropping, rotation, and local warping is conducted.
To save more information about G5, in graph construction process, we use high dimensional node embeddings and leave out the PCA process. An accuracy of 83.4% is achieved, which is superior to the
result 78.2% of (del Toro et al., 2017). As described
in related work, this is likely due to the fact that they
annotated the patches with slide-level labels directly,
which can seriously damage the accuracy of the classification of GS 7.

Weakly Supervised Gleason Grading of Prostate Cancer Slides using Graph Neural Network

5

CONCLUSIONS

In this study, we introduce a GCN based model that is
capable of grading the heterogeneous prostate cancer
slides with GS 7 automatically. We construct prostate
cancer slides as graphs to model correlations among
patches and capture topological information of the
whole slides. By combining DIFFPOOL layer with
GCN layers, our method achieves an classification
accuracy of 79.5%, which is superior to state-of-theart result on the dataset of TCGA. The reported results demonstrate efficiency of the proposed method,
which are consistent with our expectation.
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