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Abstract—Metagenomic data is a novel and valuable source
for personalized medicine approaches to improve human health.
Data Visualization is a crucial technique in data analysis to
explore and find patterns in data. Especially, data resources
from metagenomic often have very high dimension so humans
face big challenges to understand them. In this study, we
introduce a visualization method based on Mean-shift algorithm
which enables us to observe high-dimensional data via images
exhibiting clustered features by the clustering method. Then,
these generated synthetic images are fetched into a convolutional
neural network to do disease prediction tasks. The proposed
method shows promising results when we evaluate the approach
on four metagenomic bacterial species abundance datasets related
to four diseases including Liver Cirrhosis, Colorectal Cancer,
Obesity, and Type 2 Diabetes.
Keywords—Clustering algorithm; metagenomic; visualization;
disease prediction; mean-shift; personalized medicine; species
abundance; bacterial

I.

I NTRODUCTION

Human healthcare has been moving towards step by step
to personalized medicine which using genetic insights and
technologies. In 2020, the outbreaks of SARS-CoV-2 raises
questions about the advantages of personalized medicine in
general and metagenomics in particular. Personalized medicine
also commonly referred to as precision medicine is the most
promising approach for effective medical treatment of the
individual patients based on their genetic information and medical symptoms. By combining with the traditional approaches
which are based upon a policy of “one size fits all” applying the
same treatments to whom with the same diseases, personalized
medicine may be used to analyze and treat the disease by
personalizing medicines to make them more specific, effective,
and thereby improving treatment outcomes. Summarily, personalized medicine is a new approach in disease management,
focusing on four essential premises: prediction, prevention,

personalization, and participation [1]. Following the premises
of personalized medicine, the appearance of SARS-CoV-2 may
be explored based on acting on risk factors, cultures, and
social determinants (prediction), constrain on evolution of
the virus (prevention), analyzing the genetic and molecular of each the patient and giving them their personalizing
medicines (personalization), requiring the investment for the
infrastructure, human resource training, and the cooperation of
the patients (participation) [2]. Several studies have indicated
that many diseases are originally from genotypic so that
personalized medicine is an effective treatment and can reduce
the disadvantages of side effects. Many of the advantages of
personalized medicine within healthcare detect and diagnose
diseases, prevention of disease, and reduction of trial-and-error
prescriptions.
Metagenomics that is the study of the metagenome, an
application of modern genomic techniques, explores directly
the communities of microbial in their natural habitats [3]. The
emergence of high-throughput sequencing technology such as
deep metagenomic sequencing has generated an amount of
data that allowed the researchers to study both taxonomic and
functional effects of microbiota on hosts [4]. The uncultured
microorganisms represent the huge majority of organisms
in most habitats on this planet proving by the analysis of
16rRNA sequences, it is the beginning for the development of
metagenomics and led to the discovery of vast new lineages of
microbial life [4], [5], [6]. The importance of understanding
the microbiome has been repeatedly emphasized, thousands
of human microbiome projects that have focused on the
bacterial cell structure of the microbiome. The metagenomic
analysis revealed variations in niche-specific abundance within
the microbiome. Several studies presented the advantages of
metagenomics in diagnostics and evidence-based medicine.
Analyzing of Big data play a specific role in determining
the causality of clinical diseases by bacteria and treating by
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a suitable medicine. Therefore, in the Personalized Medicine
field, metagenomics is an efficient tool to deal with numerous
pressing issues and the relatives [7], [8].
II.

R ELATED W ORK

Metagenomic analysis has become an exciting subject for
the scientific community, the primary effort on the analysis of
the microbiome is the identification of microbial communities
for disease or host phenotype prediction [9], [10].
Diagnostic metagenomics can be used to identify pathogens
on clinical samples, outbreaks of disease or novel variant
viruses. Recently, the first genome sequence of SARS-CoV2 was conducted with metagenomic RNA sequencing, an
unbiased and high-throughput method of sequencing multiple
genomes [8]. As an indicator of the benefits and problems
of broad screens in clinical microbiology, the well-developed
blood culture contamination literature has numerous researches
to conduct clinical utility studies of diagnostic metagenomics,
and demonstrate associations with increased hospital costs,
hospitalizations, antibiotics, surgeries, and laboratory tests
[11], [12], [13], [14], [15], [16].
The study in [17] proposed a method that can detect the
overlapping clusters on metagenomic sequencing data by the
Bayesian multinomial matrix factorization model. The authors
stated under the Bayesian framework, the number of clusters is
determined by the algorithm and improving the interpretability
of their detection from the available information gained from
a rank tree of microbes. The cluster structures are built
hierarchically based on Dirichlet-multinomial mixtures with
the purpose to indicate the relative abundance of taxa through
a set of latent variables. By given the binary matrix, the priors
are assorted hierarchically to characterize the heterogeneity via
latent features. Summarily, this approach can handle the natural
microbiome data and describes the generating process of data
by the Bayesian model.
DeepMicrobes is described as a state-of-the-art metagenomics tool and the first deep learning architecture that
incorporates self-attention mechanisms for DNA sequence
analysis. DeepMicrobes facilitates taxonomic classification for
cohorts of interest using newly discovered species in largescale metagenomic assembly studies. The DNA sequence was
encoded into numeric matrices, these are one-hot encoding
as and k-mer embedding. The convolution model, hybrid
convolutional, and recurrent model take DNA sequence onehot encoding as an input layer whereas the other as the first
layer of deep neural networks. For one-hot encoding, DNA
was converted into 4 × L matrix. For k-mer embedding, a
DNA sequence of length L was split into a list of substrings
of length K with a stride of S. The authors used a stride of
none for their final model, ending up with L−K +1 substrings.
The length of K was chosen to reach a balance between the
model’s fitting capacity and computational resources [18].
The different approach, phylogenetic tree embedded is an
interesting approach for metagenomics data analysis. Essentially, the phylogenetic tree is a 2D matrix populated with
the relative abundance of microbial taxa in a metagenomic
sample, then, to be used as an input for the CNN [19]. With
this method, the constructed matrices provide better spatial

and quantitative information in the metagenomic data. Besides, the authors also proposed the convolutional neural networks, namely the PopPhy-CNN and Cytoscape-a visualization
method used to facilitate the examination and interpretation
of the retrieved taxa on the phylogenetic tree. The authors
demonstrated the feasibility of extracting features can improve
the performance of SVMs compared to the other models. They
also indicated the conventional vector input 1D − CN N does
not take advantage of the biological knowledge in the phylogenetic tree. The phylogenetic information was also utilized in
sparse linear discriminant models with the simultaneous use of
intermediate nodes and leaves on a phylogenetic tree [20].
PhyloPhlAn 3.0 is a framework for large-scale microbial
genome characterization and phylogenetic analysis on a large
number of features, it scales to large phylogenies comprising
> 17, 000 microbial species and assign genomes from isolate sequencing or MAGs to species-level genome bis built
from > 230, 000 publicly available sequences. Generally, this
framework is to use available references genomes, retrieve
the phylogenetic markers, perform taxonomic assignment and
refinement, adopt specific choices for very large scale phylogenies, and provide additional information obtained from the
resulting phylogenies [21].
The data is the most limitation in machine learning, many
learning algorithms require large amounts of data for the training section. However, with the data augmentation method, the
performance and generalization can be improved. The authors
in [22] proposed an approach for generating microbiome data
by using a conditional generative adversarial network (CGAN).
Additionally, synthetic datasets generated using GAN models
have shown to be able to boost the performance of prediction
based tasks through data augmentation [23]. CGANs are an
extension of the GAN and allow the generation of samples
that have certain conditions or attributes. The authors in [22]
have shown this approach can improve the performance of
logistic regression and MultiLayer Perceptron in predicting
host phenotype. They also stated the selecting CGAN model
is the limitation of this approach, it is a subjective and may
miss the optimal model.
The identification based on statistical analysis to detect
the different abundant taxa between disease. The authors in
[24] presented a new deep learning approach, namely PopPhyCNN, a novel convolutional neural networks (CNN) learning
architecture that effectively exploits phylogenetic structure in
microbial taxa. The microbial taxonomic abundance profiles
have been transformed into a structured data by using a phylogenetic tree, their approach is using “Operational Taxonomic
Units” (OTUs) then converting OTU vector into an input
matrix for their model. OTUs are generated by clustering
sequences according to a computed distance between two
similar sequences and a threshold. OTUs clustering can produce high quality groups precisely due to amplicon sequences
are by definition taxa-specific and different between species
[25]. The clustering performance depends on the choice of
threshold due to sequencing errors. Furthermore, the analysis
and biologically meaningful can be problematic [26].
In this study, we present a metagenomic data visualizationbased Mean-Shift algorithm to cluster features in images
prepared for prediction tasks, the contributions include:
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◦

We present a features clustering approach with MeanShift algorithm and compare to the other visualization
methods including Fill-up with phylogenetic ordering
[27] and t-Distributed Stochastic Neighbor Embedding
(t-SNE) [27], [28].

◦

The efficient of the proposed visualization methods is
evaluated on four diseases including Liver Cirrhosis
(CIR), Colorectal Cancer (COL), Obesity (OBE), Type
2 diabetes (WT2) [9], [27]. The performance on the
datasets with the considered diseases obtains better
results in prediction tasks comparing to the-state-ofthe-art such as MetAML [9], Fill-up with phylogenetic ordering and t-SNE using transparent rates with
alpha = 0.5 and alpha = 1.

◦

We also test visualizations with a vast of colormaps including jet, rainbow, gray and customized colormaps.
These color spaces exhibit various results. Color images perform the best on Liver Cirrhosis dataset and
samples of Colorectal Cancer while gray scale reveals
good results for Obesity and Type 2 Diabetes samples.

The remaining of this study, we introduce the visualization
approaches for metagenomic data including Fill-up approach
and Fill-up with Mean-Shift clustering algorithm for arranging
features in Section III. In Section IV, metagenomic bacterial species abundance datasets used in the experiments are
described in detail. Moreover, we present the Convolutional
Neural architecture for the proposed visualization method and
settings for the learning. The performance of our approach is
compared to the state-of-the-art in this section. We discuss and
summarize the experimental results in Section V.
III.

smoothing effect on the input data and may also reduce the
chances of overfitting in case of small datasets. In this study,
Species Bin (SPB) [27] is implemented and investigated to preprocess values before visualizing them onto an image. With the
binning technique, the features were visualized into images by
Fill-up with phylogenetic-sorting or t-Distributed Stochastic
Neighbor Embedding (t-SNE) in [27].
B. Mean-shift Clustering in Fill-up Method
Algorithm 1 Algorithm for features clustering based on Meanshift algorithms
Input:
◦ D: a data matrix where each row is a sample and each
column represents a feature
Output:
◦ B: an array containing a list of strings combining
between the labels of generated clusters and order of
features sorted by phylogenetic ordering.
Begin
Step 1: Sort D so that features along with their data
follow phylogenetic ordering. Save the list containing
the order of features according to phylogenetic
ordering to P .
Step 2: Transpose D: D1 = t(D). Because we want
to group features into clusters, we transpose D so
that each feature at this time is considered as a “data
point” for clustering.
Step 3: Run Mean-shift clustering algorithm on D1 to
indicate clusters for features. Each feature is assigned
to a cluster. A cluster can contain one or more features.

F EATURES A RRANGEMENT BASED ON M EAN - SHIFT
C LUSTERING IN F ILL - UP METHOD

Data visualization is a strong method to interpret data. Each
visualization method will be used to represent the abundance
or presence of data. In this study, we propose a visualization
method based on Mean-shift clustering algorithm to arrange
features in images, thereby making it easier for observing the
distribution of the features. Therefore, we expect to improve
the performance of disease prediction task with the proposed
visualizations.

. The labels of clusters contained features are saved
to L. L includes information on clusters which each
feature belongs to. For example, the 1st feature
belongs to cluster 5, the 2nd feature is labeled to
cluster 1, and so on.
Step 4:
. We concatenate labels of clusters for features L
and their phylogenetic ordering:

A. Metagenomic Visualization by Fill up Approach
Fill-up [27] is an effective solution for visualizing metagenomic data into images. The main idea of this method is to
arrange features into a square matrix which has minimum
size to fit all features and contains arranged abundance or
presence values in a right-to-left order by row top-to-bottom.
The order to arrange species can follow the phylogeneticsorting or another type of ordering.
t-SNE is also a technique for visualizing metagenomic
data. t-SNE not only captures the local structure of the higher
dimension but also preserves the global structures of the data
like clusters.
In order to convert continuous values into discrete values
(for coloring features on images), we use a binning technique.
Binning is a data pre-processing method, the key goal is
to reduce the effects of minor observation errors, it has a

B[i] = string(L[i]) +0

0

+ string(P (i))

W ith : i = 0..#f eatures
Return B
End
Mean-shift [29] is an unsupervised learning algorithm. In
principle, the algorithm iteratively assigns each data point
towards the closest cluster centroid and direction to the closest
cluster centroid is determined by where most of the points
nearby are at. So each iteration each data point will move
closer to where the most points are at, which is or will lead
to the cluster center. When the algorithm stops, each point is
assigned to a cluster. Assume we have:
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Fig. 1. Liver Cirrhosis samples (CIR dataset, details in Table I) Visualization comparison using various features arrangements including (left-to-right)
Mean-shift, t-SNE, and features ordered based on phylogenetic information. The first row: global images. The second row: visualizations of a sample.

Fig. 2. Visualization of the global maps from Liver Cirrhosis samples (CIR dataset) using various color spaces including custom, jet, rainbow and gray scale
with Mean-shift clustering.
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◦

Initial estimate x.

◦

Gaussian kernel function:

the prediction performance of deep learning algorithm on the
proposed visualizations.

K(xi − x) = e−ckxi −x

2

k

This function determines the weight of nearby points
for re-estimation of the mean.
The weighted mean of the density in the window determined
by K is:
P

x ∈N(x)

i
m(x) = P

K(xi − x)xi

xi ∈N(x)

K(xi − x)

Where:
◦

N(x) is the neighborhood of x.

m(x) − x is called mean shift [29] and x ← m(x), and
repeats the estimation until m(x) converges.

In order to visualize features, we use 10 colors in grayscale, rainbow, jet, and custom colormap [27]. In Fig. 1 displays the comparison between clustered features on global and
sample images from Liver Cirrhosis samples (CIR dataset, see
details in Table I) based on mentioned visualization methods
in rainbow colormap. The global map which is an image
visualizing average value of each feature of all samples in
training set. From left-to-right and top-to-bottom, the first
two images in Fig. 1 shows the global and sample image
visualized by Fill-up combining the clustering method, in the
middle contains images represent the global map and a sample
visualization of t-SNE embedding. The last ones are visualized
by Fill-up with phylogenetic ordering. We only use samples
from training set to cluster features and build coordinates for
all features. These coordinates are carried out to generate all
images for samples of both training set and test sets.
Fig. 2 illustrates the representation of clustered features in
different colors. The images in Fig. 2 are global images from
CIR dataset which mentioned above with Fill-up and clustering
method, from left-to-right custom, jet, rainbow, and gray
colormaps. More specific, the custom colormap is built based
on jet combined to black with distinctive colors. Furthermore,
we also visualize the global images with t-SNE exhibited in
Fig. 3, the images on the top are generated by t-SNE with
alpha = 0.5 while the second row shows the images with
alpha = 1. The first column, we use rainbow colormap while
gray scale is applied for images in the other. The difference
between t-SNE with alpha = 0.5 and alpha = 1 is the
problem of the overlapped points. t-SNE suffers overlapped
issues where the visualization exists numerous points which
are hidden by other points. In order to reduce this negative
affect, the alpha value is deployed in the RGBA color space
to indicate the transparency of a colour. The alpha value ranges
from 0 to 1 where 0 is completely transparent while alpha value
of 1 is not transparent at all. By choosing alpha = 0.5, the
futures are mixed-up if they are overlapped. Otherwise, with
alpha = 1, some features can be hidden by other features.
IV.

Fig. 3. Visualization comparison between rainbow colormap and gray scale
images using t-SNE on Liver Cirrhosis samples. Top: t-SNE with
alpha = 0.5. Bottom: t-SNE with alpha = 1.

The synthetic metagenomic images are generated by Fillup and t-SNE method in [27]. In this study, use of Meanshift algorithm, we expect to improve the performance by
finding regions containing a high density of data and group
them into a cluster with smallest non-overlapping boundaries.
This approach is performed as shown in Algorithm 1. After
clustering, we obtain an array B which contains the arranged
features order by the labeled clusters along with information on
phylogenetic ordering. Information on phylogenetic embedded
in synthetic metagenomic images is based on the alphabetical
order as described in [27]. In our method, if features are in
the same cluster, we consider the alphabetical order of features
to place them close together. By combining between order of
features sorted by cluster labels and phylogenetic ordering,
we expect to improve the quality of visualizations as well as

E XPERIMENTAL R ESULTS

A. Benchmark Datasets
We evaluated our approach on four bacterial species abundance datasets [9], [27] which are related to four diseases
including Liver Cirrhosis (CIR), Colorectal Cancer (COL),
Obesity (OBE), and Type 2 diabetes samples from western
women (WT2). Details are in Table I. For each sample, species
abundance (feature) is represented as a real number and the
total abundance of all species in a sample sums to 1:
k
X

fi = 1

i=1

With:
◦

k is the number of features for a sample.

◦

fi is the value of the i-th feature.

Table I presents the details of all considered datasets
including the numbers of features, samples, and some extra
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TABLE I. F OUR CONSIDERED BACTERIAL SPECIES ABUNDANCE DATASETS DESCRIPTION

Diseases
Datasets name
#Features
#Samples
#Patients
#Controls (healthy)
Ratio of patients
Ratio of Controls (healthy)
Minimum size of images

Liver Cirrhosis
CIR
542
232
118
114
0.51
0.49
24 × 24

Colorectal Cancer
COL
503
121
48
73
0.40
0.60
23 × 23

Obesity
OBE
465
253
164
89
0.65
0.35
22 × 22

Type 2 diabetes
WT2
381
96
53
43
0.55
0.45
20 × 20

Fig. 4. A shallow convolutional Neural Network Architecture for metagenomic images on color images of WT2 samples.

Fig. 5. Performance Comparison of different colormaps on all considered metagenomic datasets using Mean-shift for features arrangement in metagenomic
visualization

information. We calculate the ceiling of Square Root of the

numbers and then of features to feed into a 2D matrix. For
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instant, on CIR dataset we have 542 features, so the 2D matrix
shape should be 24 × 24 to contain 542 features because
√
542 = 23.28 and the ceiling of 23.28 is 24.
B. Learning Model and Settings
Our classification tasks are carried out by a shallow deep
learning network, a Convolutional Neural Network (CNN) as
illustrated in Fig. 4. The architecture contains one Convolutional layer with 64 kernels of 3 × 3, followed by a MaxPooling layer of 2 × 2 (stride 2) and a Fully Connected
layer. CNN is implemented with Adam optimizer, the default
learning rate is 0.001, and the network uses a batch of size 16.
The architecture is suggested from [27]. To avoid overfitting
issues, if the loss is not improved after every consecutive 5
epochs, we will stop the training section by using the Early
Stopping method. In the opposite case, training can run up to
500 epochs. To evaluate the performance, we compute average
accuracy (ACC) on 10-fold-cross-validation. The same folds
are used for all classifiers. We calculate the accuracy which is
the fraction of true predictions by the following formula:
Accuracy =

Fig. 6. Performance of different visualization approaches using rainbow
colormap on four considered datasets (details in Table II).

T P +T N
T P +T N +F P +F N

Where:
◦

TP: True Positive

◦

TN: True Negative

◦

FP: False Positive

◦

FN: False Negative

C. Disease Classification of Mean-shift Clustering with Fill
up on Various Diseases
The efficiency of arranging features based on Mean-shift
is evaluated in various colormaps, namely gray, jet, rainbow,
and custom. The last one is combined between black and
jet colormap. Fig. 5 illustrates the average accuracy of the
methods on four considered datasets. Generally, each colormap
gives a satisfying result each individual dataset. The the jet
colormap exhibits a quite good and reaches the highest average
performance on four datasets while gray scale works well on
OBE and WT2 and the rainbow achieves the highest performance on COL while the custom colormap gives exceptional
results on CIR with the performances of 0.926.
D. State-of-the-art Comparison
The performance comparison of Mean-shift clustering, tSNE, and phylogenetic ordering [27] are illustrated in Fig. 6
and Fig. 7. The chart in Fig. 7 reveals the accuracy on four
considered datasets using rainbow colormap while the results
with gray images are shown in the other. As observed, the in
Fig. 6 features arrangements based on Mean-shift clustering
demonstrates its advantages on 3 out of 4 datasets using both
rainbow in comparing to phylogenetic ordering.
Furthermore, we also summarize the result with results of
the jet and custom colormaps, and compare to MetAML [9],
a computation framework for metagenomic analysis based on
classic machine learning algorithms such as Random Forests
and Support Vector Machines in Table II. On CIR dataset,
Mean-shift clustering method reaches the accuracy of 0.926

Fig. 7. Visualization methods Comparison in ACC on the considered
datasets using gray scale images (details revealed in Table II).

while MetAML, t-SNE (alpha = 1) and Fill-up using phylogenetic ordering reveal the results of 0.877, 0.853 and 0.897
respectively. The color images which are jet, rainbow, and
custom give quite better results than gray images on Liver
Cirrhosis and Colorectal Cancer samples while the results with
gray scale are slight better for OBE and WT2 datasets.
We also compute the average accuracy on four investigated
datasets for the comparison in the last column of Table II. In
general, as shown in the table, visualization methods with Fillup based on Mean-shift clustering algorithm (including average
values of 0.771, 0.777, 0.784, 0.788 with customized, rainbow, gray scale, and jet colormaps, respectively) outperform
MetAML, t-SNE and Fill-up using phylogenetic ordering with
the values of 0.757 of MetAML, 0.774 and 0.741 being the
best results of Fill-up with phylogenetic ordering and t-SNE,
respectively. Jet colormap appears to be the most efficiency
while custom colormap with customized distinctive colors
shows the worst among the considered color spaces. However,
we noted that the best accuracy is on CIR dataset with an
average accuracy of 0.926 using custom colormap.
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TABLE II. C OMPARISON WITH THE - STATE - OF - THE - ART. B OLD RESULTS ARE BETTER PERFORMANCE THAN THE METHOD OF FILL - UP WITH
PHYLOGENETIC ORDERING .

Approaches
MetAML [9]
t-SNE with alpha = 1 [27]
Fill-up phylogenetic ordering [27]
Our approach
t-SNE with alpha = 1 [27]
Fill-up phylogenetic ordering [27]
Our approach
t-SNE with alpha = 1 [27]
Fill-up phylogenetic ordering [27]
Our approach
t-SNE with alpha = 1 [27]
Fill-up phylogenetic ordering [27]
Our approach
V.

Color space
gray
gray
gray
jet
jet
jet
rainbow
rainbow
rainbow
custom
custom
custom

D ISCUSSION AND C ONCLUSION

We presented an approach to visualize high-dimensional
data using features arrangement with Mean-shift and compare
the results to the state-of-the-art. The method reveals encouraging results. We obtain better results on all considered datasets
compared to Fill-up with phylogenetic ordering and t-SNE
images classified by deep learning algorithm and MetAML
with a classic machine learning algorithm. As seen from the
experiments, features which are clustered to arrange close
together show benefits to improve the performance both in
visualizations and in classification tasks. Although t-SNE also
groups similar features, it suffers the issue of overlapped
points. However, for gray images on Colorectal cancer samples, t-SNE achieves a slightly better result comparing to
others. Further research can work on t-SNE to investigate
approaches to enhance performance.
Various colormaps are carried out to compare different
methods. The results depend on different datasets for the classification tasks. Customised colors obtain the highest average
accuracy with 0.926 on CIR dataset while it shows only an
average accuracy of 0.656 on OBE dataset. It is clear that
visualization methods are good solutions for Liver Cirrhosis,
Colorectal Cancer prediction but Predicting Obesity and Type
2 diabetes is still facing challenges with metagenomic data.
However, the performance on Cirrhosis samples and Colorectal
cancer samples also reveal great potentials of metagenomic in
disease prediction with personalized medicine.
Our study only runs the classification tasks with shallow
deep learning architectures. Advancements in deep learning
techniques have been increasing their efficiency on numerous
fields. In the future, further research should investigate on
deeper architectures and more sophisticated techniques to
improve the performance on synthetic metagenomic visualizations classification tasks.
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