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1 Problem description and project goals

One of the most successful high-throughput technologies that 

became available to molecular biologists in recent years are 

microarrays. Microarrays, or DNA chips, are used to measure 

the expression levels of every single gene of an organism si-

multaneously. During analysis of microarray experiments the 

investigator is confronted with enormous amounts of data. 

Usually the investigator already has some previous evidence 

for a given hypothesis or some data supporting the generation 

of a certain hypothesis. This additional information may help 

to increase the effi ciency of data exploration. For instance, if 

the investigator knows a small set of interesting genes from 

a pilot study preceding the actual microarray experiments, 

those genes can be used to identify further genes with simi-

lar expression profi les. Other helpful information can be ob-

tained from annotation databases or even derived from the 

actual microarray data themselves, such as cluster informa-

tion, descriptive statistics and more complex quantities. This 

supplemental data is usually considered during further analy-

sis of the microarray data.

The goal of the project was to develop new concepts for 

visualization of gene expression data obtained from microar-

ray experiments combined with supplemental data relevant 

to the overall project. The focus was to support hypothesis 

generation and analysis guided by meta information using a 

highly interactive visualization environment.

In DNA-chip-analysis there is a lack of suitable techniques for visual exploration of microarray data. In his project Nils 
Gehlenborg developed a visualization method that enables the user to integrate meta information and microarray data. 
In this so-called enhanced heatmap the user defi nes the relevance of the genes under investigation. The relevance of the 
genes is defi ned indirectly via meta information. In the visualization the more relevant genes are then emphasized with 
respect to the less relevant genes. Thus meta information can serve as a guide for the user during visual exploration of 
the data or hypothesis generation.
In order to support simple and straightforward application by researchers and students the new visualization method 
has been integrated into an existing software framework for microarray data analysis. The particular challenge was the 
development of a generalized model for the integration of all kinds of meta information and the high dimensionality of 
the data sets.



2 Course of the Project

2.1 Design and prototyping
The major problem solved during this phase was the defi ni-

tion of the scoring function concept for the relevance rating 

of genes. It became clear that virtually any kind of meta infor-

mation can be used to rate the relevance of genes.

Further, several solutions to enhance the heatmap visualiza-

tion method were identifi ed and were defi ned. Given the 

large number of possible enhancements for the heatmap, the 

idea of enhancing the profi le plot method any longer was not 

pursued.

2.2 Integration and specifi cation
Following this the best possible way of integrating the new 

visualization method into the Mayday software package  was 

identifi ed, such that it can complement the existing features 

of the software.

In addition, during this phase a framework for the integration 

of meta information into the existing Mayday software pack-

age was developed, which was crucial for the further develop-

ment of the visualization method. A prototype version of the 

visualization method for proof of concept was implemented.

Eventually, a manuscript describing the visualization method 

developed in this project was prepared and submitted to the 

journal Information Visualization (http://www.palgrave-jour-

nals.com/ivs) for review. The paper titled “A Framework for 

Visualization of Microarray Data and Integrated Meta Infor-

mation” was accepted for publication in the forthcoming 

special issue “Bioinformatics Visualization” of Information 

Visualization. The special issue (Number 3, Volume 4) will 

be published on September 1st, 2005.

2.3 Implementation and testing
In this stage most of the fi nal implementation of the software 

took place. Both, the integration of meta information and the 

visualization method were specifi ed and implemented for use 

with the Mayday software.

Figure 1: Illustration of the scoring function concept. The mapping s from genes to the relevance scale obtained by the composition of i 
and r is shown.

3 Project Results

3.1 Scoring Functions
The relevance of genes in a microarray data set can be indi-

rectly rated through supplemental data associated with the 

genes. Supplemental data is mapped to a relevance scale rang-

ing from “not relevant at all” to “most relevant”. Suppose for 

each gene a p-value is computed by means of some statisti-

cal hypothesis test. Then the p-value can be mapped to a 

(natural) relevance scale by assigning higher relevance ratings 

to p-values close to 0 and lower relevance ratings to p-val-

ues further away from 0. When the genes are visualized the 

relevance rating is used to emphasize the representation of 

those genes that are more relevant. The emphasis is gradually 

decreased with decreasing relevance. How this “emphasis” is 

implemented, is explained in the section about the enhanced 

heatmap visualization.

A simple mathematical framework is used to describe this 

methodology, which is called a scoring function. A scoring 

function s is defi ned as a mapping from the set of genes G 

to the relevance scale R=[0,1], s : G → R where g → r(i(g)). 

The function i is the so-called indicator function, which maps 

the genes to supplemental data S, so i : G → S and g → i(g). 

The range of the indicator function i is the domain of the 

relevance function r which maps supplementary data to the 

relevance scale R = [0,1] where 0 stands for “not relevant at 

all” and 1 for “most relevant”. Thus r : S → R where s → r(s). 

This framework is illustrated in Figure 1.

The scoring functions in the Mayday software package were 

implemented using a fl exible approach that enables the user 

to employ all kinds of supplemental data to rate the relevance 

of genes. Supplemental data is considered meta information 

in Mayday and both terms are used interchangeably in this 

document. To each gene meta information objects can be as-

signed that represent information in form of integer or fl oat-

ing point values, as well as strings. Intrinsic meta information 

can be generated by the software itself, whereas extrinsic 

meta information is loaded into the software from external 

fi les. The generation of intrinsic meta information is realized 

by means of software extensions (plug-ins) to the core May-

Enhanced Interactive Displays for Visual Exploration of Microarray Data                        Nils Gehlenborg

2



day software, which can compute descriptive statistics, dis-

tances between expression profi les and more complex quan-

tities. Extrinsic meta information is loaded into the software 

via plug-ins as well. Thus, plug-ins represent the indicator 

function i defi ned above. Since plug-ins are independent of 

the core software, addition of new functionality to integrate 

further types of supplemental data is straightforward, also for 

third parties.

The relevance function r is also implemented by plug-ins that 

can take any kind of meta information objects as input and 

produce meta information objects as output that hold fl oat-

ing point numbers between 0 and 1.

3.2 Enhanced Heatmap Visualization
Based on the traditional heatmap visualization method an 

enhanced visualization method for microarray data integrated 

with meta information was developed. The goal was to add 

features to the traditional heatmap visualization that facilitate 

the emphasis of genes relevant to the investigator. Increas-

ing relevance will result in gradually increased emphasis. Four 

new features were developed to incorporate relevance ratings 

for genes into the heatmap visualization:

Additional color gradient. Typically a single color gradi-

ent is used to visualize log transformed expression ratios in 

a heatmap. That gradient is constructed from three colors, 

which usually are green, black and red. Colors from the green 

to black gradient are used to represent the negative log-ra-

tios, while colors from the black to red gradient are used to 

represent positive log-ratios. The closer a log-ratio is to 0, 

the darker the color will be. The closer a log-ratio is to an 

extremum, the more saturated the color will be. This kind 

of color encoding of the ratio data is a very powerful con-

cept for visual data exploration, since human visual percep-

tion has a well-developed capability of identifying patterns in 

such visualizations. Based on this observation a further color 

to this gradient was added that encodes the relevance of a 

gene. Since in the RGB color model green, black and red 

do not have a blue component, blue is the ideal color for a 

gradual encoding of relevance. Figure 2 explains the color gra-

dients obtained by adding a gradient of increasing amounts 

of blue orthogonally to the regular green-black-red gradient. 

Since the blue component is encoding the relevance rating 

of a gene there is the same amount of blue for every cell of a 

matrix row. The mapping from relevance to levels of blue is 

computed using a linear function.

Figure 2: Using a blue gradient to orthogonally overlay the 
green-black-red color gradient. Increasing relevance 
is encoded by increasing blue. The information of the 
green-black-red gradient is maintained.

Height scaling of matrix rows. Another way of incorporating 

relevance ratings of genes into the heatmap is by scaling the 

vertical height of the matrix rows. Traditionally in a heatmap 

every row has the same height, so this parameter is available 

for encoding of additional information. The developed im-

plementation requires defi nition of three parameters: a maxi-

mum scaling factor h
max

  1 and a minimum scaling factor 

h
min

  1, both relative to the default height of the rows, as 

well as a relevance rating threshold r
t
. Height scaling factors 

are determined as follows: relevance ratings r
i
  r

t
 are mapped 

into [1,h
max

] using a linear function such that max{r
i
} → h

max
 

and min{ri} → 1. Relevance ratings r
i
  r

t
 are mapped into 

[h
min

,1] using a linear function such that min{r
i
} → h

min
 and 

max{r
i
} → 1. This is illustrated in Figure 3.

Rearranging of matrix rows. Further relevance ratings can 

be integrated into the heatmap by rearranging the rows of the 

matrix according to the relevance ratings of the genes they 

represent. Several sort keys can be defi ned for rearranging the 

rows, which is particularly useful when the primary sort key is 

a discretized relevance rating with only few categories.

Additional matrix columns. Additional columns represent-

ing relevance ratings can be added to the heatmap matrix. 

Those columns represent relevance ratings by means of a 

color saturation gradient. High relevance is represented by 

high color saturation and low relevance is represented by low 

color saturation. It is possible to add an arbitrary number of 

columns representing various kinds of meta information. The 

color used in the individual columns can be defi ned by the 

user.

All four features described above can be combined in various 

ways. For example, it is possible to use two or more features 

to integrate the same relevance rating.

The heatmap implementation in Mayday has several addi-

tional features that support visual data exploration. Further 

Figure 3: Height scaling function used to scale the vertical height 
of the heatmap rows. Relative to the default vertical 
height of a row in the heatmap a maximum scaling fac-
tor hmax  1 and a minimum scaling factor hmin  1 are 
chosen. For a given relevance rating threshold rt , the 
vertical height of rows with ratings ri  rt are scaled 
according to the linear function for the interval [hmin,1], 
the height of rows with ri  rt are scaled according to 
the linear function within the interval [1,hmax].
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columns can be inserted into the matrix to visualize categori-

cal information associated with the displayed genes. For every 

category the user defi nes a distinct color, which will be used 

to identify those genes associated with the same category. See 

Figure 4 for an example.

The heatmap visualizations can be exported to various fi le 

formats, including the Scalable Vector Graphics (SVG) for-

mat and pixel-based formats.

4 Sample Application

Figure 5 shows an enhanced heatmap of simulated expression 

data. 

Figure 5a visualizes simulated expression data on 50 genes 

and 2 conditions with 10 replications using the traditional 

heatmap. 

In Figure 5b an enhanced heatmap incorporating the p-value 

of a two-sample t-test is depicted. The green-black-red gradi-

ent is enhanced by a blue gradient, with more saturated blue 

for genes with lower p-values. Genes that are clearly distin-

guishable for having a distinct blue tone (this includes gene 

0036, but not gene 0029) have p-values below 0.05, all others 

have p-values above 0.05.

Figure 5c shows a heatmap view enhanced by height scaling. 

For each gene the p-value of the nonparametric Wilcoxon 

rank sum test statistic was computed. The height of each 

genes row was scaled according to the p-value such that lower 

p-values result in larger heights. Here the maximum height 

scaling factor is chosen to be h
max

 = 4, while the minimum 

height scaling factor is chosen to be h
min

 = 0.0 corresponding 

to a p-value of 1.0. The relevance rating threshold r
t
 is set 

to 0.25, which corresponds to a p-value of about 0.07 (using 

an exponential relevance function and subsequent scaling to 

[0,1]).

Finally, Figure 5d represents an enhanced heatmap combin-

ing a blue gradient and height scaling. The blue gradient visu-

alizes the p-value of the t-test (as in b), the height scaling vis-

ualizes the p-value of the Wilcoxon test (as in c)). Genes that 

appear both clearly blue enhanced as well as have a high row 

have therefore low p-values for both test statistics, whereas 

genes with only blue enhancement have a nonsignifi cant p-

value for the Wilcoxon statistics, and vice versa genes with a 

high row and no blue enhancement have low p-values for the 

Wilcoxon test but not for the t-test. Two genes (gene 0043, 

gene 0046) are clearly visible to be signifi cantly differentially 

expressed using theWilcoxon test but not using the t-test 

(since they are not blue enhanced).

5 Outlook

The visualization method described here opens up many 
new possibilities in the fi eld of microarray data analysis. 
For instance, it should be investigated how meta informa-

Figure 4: The heatmap shown here is enhanced with two 
additional columns. Each row represents a gene of the 
data set, each column represents either a microarray 
experiment or in case of the fi rst two columns meta 
information. The column denoted “phase” contains 
information about the cell cycle phase(s) in which the 
corresponding genes have their peak expression level 
(red = S phase, green = G2/M phase, cyan = G1 phase, 
blue = S/G2 phase, yellow = M/G1 phase). The column 
named “dubious” contains information about whether 
there is experimental evidence that the corresponding 
gene has a protein product. Genes for which there is no 
experimental evidence are marked with purple, others 
with gray. The data were taken from http://cellcyclew-
ww.stanford.edu and http://www.yeastgenome.org and 
pre-processed for use with Mayday.
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Figure 5: See text for description.
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tion and also what kind of meta information can be inte-
grated into other visualizations like profi le or scatter plots. 
An example for a project that aims into this direction is 

the development of a viewer for Mayday that integrates 
microarray gene expression data with genomic locus in-
formation.



Further it should be stressed that the visualization and 
data integration techniques developed during the project 
presented here are clearly not limited to microarray data. 
A broad range of applications in both computational bio-
logy and all other information processing sciences are 
conceivable. Currently a new project by the author of this 
report is in preparation that will employ the meta infor-
mation framework and enhanced visualizations for the 
analysis of mass spectrometry proteomics data.

Mayday-Homepage

http://www.zbit.uni-tuebingen.de/pas/mayday
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