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ABSTRACT

The comprehensive analysis and visual -
ization of data extracted from cDNA
microarrays can be a time-consuming and
error-prone process that becomes increas-
ingly tedious with increased number of gene
elements on a particular microarray. With
the increasingly large number of gene ele-
ments on today’' s microarrays, analysistools
must be developed to meet this challenge.
Here, we present MarC-V, a Microsoftt Ex-
cdU spreadsheet tool with Visual Basic
macros to automate much of the visualiza-
tion and calculation involved in the analysis
process while providing the familiarity and
flexibility of Excel. Automated features of
thistool include (i) lower-bound threshold-
ing, (ii) data normalization, (iii) generation
of ratio frequency distribution plots, (iv)
generation of scatter plots color-coded by
expression level, (V) ratio scoring based on
intensity measurements, (vi) filtering of data
based on expression level or specific gene
interests, and (vii) exporting data for subse-
quent multi-array analysis. MarC-V also
has an importing function included for
GenePixU results (GPR) raw data files.

INTRODUCTION
With spotted microarrays (cDNA

and oligonucleotide) becoming the
most (7) prominent and powerful meth-
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od for studying global gene expression
levels and expression profiling, data
management and analysis tools must
evolve to accommodate the extremely
large datasets resulting from these ex-
periments. These data are generated
from the scanning of amicroarray slide
with a two-laser scanner to acquire in-
tensity measurements for each spotted
array element. In a two-color, or two-
channel, experiment, two fluorescently
labeled (Cy3 and Cy5) RNA probes are
mixed and hybridized to PCR amplified
MRNA transcripts on aglass slide. The
“wet-lab” stepsin this process (as well
as further background and optional
analysis) are well described by Hegde et
a. (5). The extraction of intensity mea-
surements from both channels typically
yields microarray data that are in atab-
delimited text format spanning multiple
columns and thousands of rows, de-
pending on the density of microarray €l-
ements. Manual cutting, pasting, plot-
ting, and calculation of aggregate
statistics from these dataare error-prone
and often daunting tasks.

Most microarray scanners typically
come with analysis software to accont
modate the need to sort and visualize
vast datasets. One common limitation to
these software packages is the difficulty
in customizing gene expression anaysis
to laboratory specifications. Examples
of such customizationsinclude allowing
the user to apply lower-bounds thresh-
olding or flagging specific geneinterests
such that the associated differential ex-
pression ratios may easily be viewed
without sorting through the entire
dataset. Many groups using microarray
data solve some of these problems using
popular spreadsheet programs such as

Microsoftt! Excell! that contain cus-
tomizable formulas for accomplishing
the complex calculations required for
microarray data analysis. Here, we re-
port on an enhanced version of an Excel
2000 workbook containing Microsoft
Visual Basic for Applications” macros
called Microarray Calculation and Visu-
dization (MarC-V). MarC-V servesasa
flexible tool to be used in the analysis of
single-microarray experiments.

MATERIALSAND METHODS

Obtaining and Starting the Program

MarC-V runs on Microsoft Win-
dows- 98, NTU, and 2000U platforms
and can be downloaded at no cost at http:
/Ipga.swmed.edu/Information/marcV _
info.htm. Once downloaded, be sure that
support for VBA macros has been in-
stalled on your machine. Typicaly, thisis
available as an add-in from the Excel
“Tools” menu. This may require the Ex-
cel installer (Microsoft Officel CD-
ROM). Next, double-click on the MarC-
V Excd file. A dialog box will appear
asking if macros should be enabled.
Click on “Enable Macros’, and the pro-
gram will then begin. The opened work-
book consists of severa worksheets,
each pertaining to different functions.

Importing Raw Data

Upon opening this Excel workbook,
acollection of worksheetsis displayed.
The default starting worksheet called
“Normalization” contains several data
columns, along with several buttons. To
enter GenePixU results (GPR file),
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click on the “Import GenePix Result
File” button (Figure 1). The current
version of this code can import only
GenePix results files. Users should be
sure to select one of the two ratio forms
(i.e., Cy5/Cy3 or Cy3/Cy5) before im
porting. This allows for convenient
analysis of dye-reversal experiments.
Several data fields are imported into
the “Normalization” worksheet from
the GPR file. These include mean back-
ground and total signal pixel intensities
for both channels, gene/open reading
frame (ORF) names and accession
numbers, spot addresses on the dlide,
and quality flags. In addition, the entire
GPR file is copied into another work-
sheet of the MarC-V workbook. A
more detailed description of GPR file
fields is available at http://www.axon.
com/GN_GenePix_File_Formats.html
#ResultsFormat (Axon Instruments,
Union City, CA, USA). Once an im
portable GenePix fileis selected from a
dialog box, click on the “Open” button
to initiate the importing process, data
normalization, and calculation of ag-
gregate statistics. The status of this
process is displayed in the bottom left
corner of the Excel workbook.
Although MarC-V is mainly de-
signed toimport GPR files, VBA source
codeisincluded and well documented if
modification is necessary to import oth-

er file formats. Alternatively, a “cus-
tom” MarC-V workbook isavailable for
download (along with a “README"
instructions file) from the Web site
mentioned above to accommodate data
from other microarray image analysis
software packages such as ArrayEx-
plorer® (6) or ImaGenell (BioDiscov-
ery, MarinaDel Rey, CA, USA).

Automated Calculation Flow

For ratio calculation and generation
of statistics for microarray datasets, we
incorporate the ratiometric method de-
scribed by Epstein et a. (4). Since the
goal is to form normalized expression
ratios using one channel divided by the
other (Cy5/Cy3 or Cy3/Cy5), some
preliminary computation must occur
for each element on a microarray. The
entire process takes between 30 sand 5
min depending on the CPU speed of the
computer and the number of gene/ORF
elements that are present on the mi-
croarray. For in-house testing, on a PC
with an 800-MHz CPU, 128 MB RAM,
and 10000 elements, the processing
time was 1.2 min. It is recommended
that the maximum number of elements
does not exceed 25000, as processing
capacity peaks at this point.

First, for each channel, the mean
background pixel intensity is subtracted
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Figure 1. “Normalization” worksheet after importing data from a GPR file. Zoomed section shows

import and export buttons as well as the ratio type option control.

Vol. 32, No. 2(2002)

from the total acquired intensity from
the GPR file. One problem that results
from this calculation is that background
intensity values can be less than zero,
which eventually contributes to aratio
that is negative or infinite. This situa-
tion occurs when faced with very low
acquired intensity values, which tend to
have substantial uncertainty. The next
calculation addresses this issue by cal-
culating a lower bound or threshold
such that no background subtracted in-
tensity value can be less than the
threshold. The values that are below
this threshold are substituted with the
threshold value. The threshold is calcu-
lated for each channel based on many
internally replicated negative controls
or blanks, which comprise 1%—2% of
the elements. These blanks are typical-
ly the resuspension solvents DM SO or
SSC. The formulabelow represents the
threshold calculation for each channel,
where T, or threshold, equals the mean
of the background subtracted blank in-
tensities MB, plus a stringency factor n,
multiplied by the average blank sp of
both channels 0. The user may change
n to a desired stringency in the “Nor-
malization” worksheet.

Toya= MBgg+n ("Cy52+ "Cys)

Toys=MBgs +n (0Cy52+ OCV3)

The two resulting thresholds are then
adjusted to accommodate for erro-
neously high blank values caused by
spots with foreground pixel intensities
lower than background intensities sur-
rounding the spot (dead spots) or very
intense artifacts that were not removed
using microarray image analysis soft-
ware before importing. Once the
threshold has been applied to all back-
ground subtracted measurements, ratios
are computed for each element. These
ratios are log transformed (base 10) so
that equivalent fold changesin expres-
sion in the negative or positive direc-
tion have the same absolute value.

The last step in this processis ratio
normalization. The assumption hereis
that, for a given array of genes, there
will be a subset of expression ratios that
will not vary far from 1 (or zero in log
space), resulting in afrequency distrib-
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ution that centers most log values
around zero. However, theraw datatyp-
ically show a skewed frequency distrib-
ution centered over a non-zero value.
Reasons for this skew include differ-
ences between the two channels in
RNA amount and quality, scanner sen-
sitivity, and efficiency of fluorescent tag
incorporation during probe labeling. It
is then appropriate to normalize each
log ratio by multiplying each denomi-
nator by a normalization coefficient
such that the sum of all normalized log
ratios should be zero. The normaliza-
tion coefficient is defined as 10 raised
to the mean log ratio. Ratios are then
scored by intensity and proximity to
threshold and pixel saturation. Essen-
tially, this is based on the assumption
that ratios formed from higher intensity
measurements will have lower uncer-
tainty associated with them (4).

Viewing Nor malized Data

Once normalized data are computed
and displayed in the “Normalization”
worksheet, users can peruse data col-
umnsto gain insight into the results of a
particular microarray experiment. Each
column has a header and ared triangle
in thetop right corner of the header cell.
Detailed descriptions of a particular
data column can be viewed by moving a
mouse cursor over thistriangle.

It is conventional to sort microarray
data to highlight particular properties
such as which genes are most differen-
tially expressed. For this reason, but-
tons are provided for sorting based on
particular criteria. Data may be sorted
by extreme log ratio (most differential-
ly expressed), gene name, ratio score,
or the default based on the original raw
datain the GPR file.

Aggregate statistics are aso dis
played at thetop of the“ Normalization”
worksheet. These include the percent-
age of elements that were flagged as
“bad” or “not found” during image
anaysis using GenePix software, as
well as normalization statistics such as
normalization coefficient and normal-
ized mean log ratio. GenePix assigns
quality flags of “not found” (-50) auto-
matically if the average pixel intensity
for aspot islessthan a specified intensi-
ty threshold. A “bad” (-100) quality flag
isassigned by the user when visualy in-
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specting each spot for artifacts and oth-
er contaminantsthat would contribute to
an inaccurate total signal or background
signal. MarC-V eliminates “bad” spots
from any statistical calculations.

Generating Scatter Plots

Another useful feature included
with MarC-V is automated plotting of
the intensity measurementsin both Cy3
and Cy5 channels (Figure 2). To use
this feature, click on the “Intensity
Scatter Plot” worksheet. Next, generate
the scatter plot by clicking onthe“ Gen-
erate Plot” button. Thisaction will copy
al normalized data, background sub-
tracted intensities, and the correspond-
ing gene names from the “Normaliza-
tion” worksheet into a table. Next, a
scatter plot is generated with Cy3 mea-
surements on the x-axis and Cy5 mea-
surements on the y-axis. When the scat-
ter plot is complete, ratio outliers may
be observed which correspond typical-
ly to differential expression ratios that
are not in unity with the bulk of the
dataset. In addition, cube-root and log
intensity scatter plots can be generated

to view gene outliers that are expressed
at low levels (9). Each marker on a scat-
ter plot is color-coded based on fold-
change in expression after normaliza-
tion. The values and ranges for this
code are defined in alegend just below
each scatter plot.

Another scatter plot useful for view
ing expression ratio data in MarC-V is
the ratio score plot. This scatter plot is
color-coded in the same manner as the
intensity scatter plots but instead plots
log ratios versus the log of the average
intensity of both the Cy3 and Cy5 inten-
sity measurements. This plot is generat-
ed the same way as the intensity scatter
plot.

Viewing Specific Data Subsets

Because of the volume of data asso-
ciated with microarray experiments, in-
specting subsets of expression data can
be very time consuming if done manu-
aly. MarC-V has two worksheets in-
cluded that address thisissue.

First, the “Interesting Genes’ work-
sheet displaysthe top most differential-
ly expressed genes and corresponding
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Figure 2. Scatter plot of microarray data. Scatter plot depicts Cy3 versus Cy5 background subtracted
measurements. Each marker is color-coded to reflect fold changein expression after normdization. Gray
markers correspond to elements, which either are flagged unusable or show no significant changein ex-
pression.
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ratios from the dataset in the “Normal-
ization” worksheet. The number of
genes to be displayed may be changed
inincrements of 50 using scroll buttons
at the top of the worksheet. This para-
meter should be set before populating
this table with data. Once this parame-
ter is set, click on the “Extremelog ra-
tio” sorting button in the “Normaliza-
tion” worksheet. Next, click back to the
“Interesting Genes” worksheet to view
the results.

A similar worksheet called “Moni-
tored Genes’ also creates data subsets
based on particular criteria. In this case,
individual gene names can be specified,
and then each of these names and their
associated data can be copied into this
worksheet from the “Normalization”
worksheet. The resulting dataset will
include data from gene names that are
present more than once on a microar-
ray. These internal replicates serve as a
valuable resource for gauging repro-

ducibility at the gene/clone level.

To use the “Monitored Genes’ tool,
click on the corresponding worksheet
tab. Next, in the “My Favorite Genes”
column, type or cut and pastein the gene
names that are to be examined. The gene
names entered must match the namesin
the “Normalization” worksheet exactly.
Finally, to populate the main table, click
on the “Show Me My Genes!” button.
This process may take some time de-
pending on how many genes are to be
copied and the total number of genesin
the*Normalization” worksheet.

Exporting Ratios

Much of the power of microarray ex-
pression analysis comes from the ability
to generate expression profilesand iden-
tify trendsin multiple microarray exper-
iments. Several different techniques
have recently been applied to analyze
multiple experiments, such as hierarchi-

cal clustering (3) and self-organizing
maps (8). Software packages such as
Cluster (M. Eisen, Stanford University)
and J-Express (B. Dysvik, University of
Bergen, Norway) (2) that apply these
techniques typically take as input atab-
delimited text file consisting of a gene
name column and multiple columns of
expression ratios. MarC-V hasthe abili-
ty to generate thisinput file automatical-
ly with its exporter function. This ex-
porter can be used by either clicking on
the exporter button in the “Normaliza-
tion” worksheet or by clicking on the
“Exporter” worksheet itself. Next, select
an experiment number and the array ex-
periment name that will serve as a data
column header name describing the ex-
periment in the exported ratios. The ex-
periment number corresponds to which
data column the data will occupy in the
destination text file. In addition, ratios
that are exported can either be normal-
ized or non-normalized, and the gene
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Figure 3. Sampletab-delimited text file generated by theMar C-V exporter. Thisfile containssix ex-
periments formatted for cluster analysis. Normalized log ratios have been exported.

name column can either be gene names
or accession numbers.

For example, if auser selects experi-
ment number 1 with the array experi-
ment nameas“15mg 1 DAY”, thenthe
gene name column from the “Normal-
ization” worksheet will be exported to
the first column of a new text file with
the corresponding ratio datain the sec-
ond column with a column header
caled“15mg 1 DAY”. The user will be
asked what to name the new file and
where to save the file in tab-delimited
text format. If experiment number 2 is
selected, then the exporter would ask
which file to append this ratio data,
then export the ratio data to the third
column of the previously created text
file. Since MarC-V is used to analyze
single experiments, severa MarC-V
workbooks should be opened and data
exported sequentially to generate afull,
multi-experiment input file for use in
clustering software. Figure 3 shows an
example of a tab-delimited text file
generated by the exporter.

DISCUSSION
MarC-V is available for Microsoft

Windows and Macintosh™ operating
systems. However, many features are
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not available in the Macintosh version
because of the processing constraints
of Excel. Users are free to modify or
add other macros for extending the
functionality of the code as they seefit.
Thus, other methods such as intra-ar-
ray variability analysis components
similar to those described by Cheng
and Wong (1) and Tusher et al. (9) may
beincorporated.

In summary, we have described a
spreadsheet-based tool called MarC-V
for the analysis, normalization, and vi-
sualization of cDNA microarray data.
There are several worksheets included
that all perform separate functions to
enable expeditious viewing of particu-
lar results that are not easily obtained
from sifting through vast microarray
datasets manually. In addition, raw data
may be imported from GPR files, and
processed expression ratios may be ex-
ported for usein clustering programs.
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