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Abstract

The recen t dev elopmen t of complemen tary DNA microarra y tec hnology pro-

vides a p o w erful analytical to ol for genetic researc h. This to ol allo ws one to study

expression lev els in parallel whic h represen ts an enormous gain in terms of exp er-

imen tal time in v ested. But alw a ys while carrying out comparisons of expression

data using measuremen ts from a single arra y or m ultiple arra ys, the question of

normalizing data arises. An essen tial answ er is needed to b e established to the fol-

lo wing question: Do es the v ariation in the in tensit y data represen t true v ariation

in the expression lev el of the genes presen t in the analysis or is this v ariation the

result of exp erimen tal v ariabilit y? If the problem addressed b y this question is not

resolv ed, an y further t yp e of data mining pro cess on the data is w orthless. The role

of normalization is to separate true v ariation in expression v alues from di�erences

due to exp erimen tal v ariabilit y . As men tioned b efore the microarra y tec hnology is

a p o w erful to ol that p ermits to study the expression lev el of thousands of genes

at the same time, but usually in an exp erimen t in v olving thousands of genes there

are only few genes that are really of in terest, those genes that o v erexpress as a

\resp onse"to the exp erimen t practiced. Therefore it is useful to dev elop a metho d

that will pro vide statistical information ab out these genes a v oiding the pro cessing

of the data on the whole set of genes. In this tec hnical memo it is prop osed a new

normalization metho d and error analysis that ultimately will pro vide the scien tist

with a statistical to ol that wil allo w to fo cus on a considerably reduced subset of

genes from an originally m uc h larger dataset. The usefullness of this t yp e of re-

duction is justi�ed under the scop e of further analysis as for instance subsequen t

clustering tec hniques applied o v er the reduced data set.
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1 Wh y normalization?

When p erforming sev eral exp erimen ts o v er the same set of genes, whic h is the case of

microarra y gene expression exp erimen ts, it is desirable to main tain an en vironmen t where

all the conditions remain constan t through all the exp erimen ts, except the condition that

is purp osely v aried in order to record c hange in expression lev el with resp ect to this

newly c hanged parameter. Unfortunately the exp erimen tal pro cess of w orking with gene

microarra ys do es not ful�ll this requiremen t. During a t ypical microarra y exp erimen t,

man y di�eren t v ariables and parameters di�eren t than the one b eing surv ey ed can a�ect

the measured expression lev els. Among these are the amoun t of applied target, exten t

of target lab elling, e�ciencies of 
uor excitation and emission, detector e�ciency , slide

qualit y , dy e c haracteristics, scanner qualit y , and quan ti�cation soft w are c haracteristics,

just to name a few. The v arious metho ds of normalization aim at remo ving or at least

minimizing expression di�erences due to v ariabilit y in these parameters.

2 In tro duction

Normalization is the pro cess that helps us to separate true v ariation in expression v al-

ues from di�erences due to exp erimen tal v ariabilit y and it is a c hallenge to devise a

normalization metho d that will remo v e exp erimen tal v ariabilit y without mo difying the

information of gene expression lev el. A v ery p opular normalization metho d is the one

that uses t w o-color 
uorescence. F or instance, a red lab eled prob e (from a health y tissue)

can b e used as con trol to examine expression pro�les in a green lab eled prob e prepared

from an \ill" tissue. The normalized expression v alues for ev ery gene are calculated as

the ratio of the con trol and ill expression lev els. Ev en more sophisticated metho ds ha v e

b een devised using three colors where one color serv es as con trol for the amoun t of sp ot-

ted DNA and the other t w o colors are used to compare the samples. Another t yp e of

normalization metho d consists of using a set of con trol sp ots (genes) on the arra y . With

a set of con trol sp ots it is p ossible to con trol for global v ariation in o v erall slide qual-

it y or scanning di�erences. The pro cedures men tioned ab o v e are arra y based metho ds

to normalize data. Ho w ev er, ev en with m ultiple color 
uorescence and con trol sp ots,

undesired exp erimen ttal v ariation can con taminate expression data. In some cases it is

p ossible that this ph ysical measuremen ts for normalization are missing, making the need

for additional w a ys of normalization an imp ortan t issue. F ortunately there are other

statistically based normalization metho ds. There are esen tially t w o strategies that are

used while p erforming the statistical normalization pro cess. The �rst is based on a con-

sideration of all the genes in the sample (global normalization), and the second one, on

a designated subset of the genes exp ected to b e unc hanging o v er most circumstances. In
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those cases where the expression lev el c hange is exp ected to b e small and th us the lev els

are going to b e close to eac h other the c hoice of global normalization is a wise decision. As

the lev el samples b ecome more div ergen t, the fraction of genes sho wing c hanged expres-

sion lev els incresases, and global normalization yields a p o orer estimate of normalization

than w ould b e ac hiev ed using a subset of constan tly expressed genes. On this tec hnical

memo w e prop ose a new global normalization metho d and error analysis so that in tensit y

expression lev els ma y b e used for deciding signi�can t di�erences in sample expressions

across the gene p opulation discernible on a microarra y , b y �rst normalizing the data and

afterw ards dev eloping an error curv e whic h iden ti�es outliers. The new normalization

metho d normalizes eac h in tensit y v alue for a sp eci�c gene at agiv en exp erimen t b y taking

in to accoun t all the v alues of that particular gene through all the exp erimen ts p erformed.

3 Microarra y Data Normalization: A Problem F or-

m ulation

The necessit y of normalization arises whenev er handling gene expression data from mi-

croarra ys. Ev ery measuremen t as ev ery exp erimen t has a random comp onen t of exp eri-

men t v ariabilit y whic h do es not allo w to compare directly (ra w in tensit y measuremen ts)

after obtaining the measuremen ts b et w een exp erimen ts for instance. This random com-

p onen t whic h is di�eren t for ev ery exp erimen t has to b e remo v ed. This is what w e kno w

as the normalization pro cess. The k ey in tuition of the normalization metho d is that w e

normalize eac h exp erimen t v ector indep enden tly with resp ect to the same v ariable (the

norm of the expression v ector), th us ac hieving the normalization of ev ery exp erimen t

v ector with resp ect to all the others.

F or the normalization analysis it is assumed that there are N exp erimen ts whic h

corresp ond to N microarra ys. Eac h microarra y c hip con tains K di�eren t genes or sp ecies.

i-th gene

K genes in the MicroArray

v1 = (e11,e12,e13,...,e1N)
v2 = (e21,e22,e23,...,e2N)
v3 = (e31,e32,e33,...,e3N)

vK = (eK1,eK2,eK3,...,eKN)
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Figure 1: Basic Exp erimen t Setup

Figure 1 exempli�es the de�nition of the expression v ectors. An expression v ector is

a v ector in the N dimensional space where eac h comp onen t (sp ot) represen ts a ph ysical
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in tensit y v alue (this measuremen t is ac hiev ed b y pro cessing digitized microarra y images)

for a giv en gene in a giv en exp erimen t. Let us giv e a more complete de�nition of the

terms in v olv ed in the analysis:

W e de�ne an expression v ector as:

�

i

= f e

i 1

; e

i 2

; e

i 3

; :::; e

iN

g f or i = 1 ; :::; K : (1)

where e

ij

with j=1..N represen ts the in tensit y v alue obtained for the i-th gene in the j-th

exp erimen t. An expression v ector con tains all the expression lev els related to a particular

gene.

W e de�ne an exp erimen t v ector as:

"

j

= f e

1 j

; e

2 j

; :::; e

K j

g f or j = 1 ; :::; N : (2)

where e

ij

with i=1..K represen ts the in tensit y v alue obtained for the i-th gene in

the j-th exp erimen t. An exp erimen t v ector con tains all the in tensities b elonging to a

particular exp erimen t.

The whole data for the N exp erimen ts are though t as a matrix as sho wn b elo w in (3)

and (4).

E1 E2 E3 ::: EN

v1 e 11 e 12 e 13 ::: e 1 N

v2 e 21 e 22 e 23 ::: e 2 N

: : : : : :

: : : : : :

: : : : : :

vK eK 1 eK 2 eK 3 ::: eK N

(3)

m =

0

B

B

B

B

B

B

B

B

B

B

@

e 11 e 12 e 13 ::: e 1 N

e 21 e 22 e 23 ::: e 2 N

: : : : :

: : : : :

: : : : :

eK 1 eK 2 eK 3 ::: eK N

1

C

C

C

C

C

C

C

C

C

C

A

(4)

Where the ro ws are expression v ectors and the columns are exp erimen t v ectors. W e

ha v e K expression v ectors of dimension N. Therefore w e can consider w e are w orking in

the N dimensional in tensit y space.

It is p ossible, and usually this is the case, that if w e pairwise compare the exp erimen t

v ectors (tak en from the ra w data) there will b e one or more pairs that are consisten tly
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Figure 2: E�ect of Normalization on in tensit y data

and signi�can tly di�eren t from eac h other. Where the di�erences are due to exp erimen tal

v ariabilit y . F or example it migh t b e v ery misleading to compare the in tensit y v alues of

the t w o exp erimen t v ectors in �gure 2(a). The same t w o exp erimen t v ectors plotted after

normalization �gure 2(b) sho w clearly that most of the genes fall in the iden tit y line as

w ould b e exp ected for t w o di�eren t exp erimen ts p erformed o v er the same set of genes.

In the general case w e ha v e in total N exp erimen t v ectors that ha v e to b e normalized.

The k ey in tuition of the normalization metho d is that w e normalize eac h exp erimen t

v ector indep enden tly with resp ect to the same v ariable (the norm of the expression

v ector), th us ac hieving the normalization of ev ery exp erimen t v ector with resp ect to

all the others. This idea can b e b etter understo o d through the follo wing analysis:
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Figure 3: Normalization for exp erimen t v ector E1
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W e assume that for eac h exp erimen t v ector "

j

the exp erimen tal v ariabilit y can b e

mo deled as a linear a v erage and therefore w e p erform a linear regression [1] o v er the set

of pairs of data (Norm( �

i

), e

ij

) for i=1,...,K. As can b e seen in �gure 3.

The N or m ( �

i

) is de�ned as:

N or m ( �

i

) =

q

( e

i 1

)

2

+ ( e

i 2

)

2

+ ::: + ( e

iN

)

2

(5)

In other w ords, to eac h comp onen t e

ij

of the exp erimen t v ector w e asso ciate the

corresp onding norm of the i-th expression v ector (Norm( v

i

)). This idea can b e b etter

understo o d under the scop e of the follo wing analysis:

The linear a v erage of the data

~

E

1

is assumed to b e giv en b y:

~

E

1

= ( N F ) � Norm + B C K GN D

~

E

1

is represen ted b y the line in �gure 3(a).

Where :

BCK GND = Bac kground, NF = Normalization F actor

The NF (represen ting the slop e of the line �tting the in tensit y v alues) and the BCK-

GND (represen ting the cross of this line with the in tensit y axis) are giv en b y the linear

regression.

If w e p erform the follo wing op eration o v er

~

E

1

to obtain

~

E

1 �

, �gure 3(b), w e will mo v e

the whole line, corresp onding to the �t, to w ards the iden tit y line shifting at the same

time all the in tensit y v alues to w ards the iden tit y line:

~

E

1 �

=

~

E

1

� B C K GN D

N F

= N or m

And if this pro cedure is rep eated for all exp erimen t v ectors, w e will obtain the desired

normalization, giv en b y:

~

E

1 �

=

~

E

2 �

=

~

E

3 �

= ::: = N or m

This means that all the expression v ectors w ere mo v ed to w ards the Reference Line

(iden tit y) as seen in �gure 2(b) for t w o dimensions.

The actual pro cess of normalization is implemen ted in eac h comp enen t of the exp er-

imen t v ector as sho wn:

5



e

ij N

=

e

ij

� B C K GN D

N F

(6)

Because this is a global normalization metho d, it is assumed that all the expression

v ectors will b e around the Reference Line (w eakly disturb ed), in order for the normal-

ization to giv e an accurate result. Once done the normalization w e are certain of the

\cleanness"of our data but still w e are faced with the c hallenge of analyzing thousands

of genes. W e will sho w through our error analysis that man y of those genes can b e dis-

carded due to their lo w statistical signi�cance and therefore w e will �nd a smaller more

manageable subset of genes.

4 Error Analysis

The main ob jectiv e of the error analysis is to pro vide information ab out genes that had a

statistically signi�can t expression with resp ect to the expression of the rest of the genes

in the same set. This partition of the genes in t w o sets b ene�ts an y further analysis

pro cessing.

4.1 De�nition of terms

First let us de�ne the follo wing terms in order to mak e the error analysis easier to

understand:

An y expression v ector has, in the N dimensional in tensit y space, the follo wing c har-

acteristics asso ciated with it.

� The Norm or v ector length

N or m =

p

ei 1

2

+ ei 2

2

+ ::: + eiN

2

(7)

� The angle � whic h is de�ned as the angle b et w een eac h particular expression v ector

and the Reference Line.

� The pro jection P ( dot pro duct b et w een the expression v ector and the Reference

Line ) whic h is the pro jection of the expression v ector o v er the Reference Line

de�ned as:

P

i

=

P

N

j =1

e

ij

p

N

(8)
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� The deviation � de�ned as the Euclidean distance b et w een the expression v ector

and its pro jection v ector on the Reference Line.

� = k v

i

� p

i

k (9)

Where in this case p

i

is the v ector with the same direction as the Reference Line

and Norm = P

i

.

It is imp ortan t to mension that the Reference Line is a unit v ector in direction

1

p

N

� (1 ; 1 ; 1 ; :::; 1).

�
�
�
�

Intensity 1

Intensity 2

Reference Line

Norm

Projection

d

q

Figure 4: Characteristics of an expression v ector

These c haracteristics of an expression v ector are de�ned for the N dimensional in ten-

sit y space. These concepts can b e b etter grasp ed if w e consider them in t w o dimensions

as sho wn in �gure 4.

4.2 Analysis

The analysis is sub divided in t w o main steps:

� V ariance of Deviation

� Error Curv e Analysis

7



4.2.1 V ariance of Deviation
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Figure 5: Represen tation of the distribution for the deviation at a particular pro jection

v alue

As w as men tioned previously it is assumed that the exp erimen ts are w eakly disturb ed

and therefore all the expression v ectors will b e distributed as a t yp e of \cloud" around the

reference line. It is also assumed that for eac h pro jection v alue on the reference line the

deviations of all expression v ectors with this particular pro jection v alue will b e normally

distributed around the reference line. This concept is illustrated for t w o dimensions in

�gure 5. Because the expression v ectors are normally distributed around the Reference

Line a go o d statistical delimiter is the standard deviation � of the deviation � . In order

to calculate � w e calculate �rst the v ariance of � whic h is �

2

. This is done b y making a

nonliner regression where the indep enden t v ariable is the Norm of the expression v ector

and the dep enden t v ariable is the square of the deviation �

2

whic h will giv e us a �t that

represen ts the v ariance of � as explained b elo w. W e de�ne the v ariance of the deviation

for a particular Norm v alue as:

V AR [ � ] = E f ( � � �

�

)

2

g (10)

S ince �

�

= 0 (11)

T hen V AR [ � ] = E f ( � )

2

g (12)
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Where E f ( � )

2

g is equiv alen t to the �t done b y the non linear regression. Then after

the regression the v ariance for the deviation is appro ximated as:

V AR [ � ] = C + A � N or m

B

i

= �

2

(13)

Where A, B, and C are co e�cien ts giv en b y the non linear regression analysis [1].
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Figure 6: Curv e �t to calculate V ar[ � ] in plot �

2

vs Norm

This t yp e of appro ximation is illustrated in �gure 6.

4.2.2 Error Curv e Analysis

After the previous step in the analysis w e will no w de�ne the outlier genes. In other

w ords, those genes that should really b e considered for subsequen t analysis. After ha ving

calculated the standard deviation � w e can no w pro ceed to use this information to apply a

statistical delimiter that will sho w us whic h genes ha v e a signi�can t statistical expression

lev el. If in this case w e calculate, with the co e�cien ts already obtained through the

nonlinear regression, the standard deviation � in terms of the pro jection, w e obtain:

V AR [ � ] = C + A � P

B

i

= �

2

(14)

W e will b e able to giv e for eac h pro jection v alue a delimiter consisting in a v alue pro-

p ortional to the calculated standard deviation � . This t yp e of analysis can b e visualized

in t w o dimensions in the �gure 7, where the constan t of prop ortionalit y in this case is 1.
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Figure 7: Distribution of expression v ectors around the Reference Line in a p erp endicular

plane. The circle represen ts the delimiter imp osed b y the standard deviation �

Imagine the circle is in a plane p erp endicular to the reference line as sho wn in �gure 5.

T aking in to accoun t this t yp e of analysis, w e no w can mak e a 2-dimensional plot w ere

all this information (in the n dimensional in tensit y space) ab out genes that lie within or

outside the delimiting region will b e condensed. F or eac h pro jection v alue P

i

there is an

asso ciated p erp endicular plane and circular delimiting region. Th us this can b e plotted

in t w o dimensions using as the indep enden t v ariable the pro jection, and as the dep enden t

v arible the tangen t of the angle b et w een the expression v ector and the Reference Line

whic h is directly related with the deviation b y:

tan ( �

i

) =

�

P

i

(15)

The function tangen t is used in order to giv e a b etter resolution for larger v alues of � .

The delimiting circular region (what w e ha v e called the error curv e) will b e represen ted

as a single v alue for eac h pro jection v alue giv en b y:

er r or cur v e ( P

i

) =

�

P

i

(16)

This is lik e w e had folded the whole circle (see �gure 7) in to a single p oin t with a

distance � from the Reference Line. The v alues ab o v e the error curv e will b e considered
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outlier genes. The result of suc h analysis will b e a plot lik e the one of �gure 8.
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Figure 8: Error Curv e analysis: tan ( � ) vs P

i

5 A visualization to ol for the analysis

F or the purp ose of implemen ting the analysis it w as dev elop ed an application as a means

for visualization of the results. This to ol w as dev elop ed in ja v a (jdk 1.2) programming

language. The JClass Chart API w as used to pro duce the c harts that implemen t the

graphics previously men tioned in the analysis. The v alues in b oth axes (\ x "and " y ")

w ere presen ted in logarithmic scale due to the large range of the data. The data used as

input for the application with the information ab out gene iden ti�ers and in tensit y v alues

m ust b e in a simple text format. The graphics created b y the application are sho wn in

�gures 9 -14.

6 Applying the analysis to real data

The analysis previously prop osed w as applied to t w o di�eren t set of data. The �rst set

of data b elongs to Dup on t and consisted in 8 exp erimen ts with a total of 4598 di�eren t

genes. And the second set of data w as the same set of data used in [3] with a total of

6151 genes (P at Bro wn Data).

� V ariance of Deviation
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Figure 9: Dup on t's Data: Square Deviation vs V ect.Length

F or the Dup on t set of data w e presen t the results for the curv e �t (�gure 9) in

order to obtain the v ariance of the deviation. W e can observ e that the �t p erforms

w ell under this set of data. In this case in particular w e can observ e that for small

in tensit y v alues (small v alues in the V ector Length axis) the �t is una�ected b y the

noise and con v erges to a constan t v alue.

Figure 10: Bro wn's Data: Square Deviation vs V ect.Length (Without bac kground cor-

rection)

F or the Bro wn Data set (�gure 10) w e presen t the results obtained in the v ariance of

the deviation analysis. Initially the curv e �t done b y the linear regression con v erged

for small in tensit y v alues to w ards v ery small v alues. This w as b ecause for v ery small

in tensit y v alues the prop ortional noise in the signal is to o signi�cativ e.

In order to p erform the appropriate curv e �t to the data it w as necessary to bac k-

ground correct the v alues of the v ariance. Basically the constan t expression for

12



Figure 11: Bro wn's Data: Square Deviation vs V ect.Length (With bac kground correction)

the v ariance w as limited to 1xE-4 whic h w as the a v erage in tensit y v alue (noise)

calculated from the original data (�gure 11).

� Error Analysis

F or the �nal error analysis w e presen t the curv es obtained for b oth sets of data.

Figure 12: Dup on t Data tan( � ) vs. Pro jection (Delimiter v alue = 1 * � )

In �gure 12 w e can see the outlier set de�nition for a delimiting v alue of one standard

deviation in this case the outlier set of genes is ab out one half of the original gene

set.

In �gure 13 (Dup on t data set) w e can observ e the curv e for the error analysis with

a delimiting v alue for the error curv e of t w o times the standard deviation. It can

b e seen that the n um b er of outliers ob viously dep ends on the delimiting v alue for

the error curv e.
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Figure 13: Dup on t's Data tan( � ) vs. Pro jection (Delimiter v alue = 2 * � )

F or the Bro wn data w e presen t the error analysis curv e for a delimiting v alue of

t w o standard deviations in �gure 14.

Figure 14: Bro wn Data tan( � ) vs. Pro jection (Delimiter V alue = 2 * � )

Kno wing that the statistics for eac h particular system are not the same, the b est

option w ould b e to \�ne tune" the delimiting v alue according to the statistics

of the system under consideration and to the trade o� b et w een qualit y of data

obtained v ersus not taking in to accoun t real w eakly expressed genes. In the table

b elo w w e sho w the exact n um b er of outliers for di�eren t v alues of the delimiting

v alue that w ere obtained for b oth data sets. After the set of outlier genes has b een

obtained in this manner the application of a clustering algorithm on this data set

w ould deliv er b etter results.
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Data Set Delimiting V alue T otal n um b er of genes

� 2 � �

Dup on t 2002 475 4598

Bro wn 854 112 6151

7 Conclusions and F uture W ork

� In this new �eld of bioinformatics researc hers all o v er the w orld are trying their

o wn metho ds for the di�eren t pro cesses necessary to analyze the information com-

ing from the genetic analysis exp erimen ts. The standard pro cedures for all these

pro cesses are b eing de�ned b y the scien ti�c comm unit y righ t no w. Therefore an y

new metho d that pro v es to w ork succesfully with the problem it addresses will b e

of great con tribution for the �eld. Ev en those metho ds that pro v e not to w ork will

ha v e their o wn v alue as a learning exp erience.

� This particular metho d of normalization is prop osed as a to ol to analyze gene

expression data. The main c haracteristics of the normalization algorithm prop osed

are that it facilitates the error analysis p erformed afterw ards and the calculation

of the P earson Correlation whic h is a correlation used extensiv ely b y biologists. It

is based on the assumption that it is v ery imp ortan t to separate noise from real

c hange in expression.

� The data obtained b y the analysis pro vide v aluable information ab out genes that

ha v e a statistically signi�can t c hange in expression lev el.

� The error curv e used in the analysis has to b e de�ned according to the statistics of

the particular system in order to b e meaningful.

� F or some data sets it w ould b e necessary to p erform bac kground correction, where

the bac kground constan t w ould b e calculated as an a v erage of the lo w in tensit y

v alues. This w ould lo w er b ound the calculated v ariance curv e and therefore giv e

meaningful v alues for the lo w in tensit y range of in tensities.

� Additionaly it w ould b e in teresting to de�ne an error threshold instead of an error

curv e. This threshold w ould b e implemen ted using some error tolerances giv en to

the in tensit y v alue measuremen ts of the data instead of using one single v alue.

� It w ould b e in teresting to con tin ue this w ork with a clustering analysis. The original

main ob jectiv e of this t yp e of error estimation metho d is to impro v e the clustering

analysis of error pro�les. F or instance P earson correlation can b e used to construct

a distance matrix for expression pro�les. The error analysis w ould indicate whic h of
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the expression pro�les are suitable for clustering and pro vide a score or probabilit y

for the matc h b et w een a giv en expression pro�le and a cluster.

� P ossible future w ork is to mak e this to ol a v ailable as an application in the w ebpage

of our group.
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