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Background: Various approaches that were recently
developed demonstrate the ability to simultaneously de-
tect all human (or other species) chromosomes by using
combinatorial labeling and fluorescence in situ hybridiza-
tion (FISH). With the growing interest in this field, it is
important to develop tools for optimizing and estimating
the accuracy of different experimental methods.
Methods: We have analyzed the principles of multiple
color fluorescence imaging microscopy. First, formalism
based on the physical principles of fluorescence micros-
copy and noise analysis is introduced. Next, a signal to
noise (S/N) analysis is performed and summarized in a
simple accuracy criterion. The analysis assumes shot noise
to be the dominant source of noise.
Results: The accuracy criterion was used to calculate the
S/N of multicolor FISH (M-FISH), spectral karyotyping,

ratio imaging, and a method based on using a set of broad
band filters. Spectral karyotyping is tested on various types
of samples and shows accurate classifications. We have
also tested classification accuracy as a function of total
measurement time.
Conclusions: The accuracy criterion that we have devel-
oped can be used for optimizing and analyzing different
multiple color fluorescence microscopy methods. The
assumption that shot noise is dominant in these measure-
ments is supported by our measurements. Cytometry
35:214–226, 1999. r 1999 Wiley-Liss, Inc.
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The desire to simultaneously detect many biological
probes has been the motivation behind developments in
multicolor fluorescence microscopy in the last few years.
The advance was made possible by technological improve-
ments that include the optical performance of micro-
scopes and filters, charged coupled device (CCD) sensitiv-
ity, fluorochrome brightness, and the efficiency and
specificity of biological labeling methods.

When multicolor methods are combined with fluores-
cence in situ hybridization (FISH), more than a single DNA
target probe may be detected. This considerably broadens
the spectrum of applications of FISH methods.

The potential of multicolor FISH was first demonstrated
in 1989 (1) when three different fluorochromes were used
to label three different centromere probes. The same
group reported in 1990 that the number of different
probes could be larger than the number of fluorochromes
by using combinatorial labeling (2) or ratio labeling (3).
This method was extended later to seven different probes
(4) and even more (5).

Recently, two newly developed multicolor methods,
M-FISH (6) and spectral karyotyping (7), presented the
simultaneous detection of all human (or mouse) chromo-
somes. This means that many cytogenetic aberrations may
now be detected in a relatively straightforward manner.

These new multicolor methods thus have the potential to
improve both chromosome research and cytogenetic diag-
nosis. For example, reports have already been published
on finding hidden translocations in hematological malignan-
cies (8) and the identification of a synovial-cell sarcoma as
a bone tumor (9).

The growing importance of multicolor fluorescence
techniques increases the need for a substantial understand-
ing of the advantages and limitations of the experimental
methods. This paper presents a detailed study of the
principles of multicolor fluorescence microscopy. A math-
ematical formalism is developed and summarized in a
single criterion, i.e., the accuracy criterion of multicolor
fluorescence. These tools may be used for optimizing and
analyzing the accuracy of the results of different experimen-
tal methods.

The goal of a multicolor fluorescence microscopy mea-
surement is to map the location of each of many probes in
an image. During the measurement, a set of data points is
acquired for each pixel of the image; the type of data
depends on the specific experimental technique used.
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These data are then analyzed by using a classification
algorithm, and each pixel is assigned to a different probe.
Assuming an optimal classification algorithm, the accuracy
of the pixel classification depends on the set of measured
data points. This set of data points must be unique and
well-defined for all the pixels belonging to each probe.
There are a large number of pixels in an image (around a
million), and a very high percentage of those pixels must
be classified correctly. The misclassification of even a few
pixels could lead to a wrong cytogenetic conclusion. The
main goal of this work was to develop quantitative tools
for estimating the degree of separability of the data in a
multicolor fluorescence measurement. Classification meth-
ods are most important in order to get optimized probe
identifications. This deserves careful treatment and is
outside the scope of this work.

FLUORESCENCE MULTIPLE COLOR MICROSCOPY
Fluorescence Microscopy Measurement

Many different fluorochromes are now available with
emission spectra that cover the whole visible light and
near infrared spectrum. The emission spectrum of a
fluorochrome is shifted toward longer wavelengths, com-
pared to its absorption spectrum. This spectral shift (also
called the Stokes shift) makes it possible to separate
excitation light from emission light by using optical filters
or spectroscopy (10,11).

Fluorescent microscopy measurements (12,13) are
mostly based on epifluorescence. Because the emission
intensity is usually a few orders of magnitude lower than
the excitation intensity, it is necessary to block the
excitation light from the emission path. This is done by
using a set of filters (usually three) in the light path of the
microscope.

In multicolor measurements, several fluorochromes are
used simultaneously. In order to distinguish between the
emission light from these fluorochromes, they should have
the least degree of spectral overlap. This requirement is in
addition to many other requirements for the fluoro-
chromes, such as high brightness and stability.

The spectral response of a CCD is usually high enough
in a limited spectral range (typically, a spectral range of
about 400–500 nm). The optics of the microscope are
typically also designed for high-quality images in a similar,
or even smaller, spectral band. In order to get bright
enough signals, the emission spectra of the chosen fluoro-
chromes should fall inside those ranges. On the other
hand, a typical full width at half maximum (FWHM) of a
fluorochrome spectrum (both absorption and emission) is
in the range of 50–100 nm, and the Stokes shift is also of
the same order of magnitude. This fact results in a high
degree of spectral overlap, as shown in Figure 1. It is this
overlap that complicates the measurement of several
fluorochromes simultaneously.

Labeling Methods

Combinatorial labeling was developed (14) to detect
more biological probes than the number of available
fluorochromes. In combinatorial labeling each probe is

labeled with a unique combination of a few fluoro-
chromes. With N fluorochromes, 2N - 1 different probes
can be labeled.

The methods of labeling the different probes with
fluorochromes are of great importance and complexity,
but fall outside the scope of this work. Detailed discus-
sions of the labeling techniques can be found elsewhere
(15).

The fluorochrome labeling method needs to meet sev-
eral conditions before multicolor measurements will suc-
ceed. First, the concentration of fluorochromes on the
sample must be high enough to give off a bright signal; the
fluorochromes must be stable to prevent photobleaching;
and the labeling must be specific. Secondly, for every
probe, the concentration ratio of the fluorochromes at-
tached to it should be well-defined across the image.

Another method described in the literature with respect
to combinatorial labeling is ratio labeling (3,5). In ratio
labeling, not only are different fluorochrome combinations
used to label a probe, but also different concentrations of
the different fluorochromes. If N fluorochromes are used,
each one in K different concentration levels, and if the
highest concentration for each fluorochrome is defined as
1 and the other concentrations are defined as 1⁄2 1, 1⁄2 2 . . . ,
1⁄2 K22 and 0, then, the total number of valid combinations is

KN 2 (K 2 1)N . (1)

Valid combinations include combinations that have differ-
ent fluorochrome concentration ratios. For example, if
two fluorochromes are used, each one in three different
levels, 1, 0.5, and 0, then, the valid combinations are (1,1),
(1,1⁄2), (1⁄2,1), (1,0), (0,1). The combination (1⁄2,1⁄2) is not
valid because it has the same concentration ratio as (1,1). If
the different intensities used for each fluorochrome do not
follow the above rule, a different number of valid combina-
tions will result. Notice that the value of combinations in
combinatorial labeling is just a special case (K 5 2) of ratio
labeling.

Multiple Color Measurement Methods

M-FISH. M-FISH (6,16) is performed by measuring five
images, each one through a different filter set together
with combinatorial labeling. Each filter set is designed to
be highly specific (.90%) to only one of the fluoro-
chromes. This specificity is achieved by using narrow band
filters, which may not coincide with the peaks of the
absorption and emission fluorochrome spectra (6).

Five images are digitized, each one through one of the
filter sets. A DAPI image is digitized as well and used to
define a mask for the probe images. The data are analyzed
by taking each of the digitized images (that contain
information about a single fluorochrome) and setting an
intensity threshold that distinguishes pixels which are
labeled from those which are not labeled with that
fluorochrome. By combining the results from the five
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different images and comparing them to the known
labeling scheme, each pixel can be classified.

Ratio labeling. Ratio labeling (3,5) has the advantage
that fewer fluorochromes can be used in more combina-
tions. On the other hand, each fluorochrome appears in
several intensity levels. The measurement is performed by
using a set of filters that matches the fluorochromes. The
data analysis yields the intensity ratio of the different
fluorochromes for each pixel, which is then compared to
the known ratio-labeling scheme.

Spectral karyotyping. Spectral karyotyping (7,17) is
based on simultaneously measuring the full fluorescence
spectrum of each pixel of the image. Spectral karyotyping
uses Fourier spectroscopy to measure the spectrum. The
fluorescence spectrum is measured through a triple di-
chroic filter that allows for the simultaneous excitation
and detection of all the fluorochromes used. During the
analysis, the spectrum at each pixel is compared to all
fluorochromes’ spectra, and the fluorochrome combina-

tion is determined. This combination is compared to the
known labeling scheme of the probes, and the probe type
of each pixel is ascertained (17).

Quantitative Analysis

Based on the Beer-Lambert law, the fluorescence inten-
sity of a fluorochrome is linearly dependent on the
following parameters:

1. The extinction coefficient «(l), which describes the
fluorochrome probability to absorb light quanta at wave-
length l . «(l) will be described as « · FABS(l) where « is
the commonly described extinction coefficient and FABS

(l) is the fluorochrome absorption spectrum, whose peak
value is normalized to 1.

2. The quantum yield F of a fluorochrome, which
defines the probability of an excited fluorescent molecule
to emit a photon. The probability to emit a photon at a
certain wavelength l is obtained by multiplying the

FIG. 1. The absorption and emission spectra of a family of five different fluorochromes. There is a high degree of overlap between the absorption and
emission spectra of the different fluorochromes. Each spectrum shown in the graph represents few different fluorochromes (i.e., Rhodamine,
SpectrumOrange, and Cy3 all have a similar spectrum).
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quantum yield F, by the emission spectrum FEM(l), which
is normalized (its integration over wavelength equals 1).

3. The excitation source flux L0 · L(l) measured on the
sample itself in units of photons per unit wavelength per
unit time [sec-1 nm-1]. L0 is the total intensity, which when
multiplied by L(l) gives the flux at a certain wavelength.

4. Fluorescence collection response of the microscope
and the CCD detector, R(l). It is the ratio of the number of
electrons generated in a pixel of the CCD relative to the
number of photons which are emitted from the volume of
the sample imaged by that pixel.

5. The transmission of the filter-cube in the excitation
light path, TEX(l) and the emission light path, TEM(l).

6. Optical depth of the measured substance, l [cm], and
the area, S, imaged by one pixel of the CCD. The area is
defined by the CCD pixel size divided by the magnification
of the microscope. The optical depth depends also on the
numerical aperture of the microscope.

7. AD is the digital output that results when a given
number of electrons are accumulated in a pixel.

8. Fluorochrome molar concentration, r.
9. The exposure time, t, for one CCD frame.

An index will be used to distinguish different fluoro-
chromes. For example, FEM, j (l) is the emission spectrum
of fluorochrome j. In the same manner, an index is used to
distinguish different filters.

In the following equation, Iij is the intensity that is due to
fluorochrome j, in a CCD camera pixel, measured using
filter i :

Iij 5 t · l · S · rj · ej · Fj · L0 · AD · e
l

R(l) · FEM, j(l)

· TEM,i(l)dl 3 e
l8

L(l8) · FABS, j(l8) · TEX,i(l8) dl8 . (2)

Here, all the values except the first four parameters are
constants of the experimental setup. The first four param-
eters depend on the fluorochrome concentration, thick-
ness, and size of every point in the image and the exposure
time of the CCD.

In the case where the emission spectrum is measured at
many wavelengths (e.g., spectral karyotyping), the spec-
tral integration over l8 is taken for every wavelength due
to the spectral resolution (usually 5–15 nm).

When N different fluorochromes are contributing to the
fluorescence, then, Ii is the recorded intensity of a pixel
due to the contribution of all the fluorochromes:

Ii 5 o
j51

N

Iij . (3)

Spectral and Vector Presentation

The set of values Ii measured for each pixel can be
described as a spectrum. In the case of spectral karyotyp-
ing, it is exactly the emission spectrum. In the case of
measurement through a set of filters, it can still be
considered analogous to a spectrum.

A spectrum that contains M measured points can be
represented by the set I1, I2 , . . . , In, . . . , IM. This spec-
trum can also be observed as a vector I in an M dimen-
sional space,

I 5 (I1,I2, . . . , In, . . . , IM). (4)

M describes the number of wavelengths which are mea-
sured (in spectral karyotyping) or the number of filters
which are being used for the measurement. An example of
a spectrum and vector representation, for the case of M 5
2, is described in Figure 2.

The notation Ij will be used to refer to the vector which
is measured by the set of M filters for the j-th fluoro-
chrome.

The fluorescence intensity from different pixels along a
chromosome is not uniform, mainly for two reasons. First,
because of the cylinder-like shape of a chromosome, the
fluorescence intensity decreases from the chromatid cen-
ter outwards (Fig. 3). Assuming that the fluorochrome
density rj is uniform along the chromosome, l in Equation
2 varies, and therefore Ii will vary (for all i - s). Neverthe-
less, the ratios of the Ii components for each probe in each
pixel are most likely preserved because they all propor-
tional to the same thickness l.

The second reason is due to uneven hybridization along
the chromosomes. This can be the result of either the
dominance of repetitive sequences (e.g., in centromere
regions), or the deficiency of some unique DNA sequences
in some areas along the chromosome. This will result in a
variation of fluorochrome concentration along the chromo-
somes, but here too, the fluorochrome concentration ratio
and therefore also the ratios of the Ii components will be
preserved.

Any algorithm developed for analyzing multicolor fluo-
rescence data should take such intensity variations into
account.

Fluorochrome Specificity

In order to achieve a high degree of accuracy in the
classification, the spectra which are measured for the
different fluorochromes should be as different as possible.
This difference, or specificity, can be analyzed by calculat-
ing the angle between vectors that represent the data
measured for different fluorochromes.

Let ukl be the angle between two vectors Ik and Il in
M-dimensional space that represent the spectra measured
for two different probes. ukl can be calculated by:

ukl 5 arccos 1 o
j51

M

Ijk · Ijl

Îo
j51

M

I jk
2 ·Îo

j51

M

I jl
22 . (5)

Because each of the vector components is positive, ukl is
always smaller than p/2.
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Noise Analysis

Every measurement is accompanied by noise. Usually,
there is more than one source of noise.

If I describes a single measured value, dI will be used to
describe its noise. In the analysis, one or more functions
that depend on the measured values are calculated, F 5
F(I1, I2 . . . IM). F itself will have an error, dF, which results
from the noise contaminating each of the parameters. dF
can be calculated to first order by:

dF 5
dF

dI
· dI <Îo

i51

M

1­F

­Ii

· dIi2
2

(6)

This approximation of the first order can be used in
those cases where dI is small enough relative to I. In
general, when the noise dI is on the order of I/10 or less,
the second term in the development of dF will be
proportional to (dI)2 which is 10 times smaller than the
first order. In this noise range, Equation 6 is therefore a
good approximation.

The following different types of noise sources should be
taken into consideration in digital imaging fluorescence
measurements:

Bio-chemical noise: This noise is the result of variations
in the fluorochrome concentration rj ,
variations in the fluorescence intensity
due to the micro-environment on the
sample, uneven hybridization etc.

Photon noise: Intrinsically related to the statistical nature of
light. If the measured light intensity is I, the
root mean square (RMS) shot noise ampli-
tude is equal to ÎI.

Detector noise: Limiting ourselves to CCDs, there are several
noise sources. The dominant ones in a high
quality CCD are the dark noise Nd and
readout noise Nr. As a result of those two,

the detector noise is ND 5 ÎNd
2 1 Nr

2.

THE ACCURACY CRITERION OF MULTIPLE COLOR
FLUORESCENCE

As explained above, in a multicolor measurement, each
probe is labeled with a different combination of fluoro-
chromes. During the measurement, a certain number of
values Ii, i 5 1 . . . M, is measured for each pixel of the
image. Then, a mathematical analysis, or classification, is
performed in order to find the values of rj for each
fluorochrome j and to deduce what fluorochrome combi-

FIG. 2. Spectral and vector representation in the case of a measured data set that includes two measurement points (M 5 2). The values measured in this
case are I1 5 a and I2 5 b.
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nation is present. The accuracy of the classification is
dependent on both the specificity and noise level of the
measured vectors.

We have chosen the angle ukl between the vectors
measured for two fluorochromes k and l (or two combina-
tions of fluorochromes) as a parameter for analyzing the
signal to noise ratio in a multicolor measurement. The
angle ukl is chosen because it is directly related to the
relative fluorescence intensity measured for all the fluoro-
chromes, and at the same time neutralizes the brightness
variation of pixels which is expected to be large, as
explained before.

The angle ukl can be calculated from Equation 5. It
depends only on the Iij values given in Equations 2 and 3.
Those can be either calculated from the equations or
directly measured in an experiment. The error dukl can be
calculated from Equation 5 for ukl , based on the errors in
Iij. If the errors dI are in the order of 1/10 of I, we can use
Equation 6 for the calculation:

dukl <Î1­ukl

­1k

· dI1k2
2

1 · · · 1 1­ukl

­IMk

· dIMk2
2

1 1­ukl

­I1l

· dI1l2
2

1 · · · 1 1­ukl

­IMl

· dIMl2
2

. (7)

In other cases where dI is not so small, dukl can be
calculated directly from Equation 5 by setting dukl 5
ukl(I 1 dI) 2 ukl(I).

In the general case, dI will be different for each Iij and
Equation 7 can then be calculated numerically. It is,
however, sufficient here to refer to those fluorochrome

combinations that have the highest potential to be misclas-
sified, e.g., the combinations that involve the highest
number of similar fluorochromes. For these combinations
we can assume that the values of Iij are of the same order,1

and therefore also the dIij values. Under these assump-
tions, Equation 7 can be solved. The details of the
calculation are not fully described here.2 The rather simple
solution that results is:

dukl <Î2

M

dI

I
. (8)

Here I describes an average value of the intensities
measured by all the filters for probe l and k (where each
one of them is labeled with several fluorochromes). In the
same way, dI stands for an average of the error values
measured.

In order to get high accuracy in the classification, the
value of du must be small relative to u. The ratio between
them can lead to a definition of a criterion for classification

1Such an assumption is in general justified because we are mainly
interested in evaluating the errors in the more complex cases, which are
for those probes that are labeled with many fluorochromes. As an
example, in both spectral karyotyping and M-FISH, more than half of the
chromosomes are labeled with three fluorochromes, which means that
the measurement through most of the filters will give a relatively large
value. We also assume here that the intensities measured for different
fluorochromes are not much different from one another, a condition that
can be met by tuning the different fluorochromes combinations as
explained in the text, see Equation 10.

2The derivative of u is performed by using: ­/­x arccos U(x) 5

21/Î1 2 U 2(x) · ­/­x U (x). The internal differentiation of the I values is
straight forward, although rather long.

FIG. 3. The intensity variation as
measured along the two main axes of
a chromosome is demonstrated. This
intensity variation is a result of the
varying thickness of the cylinder-like
shape of the chromosome (chromo-
some 20 in this case) and the uneven
hybridization along the chromosome
(especially in the centromere region).
Other optical effects such as diffrac-
tion and depth of focus might contrib-
ute as well. The curves show the
intensity as a function of the longitudi-
nal and transversal cross section as
measured for chromosome 20.
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accuracy. Figure 4 shows the relation between u and du in
the case of M 5 2. Two sets of vectors that were generated
with Gaussian distributions are shown. Figure 4A shows a
case with a high degree of accuracy. Here u : du and
therefore each vector can be classified unambiguously.
Figure 4B shows a case where u < 4 3 du, and here, more
than 10% of the points will be misclassified.

In the general case of M.2 we should look at all the
normalized vectors, i.e., vectors whose length is set to
unity (as explained, the intensity or length of the vector
can vary, and it is the vector direction which is important).
This normalization projects each one of the M dimensional
vectors onto a point on the first quadrant of the M
dimensional hypersphere surface. Due to noise, all the
vectors measured for a single probe form a cluster on this
hypersphere surface. With the definitions given above, u is

a measure of the distance between the average vectors of
two different clusters, and du is a measure of the variation
of u as a result of the distribution of the points in the
clusters.

If the measurement technique takes advantage of K
different fluorochrome concentrations, then, the minimal
angle that will be measured between certain combinations
of two pure fluorochrome vectors is equal to uMIN 5
uPURE/K, where uPURE is the angle between the vectors
measured for the pure fluorochromes. Combining this
with the definition of u, the following expression can be
defined for the S/N ratio of a multicolor measurement:

S/N 5
uPURE

du · K
. (9)

We refer to this expression as the accuracy criterion of
multiple color fluorescence. It can be calculated by using
Equations 5 and 8. This value should be understood only as
a criterion; the higher the S/N is, the better the accuracy of
the results will be. For a given experimental method
(where M, N, and K are fixed), any improvement to the
S/N ratio improves the accuracy of the classification. Such
improvements can be made, for example, by optimizing
the filter parameters or by changing the fluorochromes
used in the labeling scheme.

The actual degree of misclassification can be deter-
mined from Equation 9 by calculating the percentage of
overlap of two clusters of vectors (each one measured for
a different probe), when approximated by two M-
dimensional spheres with a Gaussian distribution around
the center of each (the standard deviation equals du) and
separation between the centers of the two clusters that
equal u. This calculation is outside the scope of this article.

EVALUATING THE S/N OF DIFFERENT METHODS
Using Equation 9, we have calculated the S/N ratios that

our model predicts for a few different experimental
methods. It is assumed that the highest-quality compo-
nents will be used, including a CCD camera, optimized
microscope optics, illumination light, and filters.

For the calculation, a computer program was developed
that takes as input the absorption and emission spectra of
all the fluorochromes that are used, the filters’ spectral
windows (for both the excitation and emission), and all
the other parameters that appear in Equation 2. The set of
fluorochromes shown in Figure 1 was chosen for the
calculation. The calculation was simplified by assuming
that:

ri · ei · Fi 5 rj · ej · Fj ;i, j. (10)

3One of the results that is found by performing the calculation is that the
degree of misclassification depends on the value calculated above for the
S/N ratio and on a function f (M ). This function shows that the depen-
dence of the degree of misclassification on M is even stronger than 1/ÎM
that appears in Equation 9.

FIG. 4. The relation between u and du in the case of a two-dimensional
space. Shown here are the two sets of data points, assumed to follow a
Gaussian distribution around two different vectors. A: A case with a high
degree of accuracy. Here u : du and therefore, each vector can be
classified unambiguously. B: A case where u < 4 3 du, and here more than
10% of the points will be misclassified.
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This can be achieved by refining the fluorochromes’
concentrations ri during the labeling, so that Equation 10
holds. This condition simply requires emission intensity to
be similar for all the fluorochromes. It is our experience
that such a condition is not difficult to achieve, and it does
not depend on a specific measurement method.

By defining C as C 5 l · S · rj · ej · Fj · L0 · AD (these values
are not dependent on the experimental method that is
used), Equation 2 can be written in a simpler form:

Iij 5 t · I 8ij 5 t · C · e
l

R(l) · FEM,j (l) · TEM,i (l) dl 3

3 e
l8

L(l8) · FABS, j(l8) · TEX, j(l8) dl8 (11)

where I8 is defined as the emission intensity per unit time,
I 5 tI 8.

For the excitation light source intensity, a white spec-
trum is assumed, which is very close to the spectral
characteristics of a xenon lamp. If a different light source is
used (e.g., an Hg lamp), the fluorescence intensity of the
different fluorochromes might be different, but not the
spectral shape of the emission spectra. Therefore, by
appropriately adjusting the fluorochrome concentrations,
Equation 10 can still hold. This assumption therefore
simplifies the calculations without limiting the generality
of the results.

A typical response curve of a CCD camera that peaks at
600 nm is used. The shot noise of light is the dominant
noise source as long as the intensity measured by the CCD
fills a significant part of the CCD’s dynamic range (18). The
treatment can be extended to low light levels where the
readout noise is dominant, but in this case, very poor S/N
ratios will result. The biochemical noise described earlier
is not treated here, because it is not dependent on the
measurement method being used.

In principle, the S/N ratio should be calculated for each
pair of fluorochromes, but it is sufficient to make the
calculation for the worst case of two fluorochromes with
the most similar spectra. For the following calculations in
M-FISH and spectral karyotyping, Cy3 and Texas Red were
used, since their spectra are the closest (a similar pair of
fluorochromes was used in both methods that have been
published so far: Cy3 and Cy3.5 in M-FISH (6) and Cy3 and
Texas Red in spectral karyotyping (7)).

M-FISH

In M-FISH, five narrow-band-pass filters are used. These
filters are highly specific in that each is designed for one of
the five fluorochromes. Here, M 5 N 5 5 and K 5 2. For a
total measurement time T, each filter will have on average
T/5 s for measuring an image. The intensity measured will
therefore be Iii 5 T/5 3 I 8ii. The index in this case is i 5 j
because perfectly specific filters are assumed (if i ò j, then
Iij 5 0). The shot noise is dIii 5 ÎIii 5 ÎT/5 · I 8ii and
therefore, dukl 5 Î2/M dI/I5Î2/ÎI 8ii · T.

For fully specific filters, uPURE 5 p/2. Because rather
narrow filters are used on the tails of the fluorochrome

spectra (6), the value of I 8ii, as calculated from Equation 11,
is relatively small, and therefore dIii is relatively large. The
result for uPURE/du · K is 0.2 in units of 1/ÎC · T. It is shown
in Figure 5.

Spectral Karyotyping

In spectral karyotyping, a triple dichroic filter is used,
and the measurement is performed with a Fourier imaging
spectrometer (17). The Fourier spectroscopy method has
the advantage (19,20) that throughout the whole measure-
ment, data are collected for all the wavelengths simulta-
neously. Using Equation 5, it is found that uPURE < p/4.5.
The throughput of the filter, with respect to an ideal filter,
is on the order of 0.5.

With a typical spectral resolution of 10 nm at 600 nm,
M 5 30. When five fluorochromes are used, N 5 5 and K 5
2. The calculation of I and dI is performed by starting with
the intensity measured in the interferogram and then
Fourier-transforming it to the wavelength domain (20).
The result for the intensity is Il, j 5 0.5 · I 8l, j · T where one
can see that the whole measurement time is contributing
to the intensity measured at each wavelength. The error in
u can be calculated in a similar way (i.e., by calculating the
shot noise in the interferogram domain, and then per-
forming the Fourier transformation to find the noise at
each wavelength (19)), and it is found that dukl 5
Î2/M dI/I < 2/30 3 1/ÎI 8l, j · T.

By using Equation 11 for I 8l, j , uPURE/du · K is calculated as
1.8 in units of 1/ÎC · T. This is shown in Figure 5.

The result is relatively high due to two important
factors:

1. There are a high number of measured points for each
pixel (M 5 30), which reduces the noise as shown in
Equation 8.

2. The Fourier spectroscopy method allows for the
simultaneous measurement of all the wavelengths during
the whole measurement time. When compared to filter-
based methods, this is advantageous because when measur-
ing with five filters, one at a time, only 20% of the total
acquisition time is being used for collecting data for each
fluorochrome.

Ratio Imaging

The advantage of ratio imaging is that fewer fluoro-
chromes are required to label a given number of chromo-
somes. There are few options for labeling 24 different
probes by ratio labeling (see Equation 1). One option is to
use four fluorochromes, each one in three different concen-
trations (K 5 3 in Equation 1). Another option is to use
three fluorochromes with at least four different intensity
levels (K 5 4). The last option is to use two fluorochromes,
each one with 13 different intensity levels.

Because fewer fluorochromes are used, filters which are
relatively wide can be used and give both high specificity
and throughput. On the other hand, K is larger and
therefore the S/N is reduced (see Equation 9).

The calculation itself is very similar to the one per-
formed for M-FISH. The above three options (with N 5 4,
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K 5 3; N 5 3, K 5 4; and N 5 2, K 5 13) are calculated and
shown in Figure 5.

Multiple Color Fluorescence With Broad Band
Filters

In M-FISH, narrow-band filters are used (5–10-nm width
(6)), which result in a relatively low throughput and
therefore low S/N. In ratio imaging, the number of
fluorochromes is smaller but the larger number of intensity
levels lowers the S/N ratio. We suggest and analyze here
another approach, based on using a set of filters that are
not fully fluorochrome-specific. In this case, broad band
filters are used and therefore the throughput is higher than
in M-FISH. As a result, more than one fluorochrome
contributes to the intensity measured by each filter and
therefore, the measured vectors (or spectra) must be
analyzed by spectral methods that are similar to those
developed for spectral karyotyping (17).

Broad band filters are commonly used in FISH, and
methods for compensating the spectral overlap of several
fluorochromes have been described (21,22). These meth-
ods can be used to improve fluorochrome separability for
the classification of combinatorial labeled probes.

It is possible to design a filter set whose spectral
windows are wide enough to allow high throughput,
while keeping each filter relatively specific to one of the
fluorochromes. If five fluorochromes are used, at least five
different filters are needed.

We have written a computer program to design an
optimized set of filters with a given set of constraints. For
example, the constraints can be defined by setting limits
on the specificity of each filter in the set. Using this
program, 11 different filter sets were designed. Each set
contains five different filters, and each filter is defined by
four wavelengths (two for the excitation and two for the
emission). Each set of five filters has different fluoro-

FIG. 5. The calculation for the S/N ratio for different experimental methods, based on the accuracy criterion of multiple color fluorescence. The x-axis
represents the excitation efficiency of the fluorochrome relative to the excitation with an optimal filter cube. The results (in the y-axis) are shown in units of
1/ÎC · T. The values are normalized so that 1.0 describes the case of S/N 5 12, as calculated for a total acquisition time of 2 min (see Equation 9). The results
for ratio imaging are shown for the case of using four, three, or two fluorochromes. The results for multicolor fluorescence with a set of broad band filters are
shown for different sets of five filters each, which are designed to have (when moving from right to left) higher specificity and therefore less throughput.
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chrome specificity. The first set is designed without any
requirement on the specificity at all and each next set is
designed with a somewhat higher specificity requirement.
Equation 9 was used to compute the S/N of each set of
filters, and the results are also shown in Figure 5.

As seen in Figure 5, this method yields a S/N higher than
M-FISH. At the same time, even the set of filters that gives
the best result has a S/N ratio which is about 2.5 times
lower than the S/N calculated for spectral karyotyping.

SPECTRAL KARYOTYPING EXPERIMENTAL
RESULTS AND S/N

To test the S/N that can be obtained with the spectral
karyotyping method, a quantitative analysis of a normal
human male metaphase was made. The sample prepara-
tion method is described elsewhere (7). The measurement
was performed on a Leica DM-RXA microscope with a 633
immersion oil objective and a specially designed triple
dichroic filter cube (Chroma Technology). For illumina-
tion, a 75-W Xe lamp was used. The measurement time
with the SpectraCube (SD-200) system was 120 s. The
analysis was done with the SkyView 1.2 program, which is
part of the SpectaCube system. The complete analysis,
including the pixel classification as well as the arrange-
ment of chromosomes in the karyotyping table, took less
than 5 min. About 3 min were spent to edit the contours of
touching and overlapping chromosomes. The contours
around the chromosomes are defined automatically, using
a threshold-based scheme. This method leaves a generous
area around the chromosomes as seen in the DAPI image,
which means that many pixels at the edges of the
chromosomes are included in the analysis although their
intensity is relatively low. To demonstrate this, one of the
contours around a chromosome is shown in Figure 6B (the
others are not shown in order to leave the bands informa-
tion clear). A DAPI image was captured as well (5-s
measurement time). Although not used for the analysis, it
adds important banding information which is complemen-
tary to the classification information.

The principles of classification are described elsewhere
(7,17), with one major improvement: the analysis is
automatic, with no need to define reference spectra to the
system. The analysis is done in two steps: 1) Each pixel of
each chromosome is classified based on its spectrum. 2)
Each chromosome is placed in the karyotyping table
according to the class of which the majority of pixels were
found to be members.

The measured image in display colors and the DAPI
image are shown in Figure 6A,B. The classification results
are shown in Figure 6C. The chromosome classification in
this case was 100%: the system placed all the chromo-
somes in their correct position, as was verified by using
the DAPI image.

The classification accuracy of each chromosome was
checked by counting the misclassified pixels and the total
number of pixels. The results are shown in Figure 7.
Regions of the chromosomes lying underneath other
chromosomes in an overlapping region (chromosomes 2,
9, and 12) and the centromeric regions of the acrocentric

chromosomes were not taken into account (the chromo-
some probe that was used is not specific for these regions
and therefore the labeling of these regions is not well-
defined). We also did not take into account a small spot on
chromosome 5 that turned out to be a piece of dirt, as
found by checking its spectrum (the spectrum of that spot
was different from the spectrum of chromosome 5, and
the difference was not due to noise). The percentage of
misclassified pixels for each chromosome is shown in
Figure 7.

The accuracy is found to be very high, with an average
misclassification error of 1.3%. This accuracy, of more than
98%, agrees with the calculated S/N for the measurement
conditions as found by using Equation 9.

We have also measured a few metaphases with several
different total measurement times T, and calculated the
classification accuracy for each one. The results are shown
in the inset to Figure 7.

Each point describes the average classification accuracy
that was measured. The error bars represent the classifica-
tion accuracy variation of different chromosomes and
metaphases. A square root dependence function of the
S/N ratio on the total measurement time, as predicted in
our calculations (see Equation 9 and Spectral Karyotyping
above) was fitted to the measured results. The fitted curve
is shown in the insert to Figure 7.

Note that when high accuracy is reached, although the
S/N still grows as a function of ÎT, the classification accuracy
asymptotically reaches the maximal value of 100%.

Table 1 summarizes the results for a few more typical
cases that were selected. For each sample, 3–10 meta-
phases were measured with total exposure times which
were similar to that of the case described above. The
spectral karyotyping results are shown for each case. The
misclassification percentages were calculated as explained
above. In some cases, the metaphase spreads were more
difficult to analyze because of their poor quality (cases
4–6). This is also reflected in the classification accuracy for
these cases.

DISCUSSION
The principles of a multicolor fluorescence microscopy

measurement have been described in this work. The
accuracy of pixel classification depends on the accuracy of
the spectrum obtained for every pixel. Tools to analyze the
accuracy of the measured data were developed and
summarized in the expression for the S/N ratio. This
expression that we call the accuracy criterion for multiple
color fluorescence can be used to analyze and optimize the
parameters of a given experimental method.

By applying this criterion to different experimental
methods, one can predict the S/N of each and compare
among them. Spectral karyotyping was predicted to yield
the highest S/N ratio and pixel classification accuracy. This
is due to two basic points: the first is the relatively high
number of measured points for each pixel; the second is
the relatively high signal to noise ratio achieved by the
Fourier spectroscopy method. M-FISH was predicted to
have a relatively low S/N, mainly because of the very
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narrow spectral range of the filters that are used. An
additional experimental method was suggested in this
paper. This multicolor method uses a set of five broad
band filters that are less specific to the fluorochromes, but
have a higher throughput. This method was shown to have

an intermediate S/N ratio. Ratio labeling was also analyzed,
and its S/N was found to be intermediate as well.

The accuracy of the classification of a normal metaphase
was tested in a spectral karyotyping measurement, and a
high pixel classification accuracy was found.

FIG. 6. Example of a normal male metaphase measured with the SpectraCube (SD-200) system. A: The metaphase in display colors. Those colors are
reproduced from the full spectrum measured at each pixel by using a color assignment algorithm. B: The DAPI image as measured for the same cell, after
performing a band-enhancement algorithm. One of the chromosomes is shown with the contour defined to it. As shown, the contour is defined in a way that
leaves all the pixels that belong to the chromosome inside. C: The classification results, as calculated. The results show a high degree of accuracy (more than
98%). The overlapping areas, as well as the centromere regions of the acrocentric chromosomes, are not taken into account in this calculation.
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Many important aspects of multiple color fluorescence
microscopy are still to be further understood. They include
a study of the smallest detectable translocation, insertion,
deletion, and further progress of labeling methods.

Classification methods are also an important aspect in
multicolor methods. The classification methods used here

(17,23) led to very accurate results, but this subject should
be treated separately.
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Table 1
Summary of Spectral Karyotyping Analysis and Misclassification Results of Six Different Samples*

Sample Type Sex Spectral karyotyping
Misclassification

(% of pixels)

1 Normal (blood) M 46,XY 1.5%
2 Normal (blood) M 46,XY 2%
3 Lymphoma (lymph node) F 46,XX,t(1;16),del(6),der(9)t(9;18),t(10;15),der(14)t(6;14) 2%
4 Normal (amniotic fluid) F 46,XX 1.8%
5 Lymphoma (lymph node) M 56,XXY,1der(2),1der(3),15X2,18X2,t(10;22),t(11;16),

1der(12)t(12;14),iso(15 ),121,1der(X)
3%

6 Solid tumor M 44,XY,211,217,der(9)t(9;11),der(10)t(10;X) 5%

*For each sample, 3–10 different metaphases were measured. The misclassification result shows the average calculated for all of them.
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