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1. Introduction

Fluorescence labeling techniques are quite useful to microsco-
pists. Not only can fluorescent probes label sub-ce!]ular structures
with a high degree of specificity, they can also do so with a very high
degree of sensitivity. This combination of specificity and sensitivity
permits observations of cellular events that are not always visible
using traditional methodologies, such as brightfield microscopy.

Labeling specimens can occur using one or more fluoro-
chromes. Single-wavelength fluorochromes are often used as
labels to reveal structures, such as microtubules, mitochondria or
nuclei. This technique works well when a researcher is interested
in a single specific structure within the field of view. However, two
or more labels are often used to elucidate multiple structures. Mul-
tiple probes are mainly used to view two or more different types
of sub-cellular structures simultaneously, while ensuring they are
visually distinct from one another. To aid with image analysis, each
fluorescent wavelength is usually acquired independently and then
combined with the others to create a composite image.

After image acquisition and processing, there may be some
overlap when two discrete wavelengths of light occupy the same
physical location within the image. This information can be of special
interest to the researcher. It then becomes necessary to provide a
visual representation of the location and degree of overlap between
two. wavelengths.
2. Acquiring Images

Fluorescence excitation occurs through either confocal scan-
ning or wide field epifluorescence microscopy using standard illumi-
nation methods. Image capture is accomplished through standard
CCD acquisition techniques. Acquisition of individual wavelengths
is usually performed, followed by the application of look-up tables
(color values) to the image. A composite image is then created from
the colorized constituents. It is important to note that image acquisi-
tion can, and often does, occur through several optical sections.

The physical methods of excitation and acquisition are beyond
the scope of this article and are not discussed in any detail. After
digitization, images are imported to Image-Pro Plus v. 5.0 for a>
localization analysis.
3. A Definition for Colocaiization

Golocalization describes the presence of two or more types of
molecules at (.he same physical location. Within the context of a cell
or sub-cellular structure it may mean the molecules are attached to
the same receptor, while In the context of digital imaging it means the
colors emitted by the fluorescent molecules occupy the same pixel
in the image. Measuring the degree of colocalization is performed
through the use of the 'Color Composite' and 'Colocalization' func-
tions in Image-Pro Plus.

Colocalization does not refer to the likelihood that fluoro-
chromes with similar emission spectra will appear as overlapped in
the composite image. It is important to note that cross-talk or "bleed-
through" may occur if the emission spectra of the two fluorochromes
are similar. Accurate colocaiization determination can only occur if
emission spectra are sufficiently separated between fluorochromes
and the correct filter sets are used during the acquisition step. To
achieve this goal, red and green wavelengths are usually selected.

Fig 1. Mouse Fibroblast Cells. Microtubutes stained with FITC,
mitochondria stained with MitoTracker Red, nuclei stained with DAPt.
Fluorochromes were acquired separately and merged using the
Process\Cotor Composite command in image-Pro Plus v. 5,0.

The dyes representing these wavelengths are carefully matched to
the power spectrum of the illumination source. This is done to obtain
maximum excitation wavelengths while still maintaining a degree
of separation between the emission wavelengths.
4. How Does All This Work?

The degree of colocalization is measured by comparing the
equivalent pixel positions in each of the acquired images. To achieve
this, Image-Pro Plus uses a combination of the Process|Color Com-
posite and Measure|Colocalization commands.
4.1 Generating the Colocalization Scatterplot

The first step in the process involves displaying the image upon
which the colocalization analysis will be performed. The image may
be created as a composite from two single wavelength acquisitions
(the preferred method), or a multi-labeled specimen acquired as a
single image (Fig. 1). Then, it is determined which pair of colors
will he evaluated for colocalization. Typically, red-green pairs are
selected, although it is possible to select other combinations. After-
ward, a scatterplot (Fig 2.) of the individual pixels from the paired
images is generated. Dimmer pixels in the image are located toward
the origin of the scatterplot, while brighter pixels are located farther
out. Pure red and pure green pixels are colored as such, and tend
to cluster more toward the axes of the plot. If coiocalized pixels are
present, they appear as orange to yellow, depending on the degree
of colocalization, and are located toward the middle of the plot.

4.2 Analyzing the Scatterplot and Generating a Mask
Once the scatterplot has been generated, it is now possible to

evaluate the presence and level of colocalization quantitatively in the
paired images. In this process, the scatterplot is used in conjunction
with the image to define the location of the coiocalized molecules.

An area of interest (AOI) is drawn on the scatterplot to indicate
threshold levels of signal to be included in the analysis (Fig 3). The
vertical and horizontal edges of the AO! are aligned such that they
exclude background signal (clustered on the plot along the x- and y-
axes). Only the signal included within the boundaries of the AOI will be
included in the estimation of colocalization. By clicking within the area
of Interest, it is possible to see on the image the color intensities that
will be included in the analysis. Three threshold masks (red, green, and
yellow) appear in the image when the left mouse button is depressed.
Red and.green masks indicate those pixels with no color mixing, while

4 8 • IT11CROJCOPY TODDY November/December 2003

https://doi.org/10.1017/S1551929500053463  Published online by Cam
bridge U

niversity Press

http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1551929500053463&domain=pdf
https://doi.org/10.1017/S1551929500053463


Fig 2. The scatterplot displays the
intensity range of red and green pixels in
the image, as well as the various degrees
of colocalization, as shown in orange and
yellow.

Fig. 4 Colocalization mask showing overlapping regions of
red and green.

Fig. 5. Composite image showing FITC-iabeled fibroblasts
(green), Texas Red-labeled mitochondria (red) and colocalization
map (yellow)

a yellow mask indicates regions containing colocaiized information. The
cglocaiization mask (Fig. 4) may then be superimposed on the image
as a colocalization map (Fig. 5).

4.3 Generating and Explaining Colocaliza-
tion Coefficients

A more quantitative assessment of the
colocaiized areas may be performed us-
ing the information derived in the previous
step. Several values are calculated, each is
explained in more detail below. These values
include calculations for the entire scatterplot,
as well as values for pixel values contained
within theAOI. Values calculated for the entire
scatterplot include the following:
• Pearson's Correlation (Rr)
• Overlap Coefficient (#},
• Overlap Coefficient kv

• Overlap Coefficient kv

« Colocalization for each color channel (ml
and ml)
Values calculated for signal intensities within
theAOI include:
• Coiocalization of the first channel (Ml)
• Colocalization of the second channel (iW2)

In the following examples we call the first channel red and the
second channel green.
4.3.1 Pearson's Correlation

Pearson's Correlation is a well defined and commonly accepted
means for describing the extent of overlap between image pairs. It is
a value computed to be between -1 and 1, with -1 being no overlap
whatsoever between images and 1 being perfect image registration.
Pearson's Correlation takes into account only the similarity of shapes
between images and does not take into account image intensity.
Since a negative value can be reported using this method, it may
be necessary to look at the data using other coefficients.

Pearson's Correlation is calculated according to the following
formula:

Fig 3. Area of interest (AOI) within
the scatterplot. The AOI has been set to
include primarily the colocaiized areas,
seen as orange and yellow.

r i
where
S] is signal intensity of pixels in the first channel and 52 is

signal intensity of pixels in the second channel,
S\avep and S2olOT - average intensity of first channel and

second channels respectively.
4.3.2 Overlap Coefficient

As Pearson's Correlation does some averaging of pixel in-
formation and can return negative values, another method, the
Overlap Coefficient, is simultaneously used to describe overlap.
This method does not perform any pixel averaging functions,
so correlations are returned as values between 0 and 1. This
method is not sensitive to intensity variations in the image analy-
sis. This is especially important when considering issues typical
to fluorescence imaging such as camera quantum efficiency,
hybridization efficiency, and sample photobleaching.

R =
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4.3.3 Overlap Coefficients k: and k2

These coefficients describe the differences in intensities of
red and green. Simply put, the value /^ is sensitive to differences
in intensity for green while k2 is sensitive to differences in intensity
for red.

K = - a n d

4.3.4 Colocalization Coefficients m, and m2

Now that we have generated some information about the de-
gree of overlap and accounted for Intensity variation between the
color channels, we can estimate the contribution of one color chan-
nel in the colocalized areas of the image to the overall colocalized
fluorescence in the image, m^ is used to describe the contribution
of green to the colocalized area while inz is used to describe the
contribution of red.
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Table 1. Example of colocalization data derived from Figs. 1-5.

4.3.5 Colocalization Coefficients M1 and /W,
Colocalization coefficients can be calculated for intensity ranges

defined by AOI on the scatterpiot. The coefficients for M, and M2 are
very similar to those generated for m^ and « 2 but take into account
only the intensities that fall within the AOI. m\ is used to describe
the contribution of green to the colocalized area, while M2 is used
to describe the contribution of red.

and A/2 =" where

SI, CO/DC= S\ if ffi. is within thresholds defined by AOI (left and
right sides of AOI in case of rectangular AOI), 5 ! , ^ ^ = Q if S2t is
outside the threshold levels.

S^i.coiac= 32, if 51 ; is within thresholds (top and bottom mar-
gins of AOI in case of rectangular AOI), 5 2 ^ , ^ = 0 if SI, is outside
theAOf. •

These coefficients, A^and M2, are proportional to the amount of
fluorescence of colocaiizing objects in each component of the image,
relative to the total fluorescence in that component. The components
are described as the red and green images, respectively.
5. References

Manders, E.M.M., Verbeek, F.J,,Aten,J,A. Measurement o! colocalization of objects in dual-
color confocal images. Journal of Microscopy 169:375-3S2 (1993).

Smallcombe, A., McMillan, D, Bio-Rad Technical Note 11. Colocalization; how it is determined,
and how it is analysed with ths Blo-Rad LaserPix image analysis software?

Microsco
Microana

AND

ysis
Table of Contents Preview

Volume 9, Number 6, December 2003
Materials Applications
Thin Dielectric Film Thickness Determination by Advanced Transmis-

sion Electron Microscopy
A.C. Diebofd, B. Foran, C. Kisielowski DA. Muller,
SJ. Pennycook, E. Principe, and S. Stemmer

Using Fluctuation Microscopy to Characterize Structural Order En
Metallic Glasses

Jing Li, X. Qu, and T.Q. Rufnagel
Selected-Area Growth of Carbon Nanotubes by the Combination of

Focused ion Beam and Chemical Vapor Deposition Techniques
Jun Jiao, Lifeng Dong, Sean Foxley, Catherine L Mosher, and
David W. Tuggle

Biological Applications
The Use of High Pressure Freezing and Freeze Substitution to Study

Host-Pathogen Interactions in Fungal Diseases of Plants
C.W, Mims, GaiU. Celio, and Elizabeth A. Richardson

Angioarchitecture of Tumors Induced by Two Different Cloned Cell
Lines Established from a Transplantabie Rat Malignant Fibrous
Histiocytoma

Ichiro. Tsunenari, Jyoji Yairiate, Ma'sae fwaki,
Mitsuru Kuwamura, Takao Koiani. and Sadashige Sakuma

Microscopy Techniques
Extending Energy-Filtered Transmission Electron Microscopy

(EFTEM) into Three Dimensions Using Electron Tomography
Matthew Weyland and Paul A. Midgley

Object Oriented Database and Electronic Nbtebpok for Transmission
Electron Microscopy

Steven J. Ludtke, Laurie Nason, Haiti Tu, Liwel Peng, and
Wah Chiu

Electron Beam Coaler for Reduction of Charging in Ice-Embedded
Biological Specimens using TIB3Si12 Alloy

Michael B. Sherman and Wah Chiu
Analysis of Orientations of Collagen Fibers by Novel Fiber-Tracking

Software
Jim Wu, Bartlomiej Rajwa. David L. Filrner, Christoph M.
Hoffmann, Bo Yuan, Ching-Shoei Chiang, Jennie Sturgis, and
J: Paul Robinson

Indexed in Chemical Abstracts, Current Contents,
BIOSIS, and MEDLINE (PubMed)

MSA members receive both Microscopy Today and
Microscopy and Micro-analysis FREE!

JOKES:
1 Question: What did the Smooth Endoplasmic Reticulum say

to the the Rough Endoplasmic Reticulum?
Answer: Is that Ribosome on you or are you happy to see me?

2 SUBATOMIC PARTICLE STORE
The subatomic particle store had a sale last week.

Electrons: $0.10
Protons : $0.10
Neutrons : free of charge
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