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ABSTRACT Automatic analysis of colocalizing biological structures in multi-channel fluorescence
microscopy images is an important task to quantify and understand biological processes at high spatial-
temporal resolution. Here, we introduce a software suite for colocalization analysis of spot-like objects in
multi-channel fluorescence microscopy images. The software suite consists of ColocQuant and ColocJ, and
is easy to use for biologists. ColocQuant is a Python-based software with graphical user interface to quantify
colocalization of particles in two or three channels. Object-based colocalization is performed by an efficient
multi-dimensional graph-based k-d-tree approach, which determines nearest neighbors involved in double
or triple colocalization. ColocJ enables efficient and intuitive visualization of the color composition of
colocalizations by a Maxwell color triangle and a color ribbon. Colocalization information can be visualized
for an entire image or a selected region-of-interest. In addition, global statistics of the particle intensity,
particle size, and the number of colocalizations over time are provided. The colocalization analysis results
can be exported and used in other software. We illustrate the application of our software suite for multi-
channel live cell fluorescence microscopy image sequences of viral proteins in hepatitis C virus infected
cells. We performed two-channel and three-channel colocalization analysis.

INDEX TERMS Biomedical imaging, microscopy images, colocalization analysis, viral proteins.

I. INTRODUCTION
To gain insights into biological processes at high spatial res-
olution, intensive research is carried out using multi-channel
fluorescence microscopy images in combination with auto-
matic object detection and quantification. For instance, in the
case of the hepatitis C virus, subcellular locations of com-
ponents of the viral RNA replication machinery and virus
particle components are known, but the exact subcellular site
of virus assembly and the spatio-temporal coupling of viral
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replication to virion information remain unclear [1], [2], [3].
The location of viral proteins in the cell and their spatial
relationship with subcellular structures can be assessed by
colocalization analysis of fluorescently labeled proteins.

Previous work on colocalization analysis can be subdi-
vided into intensity-based (pixel-based), object-based, and
track-based approaches. Intensity-based approaches perform
correlation analysis of the image intensities [4], [5], [6], [7],
[8], [9], [10], [11], [12]. Correlation between the intensities
of two-channel images can be calculated by the Pearson
correlation coefficient [7] ranging from −1 to 1. However,
the negative values are hard to interpret [8]. Therefore, the
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Manders overlap coefficient was introduced which ranges
from 0 to 1 [8]. This coefficient does not consider the average
intensity values of the two channels compared to the Pearson
correlation coefficient. Another extension of the Pearson cor-
relation coefficient determines a cross-correlation function by
shifting one channel relative to the other channel [9]. The
approach by Costes et al. [10] uses a statistical significance
algorithm based on the Pearson correlation coefficient and
image randomization to exclude image points with random
colocalization. The approach by Li et al. [11] performs an
intensity correlation analysis based on the difference of pixel
intensities to the mean intensity for each channel to char-
acterize the stained structures as segregated (different bio-
logical structures) or dependent (same biological structure).
To exclude colocalizations by chance, a threshold overlap
score was proposed which classifies the intensity distribu-
tions between colocalization, anti-colocalization, and non-
colocalization [12]. However, intensity-based approaches are
relatively sensitive to noise and use global measures for
colocalization. In comparison, object-based colocalization
approaches localize objects of interest and perform colocal-
ization on the object level (e.g., nearest-neighbour distance).
Since these approaches determine colocalization for individ-
ual objects (e.g., proteins, cells), they are more appropriate
to indicate molecular interaction in order to gain insights
into virus replication and assembly. Different object-based
colocalization approaches have been introduced [13], [14],
[15], [16], [17], [18], [19], [20]. Often, colocalization is
determined by a nearest-neighbour approach which com-
pares the positions of object centroids between two channels
[13], [15], [17]. The approach of Jaskolski et al. [14] com-
bines binary images obtained by object segmentation using
a Boolean operation (disjunction) and determines colocal-
ization within regions-of-interest (ROIs) by the difference
of image intensities to the mean intensity. Statistical colo-
calization approaches have also been introduced which use
distance-based multiple hypothesis tests [16] or exploit sta-
tistical tests to compare detected objects with objects within
a ROI [19]. For 3D multi-channel microscopy images, the
approach by Wörz et al. [18] uses different 3D parametric
intensity models and determines colocalization based on the
estimated geometry of the subcellular structures. Another
colocalization approach is based on two channel 3D image
cross-correlation, which is determined at each object posi-
tion obtained by single-particle tracking [20]. A tempo-
ral extension of object-based colocalization are track-based
approaches which combine spatial and temporal information
[21], [22], [23]. Single-particle tracking and colocalization
by trajectory correlation was used in [21]. Trajectory corre-
lation within a window and adaptive thresholding based on
the Pearson correlation coefficient was also employed [22].
In addition, a probabilistic tracking approach with integrated
colocalization analysis was introduced [23]. This approach is
based on a combination of the Kalman filter and particle filter
for tracking, and jointly performs tracking and colocalization

analysis. However, the track-based colocalization approaches
described above determine colocalization only based on two-
channel fluorescence microscopy images. To gain further
insights into virus assembly, more than two fluorophores
could be used for labelling structures of interest and therefore
colocalization needs to be determined in multi-channel fluo-
rescence microscopy images with more than two channels.

Different publicly available plugins and software suites
for colocalization analysis for different types of image
structures (e.g., cells, spot-like structures) are available to
support biologists in image analysis, such as JACoP v2.0
[4], Squassh [24], DiAna [25], EzColocalization [26], and
Colocalization Colormap [27]. Further, the ImageJ [28]
platform provides plugins such as Coloc 2, Colocalization
Finder, and ComDet. Intensity-based colocalization analysis
can be performed with JACoP v2.0, Squassh, EzColocaliza-
tion, Coloc 2, and Colocalization Finder. Object-based colo-
calization can be performed by JACoP v2.0, Squassh, DiAna,
Colocalization Colormap, and ComDet. The ImageJ plug-
ins JACoP v2.0, Squassh, DiAna, Colocalization Colormap,
Coloc 2, and Colocalization Finder determine colocaliza-
tion in two-channel images. EzColocalization and ComDet
are able to analyse images with more than two channels.
However, both software do not provide a visualization of
the color distribution of colocalized objects (e.g., Maxwell
color triangle), and do not use an efficient multi-dimensional
graph-based approach to compute colocalizations. In addi-
tion, EzColocalization was designed for cells and is not suited
for spot-like structures. Existing publicly available software
do not provide a quantification and visualization of the
color distribution and spatial distribution for each colocalized
object.

In this work, we introduce a software suite for object-
based detection, quantification, and visualizations of colocal-
izations of spot-like subcellular structures in multi-channel
fluorescence microscopy images. The Python-based soft-
ware ColocQuant enables to detect and colocalize spot-
like structures (particles) in two-channel and three-channel
fluorescence microscopy images. Colocalization is deter-
mined based on an efficient multi-dimensional graph-based
k-d-tree approach to identify colocalized particles between
two channels (double colocalization) or three channels (triple
colocalization). In addition, colocalization parameters are
quantified such as object position, object intensity, and object
size for each channel and each colocalized object. Double
and triple colocalized objects can be visualized by ColocJ.
We are the first that propose an efficient and intuitive visu-
alization of the color composition of colocalizations by a
Maxwell color triangle (triple colocalization) and a color rib-
bon (double colocalization). Further, the spatial distribution
of a triple colocalization is visualized by a triangle repre-
senting the location and distances of involved particles. The
developed visualization techniques can be used for inspection
of acquired fluorescence microscopy image sequences, for
example, to identify and assess abnormal intensity changes
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over time (e.g., due to imaging or staining artifacts). Global
statistics of the object intensity, object size, and number of
colocalizations over time are provided as box plots, bar plots,
or tables, and can be exported and used in other software for
further analysis. ColocJ can be used for an entire image or
for a manually selected ROI annotated with ImageJ built-in
tools. The software can be applied for static and dynamic
image data. Our software suite consists of two software tools
to have a modular design and to increase the flexibility, both
for users from biology and for software developers (e.g.,
combination with other software). We illustrate the applica-
tion of ColocQuant and ColocJ on data of multi-channel live
cell microscopy images of hepatitis C virus (HCV) encoded
proteins. We performed colocalization in two as well as in
three channels. Further, we demonstrate the visualization of
the spatial distribution for triple colocalization and the color
composition analysis for double and triple colocalization.

II. METHODS
A. QUANTIFICATION OF COLOCALIZATION USING
ColocQuant
We developed ColocQuant, a Python-based software which
uses an efficient multi-dimensional graph-based approach to
determine colocalized objects in two-channel (double colo-
calization) or three-channel (triple colocalization) fluores-
cence microscopy images. We use a k-d-tree [29] to perform
a nearest neighbor search over two or three channels. In our
approach, a triple colocalized particle is represented by a
vector vtriple = (p1,p2,p3)T which contains position vectors
pi = (xi, yi)T for each channel i. pi represents the position
of a particle (viral structure) in channel i which is detected
by the spot-enhancing filter (SEF) [30]. Particle detection
by SEF consists of applying a Laplacian-of-Gaussian (LoG)
filter with standard deviation σLoG,i (filter size), followed by
thresholding the filtered image using the mean intensity plus
a factor ci times the standard deviation (detection threshold).
After particle detection, a k-d-tree for all particle positions
pi ∈ Rk with k = 2 of channel i is constructed which
is a binary tree in which each non-leaf node represents a
splitting hyperplane that divides the search space into two
parts. The root node proot of the tree splits all points pi into
two subspaces according to one of the dimensions (xi or yi).
The hyperplane is perpendicular to the chosen dimension
(xroot or yroot) and all points pi with {(xi, yi)|xi < xroot} (or
{(xi, yi)|yi < yroot} for splitting along the y-dimension) are
represented by the left subtree, whereas the remaining points
are represented by the right subtree. Afterwards, the subtrees
are split in a similar fashion and along alternating dimensions
of pi. Once the k-d-tree is build, a nearest neighbor query
between a point pi in channel i and points pj in channel j is
defined by {(pj,1 ̸= pj,2) ⇒ [D(pi,pj,2) ≥ D(pi,pj,1)]},
where D(·) is the Euclidean distance and pj,1 is the near-
est neighbor of pi, and pj,2 is the second nearest neighbor.
We assume that the nearest neighbor is within a distance
D(pi,pj,1) ≤ Dmax,i,j, which can be chosen in the GUI of

ColocQuant by the user. The construction of a k-d-tree and
the representative search space for querying the k-d-tree to
determine the nearest neighbor is illustrated in Fig. 1.

To detect double colocalized objects vdouble = (p1,p2)T ,
the k-d-tree of channel 1 needs to be queried only once with
points from channel 2 using Dmax,1,2. For a triple colocaliza-
tion, the k-d-tree of channel 1 needs to be queried by chan-
nel 2 (withDmax,1,2) and 3 (withDmax,1,3) as well as a second
k-d-tree needs to be build based on points from channel 2 and
queried by channel 3 (with Dmax,2,3). Afterwards, the inter-
section of all nearest neighbor queries is computed, which
determines triple colocalizations within all three channels.
Due to the data structure of k-d-trees, the nearest neighbor
queries have an average running time of O(log(n)), where
n is the number of particles in a channel [29], [31], [32].
Thus, this data structure is efficient, easy to construct, and
well suited for finding nearest neighbors to determine triple
colocalizations.

B. VISUALIZATION OF COLOCALIZATION USING ColocJ
Besides the spatial information of double or triple colocal-
ized objects (e.g., position, size) determined by ColocQuant,
fluorescence intensity information in each of the channels is
important. We developedColocJ, an ImageJ macro, to visual-
ize the color distribution and composition of double as well as
triple colocalization. We are the first that propose an efficient
and intuitive visualization of the color composition of colo-
calizations of spot-like structures by aMaxwell color triangle
(triple colocalization) and a color ribbon (double colocaliza-
tion). Generally, each color intensity c can be represented by
a weighted mixture of the primary colors within the trichro-
matic RGB space representation (R=red, G=green, B=blue)
[33], [34] with c = e R+f G+g B, where e, f , g are factors in
the interval [0, 1], and the primary colors can be visualized.
For a better and easier comparison of the color composition
of double and triple colocalized objects, we suggest visual-
izing the proportions of the three primary colors. For double
colocalized objects, a color ribbon showing a color gradient
between two colors is used to visualize the proportion of both
color values. For a triple colocalized object, the Maxwell
color triangle is proposed to visualize the proportion of the
three primary colors. The Maxwell color triangle consists
of three coordinate axes, one for each color, which are the
altitudes of the triangle ranging from zero (foot) to one (vertex
of the triangle). The value of each primary color expresses its
intensity compared to the intensity of the other two primary
colors. To represent an RGB color value in the triangle, the
RGB color values need to be normalized by multiplying with
a factor a such that a R + aG + a B = 1 is fulfilled. The
factor a is based on the sum of the primary color values with
a = 1/(R + G + B). As an example, the Maxwell color
triangle value of the 8-bit RGB color red with (R=255, G=0,
B=0) is (RMaxwell = 1, GMaxwell = 0, BMaxwell = 0) with a =

1/255 and located at the red vertex of the triangle. The 8-bit
RGB color white (R=255, G=255, B=255) is multiplied by
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FIGURE 1. Overview of ColocQuant.

a = 1/(255 + 255 + 255) and located at the center of the
Maxwell color triangle. Note that, for example, the 8-bit RGB
color (R=5, G=5, B=5) is multiplied with a = 1/(5+5+5)
and therefore also located at the center of the Maxwell color
triangle. This is due to the fact that theMaxwell color triangle
quantifies and visualizes the proportion of the three primary
colors to each other. Therefore, the Maxwell color triangle
provides additional object-based color information compared
to the intensity box plots, which provide single channel global
intensity statistics.

The computation of the color composition for double and
triple colocalization is illustrated in Fig. 2. A double colo-
calization is marked by a yellow circle in the composite
image. The image intensities are extracted at the center of
the double colocalization (center of yellow circle) for each
channel and the ratio between the two intensities is com-
puted. In addition, image intensities can also be extracted
at the position of the detected particle in each channel. The
intensity ratio determines the position on the color ribbon and
represents the color composition of the double colocalization.
In Fig. 2 the color composition analysis is exemplarily shown
for channel 1 and 2. Note that ColocJ also provides the pos-
sibility to analyse the color composition for colocalization
of channel 2 with 3 as well as channel 1 with 3. A triple
colocalization is marked with a yellow circle in the compos-
ite image whereas the yellow triangle vertices represent the
position of detected particles in each of the three channels.

The intensity information for each channel can be extracted
at the center of the yellow circle representing the overlap
region of the colocalization or at the position of the detected
particle in each channel. Based on the extracted intensity
values, the ratio for each primary color is determined and the
color composition of a triple colocalization is marked with a
black dot in the Maxwell color triangle.

III. RESULTS
We applied ColocQuant and ColocJ using live cell flu-
orescence microscopy images displaying different hepati-
tis C virus (HCV) proteins expressed in virus-replicating
cells. The image data consists of a three-channel time-
lapse image sequence displaying HCV-infected cells with
mCherry-labeled host cell protein apolipoprotein E (ApoE)
(channel 1), GFP-labeled HCV envelope glycoprotein E2
(channel 2), and mTurquoise-labeled HCV non-structural
protein 5A (NS5A) (channel 3) within Huh7/LunetCD81H
cells [2]. The image sequence comprises 10 images with
an image size of 512 × 512 pixels and a spatial resolution
of 220 nm/pixel. Images were acquired with a PerkinElmer
UltraVIEWERS spinning disk confocal microscopemounted
on a Nikon TE2000-E.

With the GUI of ColocQuant (see Fig. 1), we parame-
terized SEF for particle detection with a filter size (LoG
standard deviation σLoG,i) of 2.5 for all three channels. The
detection threshold factor ci was set to 4.0 for channel 1
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FIGURE 2. Overview of ColocJ.

and 2, and to 3.5 for channel 3. To determine triple colocaliza-
tions, the maximum Euclidean distance between detections
in the different channels was set to 7 for Dmax(Ch1,Ch2) and
Dmax(Ch1,Ch3), and 5 forDmax(Ch2,Ch3). We used different
parameter values because ApoE (channel 1) showed a higher
motility compared to E2 and NS5A.

After identifying triple colocalizations for each frame of
an image sequence, the determined objects can be visualized
by ColocJ. The visualization of the spatial composition for a
triple colocalization is shown in Fig. 3. A yellow circle is used
to visualize the position where a triple colocalization occurs.
The triangle vertices indicate the location of the detected
particles of the triple colocalization in each channel and the
edges provide information about the distances. The analysis
and visualization of the spatial composition of triple colocal-
izations can be performed for composite images (overlay of
all channels) and for each channel separately.

The color composition and statistical analysis of triple
colocalizations by ColocJ is shown in Fig. 4. ColocJ provides
a bar plot showing the number of colocalizations in each
frame and allows the user to analyze the number of triple colo-
calizations over time. This parameter is important to study
the temporal behavior of the assembly process. In addition,
ColocJ visualizes the distribution of the size of particles for
each channel that are involved in a triple colocalization. The
size is determined by counting the pixels that belong to the
connected component [35] representing the detected particle

by SEF. Based on the object sizes, fluorescence labelling
can be assessed, viral proteins can be characterized, and
differences between channels can be determined. For the
considered HCV image sequence, all three channels show
a similar object size for each channel and the number of
colocalizations is nearly constant over time. To analyse the
intensity distribution of triple colocalizations, ColocJ pro-
vides box plots of the intensity values for each channel as
well as a visualization by theMaxwell color triangle. The box
plots visualize global statistics of the absolute intensity values
independently of the remaining two channels. In comparison,
the Maxwell color triangle represents the proportion of inten-
sity values between the three channels for each triple colocal-
ization and provides an object-based statistical visualization.
Therefore, the two visualization approaches display different
aspects of a triple colocalization and complement each other.
In addition, ColocJ provides the possibility to extract the
intensity information for the Maxwell color triangle at the
center of the triple colocalization (center of the yellow circle
shown in Fig. 3) as well as at the positions of the yellow
triangle vertices. Comparing both types of Maxwell color
triangles for the HCV image sequence, it turns out that using
the center of the triple colocalization is more heterogeneous
(larger spread of the black dots) than using the positions of
the triangle vertices. To analyse the image data at the single-
cell level, ColocJ provides the possibility to visualize triple
colocalizations for a manually selected ROI (see Fig. 4). The
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FIGURE 3. Visualization of spatial composition for triple colocalization using ColocJ.

ROI can easily be determined by the ImageJ built-in area
selection tool Polygon and imported to ColocJ. All visualized
data of the colocalization analysis by ColocJ is also provided
in a table format shown in Fig. 5. The table can be saved as a
CSV (comma-separated values) file in ImageJ and therefore,
can easily be imported and exploited by other software.

Besides analyzing triple colocalizations, ColocQuant and
ColocJ can also be used to analyze double colocalizations
of two-channel fluorescence microscopy images. Based on
the selected channels, ColocJ visualizes the number of dou-
ble colocalizations as a bar plot shown in Fig. 6. As for
triple colocalizations, ColocJ also displays statistics about
the object size as box plots. The color distribution of dou-
ble colocalizations can be analysed by intensity box plots
showing statistics of the absolute intensity values, and the
color composition can be analysed with a color ribbon for
object-based analysis. In Fig. 6 the three-channel HCV image
sequence is used for double colocalization between channel 1
and 2 as an example. Note that, ColocQuant and ColocJ can
visualize all combinations of channels selected by the user as
indicated by the different color ribbons in Fig. 6. To quantify
the performance of our software, wemanually determined the
number of colocalizations between channel 1 and 2 as ground
truth for the HCV live cell image sequence within a region-
of-interest for three time points (frames 1, 5, 10). As perfor-
mance measures we computed the Precision P, Recall R, and
F1 score. We obtained mean values of P= 86%, R=82%, and

F1=79%. The result is promising for the considered chal-
lenging image data (highly heterogeneous image structures,
strong fluorescence signal of other image structures besides
the spot-like structures, and strong image noise). We also
performed a comparisonwith an existing software as a control
experiment. We applied the ImageJ plugin JACoP v2.0 for
double colocalization analysis between channel 1 and 2 of
the HCV live cell image sequence comprising ten time points
(Fig. 7). It turned out that the obtained number of colocaliza-
tions at different time points agrees well with that of Coloc-
Quant/ColocJ in Fig. 6. Note that applying JACoP v2.0 to
image sequences is tedious since each frame of the sequence
needs to be separately loaded, parametrized, and processed.
In contrast, our software allows analyzing all frames of the
image sequence at once. In addition, our software suite can
quantify double colocalizations for a manually selected ROI.
As for triple colocalizations, the user can import a selected
ROI. ColocJ provides all double colocalization statistics
(e.g., location, intensity, size of particles involved in double
colocalization) as a table format for exporting and further
processing with other software.

A. MAXWELL COLOR TRIANGLE TO ASSESS IMAGE
INTENSITY CHANGES
The developed visualization techniques can be used to
inspect acquired microscopy image sequences, for example,
to identify and assess abnormal intensity changes over time
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FIGURE 4. Triple colocalization analysis of HCV live cell image sequence using ColocJ.

FIGURE 5. Results of triple colocalization analysis by ColocJ for a live cell HCV image sequence. The table provides information about the number of
colocalizations, location, frame number, intensity, and size of the particles involved in a triple colocalization.

(e.g., due to imaging or staining artifacts). We studied the
visualization based on the Maxwell color triangle in ColocJ
for different typical intensity changes occurring in multi-
channel fluorescencemicroscopy images. Intensity variations
can be separated in linear and non-linear changes. A linear
intensity change over time means that the intensity values
linearly increase or decrease. Such a change can occur for
labeled virus associated proteins, for example, due to virus-
host cell interactions [20], [36], [37]. A non-linear intensity
change over time means that the intensity values non-linearly
increase or decrease over time. An example is photobleaching
in fluorescence microscopy, where the number of fluores-
cent molecules is reduced due to permanent photochemical
destruction which leads to an exponential (non-linear) inten-
sity decrease over time [38], [39].

We studied the visualization based on the Maxwell
color triangle using a three-channel live cell fluorescence
microscopy image sequence consisting of 10 frames with an
image size of 1114 × 1496 pixels and a spatial resolution
of 89 nm/pixel. The image data displays HCV-infected cells
with mCherry-labeled host cell protein ApoE (channel 1),
YFP-labeled HCV protein E2 (channel 2), and mTurquoise-
labeled HCV protein NS5A (channel 3) [2]. Images were
acquired with a PerkinElmer UltraVIEW VoX spinning disk
confocal microscope mounted on a Nikon TiE.

We first considered the case where the intensity values
of channel 1 (ApoE, red color) linearly decrease over time.
We simulated this change by decreasing the original intensity
values by a factor of 20 times the time point t (e.g., for
t = 9 all intensity values of channel 1 are decreased by
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FIGURE 6. Double colocalization analysis of HCV live cell image sequence with ColocJ.

FIGURE 7. Number of double colocalizations of channel 1 and 2 for HCV
live cell image sequence with JACoP.

180). The intensity values of channel 2 (E2) and channel 3
(NS5A) remain unchanged. Fig. 8 shows the original com-
posite images for different time points as well as the compos-
ite images with decreasing channel 1 intensity values. Fig. 9
shows the Maxwell color triangle for both image sequences.
The black dots represent the same triple colocalizations. It can
be seen that the black dots for the image sequence with
decreasing intensity values in channel 1 shift towards the
blue/green color region for progressing time points since the
red color is decreased. For time point t = 0, both Maxwell
color triangles are equal since the intensity values for chan-
nel 1 are equal for both image sequences.

We also considered the case when the intensity values of
all three channels are linearly increasing over time (using
the same constant factor as in the example above). Fig. 10

shows the Maxwell color triangle for the original image
sequence as well as for the image sequence with increasing
intensity values in all three channels. The black dots for both
image sequences represent the same triple colocalizations to
facilitate a comparison. It can be seen that the distribution
of the black dots is similar. It can also be observed that the
black dots of the image sequence with increasing intensity
values shift towards the center of the Maxwell color triangle
over time. This effect can also be proofed mathematically.
We show this in the Appendix together with other proofs for
linear and non-linear intensity changes in a single channel and
in all channels. Biological findings derived using our software
are described elsewhere [40].

IV. DISCUSSION
We introduced a software suite consisting of ColocQuant
and ColocJ to analyze, quantify, and visualize colocaliza-
tion of spot-like structures such as viral proteins in multi-
channel fluorescence microscopy image sequences, which
can be applied both for whole images and for single cells
based on selected regions-of-interest. The software has sev-
eral advantages compared to existing colocalization anal-
ysis software such as object-based identification of triple
colocalization and color composition analysis. ColocQuant
uses an efficient approach based on k-d-trees to identify
particles in different channels that are involved in double
or triple colocalization. ColocJ provides an efficient and
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FIGURE 8. Live cell fluorescence microscopy data of HCV proteins. a) Original composite image sequence. b) Composite image sequence with decreasing
channel 1 intensity values over time. c) Decreasing channel 1 intensity values over time.

intuitive visualization of the color composition by a Maxwell
color triangle (triple colocalization) or a color ribbon (double

colocalization) as well as global statistics of the object inten-
sity, object size, and number of colocalizations over time.

49780 VOLUME 11, 2023



C. Ritter et al.: Multi-Channel Colocalization Analysis and Visualization of Viral Proteins

FIGURE 9. Maxwell color triangles for a live cell fluorescence microscopy image sequence of HCV proteins. a) Original image sequence. b) Image
sequence with decreasing intensity values for channel 1 over time.

FIGURE 10. Maxwell color triangles for a live cell fluorescence microscopy image sequence of HCV proteins. a) Original image sequence. b) Image
sequence with increasing intensity values in all channels over time.

While the global statistics represent information of individual
channels, the object-based color analysis by the Maxwell

color triangle or the color ribbon provides combined infor-
mation of multiple channels. Thus, different aspects of the
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image data are represented which complement each other.
ColocQuant and ColocJ are efficient and easy to use with-
out requiring programming experience. Obtained quantitative
results can be exported to other software for further analysis.
We illustrated the application of ColocQuant and ColocJ
usingmulti-channel live cell microscopy images of HCV pro-
teins expressed in virus-replicating cells. We demonstrated
the color composition analysis of ColocJ for double and triple
colocalization and also presented the visualization of particle
positions and distances between the different channels based
on the identified colocalizations by ColocQuant. Further,
we provided insights on the Maxwell color triangle visu-
alization of triple colocalizations for different image inten-
sity changes typically occurring in fluorescence microscopy
image data.

APPENDIX A
MAXWELL COLOR TRIANGLE: MATHEMATICAL
ANALYSIS OF INTENSITY CHANGES
For an intensity change (increase or decrease) in one channel
of a three-channel image, we show that the position within
the Maxwell color triangle generally (i) changes for a lin-
ear intensity change, (ii) changes for a non-linear intensity
change, and (iii) shifts towards a vertex of the Maxwell
color triangle for a linear and non-linear intensity increase.
In addition, we show for an intensity change in all three
image channels, that the position within the Maxwell color
triangle generally (iv) changes for a linear intensity change,
(v) is invariant against a non-linear intensity change, and (vi)
shifts towards the center of the Maxwell color triangle for a
linear intensity change.

A. INTENSITY CHANGE IN ONE IMAGE CHANNEL
We assume that the intensities of the three image channels
are R,G,B > 0. To proof (i), we consider the case that all
intensities of one channel (e.g., red channel) are changed by
an additive value β ∈ R (with β ̸= 0). Doing this for suc-
cessive time points represents a linear intensity change over
time. The intensity values of the other two channels remain
unchanged. The position within the Maxwell color triangle
does not change if the ratio for the red channel fullfills:

R
R+ G+ B

=
R+ β

R+ β + G+ B
(1)

β (G+ B) = 0 (2)

However, this is only fullfilled if either β = 0 or G+ B = 0,
which contradicts the assumption. Thus, the position in the
Maxwell color triangle changes. To proof (ii), we consider the
case that all intensities of one channel (e.g., red channel) are
multiplied by a constant factor β (with β ̸= 1). Doing this
for successive time points represents a non-linear intensity
change. The position within the Maxwell color triangle does
not change if the ratio for the red channel fullfills:

R
R+ G+ B

=
R · β

R · β + G+ B
(3)

β (G+ B) = G+ B (4)

However, this is only fullfilled if either β = 1 or G+ B = 0,
which contradicts the assumption. Thus, the position in the
Maxwell color triangle changes. To proof (iii), we consider
the case that all intensities of one channel (e.g., red channel)
are changed linearly or non-linearly with β. If β increases
towards infinity, the ratio for the red channel approaches 1:

lim
β−>∞

(
R+ β

R+ β + G+ B

)
= 1 (5)

lim
β−>∞

(
R · β

R · β + G+ B

)
= 1 (6)

The ratio for the remaining channels approaches 0 (e.g., green
channel):

lim
β−>∞

(
G

R+ β + G+ B

)
= 0 (7)

lim
β−>∞

(
G

R · β + G+ B

)
= 0 (8)

A ratio of 1 for one of the three channels (and 0 for the
remaining channels) is represented by a vertex of theMaxwell
color triangle.

B. INTENSITY CHANGE IN ALL IMAGE CHANNELS
We assume that R ̸= G ̸= B and R,G,B > 0. To proof (iv),
we consider the case that all intensities of all three channels
are changed linearly with β. The RGB color values within the
Maxwell color triangle fullfill:

R
R+ G+ B

+
G

R+ G+ B
+

B
R+ G+ B

= 1 (9)

The position within the Maxwell color triangle does not
change if the ratio for the red channel fullfills:

R
R+ G+ B

=
R+ β

R+ β + G+ β + B+ β
(10)

R =
1
2
(G+ B) (11)

Analogously, for the green channel we have G =
1
2 (R + B)

and for the blue channel B =
1
2 (R + G). However, all three

equations are only simultaneously fullfilled if R = G =

B, which contradicts the assumption. Thus, the position in
the Maxwell color triangle changes. For proofing (v), the
intensity values in the original image sequence in all three
channels are changed non-linearly with β. Since

R · β

R · β + G · β + B · β
=

R
R+ G+ B

(12)

the position within the Maxwell color triangle does not
change and thus is invariant. To proof (vi), we consider the
case that all intensities of all three channels are changed
linearly with β. If β increases towards infinity, the ratio for
each channel goes towards 1/3 (e.g., red channel):

lim
β−>∞

(
R+ β

R+ G+ B+ 3β

)
=

1
3

(13)
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A ratio of 1/3 for each of the three channels is represented
by the center of the Maxwell color triangle. For a non-
linear intensity change in all channels, if β increases towards
infinity, the ratio does not change, as shown above in (v).
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