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Reactive species such as free radicals are constantly generated in vivo and DNA is the most important
target of oxidative stress. Oxidative DNA damage is used as a predictive biomarker to monitor the risk of
development of many diseases. The comet assay is widely used for measuring oxidative DNA damage at a
single cell level. The analysis of comet assay output images, however, poses considerable challenges.
Commercial software is costly and restrictive, while free software generally requires laborious manual
tagging of cells. This paper presents OpenComet, an open-source software tool providing automated
analysis of comet assay images. It uses a novel and robust method for finding comets based on geometric
shape attributes and segmenting the comet heads through image intensity profile analysis. Due to
automation, OpenComet is more accurate, less prone to human bias, and faster than manual analysis. A
live analysis functionality also allows users to analyze images captured directly from a microscope. We
have validated OpenComet on both alkaline and neutral comet assay images as well as sample images
from existing software packages. Our results show that OpenComet achieves high accuracy with

significantly reduced analysis time.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA

license (http://creativecommons.org/licenses/by-nc-sa/3.0/).

Introduction

Cellular DNA is constantly attacked by chemical agents including
reactive oxygen and nitrogen species (ROS/RNS) and other environ-
mental factors such as UV and radiation. DNA damage is associated
with the etiology of many major diseases. In particular, oxidative
DNA damage has been implicated in cardiovascular disease, neuro-
degenerative diseases and ageing, and its pathological relevance at
various stages of carcinogenesis has been studied (reviewed in [1]).
Oxidative DNA damage is considered to be one of the important
parameters in biomonitoring the human health impact of dietary
antioxidants, smoking, and other lifestyle and environmental factors
such as carcinogens or UV rays [2,3]. Various experimental methods
have been proposed for measuring oxidative DNA damage [3]. The
comet assay, in specific, is widely used for measuring oxidative and
other types of DNA damage [4].
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The comet assay, also known as single-cell gel electrophoresis
(SCGE), is a simple, sensitive and reliable method for studying DNA
damage induced by physical and chemical agents [5-7]. The basic
principle of the comet assay method is simple. Cells are embedded
in agarose and lysed, followed by electrophoresis. Upon electro-
phoresis, undamaged DNA in a supercoiled state remains intact
while damaged DNA strand breaks are revealed. These relaxed
loops of damaged DNA extend to the anode to form a comet-
shaped structure. Comets can then be visualized by staining with a
DNA-binding dye using fluorescence microscopy. To assess the
level of DNA damage, the comet size, shape and the amount of
DNA within it needs to be measured. Ostling and Johanson
introduced the microgel electrophoresis method to measure DNA
strand breaks under neutral pH condition [8]. Later, the assay was
modified and performed under alkaline pH conditions [5], which
remains in its most commonly used form. Variants of the comet
assay protocol have been proposed for measuring different forms
of DNA damage such as single strand breaks, alkali-labile sites [5],
double strand breaks [9] as well as DNA cross-links [10].

The comet assay has several features which make it an
attractive choice for measuring DNA damage, including the need
for a relatively low number of cells per sample and the availability
of data at the individual cell level [11]. Measurements at the
single-cell level allow robust statistical analysis and provide a way
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to assess variations in response to DNA damaging agents between
cells of the same exposed population. The comet assay is used to
study processes involving DNA damage in many fields such as
environmental toxicology [12], bio-monitoring [13], radiation
biology [14], nutritional studies and cancer studies [15,16]. While
the comet assay has widespread use, a common issue in all its
applications is the process of analyzing the microscope images.
The time needed for scoring these images is one major drawback
of the comet assay. Further, the non-availability of free automated
tools for this task still poses considerable challenges.

Comets can be identified and scored by visual inspection or by
using image analysis software packages [11]. Visual scoring gives a
simple qualitative indication of DNA damage. However it is very
subjective [17]. In contrast, the use of comet analysis software
provides quantitative and reproducible measurements. The currently
available comet analysis tools can be broadly classified as manual or
automated. Manual analysis typically requires an expert to set
threshold brightness values separating the background, to select
the nucleus, and to mark the comet head [17-19]. Automated tools
employ image analysis techniques to recognize and measure comets,
and are generally much faster than manual scoring. Due to the
efficiency gained through automation, one can typically afford to
measure larger sample sizes, which is critical for statistically sig-
nificant results [20]. Algorithms for automated analysis [21-25] have
been proposed in recent years, however, these are coupled with in-
house microscope setups and the source code is not accessible to the
public. Commercial automated tools such as IMSTAR Pathfinder
(www.imstarsa.com) are also available, and have been used in comet
assay studies [20] (for a list of commercial comet assay analysis
software, see http://www.cometassay.com) but, they are expensive
and provide no possibilities for examining and modifying the under-
lying image processing algorithm.

Here we present OpenComet, a tool specifically developed to
address the difficulties in the automatic analysis of comet assay
images. In OpenComet, we have implemented novel image proces-
sing algorithms for finding comets and segmenting the comet head.
The overall analysis time is reduced significantly compared to tools
requiring manual selection of comets. Another important advantage
of our tool is that it is open source, thus enabling users to modify the
program for customization and improvement. OpenComet has been
validated on both alkaline and neutral comet assays across different
levels of damage. Our validation results demonstrate that the
automated image processing methods used by the tool lead to fast
and robust comet analysis. A comparison with manual measure-
ments shows that OpenComet achieves high accuracy and signifi-
cantly shortens the analysis time. We have also compared the
features and capabilities of OpenComet with two of the widely used
free tools for comet assay image analysis (CaspLab [17] and Comet-
Score [18]) in Table 1. As shown in the table, other than automating

Table 1

the analysis process, OpenComet also overcomes some technical
restrictions of these tools.

In the following, we first introduce the interface of OpenComet,
and then describe the image processing steps involved in analyzing
comets. Next we describe the comet assay experiments used to
validate OpenComet. The experiments involved measuring the DNA
damage and DNA repair kinetics upon medium sub toxic hydrogen
peroxide (H,0,) induced stress. We then show the performance of
OpenComet on the images obtained from these experiments.

Materials and methods
OpenComet user interface

OpenComet is deployed as a plug-in for the popular image
processing platform, Image]. The Image] software (www.rsbweb.
nih.gov/ij/) can display, process and analyze images, and is mainly
intended for use with microscopy images. It is an ideal framework
for OpenComet to run in due to its cross-platform nature, its
ability to interpret a variety of image formats and due to the fact
that it implements a large number of elementary image processing
operations. OpenComet, once installed, can be launched from the
Plugins menu of Image].

OpenComet has a user-friendly interface (Fig. 1) to select a set
of images and run the analysis. The user first selects a set of input
images to be analyzed. Any number of images inside a single folder
can be selected for analysis, and the images can be of any of the
widely used image formats (typically BMP or TIFF). Next, one
selects an output folder, where the result spread sheet as well as
copies of the input images with the analysis overlay will be saved.

The measurement results are saved in a spreadsheet which
includes measurements obtained for each individual comet, as
well as statistics for the population of comets extracted from all
input images. Further, for each input image, a result image is
generated which shows the comet and head outlines, the asso-
ciated profiles as well as identification numbers to easily link the
comets to the measurements. The output images and the spread-
sheet are saved automatically in the chosen output folder. After
the automated analysis is complete, the user has the option to
review the images and click on any comet to remove it from the
output if needed.

We have developed a live analysis function in OpenComet,
which allows users to analyze images as soon as they are acquired
through a microscope. This functionality can be used when
launching OpenComet as a plug-in in Micro-Manager [26], an
open-source microscope control software, which provides an
interface between Image] and a large number of microscope
models. To start analysis, the user captures an image of the current

Comparison of features and capabilities of OpenComet with two of the leading free comet assay analysis software, CometScore and CaspLab.

Features OpenComet CometScore

CaspLab

Scoring Automated Manual

Manual input

Output format Tab delimited file with XLS Tab delimited text file
extension

Saving scored images  Automatic saving

Background correction Yes, automated

Multiple objective Yes, 5 x =20 x objectives

Manual

calibration measurement is difficult
Input image format All common image formats Only BMP
Operating system Windows, Mac OS X, Linux Windows

None/optional manual review Comet boundary and head position selection

Yes, based on manually set background cut-off
Yes for 5 x and 10 x objectives. For 20 x objective,

Manual
Comet boundary selection
Tab delimited text file

Manual

Yes, manual selection

Ideal for 20 x objective images.

For 5 x and 10 x images, comet head not
found correctly.

Only TIFF

Windows, Mac OS X, Linux
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File Comet Comet Comet Comet Head Head Head Head DNA Tail Tail TailDNA  Tail Olive
1 Name Num Flag Area Intensity Length DNA Area Intensity Length DNA Percent Tail Area Intensity Length TailDNA Percent Moment Moment
2 263.bmp 1 normal 6603 56.07739 129 370279 448 69.69866 24 31225 8.43283 6155 55.08595 105 339054 91.56717 96.14553 54.9403
3 263.bmp 2 normal 5158 94.95405 93 489773 538 106.6803 26 57394 11.71849 4620 93.58853 67 432379 88.28151 59.14861 33.54697
4 263.bmp 3 normal 6450 119.9746 114 773836 912 140.8706 34 128474 16.60223 5538 116.5334 80 645362 83.39777 66.71822 35.86104
5 263.bmp 4 normal 4918 32.91501 111 161876 661 38.51891 30 25461 15.72871 4257 32.04487 81 136415 84.27129 68.25975 45.5065
6 263.bmp 5 normal 7063 68.15447 130 481375 613 78.30832 28 48003 9.972059 6450 67.18946 102 433372 90.02794 91.8285 52.21621
7 263.bmp 6 normal 7431 60.80716 142 451858 797 51.91468 32 41376 9.156859 6634 61.87549 110 410482 90.84314 99.92746 56.32275
8 263.bmp 7 normal 6486 37.21986 128 241408 439 47.1344 24 20692 8.571381 6047 36.50008 104 220716 91.42862 95.08576 55.77146
9 263.bmp 8 normal 6539 56.44839 118 369116 383 65.1201 22 24941 6.756954 6156 55.90887 96 344175 93.24305 89.51332 52.21611
10 263.bmp 9 outlier 14265 41.77638 126 595940 12694 42.87916 127 544308 91.33604 1571 32.86569 0 51632 8.663959 0 0.173279
11 263.bmp 10 normal 6287 120.7857 109 759380 912 129.4901 34 118095 15.5515 5375 119.3088 75 641285 84.4485 63.33637 37.15734
12 263.bmp 11 outlier 11603 44.07705 160 511426 1563 39.21241 46 61289 11.98394 10040 44.83436 114 450137 88.01606 100.3383 60.73108
13 263.bmp 12 outlier 6768 39.34161 137 266264 602 42.59468 28 25642 9.630292 6166 39.024 109 240622 90.36971 98.50298 59.64401
14 263.bmp 13 normal 9715 85.75903 153 833149 540 84.54444 26 45654 5.479692 9175 85.83052 127 787495 94.52031 120.0408 65.21901
15 263.bmp 14 normal 5891 43.4826 114 256156 316 56.98418 20 18007 7.029701 5575 42.71731 94 238149 92.9703 87.39208 50.20396

Fig. 1. OpenComet interface and outputs. The user interface of OpenComet (A) allows the user to choose input images and run the analysis algorithm. After pressing the Run button,
the output image is computed and displayed (B). The output image shows valid, invalid and outlier comets with profile plots and identification numbers. The comet measurements and
statistics are exported as a spreadsheet (C). On-click removal of regions from the output image is also available, accompanied by automatic updating of the spreadsheet.

microscope view through Micro-Manager. The user can then
launch OpenComet, and click on the Live button to analyze the
captured image. A summary of the live analysis setup is shown in
Supplementary Fig. 1. By working on images directly from the
microscope, the live analysis function can further reduce the
overall time needed to perform a comet assay experiment.

Algorithm for image analysis

The analysis of comet assay images relies on the fact that the
intensity of emitted light is linearly related to the amount of DNA in
the respective regions of the cell [11,19]. Therefore, the brightness (or
intensity) of image pixels can be directly used to assess the amount
of DNA damage. This brightness information can be interpreted
irrespective of the particular type of staining used, and thus, Open-
Comet can score images that are stained with DNA specific fluor-
escent dyes (EtBr, DAPI, Propidium iodide, SYBR Green, SYBR Gold,
YoYo-1) as well as non fluorescent staining (silver nitrate). Comet
assay images are often produced as grayscale images. If the provided
image contains multiple channels, OpenComet automatically finds
the one containing the brightness information and uses this for
analysis. We first discuss how OpenComet extracts shapes from the
images and determines which ones are valid comets. Then we
present the method used for separating the comet head from the

tail. Finally, we show the calculations that lead to the assessment of
DNA damage. The major steps of the image processing algorithm
used by OpenComet are summarized in Fig. 2.

Comet finding

The first task in finding comets is to separate meaningful
objects from the background. These objects then need to be either
accepted as comets or discarded. Our approach involves extracting
for the objects of interest shape parameters such as convexity ratio
and the ratio of head displacement. We show that the shape
parameters can be used to separate comets from non-comets.

To obtain regions of interest, a threshold intensity is chosen,
below which pixels are considered to be part of the background. It
is important to choose this threshold adaptively, since comet assay
images can differ significantly in terms of illumination. The tool
uses Huang’s method (implemented in Image]), which relies on
the intensity histogram of the image and chooses the threshold
value by minimizing a measure of fuzziness [27]. After applying
the threshold, a binary image is obtained, which contains a set of
connected regions (regions of interest) that are distinct from the
background. These regions need to be further analyzed and filtered
to obtain the actual regions corresponding to comets. Very small
regions are discarded as these are due to noise and are not full
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Fig. 2. The OpenComet algorithm. The diagram shows the steps of the image
processing algorithm involved in analyzing comet assay images. The grayscale
image is analyzed to find valid comet regions. Following this, the head is
segmented inside each comet. After local background correction, comet measure-
ments are made and the output is generated.

comets. Furthermore, comets touching the edge of the image need
to be filtered out since some of their brightness information is
cropped. More sophisticated methods are employed to deal with
overlapping comets. Overlapping comets appear as a single bright
area in the original image and will form a single connected region
after thresholding. Since the intensity content of multiple comets
is overlapped in these objects, these should be discarded and
should not be included in measurements. We note however that
comets with higher damage (and longer tails) are more likely to
overlap. Hence if the image contains a large number of overlaps,
the measured damage is likely to be biased towards a lower value
[6]. While OpenComet attempts to correctly discard all overlaps,
one should attempt to minimize their occurrence when perform-
ing the comet assay.

To recognize overlaps and other irregular regions, we make two
important assumptions about the properties of comets. Firstly, we
assume that comets have a convex shape. In other words, comets
do not have irregular intrusions from their convex hull. This is due
to the regular way in which damaged DNA spreads from the
nucleus. To measure this property, we use the convexity ratio, also
called solidity, which is the ratio of a region’s area and the area of
its convex hull [28].

Our second assumption is that comets are symmetric. Due to
the fact that comet tails extend towards the anode during

electrophoresis, comets can be expected to be aligned along the
same axis and to be symmetric with respect to this axis. Open-
Comet assumes that cells are symmetric with respect to the
horizontal axis of the image and that tails extend towards the
right hand direction. This orientation is used in the majority of
cases. However, occasionally images are captured in different
alignments (e.g. top to bottom). In these cases, we recommend
rotating the images in Image] before analyzing them with Open-
Comet. After evaluating several measures of symmetry, we found
the head displacement ratio to be most robust. This parameter
calculates the displacement between the centerline of the front of
the region and the centerline of the back of the region, and thus
detects shapes misaligned with the horizontal axis.

A small convexity ratio or a large head displacement can be a
sign of overlapping or otherwise irregular comets, as demon-
strated in Fig. 3. A sample of 150 shapes manually labeled as
comets or non-comets shows that defining a minimal convexity
threshold and maximal head displacement threshold is a reason-
able basis for accepting a shape as a comet.

The regions filtered out are discarded. The remaining regions
are accepted as comets and are analyzed subsequently. In order to
further decrease the number of false positives, statistical outlier
tests are applied on the shape of the comet. Comets that have
irregular height or area will still be kept, but they will be flagged as
outliers in both the output image and the measurement
spreadsheet.

Head segmentation

After having recognized the regions occupied by comets, a
further step of segmentation is needed to find the head of the
comet. Separating the head accurately from the rest of the comet is
essential, since it strongly influences the calculation of the amount
of DNA damage.

Our first method for finding the comet head comes from the
assumption that the head is the brightest region of the comet [19].
This method is well suited for lightly damaged cells, which have
little or no tail. However the brightness assumption may not
always hold, as the relative size and brightness of the head and the
tail can vary significantly across experimental setups and levels of
damage. In case a cell is heavily damaged, the tail can be bigger
and brighter than the head. We therefore introduce a second
method for head finding, which overcomes this limitation. The
method relies on analyzing the intensity profile of the comet.
Comet segmentation based on intensity profile has previously
been proposed [25] using Gaussian curve fitting. Our method does
not assume that the profile is a mixture of Gaussians, and instead
analyses an arbitrary intensity profile signal directly to find the
border between the comet head and tail. We first show head
finding based on the brightest region assumption and then
introduce the method using analysis of the intensity profile.

In the brightest region method we take the comet and find the
set of brightest pixels. We do this by determining a brightness
threshold T* so that 5% of the pixels are brighter than T*:

T* = arg min < > I(P(x,y) > T)) >0.95/C|, e))

T xy)eC

where (x, y) specifies the coordinates of a pixel, P(x, y) is the
brightness of the pixel, Cis the set of pixels belonging to the comet
and ICI denotes the number of pixels in the comet. I is a function
which returns 1 if its argument is true and 0 otherwise. We
calculate the center of mass of the brightest pixels (the ones above
the threshold) and then take this as the horizontal position of the
head center:

Xcenter = ), I(P(X,y) > T*)XP(X:Y) )
xy)eC
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profiles are shown in (C). The estimated position of the border between the head and tail is shown with dashed lines across (A-C).

The vertical position of the head center, Y .ur 1S simply taken
on the horizontal centerline of the comet. The head region is
defined as a circle around the point (Xcenter,Ycenter) With radius
equal to the distance of the leftmost point of the comet and
the head center. For heavily damaged cells, the brightest pixels
may be located in the tail, which results in an incorrect position for
Xcenter- We now introduce the head finding method based on

intensity profile analysis, which performs more robustly for
heavily damaged cells.

The intensity profile summarizes the distribution of pixel
intensities along the horizontal axis. We define the profile as a
vector whose length is equal to the length of the comet (in terms
of pixel number). The profile is calculated inside a bounding
rectangle whose top is denoted by t, height by h and width by w.



462 B.M. Gyori et al. / Redox Biology 2 (2014) 457-465

Table 2

Summary of comet parameters computed by OpenComet. Three measures are given to assess DNA damage (Tail DNA%, tail moment and Olive moment) along with other

useful shape and intensity measurements.

Parameter Description Parameter Description

Comet area Number of pixels in the comet Head DNA% Head DNA content as a percentage of comet DNA content
Comet length Length of the comet region in pixels Tail area Number of pixels in the tail

Comet DNA content Sum of pixel intensities inside the comet Tail length Length of the tail in pixels

Comet average intensity
Head area

Head diameter

Head DNA content
Head average intensity

Comet DNA content divided by comet size
Number of pixels inside the head

Length of the head in pixels

Sum of pixel intensities inside the head
Head DNA content divided by head size

Tail DNA content
Tail average

Tail DNA%

Tail moment
Olive moment

Sum of pixel intensities inside the tail

Tail DNA content divided by tail size

Tail DNA content as a percentage of comet DNA content
Tail length times Tail DNA%

Product of tail DNA% and the distance between

the intensity-weighted centroids of head and tail

The comet profile with respect to the bounding rectangle is then
calculated as follows:

1t+h
p(X)=E ZtP(X,y), xe{l,..wh(xy)eC, 3)
y:

where again, P(x, y) is the intensity of the pixel at position (x, y), and
only pixels inside the comet C are considered. The profile can be
thought of as a linear signal, a signature of the intensity along the
comet and inside the bounded region. We first need to process this
signal and find a characteristic pattern which marks the border
between head and tail. We can extract useful patterns from the
signal by convolving it with other vectors, referred to as kernels. In
general, the convolution of the profile p with a kernel K of length n
is given by:

min(x,w)

(Kxp)(x) = x>

i= max(lx—n+1)

Kx—i+1Dp@), xe{l,..,w} 4)
We introduce two convolution kernels used for the analysis of
the profile:

L
1 1
Ke= <zz> Ka=(~1.1) ®)

K; is a linear smoothing kernel of length L, which can be
adjusted relative to the comet length and K is used to compute
the discrete differential of the profile.

To find the border between head and tail, we extract the rate of
change in intensity (first differential, py) as well as the convexity
(second differential, py4q) of the profile. Before each differentiation,
we apply the smoothing kernel to filter out noise while preserving
the overall trend:

Da = Kg=Ks2p
Dad = Kag#Ks%py (6)

We suggest that a general pattern can be recognized in these
signals, which is robustly preserved across a wide range of
different comet shapes and damage levels. At the right-hand side
border of the head the rate of intensity change (p4) drops, and at
the beginning of the tail the rate of change quickly rises again. We
define the border between head and tail as the point where the
rate of change rises the quickest after the drop. This point is
marked by the first maximum point in pyq after a crossing from
negative to positive. Fig. 4 shows comets with their respective
profiles and differentials indicating the predicted position of the
border between head and tail. The head region is again taken as a
circle with diameter spanning the leftmost edge of the comet and
the head-tail border.

OpenComet allows the user to choose the method of head
finding (brightest region or profile analysis). A default automatic
option is also available, which first attempts to find the head based
on brightness, and if the obtained region is unacceptable, proceeds

with the profile analysis. Once the head is found, the algorithm
continues with local background correction and comet
measurements.

Comet measurements

Comet assay images can have a significant amount of back-
ground illumination, and in some cases this is uneven along the
image. In order to make reliable measurements, local background
brightness needs to be subtracted from the comet. OpenComet
automatically chooses a rectangle above or below the comet and
calculates a background profile along the horizontal axis. We apply
smoothing on the background profile to eliminate noise and then
subtract it column wise from the comet intensities.

After correcting intensities with the local background, comet
parameters can be extracted that let us estimate DNA damage in
the cells. The extent of DNA damage is related to the amount of
DNA in the tail. However, the exact parameter to measure damage
is often debated [6,23,29]. Three measures of DNA damage have
been shown to be particularly good indicators of the underlying
damage [29]: DNA percentage in tail, tail moment and Olive
moment [30]. While tail moment and Olive moment are measured
in arbitrary units (and can thus differ in value across image
analysis systems), the tail DNA percentage is easily comparable
across platforms [6,29]. OpenComet calculates and outputs these
three important damage measures along with other parameters
concerning the comet, thus allowing the user to choose the
desired one for further analysis. The comet parameters measured
by OpenComet are listed in Table 2.

Experimental setup
Cell lines and drug treatment

The images used for validating OpenComet were obtained from
the following experiments. Rat muscle cells (L6, ATCC CRL-1458)
were grown in high glucose Dulbecco’s modified Eagle’s medium
(Hyclone, USA) supplemented with 10% FBS (Hyclone, USA), 2 mM
t-glutamine (Hyclone), 0.25 mg/ml geneticin (GIBCO) and 1 mM
gentamycin sulfate (BioWhittaker) at 37 °C, with 5% CO,, in a
humidified atmosphere. L6 cells were plated on day 1 and then
treated with 50 uM hydrogen peroxide (Sigma, USA) for 1 h (hr)
after 24 h of plating. After 1h of H,O, treatment, cells were
replenished with fresh medium and trypsinized, and collected at
different time points (1 h, 3 h, 6h, 12 h, 24 h) after H,0O, treat-
ment. The level of DNA damage at each time point was assessed
using alkaline comet assay. CometAssay® neutral control cells
(Trevigen, USA) were used to perform neutral comet assay. Neutral
control cells include a healthy cell population (NCO), which was
treated to increase the amount of double-strand break damage
linearly in populations NC1, NC2 and NC3.
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Comet assay experimental protocol

The comet assay was performed as described by Singh et al. [5],
except for a few changes as mentioned below. L6 cells and neutral
control cells were combined with molten LM Agarose (Trevigen)
(at 37 °C) at a ratio of 1:10 (v/v), and immediately spread onto
CometSlide (Trevigen). After 10 min of gelling at 4 °C, the cells
were lysed with lysis solution (Trevigen, USA) at 4 °C for 1 h. Upon
three washes in distilled water for 5 min each, alkaline comet
assay was performed on the slides plated with L6 cells and neutral
comet assay was performed on the slides plated with neutral
control cells. In case of alkaline comet assay, the slides were placed
in a horizontal electrophoresis tank containing electrophoresis
solution (0.3 M NaOH (Merck, Germany), and 1 mM EDTA (Bio Rad,
USA), pH > 13) and allowed to denature for 30 min. Electrophor-
esis was run for 25 min (1 V/cm). In case of neutral comet assay,
the slides were placed in TAE buffer (300 mM sodium acetate
(Merck), 10 mM Tris HCl (1st BASE, Singapore), pH 8.5), and
electrophoresis was run at constant 20V for 40 min (1 V/cm).
After both alkaline and neutral electrophoresis, the slides were
rinsed with 0.4 M Tris, pH 7.5 neutralization buffer for 3 x 5 min.
The slides were then washed in distilled water and immersed in
70% ethanol for 5 min and dried at 40 °C for 10-15 min, and then
stained with SYBR green 1 dye (Molecular probes, Invitrogen,
USA). Comet images were captured using a Zeiss Axioplan fluor-
escent microscope. The images were analyzed using our Open-
Comet software and CometScore version 1.5 software [18]. The
extent of DNA damage was expressed as a measure of percentage
of DNA in tail. The Box-Whisker plots were drawn using the
ggplot2 package and the R statistical software.

Recommendations for preparing slides

OpenComet has steps specifically aimed at filtering out over-
lapping comets. However (see also the section on Comet finding),
overlapping comets, even if correctly discarded, may introduce a bias
in the measured damage on the set of cells. One should therefore
attempt to minimize the occurrence of overlaps when performing
the comet assay. First, we suggest trypsinization, which is effective in
reducing the clumping among cells. Further, we recommend drying
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the slides at 40 °C for 10-15 min. Drying brings cells in different view
levels into a single plane to facilitate observation. We recommend
8000-10,000 cells per slide (Trevigen), however, user optimization
may be required for other slides. OpenComet assumes that a comet
appears as a single connected region in the image. In order to reliably
measure heavily damaged comets, electrophoresis running time can
be reduced to prevent separation of comet head and tail.

Results and validation

To test the performance of OpenComet, we conducted several
experiments on comet assay images obtained from experiments
involving cellular response to oxidative stress. In our first experi-
ment, we used alkaline comet assay images to assess the accuracy of
our tool in measuring comets in comparison with manual scoring.
Next, to show that our algorithm is robust against variation in comet
shapes and sizes, OpenComet was used on a series of neutral comet
assay images and on sample images from other software tools. We
first look at the results of validation experiments for OpenComet and
then provide details about the experimental setup used to obtain the
comet assay images.

In our experimental setup for alkaline comet assay, L6 cells
were treated with 50 pM H,0, for 1 h, causing DNA damage. Cells
were then allowed to repair this damage over 24 h. Under this
medium sub toxic level of oxidative stress, we see a gradual repair
process over the recovery time. Control cells indicate no treatment
with H,0,. Fig. 5A shows sample images for both control and
treated cells at five time points. The images clearly depict the
ongoing repair of DNA damage with time.

Table 3
The accuracy of finding comets based on 10 randomly chosen images from the
alkaline comet assay.

True Positive 121
Negative 102
False Positive 8
Negative 3
Sample size 234
Sensitivity 97.6%
Specificity 92.7%

Manual scoring
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Fig. 5. OpenComet analysis of alkaline comet assay images. (A) shows sample images of treated and control cells at five time points of measurement. The percentage of DNA
in the tail is plotted as determined by OpenComet (B) and manual scoring (C). Manual scoring was performed using CometScore [18].
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Fig. 6. OpenComet analysis of neutral comet assay images. We used OpenComet to analyze neutral comet assay images of industrial standard damaged cells (A). OpenComet

captured the increasing trend in the amount of DNA damage across NCO-NC3 cells (B).

We first measured the accuracy of OpenComet in classifying
shapes as comets or non-comets. We analyzed 10 randomly
chosen images (one from each gel) with OpenComet and counted
whether the shapes are recognized as valid, outlier or invalid. We
also classified all regions in the same images manually and
compared the results. Comets flagged as outliers are considered
negatives in the calculations. The results are shown in Table 3 and
indicate that the shape and size attributes used for deciding
whether a comet is valid are indeed useful.

We next compared OpenComet with manual scoring in terms of
measuring DNA damage. Manual scoring was performed with the
CometScore software [18]. All together we have 10 cases (five time
points, control and treated), and for each case we score exactly 100
comets both manually and with OpenComet. Choosing a fixed
number of comets allows us to compare the measured damage and
the time taken to perform the measurements in a consistent manner.
In order to quantify the repair process, we measure the percentage of
DNA in comet tails for each gel. Fig. 5B depicts the decreasing trend
of DNA damage measured with OpenComet. The DNA damage, as
measured manually, is shown in Fig. 5C. We see that OpenComet
precisely captures the decreasing trend of DNA damage over time,
and matches the trend produced by manual measurements.

OpenComet was implemented on a 2.83 GHz, 4 GB RAM desk-
top computer. It achieved significant speedup compared to the
manual measurement process. Manual scoring of 1000 comets
(100 comets for each of 10 cases) took a total of 75 min. Analyzing
the same number of comets using OpenComet completed in less
than 2 min. Both timing results include the overhead of choosing
the input images and output folder.

We also validated OpenComet on neutral comet assay images.
The comets in these images present different shapes and char-
acteristics from alkaline comet assay images. Fig. 6A shows sample
images from the neutral assay performed on Trevigen control cells
with different levels of DNA damage. The increasing trend in
damage is measured by OpenComet, as shown in Fig. 6B. Thus
OpenComet measures comets accurately, irrespective of their
difference in size and shape.

In Figs. 5 and 6, we use percentage of DNA in tail as a measure
of DNA damage. We have performed further validation using tail
moment, another common measure of DNA damage, which is also
calculated by OpenComet. We found that the results for tail
moment are consistent with those using percentage of DNA in
tail. The results are shown in Supplementary Figs. 2 and 3.

Finally, we used OpenComet to score sample images provided
by other comet analysis software (Supplementary Fig. 4). These
images differ significantly from the ones used in our previous
experiments and show diverse magnifications and illuminations.
The results indicate that our tool can reliably extract a large
proportion of comets from these images as well.

Discussion

In this paper we presented OpenComet, a tool for analyzing
comet assay images. OpenComet uses robust image processing
algorithms for extracting and classifying comets, separating the
comet head, and measuring comet parameters. Our validation
results show that OpenComet is fast and accurate in analyzing
images for both alkaline and neutral comet assays.

An important assumption in the proposed image analysis algo-
rithm is that a comet appears as a single connected region in the
image. However, there can be instances when under very high
damage conditions, a comet’s head and tail effectively appear as
two separated regions in the image. Automatically identifying these
comets is currently a limitation of OpenComet, and we are exploring
extensions of the algorithm to deal with this special case.

OpenComet fully automates the process of analyzing comet assay
images. In contrast, existing free software packages often involve
manual tagging of cells, resulting in a laborious, time-consuming
process. Manual scoring results can be difficult to reproduce and are
prone to subjective bias. These tools are also frequently platform
dependent, do not recognize all common image formats and do not
provide batch image processing capabilities. Commercial tools are
commonly sold as a combined microscope and software package at a
significant cost. Further, source code is not made available, and the
functionality of the software cannot be examined or modified by the
user. In contrast, OpenComet is free and can be customized to fit the
user’'s needs. In summary, OpenComet is a useful alternative to
currently available free and commercial tools that perform comet
assay image analysis.

Conclusions

The comet assay has a well-deserved popularity, as it is simple
and economical to perform. The availability of powerful automated
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and free comet assay imaging software is currently one of the
major limitations in using the assay. OpenComet helps to over-
come the current limitations in image analysis, making comet
assay a more viable method to detect DNA breaks produced by
ROS/RNS and other damaging agents.

Implementation and availability

The OpenComet plug-in and source code is available at www.
opencomet.org. Instructions for installing and using the tool as well
as guides for modifying it are available at the same website.
OpenComet is platform independent, and thus works on Win-
dows, Mac OS X and Linux systems. OpenComet is written in Java
and deployed as a plug-in for the open-source image processing
software Image]. It leverages image processing methods and plug-
ins accessible through the Image] API. The plug-in development
interface of Image] also allows for convenient modification and
recompilation of OpenComet if needed. Image] can be downloaded
from www.rsbweb.nih.gov/ij/. OpenComet can also be used within
Fiji, an extended version of Image] containing useful plug-ins and a
more convenient interface for modifying and developing plug-ins.
The latest version of Fiji is available at www.fiji.sc. Micro-Manager,
with which the live analysis feature of OpenComet can be used, is
available at www.micro-manager.org. We have used the following
versions of the tools in this work: OpenComet 1.3, Image] 1.47v,
Micro-Manager 1.4.13 and Java 1.6.0.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.redox.2013.12.020.
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