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Abstract

The YH2AX focus assay represents a fast and sensitive approach for detection of one of the critical
types of DNA damage — double-strand breaks (DSB) induced by various cytotoxic agents
including ionising radiation. Apart from research applications, the assay has a potential in clinical
medicine/pathology, such as assessment of individual radiosensitivity, response to cancer
therapies, as well as in biodosimetry. Given that generally there is a direct relationship between
numbers of microscopically visualised YH2AX foci and DNA DSB in a cell, the number of foci
per nucleus represents the most efficient and informative parameter of the assay. Although
computational approaches have been developed for automatic focus counting, the tedious and time
consuming manual focus counting still remains the most reliable approach due to limitations of
computational approaches.

We suggest a computational approach and associated software for automatic focus counting that
minimises these limitations. Our approach, while using standard image processing algorithms,
maximises the automation of identification of nuclei/cells in complex images, offers an efficient
way to optimise parameters used in the image analysis and counting procedures, optionally
invokes additional procedures to deal with variations in intensity of the signal and background in
individual images, and provides automatic batch processing of a series of images. We report
results of validation studies that demonstrated correlation of manual focus counting with results
obtained using our computational algorithm for mouse jejunum touch prints, mouse tongue
sections and human blood lymphocytes as well as radiation dose response of YH2AX focus
induction for these biological specimens.

© 2011 Elsevier B.V. All rights reserved.

*Corresponding author at: Trescowthick Research Laboratories, PeterMacCallum Cancer Centre, St Andrew’s Place, East Melbourne,
Victoria 3002, Australia, Tel: +61 3 96561290, pavel.lobachevsky @petermac.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of interest
The authors report no conflict of interest. The authors alone are responsible for the content and writing of the paper.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Ivashkevich et al. Page 2

1 Introduction

1.1 DNA damage assays in biology and medicine

The realisation of the central role of DNA in biology prompted much interest in developing
assays to detect and measure DNA damage. Much of this attention was in the province of
radiobiology, driven by the dogma that DNA is the initial molecular target of ionising
radiation, but it also extends to drugs and other agents that target DNA. However, the
motivation for the effort extended beyond mechanistic studies, especially in the oncology
arena, where there is an obvious interest in determining the sensitivity and response of
individual patients to radiation and DNA-targeted drugs. Similarly, the possibility of
accidental or deliberate exposure to ionising radiation has focussed attention on the need for
assays that can provide a retrospective assessment of the radiation dose sustained by
individuals after the exposure event; i.e. biodosimetry [1-4].

Whilst there are many types of radiation-induced DNA damage, such as base modification
and DNA-DNA and DNA-protein crosslinks, in the radiobiology context, strand breakage
and especially DNA double-strand breaks (DSB) are thought to be the most critical. Assays
for detection and measurement of DSB are usually based on the isolation of DNA from
irradiated cells and DNA size analysis by various separation techniques such as
sedimentation, gel electrophoresis, neutral filter elution, and neutral comet assay. The
sensitivity and accuracy of these assays is limited with a detection limit being about 5-10
Gy [5-8]. Assays that are based on the cytogenetic methods are much more sensitive with a
detection limit about 0.1 Gy, however they detect quite remote consequences of DSB such
as micronuclei and chromosome aberrations [9, 10]. The YH2AX assay, described in more
detail in the following section, represents a quantum advance in the pathway of DNA DSB
assay development. The advance is not just in the sensitivity with a detection limit down to
0.003 Gy [11, 12], but also in the short development time of the endpoint; as little as 30 min
post irradiation [13, 14].

1.2 yH2AX foci as an indicator of DNA damage

The YH2AX assay exploits the phosphorylation of the histone variant H2AX (resulting in
YH2AX) in response to the induction of DNA DSB [12, 15]. The phosphorylation is initiated
at a site of DSB but extends to the adjacent chromatin area [12—15]. This event can be
visualised microscopically as a distinct focus within a cell using a fluorescent antibody
specific for YH2AX. It is deemed that there is an one-to-one correspondence between DNA
DSB and YH2AX focus, therefore the number of YH2AX foci is considered as a measure of
the number of DNA DSB [16]. Although the YH2AX foci assay represents an indirect
detection of DNA DSB, it has important advantages in comparison to other DSB
measurement approaches. First, it measures the number of foci in situ, thus allowing
quantitation of the radiation response in individual cells and building the distribution of cells
with respect to this response. Second, it provides high DSB detection sensitivity allowing
measuring DNA damage within biologically relevant range of radiation doses. YH2AX foci
appear in cells in a few minutes following irradiation, their number reaches maximum at 30—
60 minutes and than gradually declines in a few hours. Since phosphorylation of H2AX is
considered as an important step in signalling and initiation of DNA DSB repair process, the
decline in the number of YH2AX foci is believed to reflect the kinetics of DNA DSB repair
[12], although in several studies the disappearance of foci is reported to be delayed as
compared to DSB repair kinetics [17, 18].

These advantages combined to clearly facilitate demonstration of the radiation bystander
effect in microbeam experiments [19-22], but also herald many applications as a routine
assay in clinical medicine/pathology, such as assessment of individual radiosensitivity [23,
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241], response to cancer therapies, as well as biodosimetry [3]. However all these potential
routine applications, with their inherent requirement for high throughput, highlight a
limitation of the YH2AX assay. The counting of YH2AX foci in individual nuclei, either at
the microscope or at a workstation using a processed image, is extremely tedious and time
consuming. This is a problem that must be solved for the assay to translate to its full
potential. This paper addresses a possible solution to this problem - automated counting of
foci. This solution has particular advantages over an alternative solution; automated
measurement of total YH2AX fluorescence per nucleus.

1.3 Computational approaches to yH2AX focus analysis

Although various approaches can be used for the detection and quantitation of YH2AX, such
as for example immunoblotting [13, 25] or flow cytometry [25-27], the most informative
one is the immunofluorescent staining followed by laser scanning confocal microscopy and
subsequent image analysis and counting of the distinct YH2AX foci [28, 29]. The advantage
of this approach is that the number of foci per nucleus, in contrast to other approaches (e.g.
focus fluorescence intensity), represents a measure that in principle allows comparison of
the results for various cells and tissues, and results obtained in different laboratories [17,
18]. The focus counting analysis allows also, apart from measuring the average number of
foci per nucleus, the investigation of a range of other valuable parameters, such as for
example distribution of cells in the respect of the focus number, fraction of focus free cells,
intranuclear distribution of foci, fluorescence intensity and size of individual focus.

Initially, focus counting analysis was performed manually (by eye), which is preferred by
some researchers since it provides full visual control over the counting process [16, 30, 31].
However, since manual focus counting analysis is very laborious and time consuming,
computer assisted approaches are becoming more widely used. Some of these computational
approaches are based on the use of the freely available or commercial image analysis
software such as ImageJ [32], NIH Image [33] and its Windows counterpart Scion Image
[34], MetaMorph (Molecular Devices Inc, US), HistoLab (Microvision Instruments,
France), Image Pro (Media Cybernetics Inc, US), AutoQuantX (Meyer Instruments Inc,
US), MetaCyte (MetaSystems GmbH, Germany) These approaches invoke computational
algorithms at various stages of analysis, starting from image segmentation and focus
identification and ending with calculation of numerous quantitative focus parameters, often
including writing of custom macros or plug-ins for execution of specific tasks [35-42].
Other approaches rely on custom software developed for dedicated purpose of focus
counting analysis such as for example, a standalone FociCounter [43, 44] or focus counting
incorporated into automated high throughput image acquisition and processing platform [43,
45]. Computational approaches substantially increase the productivity of the focus counting
analysis and, as claimed by some researchers, are free of the unavoidable operator
subjectivity and potential bias of the manual counting analysis.

Despite of these advantages there are however some limitations in the current computational
approaches to focus counting analysis. For example, identification of individual nuclei in
complex images obtained from biological tissues - sections or touch-prints - still remains a
manual operation, thus compromising the efficiency of the automated focus counting
analysis [43, 46]. The results of the automated focus counting depend on values of
parameters that need to be supplied by the operator [35], however no criteria and
recommendations have been developed to justify the choice of particular parameter values.

1.4 The objectives of the study

In this study, we are presenting our computational focus counting algorithm and associated
software interface that was developed in an attempt to maximally exploit the advantages of a
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computational approach and at the same time to overcome or minimise its limitations. Key
features of our approach that distinguish it from other approaches include:

* the object splitting algorithm for automatic identification of overlapping and
adjacent nuclei/cells in complex images obtained from biological tissues;

* the efficient procedure for optimisation of the main focus counting parameters that
is based on an objective definition of a focus as an entity and allows the user to
choose parameter values that are optimal for a studied set of images;

* the optional use of additional features that deal with properties of particular image
sets such as overlapping foci, variations in average image intensity etc;

* the ability to perform batch processing analysis of multiple images.

We report the results of validation studies with the new program and its application to the
analysis of radiation induced YH2AX foci induction in a range of biological specimens.

2 Material and Methods

2.1 Mice irradiation and tissue sampling

Male C3H/HeJ mice (~ 11 weeks old) were obtained from the Animal Resource Centre,
Perth, Western Australia. All experiments were carried out with the approval of the Peter
MacCallum Cancer Centre Animal Experimentation Ethics Committee. Groups of 3 mice
were irradiated using a 137-Caesium source (Gammacell 1000 Elite Irradiator, Nordion
International, Ottawa, ON, Canada) at a dose rate of 0.57 Gy/min. Thirty minutes after
irradiation, the mice were sacrificed and the tongues were removed and snap frozen in cryo-
moulds containing Tissue-Tek O.C.T. compound (Sakura, Finetek, USA) on dry ice. The
frozen blocks were stored at —80°C until use. Sections (5 um) were cut using a Leica
CM3050 S Cryostat. The cut sections were placed onto clean, dry slides (Thermoscientific
Superfrost Plus, Gerhard Menzel GmbH, Germany) for immunofluorescent staining. Using
the same mice, touch-prints were made from a section of jejunum from each animal. Briefly,
the jejunum was removed and tapped several times onto a clean, dry microscope slide. This
process results in a single layer of jejunal cells being transferred onto the slides for
immunofluorescent staining.

2.2 Immunofluorescent staining and image acquisition in mouse tissue samples

Mouse tongue sections and jejunum touch-prints were dried at room temperature (RT) for 1
h and fixed with 2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) for 20 min at RT.
Sections were washed three times for 10 min in PBS, permeabilised in 70% ethanol at
—20°C for 60 min and proceeded for immunofluorescent staining immediately or stored at
4°C for a time period of up to 2 weeks.

Following permeabilisation, the slides were washed three times for 10 min in PBS and
blocked with 8% BSA (Sigma-Aldrich) in PBS-TT (0.5% Tween 20 (Merck KGaA,
Darmstadt, Germany), 0.1% Triton X-100 (Sigma-Aldrich)), for 1 hr at RT.

After blocking, the slides were washed 5 min in PBS-TT and incubated with primary rabbit
anti phospho-histone H2AX antibody (clone 2577, Cell Signaling Technology, Danvers,
MA) at dilution of 1:200 in PBS-TT for 2 hrs at RT in a humidified chamber, washed three
times for 5 min with PBS-TT and incubated with Alexa Fluor 488 goat anti rabbit secondary
antibody IgG (H+L) (Invitrogen Australia, Mulgrave, VIC, Australia) diluted at 1:500 in 1%
BSA for 1 hr in a humidified chamber. The slides were washed twice with PBS-TT and once
with PBS, 5 min each time and mounted with Vectashield mounting medium containing PI
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(Vector Laboratories, Burlingame, CA). The edges of cover slips were sealed with clear nail
polish. The slides were stored at 4°C before image acquisition in the closed container.

Images of YH2AX foci and nuclei were acquired with a confocal laser scanning microscope
Olympus FLUOVIEW FV1000 (Olympus, Japan) using a UPlan-Apochromat 63x/1.2 water
objective (theoretical horizontal resolution of 0.24 pm). The laser scanning parameters were
set to z-stack mode with the Helium-Neon laser at 543 nm, multi ion Argon laser at 488 nm
and pinhole size of 135 um. Optical z-sections were scanned with a 1.5 pm increment
through the tissue specimens. The number of acquired optical z-sections varied from 7 to 15
depending on the actual specimen thickness. The scanning speed was set to 4 ps/pixel, and
the pixel size to 0.132 um. The laser/photomultiplier settings were initially adjusted
depending on the maximum signal level in the image with highest intensity to avoid
saturation of the Alexa 488 signal, and then were kept constant for all images acquired
within one experiment. At least two images were taken from different fields of the touch-
prints and ventral part sections of the tongue of each of the duplicate slides, resulting in the
analysis of more then 50 cells in one section.

2.3 Human lymphocytes

Human whole blood lymphocytes were obtained from the NIH blood bank from paid healthy
volunteers who had given written informed consent to participate in an IRB-approved study
for the collection of blood samples for in vitro research use. The protocol is designed to
protect subjects from research risks as defined in 45CFR46 and to abide by all internal NIH
guidelines for human subjects research (protocol number 99-CC-0168). The whole blood
samples were irradiated in a '37Cs MARK I model irradiator (JL Shepherd & Associates,
San Fernando, CA) with 2.4 Gy per min dose rate, or sham-irradiated. The lymphocytes
were separated from whole blood and processed as previously described [3, 29]. The
lymphocytes were fixed with 2% paraformaldehyde for 20 min at room temperature, washed
twice with PBS and cytocentrifuged onto microscope slides. After 15-min rehydration in
PBS, the slides were stored in chilled 70% ethanol and processed for immunofluorescent
staining. Primary mouse monoclonal anti-y-H2AX antibody (Abcam, Cambridge, MA) and
secondary goat anti-mouse Alexa-488 (Molecular Probes, Eugene, OR) were used. Nuclei
were stained with PI. Laser scanning confocal microscopy was performed with a Nikon
PCM 2000 (Nikon, Augusta, GA).

2.4 Image analysis algorithm

2.4.1 Outline of the image analysis algorithm—The main objective of the focus
counting analysis is to count the number of foci per cell nucleus. In terms of image analysis,
it means counting small objects within large objects, assuming that large and small objects
are identified from different colour channels of the image. In our studies, nuclei are
identified using the red (propidium iodide - PI) or blue (4',6-diamidino-2-phenylindole -
DAPI) channels, while foci are imaged using the green (fluorescein isothiocyanate - FITC)
channel. Figure 1 represents a flow chart outlining major steps and procedures of our
algorithm. The nuclei and foci channels are analysed separately. Following identification of
nuclei, an object (nucleus) collection is generated and saved as a file. This collection is used
then in the process of focus analysis to assign each focus to a particular nucleus as shown in
Figure 1, panel A. For automatic focus counting in a batch of images, a collection of objects
(nuclei) is first generated for each image in the batch, and a list of image and nuclei
collection files serves as input data for automatic analysis. All steps and procedures for
focus analysis as shown in Figure 1, panel A (foci channel) are then invoked automatically
for each image in the batch.
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Given that identification of nuclei and foci are essentially similar tasks, with the only
difference being in the size of the object of interest, we applied similar object identification
algorithm in both analyses as shown in Figure 1, panel B. In the following section, the term
“object” denotes both focus and nucleus.

2.4.2 Major object identification steps and procedures—As the first major step in
our object identification algorithm, we applied a classical topological image transformation
called Top Hat transformation [35, 47, 48] (Figure 1, panel B). The purpose of the Top Hat
transformation in general is to reveal in the image intensity 2D profile some sort of fine
structure that is determined by the shape and the size of the so-called structuring element.
The transformation efficiently reduces intensity level in those areas of the image where
changes in intensity do not fit into the structuring element (background), and leaves
unchanged those intensity levels that fit into the structuring element (potential objects). We
assumed the structuring element to be a circle, and the size of the structuring element is the
first parameter in our algorithm.

Following application of the Top Hat transformation, the segmentation of the resulting
image in our algorithm is based on the combination of H-Dome transformation that enables
identification of regional maxima [47], and the conventional intensity threshold (Figure 1,
panel B). Our combined approach operates with two parameters — the intensity threshold and
the dome height that actually determines the regional maxima height as a difference between
the peak and valley signal. Such a combined approach allows therefore, on one hand, to
separate closely located regional maxima with the valley above the threshold, and on the
other hand, to reject those regional maxima that are below the threshold and most likely are
the result of the image noise.

Following the image segmentation, an object is defined as a continuous segmented area, and
identification and counting of these areas doesn’t represent any difficulties. As a major final
step of our object identification algorithm, the minimum object size criterion is applied to
reject those objects that are smaller than expected.

In summary, our object identification algorithm requires four parameters the values of which
need to be introduced by the operator: the size of the structuring element (related to the
maximum object size), the intensity threshold and the dome height (the height of the
regional maxima), and the minimum object size.

Our object identification algorithm offers, as an option, application of a procedure that
analyses the area and the shape of an object and splits this object into two separate objects, if
it doesn’t satisfy the shape/area criteria (Figure 1, panel B). The split path is determined
based on the shape of the object outline (presence of a “bottle neck™) and the intensity
distribution within the object. Application of this procedure requires two parameters: one
that determines the maximum object size and another that determines the acceptable object
shape. We use the object roundness as a criterion for the object shape.

2.4.3 Optional procedures for automated focus analysis—The optional application
of the noise filter (Figure 1, panel A) that reduces image noise, mainly originating from the
equipment (photomultiplier etc), before starting focus analysis can be important. Another
optional procedure that improves results of the automatic focus analysis is the normalisation
of images. It addresses variations in the intensity of images in a batch and facilitates the use
of the same set of counting parameters for all images. Our program offers two ways of
normalising images: internal and external normalisation. The internal normalisation assumes
multiplication of all pixel intensities by a constant factor as to achieve the effective usage of
the full dynamic range offered by a given image format. For the external normalisation, the
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analysis of the set of images has to be completed first without normalisation, and then the
normalisation factor for each image is calculated based on the comparison of the average
intensity level for all foci detected in that image. Following normalisation, the counting
analysis is then repeated for normalised images.

Although the splitting procedure based on the analysis of the focus size and shape and
described in section 2.4.2 substantially improves the results of counting, especially if the
number of foci per nucleus is large, it fails to resolve those foci that occupy the same
position in a 2D projection, but which are located at different depths. The only approach to
resolve such foci is the application of a 3D counting algorithm. Although a true 3D counting
algorithm has been suggested for focus counting as a plug in for ImageJ [49], such
algorithms require much more processor time and are less suitable for visual inspection, so
we chose to employ a pseudo 3D counting in our program. Our algorithm first identifies foci
in each z-plane of a stack of images, and then analyses overlapping objects in adjacent z-
planes. An object at a given 2D position in the projection image is considered as a single
focus if corresponding objects overlap in any two adjacent z-planes. If however at least one
z-plane, that is located between z-planes with overlapping objects, does not contain an
overlapping object, there are potentially at least two foci at the indicated position.

2.4.4 Nucleus analysis—Depending on the origin and quality of an image, various
degrees of automation can be achieved in identification and analysis of nuclei. Automatic
nucleus analysis of multiple images using the modified object identification algorithm
described in section 2.4.2 (Figure 1, panel B) was employed for images obtained from
human blood lymphocytes samples. For such images, Top Hat transformation was excluded
from the procedure, and simple intensity threshold was used for image segmentation. For
images obtained from tissue samples, the results of nucleus identification achieved using the
basic object identification algorithm (Figure 1, panel B) were inspected visually for each
image. Since entirely satisfactory splitting of objects can not be achieved for complex
images, additional semi-automatic splitting procedures were applied for individual objects
by the operator. These were shape/intensity, one-point or two-point splitting procedures, for
which the operator specifies one or two points within the object of interest that will belong
to the split path. The split path is then computes as a continuous line of pixels based on
combination of two criteria: the minimum distance from the split point(s) to the object
outline and the minimum signal intensity along the path.

2.5. Focus counting, correlation and regression analysis

Manual and automatic counting were done by different operators, and no results from
automatic counting were available for the operator performing manual counting. Results
from manual counting were available for the operator performing automatic analysis,
however these results were not used for optimisation of major counting parameters, such as
the size of structuring element, the dome height and the intensity threshold. Results from
manual counting, and in some cases the visual inspection by the manual counting operator,
were employed to optimise the minimum focus size and parameters for splitting overlapping
foci. For correlation studies, we applied linear regression analysis for automatic versus
manual counting data. We calculated the correlation coefficient for the linear regression (R)
and presented it as RZ (coefficient of determination) which is the fraction of the variance that
is explained by the linear regression. The linear regression correlation coefficient
corresponds to the Pearson product-moment correlation coefficient. Statistical analysis was
done using SigmaPlot for Windows software (Systat Software Inc.).
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3 Results

3.1 Automation of identification of nuclei in complex images

We paid a particular attention to automation of identification of nuclei in complex images,
since this step is often performed manually even for a computational focus counting analysis
[43] or focus count is normalised per total nuclear area in the image [35, 46]. An example of
automated identification of overlapped nuclei in an image obtained from a mouse jejunum
touch-print is presented in Figure 2. The image shown in panel A was analysed as described
in section 2.4.4. Since the majority of nuclei are overlapping, the application of the intensity
threshold allows segmentation of nuclear areas as demonstrated in Figure 2, panel B. The
subsequent object identification step revealed groups of nuclei that are not separated one
from each other as seen in Figure 2, panel C. On the next step, the procedure for object
splitting was invoked as described in the section 2.4.2. The results of this application are
presented in Figure 2, panel D where object outlines are shown after application of the
object splitting procedure with subsequent filtering according to the size and shape of the
object. The results clearly demonstrate the ability of the program to automatically separate
individual overlapping objects.

3.2 Image analysis and focus identification

The application of our image analysis and focus identification algorithm is illustrated in
Figure 3. Panel A shows a fragment of an image of mouse tongue section containing two
nuclei with nucleus objects outlined in light blue colour. For demonstration purpose, we
have chosen objects with quite different level of the signal and background (green channel)
to illustrate the capabilities of our algorithm and the role of various steps. Panel D shows the
result of the segmentation (shown in dark blue colour) of the green channel using the
conventional intensity threshold. It is obvious that the selected intensity threshold, on one
hand, is too high to segment focus areas in the top object and, on the other hand, is too low
and segments much more than focus area in the bottom object. Application of the Top Hat
transformation, as shown in panel B, reduces the background in green channel. Subsequent
segmentation based on the combination of H-Dome transformation and the intensity
threshold, as shown in panel E, enables segmentation of focus areas in the top object, and at
the same time reduces the segmented areas in the bottom object, thus improving separation
of potential foci. Panel C shows foci (in yellow colour) identified based on this
segmentation. There are however a few overlapping foci that can be automatically separated
using the focus splitting procedure as shown in panel F.

3.3 Optimisation of focus counting parameters

Optimisation of the focus counting parameters in our program is based on both visual
monitoring of the counting results and the application of a few operator-independent criteria.
The optimisation process requires performance of a series of test counting runs with various
values of the parameters and to select their optimal combination based on the results of these
test runs.

3.3.1 Top Hat and H-Dome transformation parameters—The objective of the
optimisation of the Top Hat and H-Dome transformation parameters is to establish values of
the size of the structuring element and the dome height that allow revelation and
identification of as many as possible foci, so maximisation of the focus count is the
optimisation criterion. An example of such optimisation is shown in Figure 4, panel A. We
performed a series of test counting runs using various values for the size of the Top Hat
structuring element and for the dome height for H-Dome transformation on images that
potentially have large number of foci. In the presented example, these were images of
lymphocytes obtained from samples of human blood irradiated at 0.6 and 1.5 Gy. Each
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curve in Figure 4, panel A presents potential focus numbers obtained at various values of the
size of the structuring element that are indicated on the horizontal axis, for a fixed value of
the dome height. Three such curves were generated for 1.5 Gy image with values of the
dome height 40, 50 and 60% (open symbols). The number of detected foci initially increases
with increasing size of the structuring element. This increase follows from the fact that, for a
small structuring element size, foci that are larger than this size are not scored but regarded
as background variations. As the size of the structuring element reaches the maximum focus
size (50 — 70 pixels), a plateau or maximum count is reached. Some reduction in focus count
is observed with further increase in the size of the structuring element, especially for lower
values of the dome height (40-50%). This occurs due to the failure of the H-Dome based
segmentation to separate closely located regional maxima (overlapping foci), since for a
large structuring element size, clusters of foci are revealed by Top Hat transformation. No
reduction in focus count is observed with increasing size of the structuring element for 0.6
Gy image (closed circles in Figure 4, panel A) since overlapping foci are rare in this image.
Therefore the size of the structuring element of 50 — 70 pixels and the dome height of 40 —
50% can initially be considered as optimal parameter values. At these values, the maximum
focus count is achieved which is not sensitive to the variations of the dome height within the
indicated range. However, for 1.5 Gy image overlapped foci are expected, and application of
the object splitting procedure results in further increase of focus count with increasing size
of the structuring element (closed triangles in Figure 4, panel A). Therefore, the larger size
of the structuring element of 140 — 150 pixels should be considered as optimal, that allows
identification of focus clusters with subsequent splitting into individual foci. This increased
size of the structuring element doesn't influence the focus count in 0.6 Gy image.

3.3.2 Intensity threshold parameter—The segmentation of the image in our algorithm
is based on a combined approach that uses H-Dome segmentation and the conventional
intensity threshold. The main purpose of the conventional threshold is to reject those
maxima, that are detected by H-Dome transformation but originate from the image noise.
Therefore, optimisation of this parameter is important for the analysis of images with high
noise that usually originates from non-specific staining, for example those obtained from
tissue sections. An example of the optimisation of the intensity threshold is shown in Figure
4, panel B. Curves in this figure represent potential focus count at various levels of the
intensity threshold in mouse tongue sections from the non-irradiated (control) sample
(circles), 5 Gy irradiated sample (triangles) and the difference between irradiated and control
samples. Obviously, the potential focus count decreases with the increasing intensity
threshold, whereas the difference reaches a maximum value and then decreases. Two trends
account for the presence of this maximum: at small values of the intensity threshold, the
steep decrease in the potential focus count in the control image due to the large contribution
of regional maxima originated from the image noise, and at large values of the intensity
threshold, the steep decrease in the focus count in the image from irradiated sample due to
the rejection of the actual foci. In other words, the maximum is achieved when all potential
foci originated from the image noise are rejected and all actual foci are counted. The
intensity threshold of 3% that produces this maximum is considered as an optimal value, and
this optimisation approach actually defines a focus as an object, the number of which is
increased in a test image (with large expected number of foci) as compared to a control
image (with small expected number of foci).

The difference in focus count shown in Figure 4, panel B is very sensitive to the value of the
intensity threshold and the maximum is well pronounced, therefore the selection of the
optimal intensity threshold value (3 % in this case) is critical to obtain valid counting results.
The focus counting results, however, are not very sensitive to the value of the intensity
threshold for a high intensity/low noise images (data not shown) such as images of blood
lymphocytes, for which segmentation is based mainly on H-Dome transformation.
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Diagrams as shown in Figure are automatically generated and displayed by our program for
quick and efficient optimisation of the size of the structuring element, dome height and
intensity threshold parameters. If required, a few iterations of optimising the intensity
threshold and Top Hat and H-Dome parameters can be done in turn to refine their values.

3.4 Correlation and radiation dose response studies

We performed a series of analyses that involve parallel counting of foci manually by an
operator and automatically using our program. Images were obtained for human blood
lymphocytes, mouse jejunum touch-prints and mouse tongue sections. Examples of images
used for focus counting analysis are shown in Figure 5. The images are maximum
projections of a stack of 8—15 individual z-planes. Three images are presented for each
mouse jejunum touch-prints, mouse tongue sections and human blood lymphocytes that
were obtained from non irradiated samples and samples irradiated at two different doses.
Visual inspection of the images in Figure 5 demonstrates the low level of YH2AX staining in
non irradiated samples (panels A, D, G), induction of yYH2AX foci in irradiated samples
(panels B, E, H) and the increasing number of YH2AX with increasing radiation dose (panels
C, F, I). The inserts in the left top corner in panels C, F and I demonstrate identification by
our program of individual nuclei and foci within these nuclei.

3.4.1 Mouse jejunum touch-prints—Results of YH2AX focus counting in images from
mouse jejunum touch-prints are presented in Figure 6. In this experiment, groups of 3 mice
were irradiated with radiation doses of 1, 2, 3, 4 and 5 Gy, three jejunum touch-prints from
each mouse were prepared and stained for YH2AX immunofluorescence 1 hr after
irradiation, and a confocal image was acquired for each touch-print. Each data point in panel
A shows the average number of foci per nucleus for an individual image obtained by manual
(horizontal axis) and automatic (vertical axis) counting. The analysis indicates a good degree
of correlation with the correlation coefficient being R2 = 0.799. It should be noted, that apart
from the fact that the manual and automatic counting was performed by independent
operators, identification of nuclei for each counting approach was also independent.
Therefore the extent of observed variations (1 - R% = 0.201) originates from two sources:
subjectivity of operators in nuclei identification and differences in automatic versus manual
focus counting. The correlation is significantly better when the group average focus numbers
obtained by manual and automatic counting are compared as shown in panel B. The
correlation coefficient for this case RZ = 0.965, and the results of the linear regression
indicate that the intercept is not different significantly from 0 (0.125 £ 0.647), and the slope
is not different significantly from 1 (0.946 £ 0.090).

The radiation dose response of the YH2AX focus induction in mouse jejunum cells is
presented in Figure 6. Experimental points are shown for manual and automatic focus
counting. Results of the non-linear regression analysis using a three-parameter model
analysis as described in the Figure 6, panel C legend indicates a substantial deviation from
the linear dose response with an obvious trend for saturation at larger doses.

3.4.2 Mouse tongue sections—The correlation study of manual and automatic focus
counting in images obtained from mouse tongue sections was carried out in a similar way to
that for mouse jejunum touch-prints. The results of YH2AX focus counting in images from
mouse tongue sections are presented in Figure 7. In this experiment, groups of 3 or 6 mice
were irradiated with doses 0.5, 1, 1.5, 2, 3, 4 and 5 Gy, two sections of mouse tongue were
prepared and stained for yYH2AX immunofluorescence 1 hr after irradiation, and up to four
confocal images were acquired for each section. The correlation coefficients were somewhat
higher than those from mouse jejunum studies: R2 = 0.886 for correlation of the average foci
per nucleus numbers for individual images (panel A) and R% = 0.989 for correlation of the
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average foci per nucleus number for various radiation dose groups (panel B). The results of
the linear regression indicate that the intercept is not different significantly from 0 (0.124 +
0.308), and the slope is not different significantly from 1 (1.004 + 0.021).

The radiation dose response of the YH2AX focus induction in mouse tongue basal cells is
presented in Figure 7, panel C. Three sets of experimental points are shown: the results of
manual counting, 2D automatic counting and pseudo 3D automatic counting. For 3D
counting analysis, 12 z-planes were analysed for each image as described in the section
2.4.3. Non-linear regression of the manual counting and 2D automatic counting sets using a
three parameter model as described in the legend to Figure 6, reveals no significant
difference between these two sets and indicates some deviation from the linear dependence.
The regression analysis of the 3D counting set results in a 35% increase of YH2AX focus
yield as compared to the 2D counting analysis, and suggests the linear dose response.
Therefore the deviation of the YH2AX focus dose response from the linear dependence for
2D counting analysis originates from underestimation of focus count due to 3D overlapping
foci. This finding is supported by calculation of the probability of focus overlapping. We
simulated the random spatial distribution of various focus numbers in a spherical volume,
and analysed projections of these foci on the cross-section of this sphere. For nucleus area of
2024 pixels and focus area of 23 pixels (average values calculated from the focus counting
analysis), we obtained the expected focus count of 12.8 for 20 simulated foci. These values
are of the same magnitude as the results of 2D and 3D counting shown in Figure 6.

3.4.3 Human blood lymphocytes—Blood samples from four donors were used in this
study. Samples from three donors were irradiated with a range of doses and stained for
YH2AX fluorescence 30 min after irradiation. Samples from one donor were irradiated with
a fixed dose of 0.6 Gy and stained at various time intervals after irradiation. Images for the
analysis were grouped so that each group represented either one particular radiation dose for
a given donor, or one particular fixation time. Manual and automatic counting and
calculation of group average values for focus number per nucleus were performed by
independent operators. Correlation of these average numbers is shown in Figure 9, panel A
with a coefficient R2 = 0.973 that indicates a good degree of correlation.

The radiation dose response of the YH2AX focus induction in human lymphocytes obtained
from results of the automatic focus counting is shown in Figure 9, panel B. The linear dose
response is observed in the range of investigated doses with a statistically significant level of
background foci and minor variations between donors in radiation induced focus yield.
Figure 9, panel C demonstrates the kinetics of YH2AX following 0.6 Gy irradiation.

4 Discussion

Any computational algorithm designed to identify and count foci operates with a certain
number of parameters that need to be specified by the operator. Obviously, algorithms with
smaller number of parameters are preferable since they would be less complicated, easier to
learn and more user friendly. However, there is a certain minimum number of parameters
dictated mainly by the quality and complexity of images. An ideal bi-level image with the
level zero signal in the background area and the level one signal in the foci area would not
require parameters at all. A real image obtained by using available at present
immunofluorescent staining and confocal microscopy technologies features the presence of
the background signal and the variation of the signal in the focus area. Segmentation of such
images is usually based on the introduction of the intensity threshold parameter that is
present explicitly or implied in majority of focus identification algorithms [36, 38]. In our
algorithm, the segmentation is dependent, apart from the intensity threshold, on Top Hat and
H-Dome transformations, thus adding two more parameters at the segmentation step. This
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might appear as an over parameterisation of the approach, however it allows to efficiently
segment images in cases where simple intensity threshold fails, as for example in images
with significant variations in the background level so that it might exceed in some areas the
signal level. The application of Top Hat transformation in our algorithm efficiently reduces
background in such images as demonstrated in Figure 3. The simple intensity threshold
segmentation also fails to separate two or more adjacent objects (potential foci) if the valley
(minimum intensity) between these objects is above the threshold. Another disadvantage of
the intensity threshold segmentation is that, due to unavoidable variations between images in
average intensity, individual threshold values needs to be applied for various images, and
some published algorithms suggest calculation of individual threshold for each image [36].
These two issues are resolved in our algorithm by segmentation based on H-Dome
transformation as demonstrated in Figure 3.

The results of automated focus analysis are highly dependent on values of the parameters
used in a computational approach. Many studies that are based on computational approaches
specify the values of these parameters; however they rarely indicate how and why the
particular values were used. Meanwhile, the dependence of the counting results on the
chosen parameter values raises the issue of what should be considered as a focus [35]. The
results of the published study [35] indicates that although the number of automatically
counted foci depends on the chosen intensity threshold, the linearity of the dose response is
maintained for different threshold values, and therefore it is suggested to use the focus count
as a relative measure. This raises the question of how foci counted by automatic procedure
relate to those counted manually and invokes criticism of automatic focus counting. To
address these issues, the aim of the parameter optimisation in our approach is twofold. On
one hand, we introduced the procedure to choose operator-independent values of parameters
to define a focus objectively, and on the other hand, we cannot avoid subjectivity and ignore
the operator input to achieve the best one-to-one correlation between manual and automatic
counting. Values of three major parameters, such the size of structuring element, the dome
height and the intensity threshold are determined in our approach using objective criteria —
the maximum focus count and the maximum difference between “test” and “control”
images. However the value of a parameter such as the minimum focus count, that affects
one-to-one correlation of manual and automatic counting, is determined by the operator. Our
results however indicate that the degree of correlation expressed as the correlation
coefficient, nevertheless, doesn’t depend significantly on the choice of the minimum focus
size, thus validating our computational approach and parameter optimisation procedure. The
choice of the minimum focus size affects mainly the slope of the linear relationship between
manual and automatic counting.

Analysis of focus counting in mouse tongue sections revealed some deviation from the
linear dose response (Figure 6), and we suggested that this deviation originates from
overlapping foci that cannot be resolved by object splitting algorithm. The application of the
3D counting algorithm generated linear dose response (Figure 6). To support this
suggestion, we performed simulation of focus overlapping using approach similar to that
suggested by Bocker [39]. We should however note that this approach [39] underestimates
the overlap since it simulates the random distribution of foci in a circle representing nucleus.
Instead, we simulated the random distribution of foci in a sphere and analysed the overlap of
their projections on the cross-section of this sphere. The projections are not distributed
randomly in the cross-section, they tend to group in the middle, therefore the chance of
overlapping increases. Our simulation results indicated that the difference between 2D and
3D counting results (Figure 6) fits quite well into underestimation of focus count due to
overlapping.
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Analysis of focus count in human blood lymphocytes using the 2D counting algorithm,
however, didn’t show any significant deviation from the linear dose response. This finding
suggests, that the role of overlapping foci is less significant in this case. Firstly, it is due to
the larger, as compared to the mouse tongue cells, nucleus area/focus area ratio: for
lymphocytes 6080/39 = 156, and for mouse tongue cells 2024/23 = 88. Secondly, the larger
focus area (39 as compared to 23) allows better recognition of the shape of the overlapping
foci by object splitting procedure as described in section 2.4.2.

We have also attempted to apply 3D counting algorithm to the analysis of mouse jejunum
samples for which non-linear dose response is observed. We however didn’t observe any
change in the results towards improving linearity. This suggests the deviation from the linear
dose response in this case is not due to count underestimation at higher radiation doses. A
non-linear dose response with a trend to saturation in focus count was observed in tissue
samples by other researchers. For example, in mouse skin biopsies [40], a trend to saturation
is observed at a dose of 2 Gy 30 min after irradiation. The linear dose response in focus
count 10 min after irradiation was reported for mouse intestine in the lower dose range up to
1 Gy [31] with 8 foci/Gy yield, however a dose of 2 Gy was considered in this study at 30
min after irradiation, with 10-11 foci scored thus potentially indicating the deviation from
linearity.

Conclusions

The computational approach for automatic focus analysis described in this study and the
associated program represent an efficient tool for fast and reliable focus counting analysis.
The program maximises the automation of the nuclei identification analysis for complex
images from biological tissue that contain overlapping objects. The approach offers an
efficient and, to a large extent, user-independent way to optimise parameters used in major
image analysis and counting procedures. The optional application of additional algorithms
allows to deal with variations in intensity of the signal and background in a set of images
and separate overlapping foci. The program also provides automatic batch processing of a
series of images. Comparative studies of the results obtained by manual and automatic
counting demonstrated a good degree of correlation.

We intend to make our program freely available for scientific community. Although we
attempted to design a user-friendly interface, some training or reading of the user manual is
necessary for a new user. At present, development of the user manual is in progress.
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Flow chart demonstrating major procedures involved in the automatic focus counting
analysis (panel A) and details of the object identification algorithm (panel B) that is used for
identification of both foci and nuclei. An image containing two channels (foci channel and
nuclear channel, panel A) represents input data. Each channel is initially analysed

separately. For focus identification, optional noise filter and normalisation procedures can be
applied if necessary. The focus identification results are analysed in conjunction with the
collection of objects (nuclei) generated by the nucleus identification procedure. The object
identification procedure (panel B) includes Top Hat transformation to minimise background
signal and H-Dome based segmentation in combination with intensity threshold. Four
parameters are required as user input: the size of the structuring element, dome height,
intensity threshold and minimum object size. The object splitting procedure is applied
optionally if overlapping objects are present. For nucleus identification, application of Top
Hat transformation and H-Dome based segmentation is optional depending on the origin and
quality of the image (nuclei channel).
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Figure 2.

Identification of nuclei in the complex image using object splitting procedure. Panel A
shows a fragment of the fluorescent image (DAPI channel, represented as a gray scale
image) obtained from a mouse jejunum touch-print. Panel B demonstrates the result of
intensity threshold segmentation applied to that image. The segmented area is shown in red
colour. Individual nuclei overlap and can not be separated by the intensity threshold
segmentation. The outline of the nuclear area is shown in yellow colour in panel C. Pink
areas indicate areas below threshold within segmented (nuclear) area. Panel D demonstrates
how individual nuclei are automatically separated using our object splitting algorithm.
Outlines of individual nuclei are shown in yellow colour.
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Figure 3.

Mlustration of the image analysis and focus identification algorithm. Panel A shows a
fragment of an image of mouse tongue section with two nucleus object outlined in light blue
colour. Panel D shows the segmentation of the image using the conventional intensity
threshold. Application of the Top Hat transformation and subsequent segmentation using H-
Dome transformation in combination with the intensity threshold are demonstrated in panels
B and E respectively. The structuring element is shown in panel B (top left corner) in pink
colour. Panel C illustrates identification of foci, and subsequent application of the object
splitting procedure is shown in panel F.
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Figure 4.

Optimisation of the focus analysis parameters. Each curve in panel A represents results of a
series of counting runs using various values of the size of the structuring element (Top Hat
transformation) for a fixed value of the dome height (H-Dome transformation) for images
from blood lymphocytes samples. Open triangles, squares and inverse triangles represent
results for the dome height of 40, 50 and 60% for 1.5 Gy sample. Closed triangles show the
result for the dome height 40% following additional application of the object splitting
procedure. Open circles represent the results for 0.6 Gy sample and the dome height 40%.
Panel B shows the average number of potential foci per nucleus counted at various threshold
intensity levels for the control image (non-irradiated sample, circles), test image (5 Gy
irradiated sample, triangles) and the difference between the test and control focus count
(squares) obtained from mouse tongue sections. The threshold is represented as a percentage
of the possible maximum image intensity. An optimal value of the threshold is 3
corresponding to the maximum of the difference between the test and control image.
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Figure 5.

Identification and analysis of YH2AX foci in mouse jejunum touch-prints (A, B, C), mouse
tongue sections (D, E, F) and human blood lymphocytes. (G, H, I). Images were acquired by
confocal laser scanning microscopy from non-irradiated specimens (A, D, G), irradiated
with y-rays at 3 Gy (B, E), 0.6 Gy (H), 5 Gy (C, F) and 1.5 Gy (I). The red channel
corresponds to PI staining; the green channel corresponds to YH2AX staining. Examples of
nuclei identification and focus automatic identification and counting by our program are
shown on inserts in the top left corner of panels C, F and 1.
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Figure 6.

Focus counting analysis in mouse jejunum cells. Mice were irradiated with doses 1, 2, 3, 4
and 5 Gy (3 mice for each dose). Panel A: each data point represents average number of foci
per nucleus calculated for an individual fluorescence image. The number of nuclei identified
in each image varies from 50 to 160. The total number of images analysed is 47. The line is
drawn with the intercept = 0 and the slope = 1. The correlation coefficient RZ = 0.799
(P<0.0001). Panel B: each data point represents average number of foci per nucleus
calculated in a range of fluorescence images obtained from mouse jejunum touch-prints
irradiated at a given dose. Error bars indicate the standard error. The line is generated as a
result of linear regression analysis. Two-parameter linear regression analysis resulted in the
following values: slope = 0.946 + 0.090, intercept = 0.125 + 0.647. Given that the intercept
is not different significantly from 0, subsequent single-parameter linear regression resulted
in the following value: slope = 0.962 + 0.036. The correlation coefficient RZ = 0.965
(P<0.0005). Panel C: dose response of y-H2AX foci induction in mouse intestine cells 1 hr
after irradiation. Symbols represent results of manual (circles) and automatic (squares)
counting. The line is drawn as a result of non-linear regression analysis of combined
(manual and automatic) results using the three-parameter saturation model described by the

expression: N(D)=Ny+N,, (1 - Ft”), where D is the radiation dose, Ny is the number of
foci in non-irradiated cells, N,,, is the saturation level, 8 [Gy~!] is the focus yield per unit of
radiation dose (initial slope of the response curve). The yield of foci & = 7.5 + 3.8 Gy, the
saturation level N, = 8.06 £ 0.43.
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Figure 7.

Focus counting analysis in mouse tongue basal cells. Mice were irradiated with doses 0.5,
1.0, 1.5, 2, 3,4 and 5 Gy (3 or 6 mice for each dose). Panel A: each data point represents
average number of foci per nucleus calculated for an individual fluorescence image. The
number of nuclei identified in each image varies from 50 to 160. The total number of images
analysed is 105. The line is drawn with the intercept = 0 and the slope = 1. The correlation
coefficient RZ = 0.886 (P<0.0001). Panel B: each data point represents average number of
foci per nucleus calculated in a range of fluorescence images obtained from mouse tongue
sections irradiated at a given dose. Error bars indicate the standard error. The line is
generated as a result of linear regression analysis. Two-parameter linear regression analysis
resulted in the following values: slope = 0.990 + 0.042, intercept = 0.124 + 0.308. Given that
the intercept is not different significantly from 0, subsequent single-parameter linear
regression resulted in the following value: slope = 1.004 + 0.021. The correlation coefficient
RZ = 0.989 (P<0.0001). Panel C: Dose response of y-H2AX foci induction in mouse tongue
basal cells 1 hr after irradiation. Symbols represent results of manual counting (circles),
automatic counting (triangles) and automatic 3D counting (squares). Lines show results of
non-linear regression analysis using the three-parameter saturation model as described in the
Figure 6 legend; solid line for manual and automatic 2D counting, dashed line for automatic
3D counting. The yield of foci for automatic 2D counting & = 3.05 + 0.63 Gy ™!, for manual
counting & = 3.16 + 0.42 Gy !, for automatic 3D counting & = 4.26 + 1.20 Gy !. For manual
and automatic 2D counting, the regression analysis reveals some deviation from the linear
response with N,, = ~30.
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Figure 8.

Focus counting analysis in human blood lymphocytes. Panel A shows correlation of manual
and automatic focus counting. Each data point represents an average for a group of images
for either one particular radiation dose for a given donor, or one particular fixation time.
Images were obtained from irradiated blood from 4 donors: 0650550 - circles, 0650565 -
squares, 0650595 - triangles, 0650711 - inverted triangles. Blood from donors 0650550,
0650565, 0650595 was irradiated with doses 0.02, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.5
Gy, and lymphocytes were fixed 30 min after irradiation. Blood from donor 0650711 was
irradiated with 0.6 Gy, and lymphocytes were fixed 0.5, 1, 2, 4 and 8 hrs after irradiation.
Two-parameter linear regression analysis resulted in the following values: slope = 1.02 £
0.03, intercept = 0.14 £ 0.21. Intercept is not different significantly from 0. The correlation
coefficient R2 = 0.973 (P<0.0001 for the slope). Panel B shows radiation dose response of y-
H2AX focus induction in human blood lymphocytes 30 min after irradiation for 3 donors
06500550 (circles, solid line), 0650565 (triangles, dash line) and 0650595 (squares, dot
line). Symbols represent results of automatic counting; lines are generated by the linear
regression analysis. Values for intercept are 0.71 + 20, 0.84 + 39 and 0.88 + 32 for 0650550,
0650565 and 0650595 donors respectively, indicating statistically significant level of
background y-H2AX foci based on the linear model. Values for y-H2AX focus yield are
11.0+0.3,9.5 £ 0.6 and 12.0 + 0.5 Gy~ ! for donors as indicated above. Panel C shows
kinetics of y-H2AX after irradiation with 0.6 Gy (donor 0650711).
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