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Abstract

Measurement of the amount of oxidative damage to DNA is one tool that can be used
to estimate the beneficial effect of diet on the prevention of colon carcinogenesis. The
FLARE assay is a modification of the single-cell gel electrophoresis (Comet) assay, and
provides a measure of the 8OHdG adduct in the cells. In this paper, we present two
innovations to the existing methods of analysis. The first one is related to the FLARE
assay itself. We describe automated image analysis techniques that can be expected to
measure oxidative damage faster, reproducibly, with less noise, and hence achieve greater
statistical power. The proposed technique is compared to an existing technique, which
was more manual and thus slower. The second innovation is our statistical analysis: we
exploit the shape of FLARE intensity histograms, and show statistically significant diet
effects in the duodenum. Previous analyses of this data concentrated on simple summary
statistics, and found only marginally statistically significant diet effects. With the new
imaging method and measure of oxidative damage, we show cells in the duodenum exposed
to fish oil as having more oxidative damage than cells exposed to corn oil.

KEYWORDS: colon carcinogenesis, comet assay, corn oil, fish oil, FLARE assay, hier-
archical models, image analysis, single-cell gel electrophoresis.
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INTRODUCTION

Cancer usually develops slowly; hence, areliable biomarker of oxidative damage
would be beneficial. Altered guanine base 8-hydroxy-2-deoxyguanosine
(80OHAG) can be considered as one such biomarker (see Boiteux and Radicella,
1999; Halliwell, 2002; Jackson and Loeb, 2001; Loft and Poulsen, 1996). BOHAG
has been found to be highly mutagenic (see Boiteux and Radicella, 1999). Hence,
an increase in the amount of 80OHAG damage to DNA should be correlated with
increased rates of cancer (see Halliwell, 2002).

To be able to measure increased levels of B0OHAG, the FLARE assay can
be utilized. The FLARE assay uses the single-cell gel electrophoresis assay, also
known as Comet assay, to produce images of the amount of damage to DNA of
individua cell nuclei (see Collins et a., 1995; Singh et al., 1988). Moreover, half
of the nuclel are exposed to the repair enzyme formamidopyrimidine-DNA
glycosylase enzyme (FPG). FPG is found in Escherichia coli, and it is part of the
repair process by removing the oxidized guanine (refer to Boiteux and Radicella,
1999). DNA of cells that are exposed to FPG should contain both naturaly
occurring breaks in DNA, as well as breaks caused by FPG at places containing
oxidized guanine base. DNA of cells not exposed to FPG can serve as a baseline
for naturally occurring DNA breaks.

Existing methods of image analysis involve manualy identifying each
comet on an image, and utilizing a macro on each identified comet to compute a
measure of DNA damage (see Bancroft et al., 2003). Doing this for thousands of
comet images is slow, and prone to possible error. We propose an automated
image analysis that will automatically identify comets in an image, as well as
compute a desired measure of damage for each comet, which would be faster and
more consistent than the current image analysis method.

In the paper, we compare the two techniques to determine how they differ
by analyzing the amount of 80OHdG DNA damage in colonocytes from rats
consuming diets containing either fish oil or corn oil (see Bartsch et a., 1999;
Diggle, 2002; Hong et a., 2002; Sanders et a., 2002; Sugimura, 2000), and with
or without dextran sodium sulfate (DSS) treatment (see Tardieu et al., 1998;
Tardieu et a., 2000). Analysis of our data using existing methodologies yielded
margina results. The analysis using the proposed automated imaging algorithm
produced more significant results.

We also hypothesize that an important component of the data collected is
the image shape. This paper reports a new statistical variable that describes the
shape of a comet, along with the automated imaging agorithm, and statistically
significant diet effects.
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MATERIALSAND METHODS

Two groups of Sprague-Dawley male rats were established. One group consumed
a diet containing corn oil, while the other group of rats consumed a diet
containing fish oil (see Bancroft et a., 2003). Three further subgroups were made
in each of the diet groups. The first subgroup was treated with 3% DSS (ICN
Biomedicals, Aurora, OH) in the drinking water for 48 hours. Another subgroup
was aso treated with DSS for 48 hours, but was then given 48 hours before
euthanasia, to allow for recovery and DNA repair. The final subgroup was the
control which received no DSS treatment. Each of the subgroups contained ten
rats. Results from one rat fed corn oil with DSS treatment was excluded due to a
sampl e preparation problem.

FLARE Assay Preparation

For each rat, cells were obtained from both the colon (large intestine) and the
duodenum (small intestine). There were usually more than 200 cells per rat in
each location available for analysis. Half of the cells obtained from each location
were treated with FPG, while the other half remained untreated. Since these
locations are directly exposed to the oil effect, they should be more precise in
predicting the direct effect of oxidative damage in the intestina tract due to the
oils, as opposed to a more indirect measurement of oxidative damage, for
example, in blood or urine.

To measure the amount of DNA damage in each cell, the FLARE assay,
also known as the FPG-comet assay, was utilized. The FLARE assays were
prepared by first melting Comet LM Agarose (Trevigen; Gaithersburg; MD), and
adlowing it to cool in a42°C water bath for 10 minutes. The cells were prepared at
a concentration of 100,000 cells per 1mL in cold 1X PBS (cacium and
magnesium free). In a microcentrifuge tube, 25uL of the cells and 250uL of the
cooled agarose were mixed. Then 50uL of the mixture was quickly pipetted onto
each sample area of the CometSlide (Trevigen). The mixture was then evenly
spread onto the whole sample area of the slide and placed in a dark refrigerator at
4°C for 20 to 25 minutes to alow for the agarose to shrink. The lysis solution
(1% sodium lauryl-sarcosinate, 2.5M NaCl, 100mM EDTA, 1% Triton X-100,
10mM Tris base; pH 10) was made same way as was described by Singh, et a.
(1988). The dlides were then immersed in the pre-chilled lysis solution, and sat on
ice for 30 minutes. The slides were then transferred into 1X FLARE buffer (1mM
HEPES-KOH a pH 7.4 100mM KCI) for 15 minutes. The buffer was then
disposed, and this step was repeated three additional times. The area on the slides
around the agarose was dried, and the FPG-treated cells were treated with a
working enzyme solution (50% FPG activity in 800uL of the reaction buffer
(0.04% 25X FLARE Buffer, 0.01% 100X BSA)). The untreated cells were only
exposed to the reaction buffer. The treatment was added dropwise to the sample
area. The slides were incubated in a humidity chamber at 37°C for 45 minutes.
Then the slides were incubated in alkali solution (ImM EDTA; pH 12.5) at room
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temperature in the dark for 15 minutes. The akali solution was replaced and
incubation was done for another 15 minutes. The horizontal gel electrophoresis
apparatus was filled with enough alkali solution to cover the slides by 1cm. The
dides were placed equidistance from the electrodes, and were alowed to
electrophorise for 20 minutes a 25V in the dark at 4°C, as previously cited by
Singh. The excess alkali solution was removed, and the slides were immersed in
70% ethanol for 5 minutes. The slides were allowed to air dry overnight in the
dark. The dlides were then stained with a diluted SYBR Green (0.1uL SYBR
Green, ImL TE(10mM Tris, ImM EDTA; pH 7.4)). The slides were then viewed
by epiflurescence microscopy.

A complete description of the procedure is available in Brancroft, et al.
(2003).

As was described above, the FLARE assay is performed by running gel
electrophoresis on DNA from a single isolated cells. Migration of the DNA is
dependent on its size, with smaller pieces migrating farther in the gel than larger
pieces, resulting in an image that gives the appearance of a comet. A comet shows
the amount of damage to DNA of a single cell. Figure 1 contains examples of
comets with varying levels of DNA damage. These comets were chosen to show
the different levels of comet damage.

The comet is composed of two parts. The circular part to the left is called
the head (or nucleus). When there is no damage, there will only be a head.
However, when there is damage, the comet will also have atail. Everything to the
right of the head is called the tail. In Figure 1, the comet in the top left corner only
has a head. Consequently, the DNA of this cell had only minimal level of damage.
However, as you move down and from left to right, the amount of DNA damage
increases. This is reflected in the fact that more of the intensity of the comet is
contained in the tail. The comet showing most DNA damage is in the bottom right
corner. Almost al of theintensity isin the tail, and the head is not very visible.

This method is able to detect 1 single-strand DNA break per 3x10°
Daltons of DNA (refer to Singh, 2000).

After the preparation, images were obtained from the processed cells. An
image agorithm was then used, which computed a measure of the amount of
oxidative damage in each cell. The amount of 80HdG adducts for each rat-
location used in the analysis was the difference between the FPG measure and the
no-FPG measure.

Existing Image Analysis and Calculations

The existing analysis used the Metamorph Imaging System (Version 4.6r3,
Universal Imaging Corporation, Downingtown, PA) for capture and analysis of
the image, as follows. Images of randomly selected comets were captured and the
file was stored on the computer. Each comet image was then identified manually
on the slide. For each comet, the head of the comet was identified by selecting a
threshold which separates the head from the background.
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Figure 1: Different levels of damage in comets. Damage level increases for comets
moving from top to bottom, and from left to right. The comet in the top left corner has the
least amount of damage (it is almost al head). The comet in the bottom right corner has
the most damage (it isamost al tail).

If pixelsthat were not part of the comet were selected, then afreeform tool
was used to define the area of the image where the comet was located. If pixelsin
the tail were included in the head after thresholding, the user could create a two
pixel gap between the head and the tail to help the program identify the end of the
head. Any pixels still identified by thresholding but not part of the head could be
removed from calculations by manually identifying them.

A box was then drawn that contains the comet, with the right side of the
box extending 10 to 20 pixels beyond the end of the comet tail. A macro was
executed that circled the thresholded head and found its center. Average intensity
of the pixelsto the right of the tail was used to estimate the background intensity,
which was subtracted from the result. A measure of the amount of damage was
then computed by the program for the comet.

http://www.bepress.com/sagmb/vol4/issl/art5
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The standard output from FLARE analysis is the relative tall moment
(RTM) (see Hellman et al., 1995; Morris et a., 1999; Riso et a., 1999), defined as

RTM = 100* (tail moment)/(tail moment + head moment)

where head or tail moment is defined as the sum of the distance away from the
center of the head times the amount of DNA in the head or tail at that distance,
respectively. The advantage of this variable is that it does not depend on the scale
used to measure the distance (as long as the same scale is used for both the head
and the tail moment), or whether the intensity of the comet is standardized.

Proposed New Image Analysis

The existing image analysis method did not have the benefit of a standardized
routine of data generation, making it less objective than desired. Therefore, the
possibility exists for inconsistent comet identification and processing. The new
method of image analysis uses a set algorithm for identifying a comet and its
components, thus reducing the variability introduced by human error in the
existing image analysis system. It provides a methodical approach that is
reproducible, and concentrates on eliminating as much of the background noise as
possible before processing.

The processing of the FLARE images was done in the following manner.
First, a grayscdle FLARE image was converted to a zero-minimum-intensity
image by subtracting the minimum intensity from all the pixels. The image was
then enhanced by a nonlinear scaling of the pixel intensities: each pixel intensity
was raised to the power 1.05. The enhanced image was converted to a binary
image by thresholding at a grayscale level of 50. This binary image had legitimate
comets together with abnorma non-comet areas of staining on a black
background with speckled noise. From observation it was found that comets had
an area of less than 11000 pixels. Anything larger than that was considered non-
specific, and was removed by using a sequence of morphological operations (refer
to Dougherty, 1992; Dougherty and Astola, 1999; Giardina and Dougherty, 1988;
Serra, 1982).

Incomplete comet images (those partially obstructed by the image
boundary) were eliminated using morphological operators for removing boundary
regions (see Dougherty, 1992). The speckled noise in the resulting binary image
was removed by applying morphological opening on the image using a disk of
radius 1. A grayscale image corresponding to the original enhanced image was
created using the morphological operations of thinning and reconstruction and
using the above binary image as the mask. Morphological methods for
reconstruction and thinning may be found in Dougherty (1992) and the SDC
morphology toolbox for matlab.

The resulting image, J, was then used to construct markers for the
potential comet regions, which could be head, tail, head with tail, or abnormal
shaped regions. First, markers for heads were constructed through a sequence of

Produced by The Berkeley Electronic Press, 2005



Satistical Applicationsin Genetics and Molecular Biology Vol. 4[2005], No. 1, Article5

morphological operations. The image J was negated and basins with contrast
greater than 170 were found using the SDC morphology toolbox for matlab.
These regions were labeled as the heads since it was found that the head region
had a very high contrast (greater than 170) compared to tails. To remove noise,
shapes with a disk radius of less than 3 were removed by morphological opening.
This image was converted into a binary image via thresholding as discussed
earlier. A thinning operation on the binary image provided the markers for the
heads. The head was reconstructed from the original enhanced image via
reconstruction using morphological operators and the markers for the head. The
process of thinning and reconstruction removed some of the noise not removed by
the morphological opening used earlier.

A similar operation for reconstructing the tails was used. Regions
corresponding to the head were subtracted from the original image and markers
for the tail were generated as in the case of the head after cleaning the image. The
tails were then reconstructed. It should be noted that the regions detected may not
necessarily be tails; they could be comets complete with a head and tail or heads
which are weak in signal intensity. The two binary images of the head and the tail
regions were combined and each region was labeled. Thus the outline of all
clearly visible heads and tails of comets in an image were obtained. Tails with
weak signal intensities and low density may not be detected and were specialy
processed later on.

Before further processing of the head and tail regions, regions with
abnormal shapes should be removed. To do this, an intensity vector was
constructed for each region by summing along the vertical length of the region for
each pixel aong the horizontal length of the image. The shape of the intensity
vector was used to determine if the region is a legitimate head/tail region. The
intensity vector was smoothed using an FIR filter of order 25 and cut-off
frequency 0.1. A measure, defined as the square root of the weighted sum of the
sguares of the intensity values and the respective index values (of the intensity
vector), was then computed. This measure was indicative of the amount of matter
around a peak: the region was declared as abnormal if either this measure was too
low or if the measure was too large and the number of peaks was very high. This
method was not 100% effective; however, it removed most of the abnormal
regions. Categorization specified below was used to identify additional abnormal
regions (anomalies).

Classification of the labeled regions as head, heavy tail or head with tail
was necessary to identify the comets in the given image. For this purpose, four
measures were computed for each labeled region. Two of these measures were the
area and the width-to-height ratio of the bounding box containing the labeled
region. Two other measures, r, and r;, were computed. The measure r, was
computed by flipping the left half of the region onto the right and finding the
excess of the original region on the right half with respect to the flipped one. The
measure r;, on the other hand, was computed by flipping the left half of the region

http://www.bepress.com/sagmb/vol4/issl/art5
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onto the right and finding the excess of the flipped half with respect to the original
right half. The four measures form a parameter space, and the space was split into
the following six classes: head, small head, significant tail, heavy tail, head and
tail, or anomalous.

Once the labeled regions were classified, the comets were reconstructed.
First solitary heads and tails were considered and matched to see if they form a
head-tail pair. The matching conditions were straightforward: the tail should be to
the right of the head (in the direction of the current flow) for an unpaired head and
the head to the left of the tail for the unpaired tail. The region to the right of the
unpaired head was masked: 130 pixels to the right of the head were considered.
This region was enhanced by thresholding the particular region in the original
image with alow threshold level of 30. Post processing on the region was done to
extract the signal from the noisy background.

For the unpaired tail, the region to the left was masked. Here again, re-
thresholding at a lower threshold value was done and the density of signa (the
sum of the signal intensities, in the bounding box placed left of the tail with a
length of at most 65 pixels and a height equal to that of the tall, divided by the
area of the bounding box) to the left of the tail was computed. If this density was
greater than 1 (determined via trial and error runs), then further checking was
done to ensure that the region does have a head. This involves identifying the
peak of the head from the intensity vector. If the region about the peak was
symmetric, then the region was classified as a head, and a mask, i.e. anew labeled
region, which contains both the head and the tail was drawn. The labeled regions
were thus classified as heads with tails, head only or tail only. The anomalous
regions were neglected and masked out.

Following identification of the comets, the intensities for each comet were
computed. Before the actua raw intensities were computed, the background
intensities were computed locally for each region in the following manner. The
mean intensities on the four sides of the labeled region viz., the top, bottom, right
and left were computed. The median of these four background estimates was then
taken as the background estimate for the label ed region.

The intensity estimation was done for the head and the tail separately. For
the new labeled regions, which have been classified as head with tail or just head,
the head intensity was calculated by creating a mask symmetric about the vertical
axis passing through the center of the head. This mask was created by replacing
the right half of the head mask by the left half. The original image under the mask
was reconstructed and the pixel intensities along the vertical axis were summed
up for each pixel along the length of the head. The rest of the region in the
bounding box was considered as tail, and the intensities were integrated as for the
head.

For the regions classified as not having a head or a very small head, the
processing was different. The head mask was identified by defining a box around
it and the intensities were integrated. The rest of the region was considered as tail,

Produced by The Berkeley Electronic Press, 2005



Satistical Applicationsin Genetics and Molecular Biology Vol. 4[2005], No. 1, Article5

and the intensities for the tail were integrated. Finally, the background intensities
computed locally for each region were subtracted from the intensities computed
above. Various measures could be computed from these raw intensities.

The above description of the algorithm includes several set parameters,
like raising each pixel intensity to the power 1.05. Small subset of slides was used
to help in the selection of these parameters. Through iteration, it was ensured that
this small subset of slides was being processed correctly. Once this subset of
slides was being processed correctly, the same parameters were used for the entire
set of dlides. The entire set of slides was processed only once. Since the
parameters were the same for al the dlides, this ensured that all of the slides were
being processed in the same way, and by a known algorithm. By manually
comparing the slides and the results obtained by this proposed agorithm, we
know that 90% of the time the slides are being processed correctly. The reason for
incorrect specification of the 10% of the slides is described in the discussion.
Consequently, even though the proposed algorithm is not entirely objective, itisa
set agorithm which ensures that all of the comet slides are processed using
exactly the same criteria

Figure 1 shows FLARE images isolated by the program. After the head
and tall intensities were summed over in the vertical direction, an intensity
histogram for the FLARE was created. It should be noted that summing intensities
in the vertical direction is feasible since the electric current only has a left-right
effect, so the vertica position of a stained particle does not provide more
information about the damage in a comet. An example of such a histogram is
shown in Figure 2. This histogram corresponds to the first comet in the second
column of Figure 1. The horizontal axis is the number of pixels in the comet
image. The vertical axisin Figure 2 corresponds to the intensity of the comet for a
given distance in the horizontal direction. Note that for the analysis, the vertical
axis will be standardized so that the area under the function will be one. The solid
lineisthetail, while the dashed line corresponds to the head of the comet.

The Matlab code used for processing the slides, along with a few example
FLARE dlides, is available at the following website: stat.tamu.edu/~mleyk in the
“Comet” section.

http://www.bepress.com/sagmb/vol4/issl/art5
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Figure 2: Example of intensity histogram for a comet, with head (dashed) and tail
(solid) intensities.

New Statistical M ethods

The previous statistical analysis was based on data where the relative tail moment
(RTM) was computed for each cell, and then a summary measure of the RTMsfor
all cells was computed at the rat-level, see Figure 3. The summary measure was
either the mean, median, 1% quartile, or 3" quartile of RTM values. Since the
guantity of 80OHdG is the variable of interest, the difference between the results
with and without FPG needs to be calculated at the rat-location level. The
statistical analysis is based upon two steps: (a) the measure of oxidative DNA
damage computed for each cell, and (b) the aggregation of cell-level summariesto
rat-level summary statistic.

First consider the measure of DNA damage. While RTM does contain
information about the amount of oxidative damage, additional information about
the level of damage is contained in the shape of the comet. When presented with
an image of the comet, severity of damage can be easily assessed just by looking
at the shape of the comet. By describing the shape, and not just means, the
differences between comets should be more apparent than what is provided by
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some of the previous estimators. In our work, in addition to RTM, we used

skewness to test for differences in comet shape, which we denote by U,
Formally, thisis defined as

skewness = O, = u, /(u,)*?
where

u = Z(Xi )" x (proportion of intensity at pointx;) .
J

In the above equation, x; is the value on the horizontal axis of the intensity

histogram, with the center of the head of the comet being 0 on the horizonta axis.
Note that to compute u,, the comet does not need to be separated into a head and

atail part.

The second part of the statistical analysisis based on aggregating the cell-
level measurement (RTM or skewness) to form a summary measure for each rat.
In addition to the mean and the median, we also used the first and third quartiles
(25" and 75™ percentiles, respectively). The mean and median are two ways of
describing the distributions of the RTM or skewness. The median describes only
what has happened in the middle of the distribution. However, the first and third
guartiles describe what has happened to the left and the right of the center. These
three are not necessarily dependent on each other. In particular, for the same
median, there can be many possible values for the two quartiles. Therefore,
additional information can be obtained about the distributions by examining the
first and third quartiles.

Compute Compute X
/9' —= |RTW/T, ——=| mean‘medians
for each comet Q,/Q, ofcells WMeasure used :

colon C

cells EY = -
mp1ine mpum x RO /
\\\ Mo BPG| —= |RTM/T, — — | mean/median/

e Yo T Rew

fior each comet
Q,/Q 2,ofcells
Rat &
Compute Compute X e
/ _ R‘['M.l‘ul ——=| meanfmedians -\_\
fior each comet Q,/Q 3‘::nfcells TWleasure used :

duodenum O

*ro~ " roe” Ron

cells :
Compl.?e Compute X oo /
\\ Mo FPG| —=|RTM/u, ——==| mean‘median/

for each comet QIIQ30fceIIs

Figure 3: Representation of how the final measure of oxidative damage for each rat
iscomputed in the new analysis.
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It should be noted that the mean will depend on the median, first and third
quartile values. If the distribution of RTM or skewness is skewed to the right, the
location of the mean will be to the right of the median, and to the left of third
quartile. Therefore, any significant results seen in the mean may be explained by
what is happening with the quartiles.

RESULTS

As described above, the previous technique used a manua image analysis,
computed the RTM for each comet, where each comet represents DNA damage in
a single cell, and aggregated it to the rat-level by computing the mean, median,
first and third quartile RTM over al cellsin arat. The level of 8OHAG was then
assessed as the difference between the aggregated value for FPG and no-FPG
cells. A graphical representation of this process is similar to the process given in
Figure 3, except only RTM is computed for each comet.

With previous imaging and summary statistics, the only significant diet
effect was found in the colon when aggregation was performed using the first
guartile RTM (p-value of 0.044, see Table 1). Here, the corn oil diet estimate was
higher than the fish oil diet estimate, indicating more oxidative damage to cells
exposed to corn oil (Table 2). The only other significant effect was in the colon
when aggregation was done using the third quartile (p-value of 0.030, Table 1). It
indicated that administration of DSS resulted in a statistically significant increase
in oxidative damage over control or DSS with a recovery period. The estimates
for the statistically significant treatment and diet effects are given in Table 2.

In contrast with the previous imaging and statistical anaysis, the new
imaging and new statistical analysis showed stronger diet effects, especially in the
duodenum.

In the new image analysis, we first considered RTM. Here we see a
statistically significant result for diet in the duodenum when the summary
measure aggregated for the rat is the third quartile of the RTM (p-value of 0.007,
Table 1). The fish oil caused more oxidative damage than the corn oil (see Table
2). This finding suggests that diet influences the distribution of DNA damage,
particularly in the amount of severe DNA damage. This is the only statistically
significant effect found when RTM was examined.

With this background, we now consider the replacement of the RTM by
the skewness (U, ). Because we conjecture that shape is critical in elucidating diet
effects, we would expect to see diet effects to become more obvious. This

happens in the duodenum since both the mean and the third quartile of the shapes
(skewness) show highly statistically significant diet effects (Tables 2 and 3).

11
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Table 1: Comparing p-values for RTM when the previous or new imaging methods

wer e used
Method Location  Effect Mean 1% Median 3¢
p- Quartile p-vaue Quartile
value p-vaue p-value
Previous Colon Treatment 0.266 0.991 0.613 0.030
Previous Colon Diet 0.119 0.044 0.151 0.690
Previous cColon Diet*Treatment  0.650 0.664 0.417 0.766
Previous Duodenum Treatment 0.337 0.383 0.470 0.555
Previous Duodenum Diet 0.805 0.869 0.059 0.806
Previous Duodenum Diet*Treatment 0.858 0.894 0.696 0.566
New Colon Treatment 0.608 0.855 0.626 0.090
New Colon Diet 0.961 0.583 0.587 0.778
New Colon Diet*Treatment 0.435 0.526 0.175 0.858
New Duodenum  Treatment 0.474 0.159 0.919 0.724
New Duodenum  Diet 0.275 0.396 0.721 0.007
New Duodenum Diet*Treatment 0.417 0.463 0.557 0.180

Note: there were 10 rat-level observations for each location (colon, duodenum), diet (fish oil,
corn ail), and treatment (control, DSS, DSS with recovery), except for the corn oil with DSS
treatment there were only 9 rat-level observations for both the colon and the duodenum. Each
rat-level observation is usually based on at least 100 cell-level observations.
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Table 2: Estimates of significant diet and treatment effects

Imaging RTM/ Location  Diet/ To Rat Level Estimate +
Method skewness Treatment Aggregation Standard Error
Effect Type

Previous RTM Colon Control Qs 2.44+314%
Previous RTM Colon DSS Qs 12,64+ 3.23%
Previous RTM Colon Recovery Qs 1.42+314%
Previous RTM Colon Corn Q 8.79 + 2.48 ™
Previous RTM Colon Fish Q 1.62+2.43"
New RTM Duodenum  Corn Qs 1.03+1.06
New RTM Duodenum  Fish Qs 313+ 1.05%
New skewness  Duodenum  Corn Mean -0.05 = 0.05 g;
New skewness  Duodenum  Fish Mean -0.21 £ 0.05
New skewness  Duodenum Corn Qs -0.13 £ 0.09 :;
New skewness  Duodenum  Fish Qs -0.41 £ 0.09
Effects with the same letter superscript (a b, ¢, d, or €) are compared for dtatistical
significance. Different superscript number (1, 2) following the same letter denotes
statistically significant difference.

Table 3: P-valuesfor skewness, when the new imaging methods ar e used

Location Effect Mean 1% Quartile Median 3" Quartile

p-value p-value p-value p-value
Colon Treatment 0.441 0.928 0.852 0.254
Colon Diet 0.385 0.205 0.202 0.915
Colon Diet*Treatment 0.223 0.412 0.226 0.347
Duodenum  Treatment 0.412 0.244 0.671 0.519
Duodenum  Diet 0.024 0.482 0.159 0.027
Duodenum  Diet*Treatment 0.847 0.700 0.792 0.811

Note: there were 10 rat-level observations for each location (colon, duodenum), diet (fish ail,
corn oil), and treatment (control, DSS, DSS with recovery), except for the corn oil with DSS
treatment there were only 9 rat-level observations for both the colon and the duodenum. Each
rat-level observation is usually based on at least 100 cell-level observations.

To explain the negative skewness results, Figure 4 will be used. It uses the
intensity histograms for all comets. The center of the head was set as zero on the
horizontal axis so that they would be aligned. The intensities for all the comets
were standardized so that the area under the intensity histogram was one. Let the
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intensity histograms of these comets be denoted by f. - (%), where D denotes

the diet type, R the rat given diet D, L the location in the rat, F the FPG type, and
C acomet obtained from cell in location L from rat R. Then for all the comets for
rat R, location L, and FPG type F, the mean intensity for each horizontal axis
location was found. In the above notation, this means that:

forr (X) = Z forrc (X)) /1,

CcRL
for each value of x,. Above, n. isthe number of comets for rat R and location L.

The average is then taken for all the rats with the same location and FPG type for
each horizontal axis location:

fore (%) = z fore ()71,

RcDL
for each value of x . Here, n, isthe number of rats with diet D and location L.
From the resulting function f, - (X, ) , Figure 4 was created.
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Figure 4. Representative curves for FPG (solid) and no FPG (dashed) in the
duodenum and colon for ratsfed a fish and corn ail diets.
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DISCUSSION

The main advantage of automated image analysis is that it is faster than
processing 35,000 comets manually. It is also more consistent in selecting and
identifying comets. While the current image analysis is not perfect, it identifies
parts of the head and tail the same way for every comet. There is no variability or
bias due to atechnician error. It is aso reproducible, meaning that if the algorithm
was performed again on the same FLARE images, it would produce the same
results. This is not true with an analysis that involves extensive human
intervention.

While the new image analysis approach is beneficial in processing large
amounts of data, it aso has a few drawbacks. The program processing the images
finds it hard to distinguish a comet with a smal head from clustering of the
fluorescent material that is not a comet. This type of clustering seems to occur
naturally, appearing as little specs on the image. One solution to this problem is
not to consider “comets’ that are smaller in height than a certain threshold. In this
analysis, the threshold of 12 pixels was established by comparing images and
their corresponding intensity histograms. Specs that were too small to be nuclei of
cells were identified. The height of these specs was considered, based on which
threshold was established. The comets below that threshold (2.4%) were not
considered in the analysis.

Another problem that occurred, similar to the above problem, was that
specs were identified as small heads, and a comet with a head right behind the
spec was identified as adl tail. This occurred in 4.4% of the comets, with too much
of the comet being attributed as tail. While this type of problem could be fixed by
adjusting the threshold for the smallest amount of intensity in an area that could
be considered as a head, doing this would aso eliminate from the analysis some
comets with a substantial amount of damage. The last magjor problem with the
analysis was when two comets were too close together. In 3.5% of the cases, the
comets were overlapping enough to be identified as one comet.

Some of the problems mentioned above might be corrected by adjusting
the thresholds (parameters) on the comet specification. However, this will aso
cause a certain percentage of good comets not to be processed because they did
not meet the specifications. This will most likely hold true for comets that had a
substantial amount of damage. Eliminating these types of comets would be
counterproductive, so the thresholds on the comet specification were not adjusted
further. The current imaging algorithm correctly processed 90% of the images,
while a the same time yielding gains in processing speed, precision, and
reproducibility.

Using the new image analysis, the diet effects turned out to be stronger
than in the previous image analysis (see Bancroft et a., 2003). The two imaging
techniques can be compared based on the results obtained for RTM values. The
RTM p-value was more significant when the new imaging method was used
rather than when the previous imaging method was used. However, the location of
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the diet differences was not the same. In the previous imaging method, the
marginaly statistically significant diet effect was only seen in the colon. Using
the new imaging method, the statistically significant diet effect was seen only in
the duodenum, but not in the colon. Different results in the two methods must be
due to difference in image processing since the same set of images was used for
both procedures. We prefer the new imaging method since it is reproducible, and
puts more emphasis on eliminating noise.

From this new data analysis it can be concluded that fish oil causes more
oxidative damage than corn oil in the duodenum. No significant diet effects were

found in the colon. While thereis also a strong diet effect for the skewness (U,) in

the duodenum, the result is not as easily interpretable. The difference between
corn and fish oil estimates is positive, but each of the individual diet estimatesis
negative (see Table 2). The corn oil diet estimate showed no statistical difference
between data with and without FPG incubation, so these values could not be
concluded to be different from zero (p-vaues 0.3576 and 0.1421 for mean and
third quartile, respectively). However, for fish oil the difference in FPG types was
negative (p-vaues less than 0.0001 for both mean and third quartile).

In order to explain the negative values obtained, Figure 4 was created. [t
shows the FPG (solid) and no FPG (dashed) for fish and corn oil diet in the
duodenum and colon. The curves can be thought of as representative curves for
the comets in the given location, diet, and FPG type groups. If U, is computed for

both the fish FPG curves for duodenum in Figure 4, and then the difference is
taken, this difference is negative. From this figure, it can be concluded that there
is more damage when FPG is present since the level of intensity (vertica axis) in
the head is lower for FPG, and thus higher intensity must be in the tail than when
FPG is not present. Similar behavior can be seen for the two fish FPG curves in
the colon, but to a lesser extent. For the corn oil curves, there is amost no
difference between the FPG curves. To summarize, differences in FPG curves for
fish oil are more pronounced than for corn oil. Also, the negative difference
between skewness of the FPG curve and the no-FPG curve for fish oil implies
higher level of damage for the FPG curve than the no-FPG curve, as is expected.

Consequently, the data suggests that fish oil causes more oxidative
damage than corn oil. However, further studies on the colon from the same rats
found that fish oil enhances apoptosis (see Bancroft et al., 2003). From the
FLARE assay, it could not be determined which cells were in the process of
apoptosis, and would consequently have more DNA fragmentation. However, if
the cells exposed to fish oil and an oxidizing agent were more likely to undergo
apoptosis, then this would imply that the larger amount of damage seen when fish
oil isin the diet is not necessarily harmful. The cells that were in the process of
apoptosis would show more damage, but they would not pose a risk of increased
digestive tract cancer since they would be eliminated.
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