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Abstract An assay method that precisely quantitates the cellular and tissue changes associated with early,
preinvasive neoplasia is much needed as a surrogate endpoint biomarker (SEB) in clinical trials to predict the potential
efficacy of chemopreventive agents in bringing about cancer incidence reduction. Quantification of histological
changes at the tissue level are potentially powerful SEB’s since these visually apparent changes are common in all
neoplastic development, regardless of tissue type or neoplastic cause. Currently, subjective inspection of the histological
appearance of sectioned and stained material, or ‘‘grading,’’ by experienced pathologists is used to evaluate neoplastic
progression. This has well-known limitations of reproducibility, accuracy, and resolution of grading scale. Since
neoplastic changes are visually apparent and morphologic in nature, quantification by image analysis is a measurement
modality of choice.

Image analysis was implemented through the use of high-resolution ‘‘tiled’’ images of complete tissue sections. A
histological grading system, or ‘‘scale,’’ was developed that could be expressed in terms of normal deviate units of
multiple and different morphometric descriptors. Neoplastic growth was characterized quantitatively with multiple
measurements on each tissue image tile, which were combined into a single number for each tile, i.e., a histologic grade
per tile, and parameters from the distributions of these measurements were used to represent the histologic grade for the
entire region considered. This concept provided a uniform final scale in similar units of measurement, regardless of
which tissues were graded. Also, the grading scale automatically adjusted measurement variance for different tissues by
using normal tissue for each different type to obtain the normalization to standard deviation (z) units. This further defined
a uniform final scale and maintained standard references.

Using this method, results from two well-known animal models of carcinogenesis, squamous cell carcinoma of
SENCAR mouse skin induced by benzo(a)pyrene (B[a]P), and squamous cell carcinoma of the rat esophagus induced by
N-nitrosomethylbenzylamine (NMBA), were compared to each other. Image analysis was performed on skin tissue
sections from a total of 64 SENCAR mice, and esophagus tissue sections from 96 Fischer-344 rats. In both cases, a
quantitative expression of the preinvasive neoplastic response to the carcinogen as a function of time of exposure was
expressed along a continuous grading scale in standard deviation units (z) . In the SENCAR mouse skin animal model,
similar cohorts of 4 mice at 20 weeks showed significant modulation of B[a]P-induced neoplasia by treatment with the
antiproliferative agent difluoromethylornithine, P , .05. In the rat esophagus animal model, similar cohorts of 6 rats at
10 and 15 weeks showed significant modulation of NMBA-induced neoplasia by treatment with the antimutagen
phenethyl isothiocyanate, P , .05. J. Cell. Biochem. Suppls. 28/29:21–38. r 1998 Wiley-Liss, Inc.
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Cancer chemoprevention attempts to prevent
clinical cancer by the administration of syn-
thetic chemical or dietary constituents prior to
or during the early phases of preinvasive (in-

traepithelial) neoplasia, in an attempt to block
or delay progression to invasion [1] (Fig. 1). An
assay method to precisely quantitate the cellu-
lar and tissue changes associated with early,
preinvasive neoplasia is much needed as a sur-
rogate endpoint biomarker in clinical trials to
predict the potential efficacy of chemopreven-
tive agents in bringing about cancer incidence
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reduction [2]. This paper presents such an as-
say method, using computer-assisted image
analysis,which is generally applicable to tis-
sues of any organ system, including breast,
prostate, colon, aerodigestive tract, etc., in hu-
mans and in animal models of carcinogenesis.

Two well-known animal models of carcinogen-
esis were chosen for study: squamous cell carci-
noma of SENCAR mouse skin induced by paint-
ing with benzo(a)pyrene (B[a]P) [3], and
squamous cell carcinoma of the rat esophagus
induced by subcutaneous administration of
N-nitrosomethylbenzylamine (NMBA) [4]. To
evaluate the ability of imaging methods to
measure carcinogen-induced nuclear and histo-
logical changes inhibited or reduced by a chemo-
preventive agent, the antiproliferative difluoro-
methylornithine (DFMO) was tested in the
SENCAR mouse skin model [5], and the antimu-
tagen phenethyl isothiocyanate (PEITC) was
tested in the rat esophagus model [6]. Both
chemopreventive agents were administered
orally. A main goal of these studies was to
develop surrogate endpoint biomarker assays
for animal model studies and for human clini-
cal chemoprevention trials, which are not only
more quantitative and precise, thereby requir-
ing fewer subjects to reach statistical signifi-
cance, but also more sensitive, analyzing ear-
lier lesions in the intraepithelial neoplastic
process.

METHODS
Experimental Design and Specimen Preparation

For the rat esophagus study, 96 male Fischer-
344 rats were acclimated on AIN-76A diet from
Teklad, Madison, WI for a week, then randomly
assigned to four groups of 24 animals, each
group being further divided so that 6 animals
were sacrificed at each of 10, 15, 20, and 25
weeks. Two treatment groups were used. One
was administered vehicle (20% dimethylsulfox-
ide in water) containing 0.5 mg/kg of carcino-
gen (NMBA) subcutaneously (s.c.) 3 times a
week for 5 weeks, and the other was given the
same treatment along with a dietary supple-
ment of 3 PEITC/g diet. The PEITC was admin-
istered in the diet 2 weeks before, during, and
for 17 weeks after NMBA treatment. Of two
control groups, one received vehicle solution
without carcinogen s.c. 3 times a week for 5
weeks with no chemopreventive (PEITC), and
the other was given the chemopreventive (3
µmol PEITC/g diet) for a period of 24 weeks
without either carcinogen or vehicle treatment
(chemopreventive control). At sacrifice, the
esophagus of each rat was sectioned length-
wise, opened up to expose the epithelium,
pinned on a small index card, and fixed in 10%
neutral buffered formalin for 24 hours. It was
then placed in 70% ethanol for 48 hours. After
fixation, the flattened esophagus was cut in

Fig. 1. Overview of intraepithelial neoplastic progression. The average time between onset of a visible neoplastic
lesion within the epithelium and invasive neoplasia is more than 10 years.
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thirds and embedded in paraffin blocks, ori-
ented so that histological sections would be cut
through the esophageal wall in a saggital plane.
Aspecimen of liver from each rat was embedded in
paraffin along with the esophagus. Sections were
cut at 5 µm, and Feulgen stained using well-
established methods, with calibration and con-
trol cells included in each stain batch [7,8].

For the skin study, 64 female SENCAR mice
were randomly assigned to four groups of 16
animals, and each group was further divided so
that 4 animals were sacrificed at each of 5, 10,
15, and 20 weeks after beginning the carcino-
gen treatment.All animals were on the TD88268
diet from Teklad. In one experimental group
the mice were shaved and the dorsal skin was
painted with 0.1 of the carcinogen benzo(a)py-

Fig. 2. Image ‘‘tiling’’ data acquisition and reconstruction. Software reconstruction enables observation of the entire
tissue section while retaining the ability to display the ‘‘tiles’’ at the original digital resolution.

TABLE I. Measurements Used to Determine
the Preinvasive Neoplastic Grade

for Mouse Skin

x1 Summed optical density
x2 Markovian difference moment texture
x3 Markovian sum average texture
x4 Standard deviation of optical density texture
x5 Optical density peaks of .06 OD between adja-

cent image pixels (granule texture counts)
x6 Optical density differences of .10 OD between

image pixels separated by 10 µm (counts of a
specified ‘‘run length’’ texture along a scan line
in the image)

TABLE II. Measurements Used to Determine
the Preinvasive Neoplastic Grade

for Rat Esophagus

x1 Area
x2 Summed optical density
x3 Optical density valleys of .01 OD between adja-

cent image pixels (small texture ‘‘hole’’
counts)

x4 Optical density differences of .05 between
image pixels separated by 14.38 µm (counts
of a specified ‘‘run length’’ texture along a
scan line in the image)
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rene (B[a]P) in spectrograde acetone 3 times
per week until sacrifice. In another experimen-
tal group, 1 g/kg of the chemopreventive agent
DFMO was added to the diet 1 week prior to
B[a]P dosing and continued throughout the
study. In another (placebo) group, the mice were
shaved and the dorsal skin was painted only
with acetone 3 times per week; in another (con-
trol) group the mice were shaved only. At sacri-
fice, the entire shaved area of the skin was
removed, pinned on a small index card, and
fixed in 10% neutral buffered formalin for 24
hours. It was then placed in 70% ethanol for 48
hours. Prior to embedding, the flattened skin

was trimmed so that reproducible, comparable
2 cm2 areas of skin from each animal were
obtained. The selected sample of skin was bi-
sected along the midline and embedded in par-
affin with the cut surfaces oriented toward the
face of the block. Sections were cut at 5 µm, and
Feulgen stained as described above.

Image Data Acquisition

The CAS200TM image analysis equipment was
used [9,10], with the attached automated x,y
microscope stage MultiscanTM image recorder
[11]. Image analysis was performed in two steps.
The first step was interactive, and consisted of

Fig. 3. Analysis procedure to determine the normal tissue pooled means and standard deviations, used to scale the
individual measurements that make up the histologic grade.
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an operator choosing the region of interest in
the tissue section by tracing it from a display on
the system video monitor. The software allowed
for large areas to be traced. In this instance, the
traces consisted of outlining a region 146 µm
wide following the basal epithelial layer. Image
scanning and analysis were then automatically
performed on the entire outlined region at high
resolution. The scanning was performed at .57
by .34 µm pixel size with a 40x optical magnifi-
cation. Each image field was 146 µm by 87 µm.
The resulting scan was ‘‘tiled’ together using
the x,y positions of each field, which were stored
during image acquisition as indicated in Figure
2, which also shows how software changed the
digital magnification of the displayed images so
that they could be viewed as a pathologist would,
i.e., visually simulating different microscope
objective lenses to allow for observation of a
large area of tissue structure at low power, and
smaller areas at higher power, at effective
nuclear morphometric resolution.

During analysis, multiple measurements
were made on each high-resolution image tile.
These measurements were maintained in asso-
ciation with each tile, and additionally were

used as described below to construct a ‘‘learning
reference set,’’ using normal control tissue from
regions with similar histologics. A histologic
grade was calculated using this reference set
for each tile, which was made available to opera-
tor inquiry by selection from a list of image
tiles. In addition, as described below, the mea-
surement associated with each tile was used to
construct various graphical displays relating
the tissue structure and individual regions to
their histologic grade.

Calculation of the Histologic Grade

We characterized neoplastic growth quantita-
tively with multiple measurements on each tis-
sue image tile and combined these measure-
ments into a single number, i.e., a histologic
grade, for each tile, and used parameters from
the distributions of these measurements to rep-
resent the histologic grade for the entire region
considered.

Three basic types of measurements character-
ized each image tile: (1) measurements related
to the overall DNA content of the image, (2)
Markovian texture measurements (related to
analysis of differences in optical density be-

Fig. 4. Analysis procedure to determine the individual histologic grade for each image tile (equation 5) and the
average histologic grade for the selected tissue segment represented by all of the image tiles, in standard deviation
units of z, for suspected neoplastic tissue.

Quantitation of Preinvasive Neoplasia 25



tween a reference pixel and other pixels at
defined distances from the reference pixel)
[10,12] to characterize the overall association
and interrelationship of optical density tex-
tures in each image tile, and (3) counts of indi-
vidual event texture measurements per tile to
identify increases in fine chromatin texture.
Approximately 100 different types and combina-
tions of these three main categories of measure-
ments were evaluated for discriminatory effect
and suitability, separately for the two assays
developed. In each case, a small number of
measurements were finally selected that ad-
equately represented each preinvasive neoplas-
tic process. The selection criteria were a combi-
nation of the following: a high histologic grade
at the endpoint of the neoplastic process, and a
generally monotonically increasing histologic
grade from zero to the endpoint over the period
of preinvasive neoplastic growth; a generally
Gaussian distribution of histologic grade for

the distribution of samples taken from indi-
vidual control (or normal) tissues representing
the different time points of the experiment; and
measurements that visually agreed with the
histological interpretation of the tissue section
areas in each image tile. In evaluations of this
type, point texture measurements were dis-
played where they occurred in individual tiles
so they could be visually confirmed to represent
chromatin patterns in the tissue. Additionally,
the software enabled ‘‘point and click’’ review of
individual tiles to examine abnormally high or
low tile grades as reliable indications of an
authentic neoplastic process, and listed all tile
grades for ‘‘point and click’’ review by bringing
up the low-resolution image of the tissue sec-
tion visually as well as a high-resolution image
of the individual tile in question. Specific indi-
vidual measurements that contributed to the
grade were listed, and optionally overlaid on
the image.

Fig. 5. Distribution of individual tile histologic grade z values
from a cross-section of rat esophagus from a normal untreated
control. The distribution of z value measurement data is shown

superimposed upon a standard normal (Gaussian) distribution
scaled to match the height of the measured z value distribution
at zero.
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The measurements listed in Tables I and II
were used in the preinvasive neoplastic histo-
logic grade for mouse skin and rat esophagus
assays. Although these measurements were
computed from each image tile, many of them
serve to characterize the chromatin structure of
the nuclei in that tile. Others characterize the
nuclei but also reflect differences in histologic
structure of the preinvasive neoplastic basal
cell layer and immediately derived cells in indi-
vidual tiles compared to the normal histologic
structure of the basal cell layer in individual
tiles acquired from normal control animals.

In order to address the issue of a common
scale, and to normalize the contribution of the
variance of normal tissue, all of the above mea-
surements were made on individual tiles from
the entire selected tissue area from age-matched
control animals. The sample mean and stan-
dard deviation of each variable was calculated
and averaged to obtain a pooled mean and
standard deviation for each normal control

group. This procedure is detailed in Figure 3,
with accompanying equations 1, 2, 3, and 4. As
shown in Figure 4, the histologic grade for each
tile was then computed by first normalizing
each measurement and then averaging the con-
tribution of each of the measurements after
normalization. This process is defined by equa-
tion 5. Normal control tissues processed in this
manner essentially resulted in distributions
with zero mean and unit standard deviations,
while tissue undergoing neoplastic progression
resulted in distributions with means shifted from
zero to higher grades, and with higher variances.
Various descriptive parameters of these distri-
butions, e.g., the mean of the distribution of
image tile histologic grades (computed by equa-
tion 6), the percent of tissue area with histologic
grades greater than two standard deviations, etc.,
were used to characterize overall tissue samples.
Additionally, as mentioned above, focal areas of
dysplasia were easily represented graphically
by plotting the z values of equation 5.

Fig. 6. Distribution of z values from longitudinal strip cross-sections of mouse skin, from control tissue, compared to
animals treated for progressively longer time periods with the carcinogen B[a]P.
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The quantitative histologic grade defined by
equation 5 for individual small areas of the
histologic section represented by an image tile,
or defined by equation 6 for a complete histo-
logic section structure, is in standard deviation
units represented by the symbol z. Normal tis-
sue components tend to be at mean z values of
zero, rarely exceeding values of 2 z, and very
rarely exceeding values of 3 z. Histologic grades

above 3 z represent abnormal nuclear morphom-
etry and abnormal histologic structure.

RESULTS

In general, histologic grade is quantitated
over a predetermined region of interest by sub-
dividing that region into smaller tiles and mea-
suring the morphometric characteristics of each
tile. The quantitative characteristics of the

Fig. 7. The visual histologic appearance of individual skin biopsies from the same tissues that the distributions of
Figure 6 were derived from.
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larger predetermined region can then be de-
fined by parameters of the distribution of the
individual tile measurements. Figure 5 is an
example of the distribution of individual tile
measurements from a cross-section of untreated
control rat esophagus tissue after analysis. In
this case, the distribution of individual z values
were compared to a normal Gaussian distribu-
tion with zero mean and unit standard devia-

tion scaled to measure the height of the mea-
sured distribution at z equal to zero. This
distribution was typical of all of the control
animal tissue section distributions from mouse
skin and rat esophagus, and indicated that the
transformation of the measurement scale to
zero mean and unit standard deviation resulted
in essentially Gaussian distributions for nor-
mal, or control, tissue.

Fig. 8. A normal control tissue from rat esophagus. In the graph, the y axis is the histologic grade of each tile, and the
x axis is the linear distance along the basal layer of the esophagus section. The actual tissue section, corresponding to
the graph, is much longer. Only an illustrative section is shown at a higher resolution image of the basal layer.
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Figure 6 shows a similar distribution of z
values from a cross-section of mouse skin from
control tissue, compared to distributions of z
values from animals treated for progressively
longer time periods, further illustrating the
results of the method. Notice that histologic
grade measurements from this normal control
tissue were also essentially distributed in a
Gaussian manner, but as exposure to carcino-

gen continued, a population of tissue elements
developed with progressive deviations from nor-
mal. A progressive increase in the central ten-
dency of the distributions was shown, as well as
a progressive increase in their variance. Figure
7 shows the correlation of the visual histologic
appearance of individual skin biopsies from the
distributions of Figure 6, taken from different
animals after progressively longer B[a]P treat-

Fig. 9. The same type of plot from an esophagus section as that shown in Figure 8, from a rat after 20 weeks of
treatment with NMBA. This representation further presents the characteristics of the tissue architecture as it relates to
the quantitative histologic in the specimen region, and contributes to the potential of further quantitative definitions of
‘‘focal areas of dysplasia.’’
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ments. The progression of neoplastic expres-
sion is visually apparent, and together with
knowledge of the measurements, visually con-
firms the shape and appearance of distribu-
tions from animals with increased exposures.

In both of these animal models, the region of
interest was defined by the area around the
basal layer. This special case resulted in a lin-
ear scan pattern, i.e., alignment of image tiles.
The results could thus also be expressed graphi-
cally as shown in Figures 8 and 9. Figure 8 is a
plot of z values from a cross-section of normal
esophagus tissue, where the y axis is the histo-
logic grade (zi from equation 5) of each tile, and
the x axis is the linear distance along the basal
layer of the esophagus section. Figure 9 is the
same type of plot from rat esophagus after 20
weeks of treatment with NMBA. This represen-
tation further presents characteristics of the
tissue architecture as it relates to quantitative

histology in the specimen region, and contrib-
utes to the potential of further quantitative
definitions of ‘‘focal areas of dysplasia.’’

Figure 10 shows the neoplastic response to
B[a]P in the SENCAR mouse skin animal model.
The plot is organized to characterize the neo-
plastic response as a function of time for the
complete experiment. This experiment had four
animals in each group, plotting the individual
mean value for histologic grade for each one. A
separate group of pooled means and standard
deviations was compiled for each of the 5-, 10-,
15-, and 20-week controls. When individual
treated animals were analyzed from a specific
time period, the corresponding pooled mean
and standard deviation for that group, for each
measured variable, was used to calculate a
normalized value for that variable according to
the procedure detailed in Figure 4 and equation
5. The mean value for each case, computed from

Fig. 10. The preinvasive neoplastic response in the SENCAR
mouse skin animal model to B[a]P. The plot is organized to
characterize the neoplastic response as a function of time. In
this experiment, there were four animals in each group, and the
average of the histologic grade, as computed by equation 6, for

each animal was plotted (M). The average of the histologic
grade for the individual normal control tissue samples was
indicate by (Q). The differences from normal were significant at
15 and 20 weeks (P , .05).
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equation 6, was averaged from one complete
section of approximately 300 image tiles taken
longitudinally from the back of each animal.
The data indicated an increasing histologic
grade with exposure to B[a]P as a function of
time. Similar to and showing the same trend as
individual cases shown in Figure 6, this plot
more succinctly summarized the entire study.
As expected, some variance in the data may
have been due to individual animal response to
B[a]P application, i.e., development of neopla-
sia, or to variation in preparation and measure-
ment techniques. However, the differences from
normal were significant at 15 and 20 weeks
(P , .05). Since the data were normalized (nor-
mal tissue is generally grouped at zero on the
histologic grade scale, which is in units of stan-
dard deviation from normal), histologic grades
(i.e., mean values of z) taken from tissues at 20
weeks that are greater than three standard

deviations from normal are clearly significantly
different.

Figure 11 shows the results of testing the
effect of the chemopreventive agent DFMO in
mouse skin on similar cohorts of four mice per
group who were also treated with B[a]P. The
upper plot represents the average neoplastic
response from Figure 11, and the lower plot
represents the average values for the experi-
mental group treated with B[a]P and also with
DFMO. The control data means were not plot-
ted, since they were by definition all at a zero
mean value. A clear tendency towards B[a]P
modulation was significant at 20 weeks (P ,
.05). The mouse skin experiment also consisted
of a placebo group of animals treated only with
acetone instead of B[a]P. Figure 12 shows the
results of the same type of analysis performed
on this group. Each plotted point represents the
mean of four animal assays. In general, placebo-

Fig. 11. Results of testing the effect of the chemopreventive
agent DFMO to similar cohorts of 4 mice per group who were
also treated with B[a]P. The upper plot (M) represents the
average neoplastic response from Figure 10, and the lower plot
(R) represents the average values for the experimental group

treated with B[a]P and also with DFMO. The control data means
were not plotted, since they were all at a zero mean value.
There was a clear tendency towards modulation of the effect of
B[a]P, which was significant at 20 weeks (P , .05).
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treated animals responded with some hyperpla-
sia, with an average trend at a maximum of
about .5 z, although no group was significantly
different from normal.

Figure 13 shows the results plotted in a simi-
lar fashion from analysis of the neoplastic re-
sponse to the carcinogen NMBA in the rat
esophagus model, and its modulation by the
chemopreventive PEITC; this experiment had
six animals in each group. The mean histologic
grade for each animal was computed from a
sequence of approximately 300 image tiles from
one complete section taken longitudinally along
the length of the esophagus. The average value
for each group of six was plotted using the
mean histologic grade for each animal. The
group data indicated an increasing histologic
grade with time after exposure to NMBA. This
plot was also very similar to Figure 11 for the
mouse skin. Expected variance in this data may
have been due to individual animal response to
NMBA, i.e., development of neoplasia, or to
other preparation or measurement techniques.

However, the differences from normal, i.e., the
neoplastic response represented by the upper
plot, were significant for all time periods (P ,
.05). The lower plot shows the effect of the
chemopreventive agent, PEITC. Significant dif-
ferences in modulation, i.e., a retarded neoplas-
tic response, was obtained at 10 and 15 weeks
(P , .05). The reduction in neoplastic response
at 20 weeks was attributed to the briefness of
NMBA administration (indicated in Fig. 13),
which allowed for recovery after 15 weeks. Fig-
ure 14 summarizes the distribution data in a
slightly different manner using a three stan-
dard deviation cutoff level; the average group
percentage of tissue tiles greater than this cut-
off value was plotted as a function of time
instead of the average group mean values, as in
Figure 13. Each data point in this plot repre-
sents the mean from six esophagi, and was from
the same cases plotted in Figure 13.

Considering the distributions of Figure 15,
and the linear plots of Figures 8 and 9, increas-
ing exposure to NMBA clearly causes a progres-

Fig. 12. Results of testing a placebo group of animals treated only with acetone instead of B[a]P. The upper plot (M)
represents the average neoplastic response to B[a]P from Figure 10, and the lower plot (x) represents the average
values for the experimental group treated with acetone.
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sive increase in the amount of aberrant tissue,
or neoplastic progression in the tissue. After 15
weeks, 55% of the tissue was histologic grade
of . three standard deviations from normal.
Also, PEITC effectively reduced the percentage
of tissue greater than grade 3 from 55% to 5%
at 15 weeks, decreasing the variance in the
distribution of histologic grade to almost nor-
mal.

Figure 15 shows the distribution of z values
from a longitudinal strip cross-section of rat
esophagus from an animal treated with the
carcinogen NMBA, compared to an animal
treated with the carcinogen and also with the
chemopreventive PEITC. A standard Gaussian
distribution is shown as a reference. In a distri-
bution form on an individual animal basis, these
results show the same effect of the chemopre-
ventive PEITC on reducing the preinvasive
NMBA-induced neoplastic growth that was evi-
dent in the results shown in Figures 13 and 14.

DISCUSSION

During the last 10 years, interactive image
cytometry has become an accepted testing

method in pathology. Assays have been devel-
oped for DNA ploidy [7,8,13,14], estrogen recep-
tor quantitation [15], proliferation status [16],
and oncoprotein expression [17,18]. One of the
strong features of this methodology is that it
can be applied to tissue sections, simulta-
neously allowing for visual inspection and inter-
action as part of the measurement process.
Since the development of neoplasia is defined
by its visual and histologic tissue section presen-
tation, image cytometry at the tissue level has
the obvious potential of quantitating early neo-
plastic development and being used as a surro-
gate endpoint biomarker in cancer chemopre-
vention.

Visual grading in cancer diagnosis and prog-
nosis has had a long history [19]. This includes
grading systems for prostate cancer [20,21],
cervical cancer [22], and breast cancer [23,24],
among others. More recently, with the advances
in image cytometry referred to above, quantita-
tive grading systems have been attempted us-
ing whole cell and especially nuclear imaging
morphometric analysis [25–28]. This nuclear
grading was more easily achievable technically

Fig. 13. The neoplastic response in the rat esophagus animal model to the carcinogen NMBA, represented by the
upper graph (M), and its modulation by the chemopreventive PEITC, represented by the lower graph (R). Each
plotted point represents the average of the distribution means of 6 animals.
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and was consistent with the evolution of imag-
ing techniques in cytometry. However, as
pointed out by Boone et al. [1], preinvasive
neoplastic growth clearly consists of two compo-
nents, abnormal nuclear structure and the his-
tologic extent and appearance of neoplastic
growth extending from the basal cell layer. Cur-
rently, subjective inspection of the histologic
appearance of sectioned and stained material,
or ‘‘grading,’’ by experienced pathologists is be-
ing used to evaluate neoplastic progression.
This has well-known limitations of reproducibil-
ity, accuracy, and resolution of grading scale.
This study presents a first attempt at the next
step in the evolution of image cytometry by
addressing the quantitation of the histology of
neoplastic growth by tissue section grading on
whole fields, and thereby extends image analy-
sis and morphometry to the quantitation of
preinvasive neoplastic progression. As men-

tioned above, this becomes very relevant in
cancer chemoprevention, where quantitative
evaluation of preinvasive neoplasia is needed.

The challenge of applying these image cyto-
metric techniques to quantitating neoplastic
growth for chemoprevention purposes was to
provide a common scale for different tissue
types, with potentially different multiparam-
eter measurements characterizing the different
tissues. Also, there was a need to compare ex-
periments between different animal models with
different chemopreventive agents, and to com-
pare clinical trials with different organ site
targets and chemopreventive agents. We wanted
a method that would adjust itself to measure-
ments of neoplastic growth for the natural vari-
ance of normal tissue or controls in animal
experiments. We were able to substantially
achieve the above requirements with measure-
ment methods combining those used in remote

Fig. 14. The neoplastic response in the rat esophagus animal
model to the carcinogen NMBA, represented by the upper graph
(M), and its modulation by the chemopreventive PEITC , repre-
sented by the lower graph (R). In this presentation a 3 standard
deviation cutoff level was chosen for each individual distribu-

tion, and the average percentage of tissue tiles greater than this
cutoff value was computed, instead of the mean of the distribu-
tion. Each data point in this plot represents the mean these
percentages computed from 6 esophagus assays, and was from
the same cases plotted in Figure 13.
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sensing crop classification [29,30] and image
cytometry [25–28] while handling the multipa-
rameter measurements from each image tile
with a method that had its roots in signal
detection theory and psychophysical testing [31–
34]. We have shown that, using two different
animal models with different carcinogens and
chemopreventive agents, results could be evalu-
ated in a similar context. This same transfer-
ability of measurement scale comparison should
also be useful in comparing different clinical
trials with different organ site targets and che-
mopreventive agents.

The common scale for histologic grade, ex-
pressed in units of standard deviation, has a
number of interesting aspects. First, it tends to
automatically adjust the measurements of neo-
plastic growth for the natural variance of nor-
mal tissue, or control reference tissues. Also, it

provides a theoretical link to psychophysical
testing, signal detection theory, and ROC char-
acteristics and methodology, where these basic
normalization models are assumed [25,33,34].
In concert with the above analogies, this method
allows prediction of ROC curves for detecting
neoplastic response [33]. These are important
considerations when comparing the visual inter-
pretation of neoplastic progression, which is
uniformly considered a difficult visual inspec-
tion task, to the performance of that same task
by computerized image analysis.

Finally, there are at least two immediate
potential uses of this method in current chemo-
prevention activities. First, animal models such
as the ones described here can be used to rap-
idly screen potential chemopreventive agents.
For example, now that the dose response has
been established in the SENCAR mouse skin

Fig. 15. Distribution of histologic grades computed from each
individual image tile (equation 5) from longitudinal strip cross-
sections of rat esophagus; from an animal treated with the
carcinogen N-nitrosomethylbenzylamine (NMBA), compared
to an animal treated with the carcinogen and also with the
chemopreventive phenethyl isothiocyanate (PEITC). Both distri-

butions are compared to a Gaussian standard distribution as a
reference. The height of the distributions (y axis) was scaled to
the number of tiles as a percentage of the total number of tiles
analyzed for each animal.COMP: See hard copy for Tables I
and II
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assay shown in Figure 10, various chemopreven-
tive agents can be tested in a 20-week time
period, with a significant reduction in the num-
ber of animals used. As an example, DFMO
showed a significant reduction in the progres-
sion of neoplasia, i.e., a reduction of the cohort
histologic grade from the neoplastic level of
greater than three s.d. to approximately one
s.d. (P , .05), not significantly different than
the placebo-treated group at a histologic grade
of just less than one s.d., using only 4 animals
(P . .05). To achieve this same statistical accu-
racy of relative frequencies for animals with
and without tumors, using tumor counting
would require on the order of five times the
number of animals per compound tested. This
is both a savings in the initial cost per animal
and in maintenance costs of the animals. A
similar rationale would establish the esopha-
gus model as a screening system since the
NMBA dose response curve has now been estab-
lished. In this case, a significant reduction in
the development of neoplasia at all time inter-
vals was seen using only six animals. At 15
weeks, neoplastic response was reduced from
an average cohort-induced histologic grade of
about 4 s.d. to about 0.5 s.d. (P , .05). The
reduced level was not significantly greater than
the control level (P , .05). To achieve this same
statistical accuracy by the previous method of
tumor counting would again require five times
the number of animals per compound tested.

The second potential use of this method is in
‘‘before and after’’ testing in human clinical
Phase II trials. In this type of experiment, a
cohort of patients, e.g., a high-risk group sus-
pected of having already developed high-grade
preinvasive neoplasia, is administered a poten-
tially useful chemopreventive agent to reduce
neoplastic growth. Prior to administration of
the chemopreventive agent, a tissue sample is
obtained, and quantitatively graded as de-
scribed above. At a later time, perhaps after
successive administrations of the chemopreven-
tive, a second sample is taken to assess the
effectiveness of the treatment. An example of
this type of study is now underway to assess the
effectiveness of various chemopreventive agents
in reducing cervical intraepithelial neoplasia
(CIN) from high grade (CIN III) to a lower
grade [35]. The testing method described here
is being used in these studies. Reference to
Figure 15 is helpful to visualize by analogy the
type of comparison that could be made. The

first sample may take the form of the distribu-
tion at the far right (a 15-week exposure to
NMBA in this animal model experiment), and if
the chemopreventive was effective, the distribu-
tion of the second sample would be shifted to
the left, as shown in Figure 15 by the results of
PEITC in modulating the neoplastic effect of
the carcinogen. The advantage of the use of this
type of testing as a surrogate endpoint in these
clinical Phase II trials is that it doesn’t rely on
cancer incidence reduction, much longer, cost-
lier, and harder to obtain, to evaluate the effi-
cacy of the chemopreventive agent. Successful
chemopreventive agents would, therefore, be
available sooner to those at risk.
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