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Abstract
Computer-assisted image analysis is useful for quantifying the histologic and molecular changes of suninduced squamous cell carcinoma progression. We
used the CAS 200 image analysis system to measure
nuclear morphometric parameters, p53 expression,
and proliferation markers in actinic keratosis (AK),
sun-exposed, and normal skin in 51 patients.
Nuclear morphometry revealed significant increases
in nuclear absorbance, irregularity of nuclear shape,
and nuclear size in AK compared with normal
and sun-damaged skin. These parameters showed
significantly greater variability in AK nuclei. Argyrophyllic nucleolar organizer area and number were

also significantly greater in AK compared with sundamaged skin and normal skin. Ki67 and p53 expressions were both increased in sun-damaged skin
relative to normal and greater still in AK. These data
are evidence that sun damage induces proliferation
and p53 abnormalities before the appearance of
nuclear abnormalities and their associated DNA
instability. Following these changes during a skin
cancer chemopreventative trial can then help assess
the efficacy of the agent and help determine where in
the progression of neoplastic changes it exerts its
biological effects. (Cancer Epidemiol Biomarkers
Prev 2004;13(12):1996 – 2002)

Introduction
The development of squamous cell carcinoma (SCC) of
the skin as a result of sun exposure is characterized
by a progression of clinical (1), histologic (1, 2), and
molecular (3, 4) changes. Sun-damaged skin may
exhibit dermal solar elastosis and nuclear crowding,
but only minor nuclear abnormalities or epidermal
thickening. As sun damage progresses to actinic keratosis (AK), scaly erythematous plaques appear, with
histologic features including epidermal thickening,
dysplastic nuclei, and superficial parakeratosis. Dysplasia involving all layers of the epidermis defines
carcinoma in situ, or Bowen’s disease, which in turn
may be followed by basement membrane invasion by
tumor cells, the hallmark of SCC (2). Similarly, a series
of molecular changes is observed in the progression
of SCC (3, 5-9). One of the best-studied molecular
markers is p53, a tumor suppressor (10, 11) that regulates apoptosis, cellular proliferation (5, 6, 12), and the
response of skin to solar damage (13-25).
Because AK is a premalignant lesion (26), it is a target
for prevention of SCC (19, 20, 27-29). Furthermore,
reduction of the number of AK may be a marker of the
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efficacy of a prevention agent (28, 29). In a chemotherapeutic trial, it may also be useful to determine whether
molecular morphologic changes occur early or late in
the neoplastic progression of a lesion, which in turn
could be helpful in determining where the agent
interrupts the neoplastic cycle. Some of the surrogate
biomarkers of SCC progression have included p53
mutation and immunohistochemical expression analysis, proliferation index, and apoptotic index (19, 29).
Because nuclear abnormalities are a well-established
finding in AK, these are potentially also a suitable
biomarker for the evaluation of skin cancer prevention
agents. For comparisons between treatments and placebo-controlled groups in chemoprevention and other
trials, it is preferable to use quantitative measurements
of biomarkers (30). Computer-assisted nuclear morphometric analyses have been used to obtain such measurements for a number of tumor types (30-33), but there
have been only a few nuclear morphometric studies on
cutaneous SCC and its precursors (34-39).
This report describes the nuclear morphometric
parameters of AK compared with sun-exposed and
normal skin in 51 patients. Computer-assisted quantitation of p53 immunohistochemistry and two proliferation
markers were also done on the same lesions. The data
indicate that the progression of normal to sun-damaged
skin to AK was accompanied by increasingly abnormal
values of nuclear DNA content, size, shape and variability, as well as increases in p53 expression, Ki67 labeling
index, and nucleolar organizer size and number. Increased proliferation and p53 abnormalities preceded
nuclear morphometric alterations in the progression of
sun damage toward AK.
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Materials and Methods
Subjects. Patients with a history of chronic sun
exposure were examined for clinical features of AK on
sun-exposed surfaces of the upper extremities. These
patients were recruited for a chemoprevention study of
polyphenon E (epigallocatechin gallate). The clinical
findings have been reported elsewhere in detail (40), but
overall a difference in the regression rate of AK was not
shown. A power analysis indicated that at least 50 patients were needed to assess the efficacy of the agent; thus,
a total of 51 patients were enrolled, and their baseline
biopsies provided the samples for analysis presented here.
All patients had scaly, erythematous lesions clinically
suspicious for AK bilaterally. Under local anesthetic, a
shave biopsy each of probable AK and nearby sunexposed but non-AK skin was done on both arms of each
patient, resulting in a total of 102 AK biopsies and 102 sundamaged skin biopsies. The sun-exposed area was taken
from an area that had approximately the same degree of
sun exposure as the AK. An additional 32 biopsies from
skin protected from sun exposure were taken from 12
patients. The tissue was immediately fixed in 10% neutral
buffered formalin, processed for paraffin embedding,
sectioned, H&E stained, and examined by an experienced
dermatopathologist (R.J.B.).
Biopsies were categorized by histopathology as
normal, sun-damaged, or AK. Lesions interpreted as
AK exhibited the following features: (1) focal atypical
parakeratosis of the stratum corneum, often alternating
with relatively normal stratum corneum overlying hair
follicles and eccrine sweat ducts; (2) replacement of the
lower 1/3 to 1/4 of the subjacent epidermis by
cytologically atypical keratinocytes exhibiting considerable variation in nuclear size, shape, and staining
characteristics; (3) an accompanying loss of normal
maturation; (4) an increase in mitotic figures; (5)
prominent solar elastosis of the dermis; and (6) often
an associated inflammatory infiltrate composed of
lymphocytes, histiocytes, and variable numbers of
plasma cells. Lesions interpreted as sun-damaged skin
exhibited the following features: (1) atrophy with
flattening of the epidermal rete ridges; (2) a variable
amount of epidermal melanosis; (3) minimal cytologic
atypia of keratinocytes, if confined to scattered individual cells; (4) prominent dermal solar elastosis; and (5)
minimal inflammation. A few biopsies were from areas
clinically suspicious of AK, but showed SCC, or did not
meet the histologic criteria for AK listed above. These
cases were too few in number for meaningful analysis,
and thus were excluded from our study. The Human
Subjects Committee of the University of California,
Irvine, approved this study.
Immunohistochemistry and Histochemical Staining.
For each biopsy, 4-Am-thick sections were placed on
capillary gap slides and deparaffinized with Histoclear
(National Diagnostics, Atlanta, GA). Sections were then
rehydrated through decreasing concentrations of isopropyl alcohol. Sections for immunoperoxidase staining
were steam pretreated for 20 minutes in Antigen Retrieval
Citra Buffer (Biogenex, San Ramon, CA). Avidin-biotin
complex immunoperoxidase reactions were done using
an Immunotech 500 automated immunostainer (Ventana
Systems, Inc., Tucson AZ) according to the manufactur-

er’s instructions. Briefly, the automated steps included
blockage of endogenous peroxidase with 3% hydrogen
peroxide and reaction with monoclonal antibodies
against human p53 (clone D07, Dako, Carpinteria, CA)
diluted 1:200, or Ki67 (clone MIB-1, Dako) diluted 1:100.
The reaction was followed by a biotinylated goat antimouse IgG secondary antibody and then an avidin-biotin
peroxidase complex. The chromogen was diaminobenzadine for all reactions. Cells were counterstained by 0.4%
methyl green in 0.1 mol/L sodium acetate buffer (pH 4.0)
followed by three washes each of water, 1-butanol, and
Histoclear. Negative controls were done in the same
fashion, except that the primary antibody was substituted
with mouse immunoglobulin. A section of SCC provided
the positive controls for p53 and Ki-67.
One section from each biopsy was stained with the
Feulgen DNA Stain Kit (TriPath, Burlington, NC)
according to the manufacturer’s instructions.
Staining of argyrophyllic nucleolar organizers
(AgNOr) was done by mixing 2 volumes of 50% silver
nitrate with one volume of 2% gelatin and 1% formic
acid, followed by immediate incubation of the slides in
this mixture for 30 minutes (41). After rehydration in
distilled water, the slides received a methyl green counterstain as described above.
Image Analysis. Image analysis was done on each
section of 102 AKs, 102 sun-damaged areas, and 32 normal skin biopsies stained as described above, using the
CAS 200 Image Analysis System (Becton Dickinson, San
Jose CA). The theory and operation of the CAS system has
been previously reported (42). A minimum of 200 epidermal cells were analyzed on each slide by an operator
who had no prior knowledge of the clinical or histopathologic diagnosis of the biopsy specimen. Only cells with
complete nuclear cross sections and no evidence of
overlapping, parakeratosis, or apoptosis were analyzed.
On Feulgen-stained sections, the Quantitative DNA
Analysis program was used to determine the average
and SD of absorbance, nuclear shape, and nuclear size of
the cells of each section. The operation of the Quantitative DNA Analysis program of the CAS 200 was done
according to the manufacturer’s instructions. Briefly,
under optimized light settings, representative fields of
cells were chosen by the operator, and threshold settings
of the machine were chosen such that the program could
identify individual nuclei with sizes and contours that
matched as closely as possible to those seen under the
microscope by the operator. The operator was able to
reject cells which did not meet the criteria stated above
and was able to instruct the machine to separately
identify touching but nonoverlapping cells. Before
analyzing cells, Feulgen-stained tetraploid rat hepatocyte
nuclei were used to calibrate the absorbance readings.
Nuclear absorbance of Fuelgen-stained sections is
expressed in arbitrary units, but the values are directly
proportional to the DNA content of a single nucleus.
Nuclear shape is expressed in arbitrary units, which
increase as the outline of the cell deviates from a perfect
circle. Thus, an irregularly shaped cell will have a higher
value than one with a smooth outline. Nuclear size is
expressed as the area of the nuclear cross section in Am2.
An in-depth description of these values and the algorithms that define them has been previously
described (42).
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In addition to these values, the variability of each of
the three parameters (i.e., absorbance, shape, and size)
was calculated. Variability was calculated by taking the
SD of the readings of the nuclei within an individual
biopsy. In specimens where there are greater variations
between individual cells in a given parameter being
measured, the SD will be greater for that parameter in
that particular specimen. For this reason, the SD of a
parameter serves as a measurement of variability or
pleomorphism for that particular parameter.
Image analysis of sections stained by immunohistochemistry was done using the Quantitative Proliferation
Index Program of the CAS 200, according to the
manufacturer’s instructions. Briefly, the operator chose
thresholds at a wavelength of 620 nm for nuclei exhibiting methyl green counterstaining for identification
by the machine as a cell nucleus and a separate threshold at 500 nm for the program to identify a nucleus as
having a positive immunohistochemical reaction. This
was done because the green counterstain is transparent
at 500 nm; thus, only nuclei with a positive immunoperoxidase reaction will be detected by the instrument.
The analysis was displayed as the percentage of positively staining cells.
Image analysis of silver-stained sections was done
using the AgNOr Program, according to the manufacturer’s instructions. Briefly, thresholds for total greencolored nuclei were chosen as described above, and
thresholds for the darkly staining nucleolar organizers
were chosen separately. The values were expressed as
average AgNOr number per nucleus and average
AgNOr area per nucleus.
To ensure accuracy of all of the computer-derived
values, each slide was reviewed by a surgical pathologist
(P.M.C.) who had no knowledge of the location of
the biopsy or clinical diagnosis for each of the samples.
Each value was estimated by visualization, and the
estimates were compared with the computer-derived
value. For apparent discrepancies, the section was either
restained, reanalyzed with the computer or both.
Statistical Considerations. Quantitative biomarkers
included measures of nuclear morphometry, proliferation, and p53. By the study design, two biopsies were
taken from both arms of each patient. For statistical
analysis, biopsy samples were treated as independent
specimens. The average and SD of observed values

were calculated for each of the 10 biomarkers and are
reported in Table 1. For statistical comparison of
groups, because the distributions of outcome measures
were right skewed, transformations to induce normality were examined using the Box-Cox method (43).
Based on this analysis, the square root transformation
was applied to all outcome values. The significance of
the differences between measurements of unexposed
versus sun damaged, unexposed versus AK and sundamaged versus AK was calculated, with three
comparisons of means made for each of 10 biomarkers.
To adjust for the multiple testing of several end points
of comparable importance, the stepdown bootstrap
resampling method was used and adjusted P values
were computed (44).

Results
Patient Population. A total of 51 patients met the
criteria of having biopsy proven AK in both arms and a
biopsy showing sun-damaged skin from each arm. The
patients included 42 males and 9 females. The age range
was 44 to 86 years, with a median age of 63 years. One
patient was black, and 50 patients were white.
Nuclear Morphometric Parameters. Nuclear morphometric values of Feulgen-stained epidermis derived using
the CAS 200 image analysis system are summarized in the
first three rows of Table 1. Skin protected from sun
exposure showed epidermis with normochromatic, oval
and small nuclei (Fig. 1A), reflecting the relatively low
values for nuclear absorbance, shape, and size. Sundamaged skin showed epidermal nuclei which were
minimally or somewhat darker, more irregular, and
larger than those of normal skin (Fig. 1B) with slightly
greater values of the corresponding morphometric
parameters, but the differences were not significantly
different. In contrast, AK showed more prominent
hyperchromasia, nuclear irregularity and greater nuclear
sizes than the sun-damaged and normal cells (Fig. 1C). As
expected, the nuclear measurements were significantly
greater by image analysis.
Normal cells in most tissues, including skin, characteristically show uniformity between cells. For this
reason, one should expect measurements of normal cell
nuclei to also show little variability. This can be
illustrated with a histogram of the measurements

Table 1. Group means and Ps for quantitative biomarkers derived from histochemical staining and image analysis
Parameter

Absorbance
Nuclear shape
Nuclear size
Variability of absorbance
Variability of nuclear shape
Variability of nuclear size
AgNOr no. per nucleus
Total AgNOr area per nucleus
% Ki67
% p53

P

Group
Nonexposed
(n = 32)

Sun-damaged
(n = 102)

AK
(n = 102)

Sun-damaged
versus nonexposed

AK versus
nonexposed

AK versus
sun-damaged

66.9
15.3
43.6
19.7
3.2
9.7
1.2
2.8
10.5
7.8

71.8
15.5
47.8
22.4
3.2
10.8
1.0
2.64
16.7
19.7

86.8
17.0
60.8
33.3
5.8
17.0
1.5
5.6
27.7
35.5

0.5724
0.5724
0.3767
0.3487
0.6511
0.5045
0.1622
0.5724
0.0002
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0263
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

F
F
F
F
F
F
F
F
F
F

12.66
0.97
6.14
8.54
2.49
3.18
0.35
1.38
4.43
8.74

F
F
F
F
F
F
F
F
F
F

18.90
0.89
10.63
7.70
1.74
4.09
0.58
2.13
7.60
11.82

F
F
F
F
F
F
F
F
F
F

27.10
1.68
15.49
11.36
3.47
5.52
0.43
2.89
9.86
10.76
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Figure 1. Images of normal skin, sun-damaged skin, and actinic keratosis from the same patient. A. Nuclei of normal skin are
uniform in size, shape, and staining properties. B. Sun-damaged skin shows a mildly thicker epidermis and an increase in dermal
elastosis, but the nuclear features are only mildly abnormal. C. In contrast, nuclei of AK are markedly more abnormal than those of
normal and sun-damaged skin. H&E. original magnification 100.
(e.g., the absorbance) as shown in Fig. 2A. This
histogram shows the distribution of the absorbance of
the nuclei for the specimen in Fig. 1A. As expected, the
distribution was rather narrow, and the SD of that
distribution was small. The average of these SDs
between all the specimens of normal skin provides a
measure of variability, and this value is listed in the
fourth row of Table 1. The normal distributions of the
absorbances of a sun-damaged specimen and of an AK
are shown in Fig. 2B and C, respectively. Because the AK
whose measurements made up the histogram has
considerably more variation between cells, the SD of
absorbances for that particular specimen was greater.
This variability is characteristic of the AKs in our study,
and this can be seen in the greater average value for
variability in the absorbance of AKs. The variability
values of nuclear size and shape were also greater for
AKs, as shown in rows 5 and 6 in Table 1.
Image Analysis of Proliferation Markers and p53
Expression. The AgNOr staining patterns of normal,
sun-damaged, and AK epidermal nuclei are shown in
Fig. 3A, B, and C, respectively. The average AgNOr
number per nucleus and average AgNOr area per
nucleus were greater in AK than in normal and sun-

damaged skin and the average values for each are listed
respectively in rows 7 and 8 of Table 1. The AgNOr
number and areas were even slightly higher in normal
skin than in sun-damaged skin, but the values were still
very close to one another. For this reason, it is more
likely that the values of AgNOr number and area for
normal and sun-damaged skin are essentially the same;
but in AK, the values are still greater than either.
The Ki-67 staining patterns of normal, sun-damaged,
and AK epidermal nuclei are shown in Fig. 4A, B, and
C, respectively. The percentage of cells that are stained
is listed for each in row 9 of Table 1. The values reflect
the proliferative fraction of cells, which increased as the
cells progressed toward sun-damaged and AK. The
differences among normal skin, sun-damaged skin, and
AK were all significant.
In normal epidermis, p53 is absent or present in only a
few cells (Fig. 5A); but in sun-damaged skin (Fig. 5B)
and AK (Fig. 5C), many p53-stained cells were seen.
The antibody used in this study does not distinguish
between mutant and wild-type p53; thus, it is not possible to determine whether the increased p53 expression
was due to mutations in the p53 gene. In many of the
AKs, p53 staining seemed in clusters. This clustered

Figure 2. Histograms of absorbances derived from image analysis of Feulgen-stained sections of the biopsies depicted in Fig. 1. The
vertical line designated ‘‘1’’ represents the absorbance of a diploid nucleus. The absorbance values of individual nuclei in one case
each of normal (A) and sun-damaged (B) skin fall in a narrow distribution around the diploid mean. This smaller distribution is
numerically represented by relatively smaller and similar SDs of absorbance (29.82 and 22.11 for the normal and sun-damaged skin
biopsies, respectively). The wider range of absorbances of individual nuclei in the case of the AK (C) results in a greater value SD of
34.75. The average values of the SD of individual cases provide the data listed in Table 1.
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appearance of p53 staining has been previously observed
in AK and attributed to clonal proliferations of keratinocytes bearing p53 mutations (21, 23, 24). The percentage of cells that were stained is listed for each in row
10 of Table 1. As in the other parameters that have been
measured in this study, AK specimens showed a significantly greater value than both normal and sundamaged skin. In contrast to the nuclear morphometric
parameters, there was a significant increase in the number of cells stained on average in sun-damaged skin in
comparison to normal skin.

Discussion
Using computer-assisted image analysis, we have examined the nuclear morphometric parameters of absorbance,
nuclear shape, and nuclear size, as well as the variability
of these measurements, expressed as the SDs of absorbance, nuclear shape, and nuclear size. For all of the
above parameters, normal and sun-damaged skin had
similar values, whereas the values for AK were significantly greater. Similarly, the proliferation markers
AgNOr number, AgNOr area, and Ki67 staining were
greater in AK than in normal and sun-damaged skin.
Because the differences in AgNOr number were very
small, this marker seems less likely to be clinically useful
than AgNOr area or Ki67 staining index. In contrast to
AgNOr number and area, Ki67 staining had significantly
greater values and thus was a more sensitive measurement of the differences in the proliferative fractions
between normal and sun-damaged skin. The fraction of
cells staining for p53 also increased as the lesions
progressed, with the difference between normal and
sun-damage showing significance, indicating that among
the parameters we measured, changes in both proliferation and p53 expression as measured in this study seemed
earliest in the progression toward AK.
Our results confirm those of previous studies, which
have shown increased p53 abnormalities and cellular
proliferation in the progression of changes of sun
damage to AK (4, 16-24) and an increase in the nuclear
morphometric abnormalities that occur in AK and SCC
in situ in comparison with normal skin (34-39). As in a
recent study (38), we have defined the nuclear morphometric characteristics of AK by examining sun-protected
skin as well as sun-damaged skin and AK. As in that
study, we noted a progressive increase in nuclear morphometric measurements as skin lesions evolved from
normal to sun-damaged to AK. In our study, the
differences between normal and sun-damaged skin were
slight and not statistically significant, but it is possible
that a larger sample size might have provided statistical
significance. By measuring the variability of nuclear
morphometric parameters, we were able to use image
analysis to document the nuclear pleomorphism typically seen in AK. This investigation extends previous work
by investigating p53, proliferation, and nuclear abnormalities in the same set of samples as those used for
nuclear morphometry; thus, our findings provide an
examination of the relationship of these parameters in
the progression of sun-associated neoplasia.
This study provides quantitative data which illustrates
the biology of the progression of sun-induced transformation in the skin. As noted in earlier studies (20-24),

Figure 3. The AgNOr staining patterns of normal (A), sundamaged (B), and AK (C) epidermal nuclei of the biopsies
from Fig. 1. Average AgNOr number per nucleus and average
AgNOr area per nucleus were greater in AK than in normal and
sun-damaged skin. Original magnification 160.
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Figure 4. The Ki67 staining patterns of normal, sun-damaged, and AK epidermal nuclei of the biopsies from Fig. 1. A. Normal skin
shows only a few positively staining basilar nuclei, reflecting a proliferative fraction of 11.6% in this biopsy. B. The positively
staining proliferative nuclei of sun-damaged epidermis are increased in number (24.8%) relative to normal, but are still primarily in
the basal layer. C. The average number of staining nuclei is greater in AK at 29.3%, and staining is present within all levels of the
epidermis. Immunoperoxidase with methyl green eosin counterstain. Original magnification 100.
abnormalities of p53, including both over expression of
wild-type p53 and mutation, occur soon after sun
damage has begun, although AK development is not
apparent. Our demonstration that the percentage of p53
over expressing cells further increased in AK is consistent with previous reports of increased p53 expression
and mutation in AK (4, 16-19). The nuclear morphometric features, however, did not become significantly
abnormal until after p53 abnormalities were detected
and when AK was apparent by clinical and histopathological criteria. The proposed role of p53 in protecting
cells from DNA damage (16) provides a possible
explanation for this observation. According to this view,
p53 prevents proliferation of cells with damaged DNA,
but since this may not happen in cells with mutated
p53, cells with DNA damage will proliferate and
accumulate DNA alterations leading to genomic instability. Genomic instability, characterized by abnormal
amounts of DNA per cell, and abnormalities of DNA and
chromosomal structure or organization have been
associated with alterations in nuclear absorbance, shape,
size, and variability (31, 32, 45, 46). Thus, our observation
that p53 over expression precedes nuclear morphometric
abnormalities in the progression of cutaneous squamous
cell carcinogenesis suggests that alterations of the p53
gene precede genomic instability. Further support for
this hypothesis might include future in vitro studies in
which keratinocytes transfected with mutant p53 are
subjected to nuclear morphometric analysis over sequen-

tial generations. When considering biomarkers for
chemoprevention studies, our data provide a rationale
for measuring p53 over expression in a premalignant
lesion to predict its susceptibility to develop genomic
instability.
Finally, our study illustrates the utility of image
analysis in the assessment of chemoprevention and
therapeutic agents. Although the features of increased
nuclear hyperchromasia, irregularity, area, and variability are well known in AK (2), these variables are not
quantifiable by simply viewing histopathologic sections.
Image analysis allows for a quantitative value to be
determined for these nuclear abnormalities. The degree
of reversal of the transformed phenotype can be
measured for an agent, and there can be more precise
statistical analysis between treatment and placebo
groups. Similarly, quantitative values of proliferation by
Ki67 immunohistochemistry and AgNOr staining can
help determine if an agent affects the proliferation rate
of a premalignant lesion. Finally, quantitation of p53
immunostaining can provide a measure of p53 over
expression. Although a correlation between p53 expression and mutation is not perfect, clustering of p53
positive nuclei in AK has been reported as evidence of
clonal expansion of a keratinocyte bearing a p53 mutation (refs. 21, 23, 24; Fig. 5B and C). Furthermore, an
observation of decreased p53 immunostaining after an
intervention may have prognostic significance and
might provide evidence of a therapeutic effect.

Figure 5. The p53 staining patterns of normal (A), sun-damaged (B), and AK (C) epidermal nuclei of the biopsies from Fig. 1. The
average number of staining nuclei is greater in sun-damaged skin than in normal skin, and greater still in AK. In sun-damaged skin
and AK, clusters of cells with particularly intense staining (arrows) likely represent clonal proliferations of cells harboring p53
mutations. Immunoperoxidase with methyl green eosin counterstain. Original magnification 100.
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