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Using statistical analyses of Fourier transform-IR spectra, we show
that DNA of the histologically normal prostates of men 16–80 years
old undergoes structural changes in the bases and backbone with
increasing age. Of the older men (ages 55–80), 42% exhibited a
DNA phenotype mimicking that of primary prostate tumors from a
comparable age group. This cancer-like phenotype, which was not
found in the younger men (ages 16–36), appears to arise from
progressive age-related damage to DNA. The mean concentrations
of 8-hydroxypurine lesions (e.g., 8-hydroxyguanine) were substan-
tially higher for the older men than for the younger men. This
finding suggests that the hydroxyl radical contributed to the
structural changes that characterize the cancer-like phenotype.
Strikingly, we were additionally able to discriminate between the
DNA of primary prostate tumors and the DNA of primary prostate
tumors from which distant metastases had been identified. More-
over, logistic regression analysis was able to predict the probability
that a tumor had metastasized with �90% sensitivity and speci-
ficity. Collectively, these findings are particularly promising for
identifying men at risk for developing prostate cancer, as well as
for the early determination of whether a primary tumor has
progressed to the metastatic state. This is highly important be-
cause the prognosis of histologically similar prostate carcinomas
varies, thus creating a need to predict which cancers are most likely
metastatic.

In the United States, prostate cancer is the most prevalent of
all cancers and the second-leading cause of cancer mortality in

men (1). The incidence rates for this disease rise markedly as a
function of increasing age (1–3). Notably, 70% of all newly
diagnosed prostate cancers occur in men over age 65 (2). The
greatest threat from prostate cancer lies in its potential to
metastasize (3). Clinical diagnosis of metastatic prostate cancer
presently depends on histological identification of distant me-
tastases. Yet, by the time the tumor has metastasized, the success
of intervention is severely limited. Clearly, there is a need to
identify early subcellular changes in the prostate, such as in
DNA, associated with aging, primary tumor development, and
the progression to metastasis.

We have reported (4) that the ratio of mutagenic 8-hydroxy to
putatively nonmutagenic ring-opened purine lesions in prostate
DNA increased �3-fold in men between the ages of 16 and 83.
In addition, a related study (5) showed a substantial accumula-
tion of 8-hydroxyguanine (8-OH-Gua) in the liver, kidney, and
intestine as rats aged. It was later reported (6) that levels of this
base lesion increased 186% in the livers of rats between 5 and 30
months. Several factors have been suggested to explain age-
related increases in DNA base lesion concentrations in various
tissues, among them reduced enzyme repair (7–10), a slow loss
of DNA nuclease activity (5), and an increase in base oxidation
(11). These findings focus attention on the importance of
age-related free radical damage to DNA and the putative
relationship to cancer. Although a host of factors [e.g., gene

mutations (12) and hypermethylation (13)] probably contribute
to age-related changes in prostate DNA, there is limited under-
standing about how many of these events influence the trans-
formation of normal cells to cancer in older men or contribute
to metastasis.

We have also reported (14), using statistical models of Fourier
transform-IR (FT-IR) spectra, virtually perfect discrimination
between the DNA of histologically normal prostates, benign
prostatic hyperplasia, and prostatic adenocarcinoma. Significant
spectral (structural) differences identified in the bases and
backbones of each of the DNA groups contributed to this
discrimination. In this regard, our previous study on breast
cancer (15) demonstrated that a multivariate model of FT-IR
spectral data was able to discriminate between the DNA of
nonmetastasizing and metastasizing invasive ductal carcinomas
of the female breast.

We have extended our interest in age-related structural
changes in DNA as they relate to the development of prostate
cancer. We now demonstrate that a relatively high proportion of
older men have a DNA structural profile that closely resembles
that of primary tumors. Furthermore, structural comparisons of
the DNA from primary prostate tumors and metastasizing
primary tumors allowed us to develop a statistical model having
the potential to determine metastasis by examining the primary
tumor.

Materials and Methods
Tissue Acquisition. With Institutional Review Board approval, we
obtained frozen (�80°C) prostate tissues from the peripheral
zone where about two-thirds of tumors occur (3). Forty-nine
prostate samples were provided by the following donors: Baylor
College of Medicine Specialized Program of Research Excel-
lence tissue bank project (n � 32); Washington Pathology
Consultants, Seattle (n � 10); Northwest Tissue Center, Seattle
(n � 6); and the Cooperative Human Tissue Network, Pittsburgh
(n � 1). The samples comprised the following groups: (i)
histologically normal tissues from healthy individuals ranging in
age from 16 to 80 years (n � 21); (ii) tissues from patients with
primary prostate cancer, ages 50–75, comprising microscopically
isolated tumor tissues (n � 9); (iii) microscopically isolated
metastasizing primary tumor tissues (based on confirmed distant
metastases), ages 55–71 (n � 11); and (iv) microscopically
isolated distant metastases, ages 48–73, obtained from lymph
nodes (n � 7) and the pelvic region (n � 1). All samples were
from different individuals.

Abbreviations: FT-IR, Fourier transform-IR; GC-MS, gas chromatography-MS; 8-OH-Gua,
8-hydroxyguanine; 8-OH-Ade, 8-hydroxyadenine; Fapy, formamidopyrimidine; FapyGua,
fapyguanine; PC, principal component.
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Isolation of High Purity Tumor Tissues. Frozen tumor slices inked
with different colors to denote posterior or anterior and right or
left aspects of the slices were provided to our pathologist
(E.A.B.). Two similarly inked, matching glass microscope slides
of hematoxylin�eosin sections from the adjacent slices of the
tumor were also provided. Tumor foci were located on the
‘‘sandwich’’ hematoxylin�eosin slides by dotting the tumor pe-
riphery, then extrapolated to the frozen slice so that the portion
containing relatively pure tumor could be dissected. Each iso-
lated tumor tissue was estimated to be �90% pure.

DNA Extraction. DNA (�50 �g) was extracted from each prostate
tissue (70–100 mg) with Qiagen (Chatsworth, CA) 100�G
Genomic tips by using a modification of the Qiagen extraction
procedure. The DNA was passed through a 5.0-� Cameo 30N
filter (Osmonics, Minnetonka, MN) before precipitation. The
DNA was then washed three times with ice-cold 70% ethanol.
The Qiagen procedure is an ion-exchange system and does not
constitute a source for artifactual oxidation of purines during
extraction. In preparation for FT-IR spectral and gas chroma-
tography–MS (GC-MS) analyses, the DNA was dissolved in
10–40 �l (depending on the size of the pellet) of optima grade
distilled water (Fisher Scientific).

FT-IR Spectroscopy. A 0.2-�l aliquot of the DNA solution was
spotted directly on a BaF2 plate and allowed to spread, forming
an outer ring that contained the DNA. Two separate spots
(splits) were created for each DNA sample. The spots were
allowed to dry. Spotting was repeated until the ring was at least
100 � wide, the width of the aperture of the microscope
spectrometer (System 2000, Perkin–Elmer). The plate was then
placed in a lyophilizer for 1 h to completely dry the DNA.
Initially, a background energy reading (percent transmittance)
was determined from a blank area of the BaF2 plate. Energy
readings were then taken at various points around the ring, and
the points for spectral determination were selected where the
energy readings were 15–25% less than the background energy
(optimally close to 15% less). Ten spectral determinations were
made around each of the two rings per sample and the percent
transmittance values were converted (Fourier-transformed) into
absorbance values. Each spectrum was baselined (the mean
absorbance across 11 wavenumbers, centered at the minimum
absorbance value between 2,000 and 1,700 cm�1, was subtracted
from the total absorbance at each wavenumber) and then
normalized (the entire baselined spectral absorbances were
divided by the mean between 1,750 and 760 cm�1). Baselining
and spectral normalization adjusted for the optical characteris-
tics of each sample (e.g., related to film thickness). The mean
absorbance value was then determined at each integer wave-
number (1,750 to 700 cm�1). The average coefficient of variation
for all spectra obtained was 1.9%, with a maximum of 4.8%.

GC-MS. GC-MS was performed as reported (4, 16, 17). In short,
DNA (�20 �g) was hydrolyzed with 150 �l of 60% formic acid
in Reacti-vials (Pierce). Hydrolysates were lyophilized and then

derivatized by using 50 �l of bis(trimethylsilyl)trif luoroacetic
acid containing 1% trimethylchlorosilane and acetonitrile (4:1,
vol�vol). In a study of the chemical oxidation of guanine (P.M.J.,
unpublished results), no evidence was found for a significant
increase in 8-OH-Gua by GC-MS under the conditions de-
scribed. These findings are consistent with those reported re-
cently (18–20). GC-MS analysis of the samples was conducted by
using a Hewlett–Packard model 6890 gas chromatograph with a
Hewlett–Packard model 5973 mass spectrometer. The purine
base lesions quantified were 8-OH-Gua, 8-hydroxyadenine (8-
OH-Ade), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fa-
pyguanine; FapyGua), and 4,6-diamino-5-formamidopyrimidine
(Fapyadenine) (21). The concentrations were reported as base
lesions per 105 parent bases (4).

Statistical Analyses. The representative FT-IR spectrum of each
sample was obtained by determining the mean of 20 spectral
determinations (10 per split, as described above). It is often
difficult to visually discern subtle differences between mean
DNA spectra for different groups of samples. Therefore, a t test
was performed to determine the statistical significance (P value)
of differences at each wavenumber between mean absorbance
values for each pair of groups (e.g., primary tumor vs. metas-
tasizing primary tumor DNA). Although the P values at almost
1,000 consecutive wavenumbers are not statistically indepen-
dent, regions of the spectrum with P � 0.05 are likely to have real
structural differences between the groups.

Principal components (PCs) analysis, which involves �106

correlations between spectral absorbances per wavenumber,
integrates different properties of the spectra (e.g., varying peak
heights, peak locations, and various combinations thereof). PCs
analysis was performed on the mean spectrum of each sample,
resulting in 10 PC scores per sample (22, 23). Significant
differences in the PC scores between tissue groups were deter-
mined by using t tests (Table 1). PCs with significant differences
(P � 0.05) were used to construct two-dimensional scatter plots.
The separation of sample clusters in the plots signifies that the
groups are structurally dissimilar (15, 22). Significant differences
(P � 0.05) in PCs of primary prostate tumors and metastasizing
primary tumors were used in logistic regression analysis to
predict the probability of metastatic cancer, and the sensitivity
and specificity of prediction were calculated. The relationship
between PCs and age was evaluated by using Spearman corre-
lation coefficients.

The Levene test (24) was used to find significant differences
in variance between groups of base lesion concentrations; t tests
were performed to identify significant differences in the mean
concentrations of base lesions between the DNA of tissue
groups. The equal variance t test was used, unless the Levene test
revealed significant differences in variance, in which case the
unequal variance version was used. The relationship between
base lesion concentrations and age was established by using
Spearman correlation coefficients.

Table 1. P values for t tests of PC scores from sets of FT-IR spectra

Comparisons

PCs

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10

Younger normal vs. older normal 0.7 0.09 0.01 1.0 0.5 �0.001 �0.001 0.1 0.2 0.7
Older normal vs. primary tumor 0.6 0.7 0.6 0.8 0.2 0.04 0.9 0.1 1.0 0.7
Primary tumor vs. metast. primary tumor 0.7 0.3 0.2 0.1 0.003 0.8 �0.001 0.7 0.01 0.1
Primary tumor vs. distant metastases 0.3 0.1 �0.001 0.2 0.4 0.04 0.02 �0.001 0.4 0.01

DNA from the following prostate tissues were compared: histologically normal from younger (ages 16–36; n � 9) and older (ages 55–80; n � 12) men, primary
tumors (n � 9), metastasizing primary tumors (n � 11), and distant metastases (n � 8).
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Results and Discussion
Age-Related Changes in DNA of the Normal Prostate. Aging is
associated with a variety of detrimental changes in organisms at
virtually all levels of biological organization (25). Many of these
changes lead to degenerative diseases, cancer, and ultimately
death. The present findings suggest that substantial age-related
changes in the structure of DNA are implicated in the develop-
ment of prostate cancer in older men.

DNA from histologically normal prostate tissues of men ages
16–36 (n � 9) and 55–80 (n � 12) was analyzed by FT-IR
spectroscopy. A comparison between the mean DNA spectra of
the younger and the older men (Fig. 1A) revealed regions with
significant structural differences between the groups (P � 0.05;
Fig. 1B). These differences, reflecting complex changes in DNA
structure, occurred in the bases and backbone and extended over
34% of the spectral range. (P � 0.05 would be expected for only
�5% of the wavenumber range if all of the group differences
were random.) For example, there were differences in mean
values attributed to C4AO stretching vibrations (assigned to
thymine residues) represented by the absorbance at 1,720 cm�1

(Fig. 1 A and B). [The assignments of DNA structure to spectral
vibrations are based on the literature (26, 27).] There were also
differences in NH2 bending and CAN stretching vibrations
evident at �1,606 cm�1 (attributed to adenine residues) (Fig. 1
A and B). In addition, the mean differences in bands between
1,550 and 1,300 cm�1 (Fig. 1 A and B) reflect in-plane base
vibrations of the NH and CH deformation modes. Spectral
vibrations between �1,700 and 1,350 cm�1 are attributed to
alterations in base structures (e.g., NH2) and are known to
induce changes in conformational properties, such as those
associated with vertical base stacking interactions. The strong

peak at 1,088 cm�1 (Fig. 1A) is assigned to symmetric stretching
vibrations of the PO2

� backbone component. The shoulder at
1,021 cm�1 and the peak at 960 cm�1 are two of several bands
in this spectral region assigned to ribose-phosphate main-chain
vibrations. These comparisons of mean spectral properties pro-
vide persuasive evidence that the base and backbone structures
of prostate DNA are progressively altered as a function of
increasing age.

To better understand the relationship between age and DNA
changes in the histologically normal prostate, PC scores derived
from the DNA spectra for each of the men were plotted against
their ages (16–80 years; Fig. 1 C and D). The PCs selected (PC6
and PC7) were based on t tests (each P value � 0.001) shown in
Table 1. The correlation coefficients between age and PC scores
were as follows: PC6, �0.622, P � 0.003 and PC7, �0.679, P �
0.001.

Table 1 also shows many significant group differences in PC
scores. There are 12 of 40 P values �0.05, whereas only two
would be expected by chance if the PC scores were not related
to the groups. Also of note, the higher PC scores, such as PC5
and beyond, tend to have more of the significant P values than
the lower PC scores. In general, the higher the PC score, the
more subtle are the features described, and PC scores 5 and
higher would tend to represent extremely subtle differences
among spectra, explaining why differences in group mean spec-
tra are often not visually apparent. Also, the comparison be-
tween samples from older normal men and from primary tumors
in Table 1 shows only one PC with a (mildly) significant
difference (PC6), whereas all other group comparisons show
three to five PC scores with significant differences. All of the
groups have a roughly similar size (n � 8–11), so the fewer

Fig. 1. Age-related differences in FT-IR spectra of DNA from histologically normal prostate tissues from two groups of men, ages 16–36 (mean � 25.1; n � 9)
and 55–80 (mean � 63.5; n � 12). (A) Mean DNA spectra for the younger (black) and the older (red) groups. (B) Comparison of differences (P values) between
the mean spectra at each wavenumber. (C) Relationship between PC6 and age. (D) Relationship between PC7 and age.
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differences detected between older men and primary cancer are
not caused by lower statistical power, but are more likely caused
by genuine similarity of the mean spectra of these two groups.

Reactive oxygen species, notably the �OH, have been impli-
cated in reactions with the base (21, 28) and backbone (29)
structures of DNA. Recent evidence (30) has shown that the
modification of DNA bases by this radical (i.e., represented by
the introduction of a single 8-oxo group into a 25-base strand)
induces changes in the conformational structure of the phos-
phodiester-deoxyribose moiety. In addition, the �OH is known to
react directly with the phosphodiester-deoxyribose structure,
such as by abstracting an H atom from the sugar component (31).

In a previous study (4), we found that the proportion of
mutagenic 8-OH-purine lesions to putatively nonmutagenic
Fapy lesions in prostate DNA increased significantly as men
aged. In the present work, significantly higher mean concentra-
tions of 8-OH-Gua (P � 0.05), 8-OH-Ade (P � 0.01), and
FapyGua (P � 0.01) were found in prostate DNA of the older
group of men compared with the younger group (Table 2). These
elevated levels of base lesions in the DNA of the older men are
assumed to be a factor contributing to the structural changes
found between the age groups by FT-IR spectroscopy. More-
over, the variance values for the mean concentrations of 8-OH-
Gua, 8-OH-Ade, and FapyGua were substantially higher in the
older age group (Table 2). These differences in means and
variances between the younger and older men are also evident
in the plots of base lesion concentrations with age (Fig. 2). There
were no significant differences in either the mean or variance for
Fapyadenine (Table 2). The Spearman correlation coefficients
between base lesion concentrations and age were 0.52 (P �
0.015) for 8-OH-Gua, 0.55 (P � 0.01) for 8-OH-Ade, and 0.50
(P � 0.02) for FapyGua. In a previous study (32), increased
variance in mutagenic base lesions in tumor-prone tissues was
hypothesized to be an obligatory precursor to clonal selection
and subsequent tumor formation.

Most significant is the fact that the base lesion concentrations
for a high proportion of the older men substantially exceeded the
highest base lesion values for the younger men (Fig. 2). Using the
8-OH-Gua concentrations as an example, the values ranged from
�150 to 300 base lesions per 105 parent bases for the younger
men and �150–500 for the older men. The slope of the line
shows the increase in mean base lesion concentrations for men
aged 60, compared with men aged 20, was 60% for 8-OH-Gua,
80% for 8-OH-Ade, and 160% for FapyGua. Some men, how-
ever, showed no increase in base lesion concentrations with age
(Fig. 2). The overall implication is that some older men maintain
the base lesion concentrations characteristic of the younger men,
whereas others develop substantially elevated concentrations,
notably of the mutagenic purine lesions. The increases in the
mutagenic purine lesions in the older men may well increase
their risk for prostate cancer (4).

Similarities Between the DNA of Older Men and the DNA of Primary
Prostate Tumors. FT-IR spectroscopy showed that the DNA from
a substantial subset of the older men was structurally very similar
to the DNA of primary prostate tumors. When the mean DNA
spectrum of the older men was compared with the mean
spectrum of primary prostate tumors, no significant differences
were evident over the entire spectral range. However, despite the
inability to discriminate between these mean spectra, logistic
regression analysis based on PC6 (P � 0.04; Table 1) revealed a
marked discrimination between the two groups (Fig. 3). Five of
12 of the points representing the older men fell within the group
for the primary tumor DNA; that is, 42% of the older men had
a DNA phenotype indistinguishable from that of primary pros-
tate cancer. This finding suggests that these older men with the
cancer-like phenotype had a relatively high cancer risk. By
contrast, 58% of the points for the older men fell below the
tumor group and were completely separated from it. It is
tempting to speculate that these men had a relatively low risk for

Fig. 2. Concentrations of 8-OH-Gua (A), 8-OH-Ade (B), and FapyGua (C) in DNA of histologically normal prostate tissues from men ages 16–80 (n � 21) vs. age.
See text for details.

Table 2. Mean DNA base lesion concentrations with P values for differences between
histologically normal prostates from men ages 16–27 and men ages 55–66

Base lesion

Younger normal (n � 8) Older normal (n � 11) P value

Mean Variance Mean Variance Mean* Variance†

8-OH-Gua�105 Gua 233 1,087 310 12,251 0.05 0.02
FapyGua�105 Gua 58 271 101 1,584 �0.01 0.02
8-OH-Ade�105 Ade 73 226 118 2,305 0.01 0.05
FapyAde�105 Ade 40 135 43 165 0.58 0.98

The data for the 36- and 80-year-olds were not used in these groups because the base lesion concentrations
were �3 SDs from the mean.
*t test.
†Levene test.
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prostate cancer, which is consistent with the epidemiological
evidence showing that some older men never develop this
disease (33). [The high variance values for base lesion concen-
trations (Table 2) and the small number of samples for the
putatively high and low cancer risk sub groups (Fig. 3) provided
little statistical power for detecting differences in base lesion
concentrations between these groups.]

We have shown that FT-IR microscope spectroscopy is capable
of identifying subtle age-related changes in DNA that, in some men,
mimic the prostate cancer phenotype. Thus, the results obtained

provide a promising basis for the development of cancer risk
models. A prime example of a potentially high risk factor may well
be a close structural similarity between a man’s DNA and that
established for primary prostate cancer. However, future models
based on larger sample numbers and genetic and lifestyle factors
may additionally allow for men at risk to be identified before they
develop the characteristic cancer phenotype. Because free radicals
are apparently a significant component in inducing the structural
alterations in prostate DNA (4), intervention with antioxidants
(e.g., in the diet) may slow this process and thus extend the age at
which the cancer phenotype is reached. A basis for this conclusion
has been suggested from dietary intervention studies with natural
products, such as those containing the antioxidants and radical-
trapping agents lycopene (34, 35), tocopherols (36), and polyphe-
nols (37, 38) that reportedly inhibit prostate cancer development.

Predicting Metastasis of a Primary Tumor. Because we were able to
discriminate between the DNA of younger and older men, we were
interested in determining whether it would be possible to discrim-
inate between the DNA of a primary tumor and one that had
metastasized. The ability to determine whether a primary prostate
tumor has progressed to the metastatic state has considerable
clinical potential and is of prime importance in avoiding a fatal
outcome (3). However, we are unaware of any method for deter-
mining whether a primary prostate tumor is metastasizing until
distant metastases have been observed (39), thus considerably
reducing prospects for successful intervention (3). Therefore, a
distinct advantage in patient treatment would be the development
of a practical and reliable means for determining whether a prostate

Fig. 3. Predicted probability of cancer based on a logistic regression model.
The model uses PC6 from FT-IR spectra of DNA from histologically normal
prostates of men (ages 55–80; n � 12; orange) and DNA from primary prostate
tumors of men (ages 50–75; n � 9; blue). Overlapping points: 1, two primary
tumors and one normal; 2, two primary tumors; and 3, three normals.

Fig. 4. Comparison of FT-IR spectra of DNA from primary prostate tumor
tissues (n � 9) and metastasizing primary prostate tumor tissues (n � 11). (A)
Mean DNA spectra for the primary prostate tumor (black) and metastasizing
primary tumor (red) tissues. (B) Comparison of differences (P values) between
the mean spectra at each wavenumber.

Fig. 5. Plot of PC3 vs. PC8 from FT-IR spectra of DNA from primary prostate
tumor tissues (n � 9; blue), metastasizing primary prostate tumor tissues (n �
11; pink), and distant metastases of prostate tumors (n � 8; green).

Fig. 6. Predicted probability of metastatic cancer based on a logistic regres-
sion model. The model uses PC7 from FT-IR spectra of DNA from primary
prostate tumors (n � 9; blue) and metastasizing primary prostate tumors (n �
11; pink). Overlapping points: 1, three metastasizing primary tumors; 2, one
primary tumor and one metastasizing primary tumor; and 3, two primary
tumors.
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tumor is metastasizing before any distant metastases have been
discovered. We propose that the use of FT-IR spectroscopy as
described offers an attractive means for identifying those patients
in need of aggressive therapy.

As anticipated, FT-IR spectroscopy effectively distinguished
between the DNA of primary tumors and the DNA of distant
metastases. In fact, the significant differences between the two
spectral means spanned over 42% of the entire spectral range
and involved a number of structural components comprising the
bases and backbone. However, this capability was not pursued
extensively given that these two tumor states are readily distin-
guished histologically. Rather, we turned our attention to the
more important issue of distinguishing between the DNA of
primary tumors and the DNA of metastasizing primary tumors.

We found significant structural differences over 15.2% of the
spectral range when the mean spectra of DNA from each of these
tissue types were compared (Fig. 4 A and B). These differences
occurred in the bases and vertical base-stacking interactions, as
reflected in the significant P values between �1,650 and 1,480
cm�1 and in the region assigned to vibrations of the phosphodi-
ester-deoxyribose moiety (�1,227 to 900 cm�1). Examples of
these backbone differences include antisymmetric PO2

� stretch-
ing vibrations (�1,225 cm�1) and a shoulder at �1,020 cm�1

reflecting ribose-phosphate main-chain vibrations (26, 27).
Considering that the primary tumor, metastasizing primary

tumor, and the distant metastases are integrally related compo-
nents of the metastatic process, we determined whether the DNA
from these three tumor stages could be separated using PCs
analysis. PC scores were obtained for all three DNA groups
combined. P values were determined by using t tests between PC
scores for the DNA of the primary tumors and the distant metas-
tases. Strikingly, a plot of the two most significant PCs, PC3 and
PC8 (P � 0.001; Table 1), revealed an almost perfect discrimination
between the three DNA groups (Fig. 5). Of particular interest was
the fact that the cluster of points for the DNA of the metastasizing
primary tumors occurred as an intermediate between the primary
tumor DNA and that of the distant metastases. The Spearman
correlation coefficient between PC3 and PC8 for all three groups
combined was �0.48 with P � 0.01.

The impressive discrimination obtained (Fig. 5) provided a
strong justification for conducting a logistic regression analysis

for the primary prostate tumor DNA and the metastasizing
primary tumor DNA. The model selected was based on PC7 (P �
0.001; Table 1). At 50% predicted probability for metastasis, we
found that the sensitivity was 91% and the specificity was 89%
(Fig. 6). The ability to discriminate with such accuracy the DNA
of the primary tumors and the DNA of the metastasizing primary
tumors is highly promising for predicting whether a primary
tumor has metastasized. In a clinical application, a fine needle
biopsy yielding a minimum of 1 �g of DNA would be sufficient
for this determination. We anticipate that future studies, using
a larger number of samples, would provide added strength to
support the present findings.

Conclusions
Evidence has been presented to show that FT-IR microscope
spectroscopy reveals subtle structural changes in DNA associ-
ated with both aging and cancer development in the prostate. In
a relatively high proportion of the normal men studied, age-
related changes in nonmalignant tissues were associated with the
development of a DNA phenotype with features very similar to
that of primary prostate tumors. We hypothesize that this
cancer-like phenotype could be used to identify men at high risk
for prostate cancer. We further hypothesize that models based
on age-related structural changes preceding the manifestation of
this phenotype may also serve to predict cancer risk. Of addi-
tional importance, we have demonstrated the ability of mi-
crospectroscopy to identify changes in DNA that occurred after
primary prostate tumors had displayed the characteristic fea-
tures of metastasis. This finding constitutes a novel approach for
the early detection of metastasis using discrimination models,
such as logistic regression, as described.
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