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SUMMARY: The aberrant content of DNA, or aneuploidy, is a hallmark of tumor cells and may be associated with malignant
potential. Based on the hypothesis that aneuploidy, as a form of genetic instability, results in an increased capability to generate
cell heterogeneity, we investigated whether a comprehensive assessment of aneuploidy extent and degree might be a reliable
indicator of tumor aggressiveness. DNA content was determined by flow cytometry in the infiltrating front of 131 paraffin-
embedded primary colorectal carcinomas collected in a prospective design. Enrichment of tumor cells by sample microdissection
resulted in neoplastic cell contents above 75%. An estimate of aneuploidy, the aneuploidy index (AI), was calculated as the tumor
DNA content adjusted by the percentage of diploid and aneuploid cells in G0/G1. Thirty-nine tumors were diploid, 90
hyperdiploid, and 2 hypodiploid. The mean AI in aneuploid tumors was 1.20 6 0.17 and correlated with Dukes’ stage and
metastasis (p , 0.05). A high AI (receiver operating characteristic curve cutoff value greater than 1.14) predicted a poorer
outcome in univariate (p 5 0.004) and multivariate (p 5 0.01) analyses. Based on these results, we postulate that aneuploidy is
the molecular engine of progression in a subset of colorectal cancers, in which the AI seems to be a sensible and independent
gauge of malignant potential. The AI determination may have prognostic application in colorectal cancer, especially in low-grade
tumors, which might benefit from coadjuvant therapies. (Lab Invest 2001, 81:307–315).

T he extents of tumor infiltration of the bowel wall
and lymph node metastases, both included in

the Dukes’ stage and tumor node metastasis (TNM)
classification systems, are the most important prog-
nostic factors in colorectal cancer (Crissman et al,
1989; Deans et al, 1992). Nevertheless, traditional
morphologic criteria based upon evaluation by a pa-
thologist are accurate for predicting recurrence in only
50% to 75% of the patients with nonmetastatic inva-
sive colon carcinoma. Therefore, there is a need for
additional, less subjective, independent factors to
better predict outcome.

Cancer cells exhibit loss of genomic integrity. This
may be, in part, related to chromosomal aberrations
that can be secondary to disruption of cell cycle
checkpoints (Cahill et al, 1998; Cheng and Loeb,
1993). Abnormal nuclear DNA content (aneuploidy), as
determined by flow cytometry, reflects net changes in
the number of chromosomes (Offerhaus et al, 1992;

Remvikos et al, 1988) and has been proposed as a
marker with prognostic applications. Nevertheless, no
general agreement has been obtained regarding the
routine clinical usefulness of aneuploidy in colorectal
cancer (American Society of Clinical Oncology, 1996;
Bauer et al, 1993). Studies in large series of samples
indicate a lack of association between ploidy and
survival (Tang et al, 1995; Zarbo et al, 1997). An
explanation for the discrepancies in study results may
be an inappropriate use of the DNA content of the
most aneuploid cell population as the measurement of
the aneuploidy of the tumor. This DNA index (DI) is
based on experimental evidence suggesting that cells
that are more aneuploid are likely to have higher
malignant potential (Duesberg et al, 1998; Lengauer et
al, 1997), resulting in increased tumor aggressiveness
(Ciftone and Fidler, 1981). However, other studies
have demonstrated that more invasive (metastatic)
cells do not necessarily arise from the most aneuploid
population (Scott et al, 1988; Tollenaar et al, 1997).
Cells with a highly abnormal karyotype may be aber-
rant cells that are not necessarily viable (Scott et al,
1988). Tumors contain heterogeneous populations of
cells and it is the aneuploidy heterogeneity, rather than
the maximum degree of aneuploidy, that is associated
with poorer outcome in different types of tumors
(reviewed in Heppner and Miller, 1998). Thus, multiple
sampling would be necessary to have an accurate
estimation of the aneuploidy of the tumor (Bauer et al,
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1993). However, this is time consuming, expensive,
and probably unfeasible for routine clinical applica-
tion. The analysis of the S-phase fraction may be a
more powerful prognostic parameter than DI (Bauer et
al, 1993), but the inaccuracy of its calculation in
aneuploid paraffin samples because of the overlap-
ping of subpopulations limits its utility.

We developed a new index that, although not as
accurate as multiple sampling, is an approximate
measurement of the global aneuploidy of the tumor.
Because the size of the aneuploid subpopulation can
vary considerably from one tumor to another, the
novel aneuploidy index (AI) takes into account not only
the abnormal DNA content of the aneuploid subpopu-
lation (the classical DI) but also its spread in the tumor.
It is easily calculated as the DNA index computed
proportionally to the area of diploid and aneuploid
peaks. This measurement is made at the invasive edge
of the tumor, a region that probably contains the
highest burden of malignancy. Furthermore, the AI
assessment can be performed in accessible paraffin-
embedded samples.

The accurate assessment of aneuploidy is relevant
in light of recent studies (Duesberg et al, 1999; Li et al,
2000; Rasnick and Duesberg, 1999) suggesting that
aneuploidy is the genetic mechanism underlying ma-
lignant transformation. Duesberg et al (1999) hypoth-
esize that aneuploidy causes an autocatalytic karyo-
type evolution, which implies chromosomal instability
and the resulting heterogeneity of cancer cells. In line
with the work of Lengauer et al (1998), a reliable
measurement of genetic instability, aneuploidy in this
case, should consider not only the state, but also the
rate of karyotype evolution. Because the AI integrates
both concepts, it may more accurately reflect the
malignant potential of a tumor. To test this hypothesis,
we used flow cytometry to analyze the DNA content at
the invasive edge of tumors in a series of 131 colo-
rectal carcinomas. A corrected AI, reflecting the aver-
age DNA content of the tumor specimen, was calcu-
lated and the association of AI with the clinical
outcomes was investigated.

Results

Ploidy Analysis

Flow cytometry analysis of the 131 cases included in
the study (see Material and Methods) provided three
different indexes of aneuploidy: the classic DI; the
ratio of aneuploid to diploid cells or cell index (CI); and
the AI, a composite measurement of the two previous
parameters. A detailed definition of these indexes is
given in the Material and Methods section. Thirty-nine
tumors (29.8%) were classified as diploid and 92
(70.2%) as aneuploid. Among the aneuploid tumors,
19 cases (20.6%) were near diploid (DI 5 1.1 to 1.2), 1
case was hypodiploid (DI 5 0.79), and 5 cases were
multiploid (1 contained a hypodiploid population). The
two cases with hypodiploid populations were ex-
cluded. Therefore, 129 cases were available for sta-
tistical analysis. In multiploid cases (see Material and

Methods) the CI and AI were calculated considering all
aneuploid populations, and the highest DNA content
was used for the DI. The mean values (6 SD) for the
three indexes of the 90 tumors constituting the aneu-
ploid group were: DI 5 1.57 6 0.31 (range: 1.10 to
2.28), CI 5 0.38 6 0.20 (range: 0.02 to 0.81), and AI 5
1.20 6 0.17 (range: 1.00 to 1.84). Near-diploid tumors
had approximate CI values because of overlapping
distributions of near-diploid and diploid cell popula-
tions. Therefore, these tumors were not included in the
CI analysis, but were included for the AI study be-
cause the CI inaccuracy had little effect on AI calcu-
lation because of the low DI value. Linear regression
analysis revealed no correlation between DI and CI
(data not shown), reinforcing the notion that these
indexes provide complementary information. As ex-
pected, both DI and CI correlated with AI. Proliferation
parameters were determined in diploid tumors. The
mean values (6 SD) were: S-phase fraction: 12.77 6
5.39 (range: 3.71 to 28.00) and proliferation index:
0.23 6 0.12 (range: 0.05 to 0.55).

Clinicopathologic Associations

Ploidy status (diploid versus aneuploid) did not show
any statistically significant differences with respect to
clinicopathologic parameters. In aneuploid tumors,
increased AI was associated with advanced Dukes’
stage (p 5 0.042), presence of metastasis (p 5 0.020),
and a nearly significant association was observed with
left-sided tumors (p 5 0.076). High CI values were
associated with metastasis (p 5 0.023) and advanced
Dukes’ stage (p 5 0.069). In contrast, DI did not show
any statistically significant association.

Survival Analysis

Clinicopathologic variables and the three ploidy pa-
rameters were evaluated as prognostic factors with
respect to overall and disease-free survival. In this
analysis, only radical surgical resection (R0) tumors
were considered (n 5 108). Among clinicopathologic
variables, only Dukes’ stage was a predictor of poorer
overall and disease-free survival (Table 1). The classi-
fication of the tumors based on the ploidy status
(diploid versus aneuploid) did not show any associa-
tion with survival (Table 1). This is the simplest tumor
classification, which does not take into account the
degree of aneuploidy. To test the working hypothesis
(that the degree and extent of aneuploidy could affect
tumor behavior), tumors were grouped into three cat-
egories: diploid, low aneuploid, and high aneuploid.
Classifications were made according to the cutoff
points for each index giving the highest prognostic
efficiency after receiver operating characteristic (ROC)
curve analysis. The cutoff values were AI greater than
1.14 (area under the curve: 0.675, sensitivity: 80%,
specificity: 57%), DI greater than 1.48 (area under the
curve: 0.663, sensitivity: 85%, specificity: 50%), and
CI greater than 0.17 (area under the curve: 0.529,
sensitivity: 100%, specificity: 18%). The reported
numbers correspond to the analysis of aneuploid
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tumors, but identical cutoff values (with lower area
under the curve values) were obtained if diploid cases
were also included in the analysis.

The Kaplan-Meier curves for overall survival ob-
tained with the three indexes were very similar, be-
cause the most significant classification was that
based on the AI (Fig. 1a). Surprisingly, diploid tumors
had an intermediate survival level, between low and
high aneuploidy, which explains the lack of signifi-
cance in the survival analysis of diploid versus aneu-
ploid tumors. Sorting of diploid tumors according to
Dukes’ stage revealed a striking difference in survival
(Fig. 1b and c). Interestingly, diploid tumors showed
good prognosis in early Dukes’ stages (Fig. 1b),
whereas for Dukes’ C stage survival decreased dras-
tically, and was worse than for high AI tumors (Fig. 1c).
Consequently, for further analyses, diploid tumors
were classified as a separate group. This new classi-
fication based on both ploidy status and the AI allows
a discrimination between tumors within the same
stage but with different outcomes. The 5-year survival
rate in patients classified by Dukes’ stage (Table 1) is
in agreement with previous data (Deans et al, 1992).
However, for patients with tumors in Dukes’ stages A
and B, a high AI identified a reduced survival rate (68%
versus 95%) (Table 1 and Fig. 1). However, the survival
rate (80%) in patients with low AI and Dukes’ grade C
tumors is similar to the figures expected in less
invasive stages (this work and Deans et al, 1992).

All aneuploidy parameters were indicators of a
worse outcome in the univariate analysis (Table 1),

except for the proliferation index (determined in dip-
loid tumors, not shown). In the multivariate analysis,
only AI was an independent prognostic factor (Table
1). These results indicate that the two primary factors
analyzed, percentage of aneuploid cells and DNA
content of the aneuploid population, both contribute
to the determination of the outcome of the aneuploid
tumors. However, only when both factors are com-
bined in a single parameter, the AI, is clinically relevant
information obtained. The multivariate analysis for
diploid tumors indicates that Dukes’ stage is a pow-
erful prognostic predictor. However, the prognostic
value of Dukes’ stage is reduced and overcome by the
AI for aneuploid tumors. The same conclusions were
reached when disease-free survival was assessed.

Because adjuvant therapy may have influenced
these observations, results were re-evaluated after
classification for therapy. Although the setting of this
study was not specifically designed to assess the
impact of treatment on patient outcome, some inter-
esting observations arose from our data. Only 4 (one
with a high AI) of the 70 patients with Dukes’ stage A
and B tumors received coadjuvant therapy (Table 2).
All of the patients were alive at the end point of the
follow-up. However in untreated patients with Dukes’
stage A and B tumors, the prevalence of high AI values
was increased in patients who died with disease (70%)
compared with living patients (25%) (p 5 0.021) (Table
2). Univariate and multivariate survival analysis of this
subset of untreated patients showed similar results to
those reported for all R0 cases (not shown). The

Table 1. Univariate and Multivariate Overall Survival Analysis

Prognostic factor

Univariate analysis

Categories No. of cases 5-yr survival (% 6 SE) Hazard ratio (Cox) Log-rank p

Dukes’stage (Astler-Coller) A–B 69 86.0 6 4.3
C 39 55.5 6 8.0 4.0 ,0.001

Ploidy status Diploid 32 71.8 6 7.9
Aneuploid 76 76.3 6 5.0 0.8 ns

Aneuploid tumors

DNA index (DI) #1.48 31 90.2 6 5.3
.1.48 45 66.9 6 7.3 4.4 0.009

Cell index (CI) #0.17 7 100
.0.17 51 67.0 6 6.8 26.4 0.061

Aneuploidy index (AI) #1.14 36 91.6 6 4.6
.1.14 40 62.1 6 8.1 4.3 0.004

Diploid tumors (Cox analysis)

Variable Categories Hazard ratio 95% confidence interval p

Dukes’ stage (Astler-Coller) A–B
C 23.0 2.8–185.9 0.003

Aneuploid tumors (multivariate Cox analysis)

Dukes’ stage (Astler-Coller) A–B
C 1.9 0.6–4.6 0.155

Aneuploidy index (AI) #1.14
.1.14 3.9 1.3–11.9 0.014
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inclusion of AI in prognostic assessment would have
reclassified 21 cases as high-risk, one-third of these
patients (7 of 21; 33%) died with disease; 44 patients
(18 diploid and 26 low AI) would have remained in the
low-risk group, in which only 3 patients (7%) died with
disease. In patients with R0 Dukes’ grade C tumors,
adjuvant therapy was given unless there was a con-
traindication, usually advanced age (mean age for
treated patients: 61 6 14, n 5 18; untreated patients:
71 6 13, n 5 22; p 5 0.025). Because of the low
number of cases, it was not possible to draw conclu-
sions. However, none of the treated patients with low
AI tumors died with disease, and two of the six
untreated patients died with disease. No differences

were observed for diploid and high AI R0 Dukes’ grade
C tumors.

To test the interaction between the two main pa-
rameters (Dukes’ stage and AI) and survival, we ana-
lyzed the relationship of the smoothed hazard rate
derived from a Cox model with these two variables
(Fig. 2). The hazard rate increased with AI regardless
of Dukes’ stage. However, in Dukes’ stages A and B
tumors, increased AI clearly identified a subset of
more aggressive tumors. The different behavior re-
flected in the curves for low- and high-AI tumors
justifies the existence of a cutoff point at approxi-
mately AI 5 1.14. In diploid tumors, Dukes’ stage was
a more resolute prognostic predictor than in aneuploid
cases, and the hazard rate for diploid Dukes’ grade C
tumors was the highest of all groups. This analysis
confirms the principal role of the AI in the outcome of
aneuploid tumors, especially for Dukes’ grade A and B
tumors, and highlights the bad prognosis of diploid
Dukes’ grade C tumors.

Discussion

Genomic instability exists within tumors with genetic
heterogeneity. Variant cells emerge throughout tumor
evolution, and clones most suited to survive are se-
lectively enriched. Heterogeneity within neoplasm is
essential to the tumor’s ability to survive, grow, and
metastasize. This heterogeneity is probably responsi-
ble for the failure of otherwise effective therapeutic
strategies (Heppner and Miller, 1998; Leith and Dexter,
1986; Vinyals et al, 1999). It is assumed that a corre-
lation exists between increased genomic damage and
malignant behavior (Arribas et al, 1997; Kern et al,
1989). Different molecular approaches have been
used to quantify the extent of genomic disruption
along the tumor and its association with identifiable
clinical manifestations. Increased levels of chromo-
somal imbalances throughout the genome (Arribas et
al, 1997; Kern et al, 1989; Offerhaus et al, 1992) and
deregulation of gene expression (Tortola et al, 1999b)
are associated with tumor aggressiveness in human
colorectal cancer. However, the technical complexity
of these approaches precludes their routine applica-
tion. Flow cytometry analysis of aneuploidy, usually
referred to as DI, seem to be a simpler alternative, but
has proved of limited value (American Society of
Clinical Oncology, 1996).

In this work, we have used the AI as a comprehen-
sive estimate of the average chromosomal disruption

Figure 1.
Kaplan-Meier overall survival curves after classification for aneuploidy index
(AI). Cutoff point was set after receiver operating characteristic (ROC) curve
analysis of all cases (. 1.14). Curves have been traced with all patients (top),
Dukes’ stages A and B (center), and Dukes’ stage C (bottom).

Table 2. Survival in Relation to the Coadjuvant Treatment Received and the Aneuploidy Indexa

Status at follow-up end-point

Treated Untreatedb

Alive Dead with disease Alive Dead with disease

Diploid 3 0 17 1
Low AI 0 0 24 2
High AI 1 0 14 7

a Only patients with low-grade tumors (Dukes’ stages A and B) and with no remnant disease (R0) were considered.
b One patient with a hypodiploid tumor (and dead with disease) was not included in the table. Chi-square test considering only untreated patients; p 5 .021.
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of the tumor cells. We hypothesized that a composite
index of both the DNA content of the aneuploid peak
and the proportion of aneuploid tumor cells would be
a more reliable indicator of the intrinsic chromosomal
instability than the conventional DI. To minimize the
bias produced by contaminating normal cells in the AI
calculation, ploidy analysis was performed on se-
lected areas from the infiltration front. Necrotic tissue
or areas with a high inflammatory component were
discarded after exhaustive mapping, allowing the sup-
position that most of the cells contributing to the
diploid peak were neoplastic. Despite tumor cell en-
richment, all samples contained a small population of
nontumor cells, which were detected in the histo-
grams because of their distinct dispersion character-
istics and were excluded from analysis. To confirm
that the cells selected were of epithelial origin, a
subset of cases with available optimal cryogenic tem-
perature (OCT)-embedded material were analyzed us-
ing cytokeratin and DNA double immunoreactivity.
Highly immunoreactive cells displayed diploid to ane-
uploid ratios similar to those obtained in the analyses
described above (not shown), demonstrating the cor-
rectness of selection criteria. This experimental design
and the high quality of the samples minimized the
impact of technical limitations and therefore were
critical in obtaining reliable results.

The AI has been shown to be an independent
prognostic factor in colorectal tumors, being the only
DNA content index to offer clinically useful informa-
tion. The maximal differences were observed in
Dukes’ stage A and B tumors, where there is a need to
identify those patients more likely to benefit from
adjuvant therapy. Some interesting observations on
the treatment impact on patient outcome arise from
our data. The inclusion of the AI in prognostic assess-
ment would have implied the reclassification of 21
cases as having a high-risk of recurrence. Although

these results must be treated with caution because of
the low number of cases and because the study was
not designed for this purpose, our data suggest that
this novel aneuploidy measurement might improve
conventional pathologic classification.

The remarkable correlation between AI and poor
prognosis probably reflects the unstable character of
tumors with high AI values. In these tumors, it is likely
that a greater number of tumor cells (represented by
CI) are able to accumulate more genetic alterations
(resulting in a higher DI), which increases the proba-
bility of variant and, occasionally, more aggressive
clones within the tumor. Thus, it would be the cumu-
lated genetic heterogeneity of the tumor that deter-
mines its malignant potential (Heppner and Miller,
1998). In contrast, tumors with a reduced number of
aneuploid cells (low CI) with high DI values would have
lower overall instability and, therefore, less potential
for progression. Because only the degree of DNA
content of the most aberrant cell population is taken
into account in the DI, this limitation may underlie the
lack of prognostic significance observed in this and
other studies, as discussed above.

The observed correlation between increased chro-
mosomal instability and malignant behavior (Arribas et
al, 1997; Kern et al, 1989), also seen in the present
study as assessed by AI, might reflect two opposite
situations: (i) that, in a given tumor, cells harboring the
most abnormal karyotype are the most invasive and
are selected for during distal dissemination (Duesberg
et al, 1998; Lengauer et al, 1997); or (ii) that the
presence of aneuploid clones is a symptom of the
global chromosomal instability of the tumor, the more
abnormal tumor cells are not necessarily viable (Scott
et al, 1988). The aneuploidy profile of the primary
tumor is often reproduced in its corresponding metas-
tases, as found in unpublished observations (RA Ris-
ques and MA Peinado), and by Tollenaar et al (1997).

Figure 2.
Hazard curves for aneuploid tumors according to Dukes’ stage. The vertical dashed line represents the cutoff point (. 1.14) obtained in the ROC curve analysis for
AI. Aneuploid tumors located to the left of this line are classified as low AI, and to the right, high AI. Hazards for diploid (rhombi), low AI (asterisks), and high AI
(circles) tumors are indicated.
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Additionally, diploid tumor cells are present in most
aneuploid primary tumors and metastases, as found
here, in unpublished observations (RA Risques and
MA Peinado), and by Bergstrom et al (1995). There-
fore, it is likely that diploid cells have a critical role in
tumor progression.

Consequently, estimations of tumor aggressiveness
associated to genomic instability must consider the
genetic damage of all tumor cell subpopulations.
Lengauer et al (1998) introduced the concepts of
“state” and “rate” to explain the significance of
genomic instability on tumor development and pro-
gression. The presence of any aneuploid population in
a tumor might be regarded as a “state”, a manifesta-
tion of genomic instability not necessarily directly
related to tumor progression. The aneuploid “rate” (the
parameter determining the degree of instability) is
better defined by the AI, because the AI measures the
degree of abnormality (DNA content) taking into ac-
count the relative occurrence of abnormality (relative
proportion of diploid to aneuploid cells). Therefore, a
higher mutation rate (more chromosomal alterations
per cell and an increased proportion of aneuploid
cells) would result in an enhanced tumor heterogeneity
and, eventually, an enhanced tumor progression (Len-
gauer et al, 1998). In the same sense, ploidy hetero-
geneity, as an outcome of chromosomal instability,
has been associated with poor prognosis in colorectal
cancers (Cosimelli et al, 1998; Flyger et al, 1999).

However, we observed different biologic behaviors
among diploid tumors. Diploid tumors display specific
genetic profiles (Dutrillaux, 1995; Fujiwara et al, 1998;
Ionov et al, 1993; Offerhaus et al, 1992) and are likely
to use different “progression engines” (Lengauer et al,
1998; Perucho et al, 1994) than aneuploid tumors (Li et
al, 2000). Although diploid tumors have good prog-
noses in early stages, once distant metastases
emerge, these tumors become highly malignant, sug-
gesting the presence of an efficient mechanism of
invasion and dissemination independent of aneu-
ploidy. The previously reported association of diploid
status with good prognosis, reviewed in Bauer et al
(1993) and American Society of Clinical Oncology
(1996), should be reexamined in light of our results.
Furthermore, distinct molecular pathways are mani-
fest in diploid tumors. One of these pathways includes
tumors with ubiquitous microsatellite instability, which
have a better prognosis (Gonzalez-Garcia et al, 2000;
Halling et al, 1999; Lothe et al, 1993; Thibodeau et al,
1993). In our series, only seven patients (four diploid
and three aneuploid) had microsatellite instability, six
patients (all Dukes’ stage A and B) had good out-
comes and one (diploid, Dukes’ stage C) died at six
months of follow-up (not shown). Unfortunately, their
low number precluded drawing further conclusions.

The aneuploidy progression pathway has been re-
cently defined as an autocatalytic karyotype evolution
that eventually generates preneoplastic and neoplas-
tic cells (Duesberg et al, 1999; Li et al, 2000; Rasnick
and Duesberg, 1999). Viability of abnormal karyotypes
is likely to be lower than that of diploid cells. There-
fore, the evolution is slow and clonal (Li et al, 2000). A

congruous inference from these observations could
be that aneuploidy is the phenotype of the underlying
chromosomal instability (regardless of a causative or
consequential role of aneuploidy). This inference fits
with our results. Therefore, our measurement of aneu-
ploidy, AI, seems to be a sensible manifestation of
genetic instability and is predictive of malignant be-
havior. Hazard smoothing in aneuploid tumors (Fig. 2)
may be explained by a harmful effect of excessive
levels of chromosomal instability on cell viability.

In summary, the novel aneuploidy index, AI, is a
comprehensive marker of tumor cell genomic instabil-
ity, particularly of chromosome instability. AI seems to
be a key parameter in predicting the malignant poten-
tial of colorectal tumors, and identifies a subgroup of
patients that may benefit from more aggressive ther-
apies. The correlation of AI with increased tumor
aggressiveness is consistent with Foulds’ and Now-
ell’s postulates defining the generation of heterogene-
ity and cell selection as the underlying mechanisms of
tumor progression (reviewed by Leith and Dexter,
1986).

Material and Methods

Patients and Samples

Between July 1991 and June 1994, 151 patients
preoperatively diagnosed with colorectal cancer at the
Hospital de la Santa Creu i Sant Pau, Barcelona, were
prospectively included in a study designed to evaluate
the prognostic value of specific genetic alterations and
an estimation of overall genetic damage assessed by
various techniques. Inclusion criteria were: a) elec-
tively resected primary adenocarcinomas; b) obtain-
ment of fresh, paired normal mucosa and tumor sam-
ples within 2 hours of tumor removal; and c) no
postoperative death. Inclusion in the study did not
influence the adjuvant treatment given. The study
protocol was approved by the Ethics Committee. No
chemotherapy or radiotherapy was given before sur-
gery in these patients (Tortola et al, 1999a). One
hundred thirty-four of the 151 cases yielded high
quality DNA (amenable for subchromosomal genomic
damage assessment by DNA fingerprinting) from both
paired normal and tumor samples (not shown). In
these cases, flow cytometry analysis was attempted.
In three tumors, analysis was not performed because
of the poor quality of the available paraffin-embedded
sections. Therefore, 131 cases were included in this
study. Distributions for all clinicopathologic and ge-
netic parameters considered were indistinguishable
between excluded and included patients. The cases
comprised 75 male and 56 female patients with a
mean age of 66 6 12 years (range: 33 to 96 years).
Forty-one tumors were located in the right colon and
90 in the left colon including the rectum. The distribu-
tion of the carcinomas according to Dukes’ classifica-
tion was 18 A and B1, 55 B2 and B3, 41 C, and 17 D.
At the last follow-up (January 1999), 72 patients were
alive without disease, 7 dead without disease, 1 alive
with disease and 51 had died because of disease. For
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survival analysis, only tumors from patients undergo-
ing a R0, defined by the absence of macroscopic or
microscopic remnant disease, not by Dukes’ stage D,
were considered (n 5 108 tumors). Mean follow-up
was 65 6 14 months (range: 19 to 85 months).

Flow Cytometry DNA Analysis

DNA flow cytometry was performed from formalin-
fixed paraffin-embedded tissue blocks. Fifty microme-
ter sections were cut from microdissected regions of
the tumor infiltration front (Fig. 3) with approximately
75% tumor cell content, as assessed by visual exam-
ination of hematoxylin and eosin stained preparations.
Special care was taken to discard areas with necrotic
tissue or harboring a high inflammatory component.
DNA content was determined as previously described
(Petriz et al, 1996) using an EPICS-XL-MCL flow
cytometer (Coulter Electronics, Hialeah, Florida). List
mode files were processed using the Mod Fit software
package (Verity Software House, Inc., Topsham,
Maine). Normal mucosa was used as an external
control, showing a mean coefficient of variation (of the
diploid G0/G1 peaks) of 3.43 6 0.39. Despite tumor
cell enrichment, all samples contained a number of
nontumor cells. The distinct dispersion characteristics
of the nontumor cells (ie, less side- and forward-
scattering) allowed identification of the nontumor cells
after histogram mapping. These nontumor cells were
excluded from ploidy analysis. Moreover, this cell
population provided an internal diploid control for
every sample. Aneuploidy was defined as the pres-
ence of a nonapoptotic population of nuclei with any
profile distinct from the diploid pattern (# 0.9, $ 1.1).
DNA aneuploidy was expressed by three different
indexes (Fig. 4): DI, the classical parameter to indicate
aneuploidy, defined as the ratio of DNA content of the

G0/G1 peak of the tumor cell population to the diploid
reference; CI, the measurement of the ratio between
aneuploid cells and diploid cells (both in G0/G1
phases) regardless of the DNA content of the aneu-
ploid peak (a tumor with CI 5 1 has the same
proportion of diploid and aneuploid cells) (Fig. 4); and
AI, which integrates the two previous concepts, rep-
resenting the average DNA content of the analyzed
specimen (Fig. 4). An illustrative example of the flow
cytometry analysis including index calculations is
also depicted. Proliferation analysis was performed
only for diploid tumors because of the unreliability
of these measurements in the aneuploid histograms
caused by overlapping populations. Two parameters
were used: the S-phase fraction (%S), which indicates
the percentage of cells in S phase, and the prolifera-
tion index (PI), which is more accurate because it also
includes cells in G2M. PI was calculated as: PI 5
(percent of S-phase cells 1 percent of G2M cells)/
G0G1 cells.

Statistical Analysis

Contingency tables were analyzed by Fisher’s exact
test or x2 test. Statistical differences between means
of quantitative variables were analyzed with unpaired t
tests or ANOVA, as appropriate. Disease-free and
overall survival distributions were estimated by the
Kaplan-Meier method and were compared using the
log-rank test. Univariate and multivariate analyses
were performed using the Cox proportional hazards
model. Prognostic value of aneuploidy indexes was
evaluated by considering them as quantitative vari-
ables and smoothing the relationship with restricted
cubic splines. In this way, nonlinearity could be graph-
ically assessed. Also, to summarize these results,
cutoff values offering the maximum prognostic effi-

Figure 3.
(Left) Low-power magnification of an infiltrating carcinoma. The enclosed area corresponds to the invasive edge and was microdissected for flow cytometry analysis.
(Right) An enlarged photomicrograph of the microdissected area is depicted.
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ciency were calculated for DI, CI, AI, %S, and PI after
ROC curve analysis of disease-free and overall sur-
vival. All reported p values were derived from two-
sided statistical tests.
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