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Abstract DNA flow cytometric evaluation of S-phase fraction (SPF) is a strong and consistent predictor
of relapse-free survival in the node-negative breast cancer patient. As such, it can be implicated as a
marker of tumor aggressiveness and has been shown to be an independent predictor of outcome in a
multivariate setting. Measurement of ploidy status is less well-defined as a marker of prognosis, but
may be an important marker of response to therapy. Estimation of DNA ploidy and proliferative
capacity by flow cytometry can be obtained from virtually any type of specimen, including fine needle
aspirates, fresh or frozen material, as well as formalin-fixed, paraffin-embedded material, as long as
there is a sufficient number of tumor nuclei for assay. Therefore, the assay has clinical relevance in
predicting relapse, as well as providing flexibility for sample preparation.

In addition, flow cytometric measurements are biologically relevant markers. In general, DNA index
is a good estimate of total chromosome number. SPF, using sophisticated modeling algorithms, shows
good correlation with thymidine labeling index and/ or bromodeoxyuridine incorporation, two standard
assays used to measure DNA synthesis in fresh tissue. Recently, preliminary data in locally advanced
breast cancer have indicated that ploidy and/or S-phase may also be useful in predicting cellular
response to chemotherapy.

Although there is good justification for measuring these parameters, appropriate quality control and
quality assurance measures must be incorporated into all aspects of the assay—from sample handling
and preparation to interpretation of cell cycle and histogram data. Using commercially available
software programs and recommended guidelines for standardization and interpretation, data obtained
from this assay can be quality controlled and reproducible from lab to lab. In many laboratories,
however, quality control issues are not always addressed. A sufficient framework exists to employ these
guidelines to achieve better standardization provided they are monitored and regulated. The most
difficult aspect of the assay, especially in a chemoprevention setting, is to ensure that sufficient
representative nuclei are obtained for evaluation.

CONCLUSION: DNA flow cytometry measurements show clinical and biological relevance in early
stage breast cancer, and can be quality controlled to provide reliable data. ~ © 1993 Wiley-Liss, Inc.
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DNA flow cytometry (FCM) offers at least two
measures of tumor aggressiveness and potential
disease progression. One is an estimate of a cell’s
proliferative activity measured as the percentage
of cells with a DNA content consistent with
those in S-phase, or DNA synthetic phase, of the
cell cycle. The S-phase fraction (SPF) is usually
described as high, intermediate, or low. The
other measure is an estimate of tumor ploidy,
measured as the total nuclear DNA content. FCM
does not allow us to identify specific genetic
abnormalities afforded by cytogenetic analysis;
therefore, the term "DNA" precedes the ploidy
description when obtained by FCM [1,2]. Using
FCM, a tumor with a "normal” amount of DNA
is "DNA diploid," and a tumor with an abnormal
or non-diploid amount of DNA is "DNA aneu-
ploid." Using a DNA diploid control, one can
estimate the relative amount of DNA in the non-
diploid population and refer to this value as the
DNA index (DI). By definition, DNA diploid
tumors have a DI = 1.00 and DNA aneuploid
tumors have a DI greater than or less than 1.00
(e.g., DNA hyperdiploid, DI > 1.00; DNA hypo-
diploid, DI < 1.00) (2].

Measurements of DNA ploidy, and especially
proliferative activity, have had an impact in the
clinical setting due to their ability to predict risk
of tumor recurrence and early death in early
stage breast cancer patients [3,4]. Investigators
now evaluate the importance of these markers in
predicting response to treatment [3,5-7]. In addi-
tion to their clinical relevance, both ploidy status
and SPF are biologically relevant markers that
help to characterize the heterogeneity of a tumor
population. In general, DNA index is a good
estimate of total chromosome number [8-10].
SPF, using sophisticated modeling algorithms,
shows good correlation with thymidine labeling
index (TLI) [11] and, in preliminary studies, with
bromodeoxyuridine (BrdU) incorporation [12],
two standard assays to measure DNA synthesis
in fresh tissue.

Although good justification exists for mea-
suring these parameters, there is a critical need
to incorporate appropriate quality control and
quality assurance practices into all aspects of the
assay. A sufficient framework exists to employ
recommended guidelines for standardization and
interpretation of cell cycle and histogram data
[13-16].

The following discussion details aspects of
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clinical and biological relevance of DNA FCM
measurements and discusses issues critical to
quality control and quality assurance of this
assay.

CLINICAL RELEVANCE

FCM measurements have been extensively
described as prognostic factors in breast cancer
[2,3]. Because prognostic factors can best benefit
the node-negative patient, this discussion will be
limited to studies focusing on this early stage
breast cancer population.

Similar to reports on later stage disease, data
conflict regarding the clinical significance of
ploidy status in predicting either disease-free
survival or overall survival in early stage breast
cancer patients [3]. Results from the ancillary
study (INT0076) of the Intergroup clinical trial
(INT0011) showed that DNA ploidy status did
not discriminate for time-to-recurrence in those
node-negative breast cancer patients who did not
receive adjuvant therapy [4]. SPF, however, was
a significant predictor of time-to-recurrence in
this study, and was closely correlated with tu-
mor size. Using a modified software program,
S-phase measurement was also able to predict
recurrence within a low-risk subpopulation of
this study, comprised of patients with estrogen
receptor-positive (ER+) tumors <3 cm in diame-
ter [17].

At least eight other studies in the literature
evaluate DNA FCM measurements in node-nega-
tive patients [3]. These studies range in patient
number from 149 to nearly 350, with 4-10 years
of median follow-up time. Three studies report
that patients with diploid tumors have a signifi-
cantly longer relapse-free survival compared to
patients with aneuploid tumors [18-20], while
five other studies failed to observe that ploidy
status significantly predicted recurrence [4,21-
24]. 1t is difficult to compare data in some of
these studies due to variability in definition and
interpretation of DNA ploidy status.

In contrast, proliferative capacity consistently
shows a significant association with risk of recur-
rence and/or early death, even though this mea-
surement is technically more difficult to estimate
and reproduce [3]. On average, estimates of five-
year disease-free survival show a 22% difference
in patients with low versus high S-phase tumors
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Measurement of proliferative capacity by FCM
has been an independent predictor of time-to-
recurrence in four of the five studies reporting
multivariate analysis [18,19,21,22]. Although each
study looked at somewhat different variables,
tumor size and ER status were common to all. In
one of the studies [18], a high SPF was an inde-
pendent predictor of recurrence in DNA diploid
tumors only. O'Reilly et al. [21] and Clark et al.
[18] reported that S-phase predicted recurrence
of both DNA diploid and aneuploid tumors. In
the study which did not find that S-phase pre-
dicted recurrence, it was observed to predict
overall survival [23]. However, since follow-up
was relatively short (4.25 years), full interpreta-
tion awaits further follow-up.

In the United States, several clinical trials have
or are using DNA FCM measurements as part of
a clinical or ancillary laboratory protocol [3].
Objectives of these studies include evaluating
DNA ploidy and S-phase as markers of progno-
sis and predictors of response to therapy. In the
current node-negative intergroup trial (INT0102),
SPF helped determine eligibility in an otherwise
good prognosis group. Patients with ER+, pro-
gesterone receptor-positive (PR+), <2 cm tumors
that had a high S-phase were eligible for ran-
domization to one of two treatment arms. Pa-
tients whose tumors had a low SPF (ER+, PR+,
<2 cm size) were assigned to observation only.
Different cutpoints were used to define high and
low SPF for DNA diploid and DNA aneuploid
tumors. This trial has recently reached its accrual
goal, but analysis has not yet been performed.

The NSABP-B-04 natural history study [24]
with 10 years of follow-up included clinically
node-positive and -negative breast cancer pa-
tients who did not receive any adjuvant therapy.
DNA ploidy status did not predict either disease-
free survival or overall survival. Measurement of
SPF, however, showed a significantly longer
time-to-recurrence in patients with low SPF tu-
mors compared to high SPF tumors [24]. This
relationship was strongest in the node-negative
patients. A multivariate analysis including both
clinically node-negative and -positive patients
showed only SPF and tumor size to be indepen-
dent predictors of disease-free survival [24].

RESPONSE TO THERAPY

It is too early to generalize about using these

measurements to predict response to therapy. In
locally advanced disease, several investigators
have reported that DNA aneuploidy and/or a
high SPF was associated with objective regres-
sion to combination chemotherapy [3,5-7]. In
these studies, patients had undergone pre-surgi-
cal chemotherapy; tissue was available for both
pre- and post-chemotherapy comparison. Prelim-
inary data from Dressler and colleagues [25]
showed that post-treatment, the DN A aneuploid,
high SPF population was no longer detectable in
approximately one-third of the patients studied.
However, a DNA diploid, low SPF, malignant
population remained. Histologic evaluation con-
firmed the presence of malignant cells through-
out the post-chemotherapy specimen. Although
this was a small study, the data suggest that the
inherent DNA diploid population in some aneu-
ploid tumors may include malignant, DNA dip-
loid, low SPF cells unresponsive to the therapy
given [25].

Results from randomized trials and other
ongoing studies are required to better evaluate
the role DNA ploidy and S-phase may play in
tumor biology and in predicting response to
therapy. Still unanswered is whether or not these
markers of prognosis will translate into markers
of tumor progression. TLI studies have not found
an association between a high labeling index and
prediction of metastasis [26]. Conceptually, the
presence of high SPF by FCM may be interpreted
as a high-risk marker for existing micrometas-
tases. Thus, a high SPF predicts early recurrence.

BIOLOGICAL RELEVANCE

The technique of single parameter DNA FCM
(measuring only DNA fluorescence) allows flexi-
bility in sample preparation; virtually any sam-
ple can be assayed for ploidy if a sufficient num-
ber of tumor nuclei are present. Therefore, we
can use fresh, frozen, or formalin-fixed, paraffin-
embedded material, as well as needle aspirates
or core biopsies. FCM requires that a single cell
or nuclear suspension be prepared prior to stain-
ing with the DNA fluorochrome. This can be
achieved by enzymatic digestion, mechanical
dissociation, or a combination of both [2]. The
stained cells/nuclei are then run on a flow cy-
tometer to estimate ploidy status relative to a
known DNA diploid control sample, and sample
events are collected either as a histogram or a list



mode file. Cell cycle analysis is performed using
sophisticated software programs based on mod-
eling algorithms that attempt to "fit" to the sam-
ple raw data and deconvolute overlapping popu-
lations [2,27].

The most commonly used DNA fluorochrome
in single color assays is propidium iodide, a
fluorochrome which intercalates between double-
stranded nucleic acids. Therefore, in order to
measure DNA incorporation of dye, the cells are
treated with RNase to remove contaminating
RNA [2]. Incorporation of the dye is stoichiomet-
ric and depends on the conformation, ie., un-
winding, of the DNA [2,15]. In general, the more
dye incorporated, the more DNA is in the cell.
Because FCM gives an estimate of total DNA in
a cell as compared to specific chromosomal ab-
normalities detected by cytogenetic analysis, it
was of interest to evaluate the biologic accuracy
of the FCM-derived DNA index [8]. Also inter-
esting was to perform this comparison using
formalin-fixed, paraffin-embedded specimens,
the most common tissue specimen obtainable in
hospitals. In a study of 56 pediatric solid tumors,
Dressler and colleagues [8] recently reported a
good correlation between DNA index obtained
by FCM on archival tissue and total chromosome
number obtained by cytogenetic analysis on
corresponding fresh specimens. Similar correla-
tions have been observed by other investigators
using fresh or frozen tissue from colon cancer [9]
and non small-cell lung cancer cell lines [10];
however, weaker associations have also been
reported [28]. Overall, the DNA index obtained
by DNA FCM appears to be a biologically rele-
vant estimate of total chromosome number.

Estimation of SPF is a technically more com-
plex measurement compared to DNA index, and
yet as stated earlier, SPF shows more consistent
results in predicting prognosis [3]. SPF values are
obtained from a variety of software programs
which take various approaches to estimating the
number of cells with S-phase DNA, i.e., cells in
the DNA synthetic phase of the cell cycle. Due to
overlapping populations of DNA diploid S- and
G,M-phase cells with DNA aneuploid Gy/G-,
S-, and occasionally G,M-phase cells, early re-
ports of S-phase were restricted to DNA diploid
tumors, ie., those tumors with no overlapping
abnormal populations [2,27]. Indeed, some pro-
grams currently in use still cannot accurately
estimate cell cycle in DNA aneuploid popula-
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tions, and will hopefully soon be replaced with
more sophisticated programs which not only
mathematically model overlapping populations,
but also compensate for debris and aggregates.
Because of the complexity of the programs and
the fact that we are obtaining a static measure of
proliferative capacity, it is important to evaluate
the accuracy of the SPF obtained by FCM by
comparing it with other techniques, such as TLI
and BrdU incorporation.

In an elegant study performed by Meyer et al.
[11], parallel samples obtained from breast can-
cer patients were assayed by TLI and DNA FCM
and evaluated for their ability to predict survival.
Labeling index values and SPFs were divided
into three groups to characterize proliferative
activity: high versus intermediate versus low.
Kaplan-Meir survival curves obtained from each
set of data showed the same pattern of behavior:
patients with low labeling indices or low SPF
had the longest survival; patients with high la-
beling indices or high SPF had the shortest sur-
vival, and patients whose tumors showed inter-
mediate values had intermediate survival times.
Although relatively few deaths occurred in this
study, SPF appeared to be a stronger predictor of
early death compared to TLI (p = .009 versus
p = .046). It was interesting to note that DNA
aneuploid tumors showed higher proliferation
estimates by both TLI and FCM than DNA dip-
loid tumors. Since TLI morphologically identifies
and counts only malignant cells, this study sup-
ported the finding that the low SPF observed in
DNA diploid tumors by FCM was accurate and
not a result of dilution effects caused by contam-
inating non-malignant cells in the sample.

An additional study by Seamer and colleagues
[12] compared SPF values obtained by three
software programs used in FCM to SPF values
obtained using BrdU-anti-BrdU uptake in a
mixed population of DNA aneuploid breast
cancer cell lines and DNA diploid human pe-
ripheral blood lymphocytes. In this study, a good
correlation was observed between BrdU incorpo-
ration and software-generated SPF. The study
also showed that the software programs tested
were accurate provided the DNA aneuploid
population comprised at least 10% of the sample
population. Considerable variability in SPF esti-
mation was observed when the aneuploid popu-
lation comprised only 5% of the sample. Al-
though this study was performed with cell lines,
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it suggested that the SPF values obtained by soft-
ware programs may be a biologically relevant
reflection of cells in DNA synthesis. Obviously,
this type of experiment needs to be repeated
with solid tumor specimens.

QUALITY CONTROL/QUALITY ASSURANCE
CONSIDERATIONS

The routine use of FCM techniques to evaluate
DNA content and cell cycle parameters requires
quality control and standardization of the entire
assay, from sample preparation to instrumenta-
tion, acquisition, analysis, and interpretation of
DNA histogram data. Recently published guide-
lines and recommendations of the DNA cyto-
metry consensus conference addressed broad
issues in utility and standardization of the tech-
nique [13]. General recommendations were made
for sampling, sample processing, instrument
performance, and data and histogram analysis
[13,14]. Specific guidelines and criteria for evalu-
ability and quality assurance have also been
reported for DNA histogram interpretation, opti-
mized for breast cancer but applicable to a wide
variety of solid tumors [15,16]. These reports
present a framework for standardization and
reproducibility of this technology.

Three essential factors must be considered for
appropriate quality assurance and control of
DNA histogram interpretation. These include
histopathologic/cytologic review of sample ma-
terial; data-generated guidelines for evaluability
and interpretation of DNA ploidy and cell cycle
parameters; and utilization of appropriate soft-
ware programs for cell cycle analysis [see 2,15,16
for a more detailed description].

The first area of quality assurance requires
histologic or cytologic confirmation by a patholo-
gist that the sample material used for the assays
reflects representative tumor tissue. This is easily
accomplished when using paraffin block material
by evaluating the 4 pm sections immediately
preceding and following the thick sections cut
for FCM [2]. When fresh or frozen tissue is used,
a cytospin preparation of dissociated cells before
fluorochrome staining offers a representative
sample [2]. Without this first critical step of qual-
ity assurance, there is neither validity nor accept-
able quality of the assay results.

The second area, data-generated guidelines to

evaluate and interpret DNA ploidy and cell cycle
parameters, constitutes an essential component in
providing reproducible and accurate data from
laboratory to laboratory. This involves quality
control checks in data acquisition, including flow
rate, number of events collected, concentration of
the sample, and thresholds set to maximize col-
lection of nuclear/cellular events while still al-
lowing for evaluation of debris contamination
[16]. It also involves the use of data-generated
guidelines for evaluability and definition of DNA
diploidy versus DNA aneuploidy. These guide-
lines include: (1) acceptable ranges for G,/G,
coefficient of variation (CV) for both DNA dip-
loid and DNA aneuploid populations; (2) con-
firmation of the DNA diploid peak position;
(3) definition of the minimum number of events
that constitute a real peak versus an artifact; and
(4) minimizing doublet or aggregate formation,
especially in the inferpretation of tetraploid tu-
mors [2,15,16]. These parameters are also critical
to the evaluability and reproducibility of cell
cycle analysis. For example, a wide CV will in-
crease the variability of the SPF estimation [16,
27], and an inability to confirm the diploid posi-
tion can cause a histogram to be analyzed as a
DNA hyperdiploid population by one user and
DNA hypodiploid by another user, resulting in
different SPF estimates. In addition, Seamer and
colleagues [12] reported that SPF estimates on
very small DNA aneuploid populations were not
accurate or reproducible.

When trying to standardize cell cycle analysis
for reproducibility of SPF between laboratories,
it is essential that each laboratory first set its
own cutoff values to define high versus low or
high versus low versus intermediate SPF values;
cutpoints cannot be extrapolated from the litera-
ture [2]. Median values reported in the literature
show considerable variability, and can range
from 5.0% to 14.0% [2]. In addition, there are
several factors that can affect SPF estimation,
including methodology, instrumentation, histo-
gram interpretation, and choice of modeling
algorithm. Because of these variables, it may be
more realistic and clinically relevant if we con-
sider SPF measurements in the context of the risk
groups that they define (high, intermediate, or
low risk) versus the absolute value of the mea-
surement. This approach may help to attain
standardization more efficiently, as well as be
more informative.



The third area involves the use of appropriate
software programs that have been validated and
provide reliable, accurate estimates of cell cycle
parameters [12,27]. Although numerous software
programs are available and have been used to
analyze DNA histograms, a select few are so-
phisticated enough to handle complex histo-
grams occurring in most non-diploid tumors.
Software programs must allow for accurate esti-
mation of SPF when overlapping populations
exist, which is the case for virtually every DNA
aneuploid histogram. Although imperfect, there
are at least two commercially available software
programs that use sophisticated mathematical
algorithms to model not only overlapping popu-
lations, but the contribution by debris and aggre-
gate formation as well. These software programs
also offer the user a menu for "automated” analy-
sis in which the software will first interpret the
histogram and then select the most appropriate
model to fit the raw data. By definition, the vari-
ability of the values obtained in the "automated"
mode is 0%. The programs also allow the user to
select and/or build a model, or modify certain
parameters of the existing model. Even with this
increased flexibility, and using an older version
of one of the software programs, Dressler and
colleagues [27] reported only a 3% variability
which did not vary with the magnitude of the
SPF value. Recently, reproducibility studies were
applied to archival material using an updated
version of this software program and showed, on
average, less than a 1.5% variability when user-
selected and user-generated models were em-
ployed (Dressler and Pefia, unpublished results).

In summary, DNA FCM measurement of SPF
and DNA ploidy status provide clinically useful
information that is biologically relevant and can
be quality controlled. Measurement of S-phase is
an independent marker of recurrence in early
stage breast cancer patients, and measurement of
both parameters may be useful to predict re-
sponse to treatment and more clearly define
tumor heterogeneity. Quality control and stan-
dardization of cell cycle measurements can be
achieved by incorporating guidelines and criteria
for evaluability that have been previously vali-
dated. Cell cycle programs with sufficient accu-
racy and reproducibility of SPF may prove more
informative and reliable if considered in the
context of the defined risk groups versus abso-
lute value.

DNA Flow Cytometry as Surrogate Endpoints 217
ACKNOWLEDGMENTS

The author gratefully acknowledges the excel-
lent technical assistance of David Pefia, MT,
ASMT (University of Arizona, Tucson) and the
helpful discussions of Larry Seamer, MT, ASMT
(University of New Mexico).

REFERENCES

1. Hiddemann W, Schumann J, Andreff M, Barlogie B,
Herman (], Leif RC, Mayall BH, Murphy RF, Sand-
berg AA. (1984) Convention on nomenclature for
DNA cytometry. Cytometry 5:445-446.

2. Dressler LG, Bartow SA. (1989) DNA flow cytometry
in solid tumors: Practical aspects and clinical applica-
tions. Semin Diagn Pathol 6:55-82.

3. Dressler LG. (1992) Are DNA flow cytometry mea-
surements providing useful information in the man-
agement of the node-negative breast cancer patient?
Cancer Invest 10:477-486.

4. Dressler LG, Eudey L, Gray R, Tormey DC, McGuire
WL, Gilchrist KW, Clark GM, Osborne CK, Mansour
EG, Abeloff MD. (1992) Prognostic potential of DNA
flow cytometry measurements in node-negative
breast cancer patients: Preliminary analysis of an
intergroup study (INT0076). J Natl Cancer Inst Mon-
ogr 11:167-172.

5. Briffod M, Spyratos F, Tubiana-Hulin M, Pallud C,
Mayras C, Filleul A, Rouéssé J. (1989) Sequential
cytopunctures during preoperative chemotherapy for
primary breast carcinoma. Cytomorphologic changes,
initial tumor ploidy, and tumor regression. Cancer
63:631-637.

6. Spyratos F, Briffod M, Tubiana-Hulin M, Andrieu C,
Mayras C, Pallud C, Lasry S, Rouéssé J. (1992) Se-
quential cytopunctures during preoperative chemo-
therapy for primary breast carcinoma. II. DNA flow
cytometry changes during chemotherapy, tumor
regression, and short-term follow-up. Cancer 69:470-
475.

7. Remvikos Y, Beuzeboc P, Zajdela A, Voillemot N,
Magdelénat H, Pouillart P. (1989) Correlation of
pretreatment proliferative activity of breast cancer
with the response to cytotoxic chemotherapy. J Natl
Cancer Inst 81:1383-1387.

8. Dressler LG, Duncan MH, Varsa EE, McConnell TS.
(1993) DNA content measurement can be obtained
using archival material for DNA flow cytometry. A
comparison with cytogenetic analysis in 56 pediatric
solid tumors. Cancer 72:2033-2041.

9. Remvikos Y, Muleris M, Vielh PH, Slamon DJ, Dutri-
laux B. (1988) DNA content and genetic evaluation of
human colorectal adenocarcinoma. A study by flow
cytometry and cytogenetic analysis. Int J Cancer
42:539-543.

10.  Siegfried TM, Ellison DT, Resau TH. (1988) Correla-
tion of modal chromosome number of cultured non-
small cell lung carcinomas with DNA index of solid



218

11.

12.

13.

14.

15.

16.

17.

18.

19.

Dressler

tumor tissue. Cancer Res 51:3257-3273.

Meyer JS, Coplin M. (1988) Thymidine labeling in-
dex, flow cytometric S-phase measurement and DNA
index in human tumors. Comparisons and correla-
tion. Am J Clin Pathol 89:586-595.

Seamer L, Dressler LG, Schimke R. (1988) Compari-
son of S-phase estimation using BrdU incorporation
vs. a paral/para2 modeling system. Cytometry.
Proceedings of the XIII International Meeting of the
Society for Analytical Cytology (Suppl 2).

Shankey TV, Rabinovitch PS, Bagwell B, Bauer KD,
Duque RE, Hedley DW, Mayall BH, Wheeless L.
(1993) Guidelines for implementation of clinical DNA
cytometry. Cytometry 14:472-477.

Hedley DW, Clark GM, Cornelisse C], Killander D,
Kute T, Merkel D. (1993) Consensus review of the
clinical utility of DNA cytometry in carcinoma of the
breast. Cytometry 14:482-485.

Dressler LG. (1990) Controls, standards and histo-
gram interpretation in DNA flow cytometry. In Dar-
zynkiewicz Z, Crissman HA (eds): "Methods in Cell
Biology,"” Vol 33. New York: Academic Press, pp 157-
171.

Dressler LG, Seamer LC. (1993) Controls, standards
and histogram interpretation in DNA flow cyto-
metry. In Darzynkiewicz Z, Robinson P, Crissman
HA (eds): "Methods in Cell Biclogy,” 2nd edition (in
press).

Clark GM, Mathieu MC, Owens MA, Dressler LG,
Eudey L, Tormey DC, Osborne CK, Gilchrist KW,
Mansour EG, Abeloff MD, McGuire WL. (1992) Prog-
nostic significance of S-phase fraction in good-risk,
node-negative breast cancer patients. J Clin Oncol
10:428-432.

Clark GM, Dressler LG, Owens MA, Pounds G, Ol-
daker T, McGuire WL. (1989) Prediction of relapse or
survival in patients with node-negative breast cancer
by DNA flow cytometry. N Engl ] Med 320:627-633.
Sigurdsson H, Baldetorp B, Borg A, Dalberg M,
Fern6 M, Killander D, Olsson H. (1990) Indicators of
prognosis in node-negative breast cancer. N Engl |
Med 322:1045-1053.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Lewis WE. (1990) Prognostic significance of flow
cytometric DNA analyses in node-negative breast
cancer patients. Cancer 65:2315-2320.

O'Reilly SM, Camplejohn RS, Barnes DM, Millis RR,
Rubens RD, Richards MA. (1990) Node-negative
breast cancer: Prognostic subgroups defined by tu-
mor size and flow cytometry. ] Clin Oncol 8:2040-
2046.

Winchester D], Duda RB, August CZ, Goldschmidt
RA, Wruck DM, Rademaker AW, Winchester DP,
Merkel DE. (1990) The importance of DNA flow
cytometry in node-negative breast cancer. Arch Surg
125:886-889.

Muss HB, Kute TE, Case LD, Smith LR, Booher C,
Long R, Kammire L, Gregory B, Brockschmidt JK.
(1989) The relation of flow cytometry to clinical and
biologic characteristics in women with node-negative
primary breast cancer. Cancer 64:1894-1900.

Fisher B, Gunduz N, Costantino J, Fisher ER, Red-
mond C, Mamounas EP, Siderits R. (1991) DNA flow
cytometric analysis of primary operable breast can-
cer. Relation of ploidy and S-phase fraction to out-
come of patients in NSABP B-04. Cancer 68:1465-
1475.

Dressler LG, Mangalik A, Bartow SA, Burt ], Revels
A, Neidhart J. (1992) The use of DNA flow cytometry
to characterize breast cancer cells affected by pre-
surgical (neoadjuvant) chemotherapy. Proc AACR
33:213 (Abstract #1277).

Meyer J, Prey MU, Babcock DS, McDivitt RW. (1986)
Breast cancer cell kinetics, morphology, stage and
host characteristics. A thymidine labeling study. Lab
Invest 54:41-51.

Dressler L, Seamer L, Owens MA, Clark GM,
McGuire WL. (1987) Evaluation of a modeling sys-
tem for S-phase estimation in breast cancer by flow
cytometry. Cancer Res 47:5294-5302.

Remvikos Y, Gerbault-Seurreau M, Vielh P, Magde-
lénat H, Dutrillaux B. (1988) Relevance of DNA ploi-
dy as a measure of genetic deviation: A comparison
of flow cytometry and cytogenetics in 25 cases of
human breast cancer. Cytometry 9:612-618.





