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Summary 

These consensual guidelines and recommendations address the potential utility of DNA cytometry in 
characterizing human malignancies. They are provided to inform laboratory personnel, pathologists, and 
clinicians about DNA cytometry. For individual patients, use of DNA cytometry, selection of specific 
techniques, and interpretation and utilization of results remain the responsibility of the attending physicians. 

Introduction 

Cell DNA content measurements, including deter- 
mination of tumor ploidy and S-phase fraction, 
have been performed on a wide variety of human 
tumors for more than twenty years using flow 
cytometry. During this time many publications 
have discussed the clinical utility of cell DNA 
content measurements. A major impediment to 
the more widespread application of cytometric 
DNA content measurements has been the lack of 
agreement among these studies. Whereas some 
discrepancies can be attributed to poorly designed 
studies lacking sufficient follow-up or significant 
numbers of patients, in many cases the discrepan- 

cies are due to technical factors in flow or image 
cytometry. 

The terminology used to describe the results of 
flow cytometry studies is often confusing and not 
universally applied. Although a convention for 
nomenclature for all DNA cytometry was recom- 
mended in 1984 [1], the guidelines suggested are 
frequently not used in published studies. Cyto- 
metric studies should not use cytogenetic termi- 
nology (hypodiploid, peritetraploid, etc.), where 
no direct measurement of changes in the number 
or composition of individual chromosomes has 
been made. Rather, the terms DNA diploid and 
DNA aneuploid should be used, with identifi- 
cation of the degree of DNA content abnormality 
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given by the use of the DNA index, or DI (ratio 
of mean or mode sample G0/G ~ population 
divided by mean or mode of diploid reference 
cells). 

One critical aspect of the clinical applications 
of these measurements is the use of standardized 
procedures to prepare and analyze clinical 
samples and to analyze and interpret cytometry 
data. A number of studies have demonstrated 
significant intralaboratory as well as inter- 
laboratory variation in the results of DNA content 
analyses [2-5], and in the interpretation of flow 
cytometric data [6]. The purpose of this work is 
to help increase the reliability and reproducibility 
of DNA content flow cytometry by pointing out 
important technical considerations for cytometry, 
to provide guidelines that logically follow from 
these considerations, and to provide a framework 
for the development of standards and standardiza- 
tion of DNA content flow cytometry. Although 
a number of reported studies have utilized image 
cytometry to provide DNA content analysis, the 
technical differences between image and flow 
cytometry suggest that guidelines for the clinical 
application of image cytometry be developed 
independently. 

In reviewing the published literature, it is clear 
that many studies fail to provide sufficient 
information to judge critically the quality of 
cytometric measurement. It is recommended that 
all publications using DNA content cytometry 
provide details of the technique used to isolate 
and prepare cells, data that indicate that the 
sample used for cytometry contains representative 
tumor material, details concerning the techniques 
used to stain cells or nuclei (dye concentration, 
enzyme concentrations in units, cell concentra- 
tions), and details of the techniques used to 
analyze DNA content histograms (debris and 
aggregation correction technique, model for S- 
phase). Quality assurance information should 
include the mean coefficient of variation (CV) for 
DNA diploid and DNA aneuploid populations, 
with an indication for the range measured for 
each. 

For a more detailed review of the technical 

issues raised by these guidelines for the clinical 
application of DNA content measurements, the 
reader is referred to a comprehensive review [7] 
of this aspect of DNA content flow cytometry. 

Sampling 

Samples have been obtained from human tumors 
using a variety of techniques (FNA, biopsy), and 
published studies using these sampling techniques 
have proven useful. Irrespective of the source, 
the tissue samples used for flow cytometry must 
be shown by appropriately trained individuals 
(e.g., histopathologist, cytopathologist, hema- 
tologist) to contain adequate neoplastic material 
before clinical samples are processed for cyto- 
metry. Ideally, solid tumor samples should con- 
tain a minimum of 20% tumor cells, and higher 
proportions are advisable if tumor proliferation 
calculations are needed. In special circumstances 
(i.e., fluid samples and washings) < 20% tumor 
cells may be present and still be adequate for 
DNA ploidy analysis. Enrichment for tumor may 
be necessary, using dissection of regions of 
representative tumor from selected areas of the 
tissue sample. A permanent morphologic record 
of the tissue used for isolation of cells or nuclei 
for flow cytometry should be kept. 

The consensus review of the literature included 
studies using archival paraffin-embedded tissue, 
and fresh/frozen tissues. Paraffin-embedded 
material has provided an important source of 
material for retrospective studies that have been 
useful to establish the predictive value of DNA 
content measurements (see other organ consensus 
statements). Studies comparing the results of the 
analysis of paired samples using fresh versus 
paraffin-embedded material have generally de- 
monstrated equivalent results for both types of 
samples [8-11]. It is important to recognize that 
fixation artifacts may arise in some paraffin- 
embedded tissues [12], particularly i n  the 
generation of near-diploid, DNA aneuploid peaks, 
which are not necessarily DNA aneuploid tumor 
nuclei [13,14]. Excessive fixation times and 



elevated fixation temperatures should be avoided, 
to minimize potential DNA content artifacts [14]. 

Fresh/frozen material is more amenable to the 
measurement of additional biochemical markers 
using multi-parameter analysis and may provide 
superior material for S-phase estimates. The use 
of cell type-specific markers (i.e., leukocyte 
common antigens, cytokeratins) may have a sig- 
nificant impact on S-phase estimations [15], 
particularly for DNA diploid tumors. 

Some studies have demonstrated that intra- 
tumor heterogeneity may exist in some types of 
tumors, particularly in breast cancers [16-19]. 
DNA content heterogeneity within individual 
tumors has also been reported in colonic adeno- 
carcinoma [20], lung cancers [21], transitional 
cell cancers of the bladder [22], and prostatic 
adenocarcinomas [23]. However, the impact of 
tumor heterogeneity in these or other tumors has 
not been well established with reference to 
potential impact in predicting progression or 
survival. 

There is concern that the material used for 
DNA content flow cytometry does not always 
reflect the composition of source tissues, 
particularly in publications that report low 
percentages of DNA aneuploid tumors from 
patients with high stage or high grade tumors. 
Whereas it is desirable that cell or nuclear 
suspensions used for flow cytometry be evaluated 
to ensure that they are adequate and repre- 
sentative, this is not always possible using 
morphologic criteria alone. Future studies should 
address techniques to determine the recovery of 
representative tumor cells or nuclei and to 
compare this recovery to the proportional number 
of tumor cells in the source tissue. 

Sample processing for flow cytometry 

A variety of techniques have been reported to 
isolate nuclei or cells from tissues or cytology 
specimens. In general, intact tissues have been 
treated with enzymes (trypsin, pepsin, pronase, 
etc.), chemicals (EDTA, EGTA), detergents (NP- 
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40, Triton) or by mechanical techniques (scraping, 
mincing) to remove cells. Studies have suggested 
that variable recoveries for tumor or stromal cells 
are seen in different tissues treated with different 
cell or nuclear isolation techniques [24-29]. 
Optimal techniques for the isolation of tumor cells 
from different tissues need to be established based 
on carefully designed studies. Some investigators 
have recommended monitoring the yield of tumor 
cells or nuclei as a means to optimize techniques 
to recover representative material for flow cyto- 
metry. Recording the yield of cells or nuclei per 
gram wet weight of tissue (for paraffin-embedded 
tissues, wet weight after deparaffinization and 
rehydration) can provide a useful means to follow 
reprobucibility of the technique and may be a 
useful means to alert the laboratory of processing 
problems in tissues where representative tumor 
sampling may be a special concern. 

A number of different DNA binding dyes have 
been used to perform DNA content flow cyto- 
metry, including acridine orange (AO), DAPI 
(4,6-diamidino-2-phenylindole), ethidium bromide, 
Hoechst 33258 and 33342, and propidium iodide 
(PI). It is important that laboratories recognize 
variables for individual dyes (intercalating or 
base-pair specific) and factors which influence the 
stoichiometric binding [30,31]. Binding of dyes 
to DNA depends on chromatin conformation. 
Dyes such as 7-amino actinomycin D (7-AAD), 
which are highly sensitive to chromatin structure, 
can give different DNA content measurements for 
different types of normal, DNA diploid cells [32]. 
Exposure of cells to a variety of treatments (acid, 
proteolytic enzymes) can change the binding of 
the dye to DNA. For all dyes, it is critical to 
maintain a constant dye to DNA substrate (cell) 
ratio [33]. Stains that bind to both DNA and 
RNA (AO, PI, EtBr) require the use of appropri- 
ate RNAse treatment to digest cellular and nuclear 
RNA. 

For fresh/fixed tissues, biological standards 
(chicken erythrocytes, trout erythrocytes, human 
lymphocytes) have been used to determine stain- 
ing consistency between samples. Whereas such 
cells are frequently used as an added internal 
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DNA content standard, variations in DNA binding 
by different diploid or reference cell populations 
[10,31,34] can produce ambiguity in the correct 
diploid DNA content. The best DNA content 
standard is the normal tissue component that 
represents the normal counterpart of the neoplastic 
cells. The lack of a known DNA diploid refer- 
ence population in nuclei from paraffin-embedded 
tissues makes the identification of these 
populations difficult. As indicated above, the 
identification of the normal cellular components 
may be aided by the use of multi-parameter 
analysis, using cell type-specific markers. 

The identification of tumors with a DNA In- 
dex from 0.8 to 0.95 ("hypodiploid") represents a 
special problem. Whereas these tumors are rare 
overall, they may be clinically relevant in some 
tumor sites, and efforts should be made to identi- 
fy these populations in appropriate tissues, using 
biological standards when possible. It is recom- 
mended that the first peak from paraffin-embed- 
ded material be assumed to represent the DNA 
diploid population. Likewise, near diploid, DNA 
aneuploid tumors with a DNA Index from 1.05 to 
1.3 are sometimes reported in specific types of 
tumors. When such peaks are identified, arti- 
factual causes (see above) should be ruled out. 
(Mixing of diploid standard and tumor samples 
should not be performed, particularly for paraffin- 
embedded material, since variations in fixation 
within a single block can cause slight changes in 
the DNA content measurements.) In some types 
of tumors the prognosis for a DI 1.05-1.4 tumor 
does not differ significantly from that for a DNA 
diploid tumor. However, in some lymphomas the 
presence of a near-diploid DNA aneuploid 
population may have prognostic significance (see 
other organ consensus statements). 

Instrument performance 

Both sample preparation and instrument perfor- 
mance have a significant impact on the coefficient 
of variation (CV) of DNA content measurements. 
Broad peaks limit the ability to detect near diploid 

DNA aneuploid populations [35]. Detection of 
such populations is also limited by the percentage 
of the sample represented by the DNA aneuploid 
tumor [7] and by the extent of the increase in 
DNA content above a DI of 1.0. 

Instrument linearity should be determined on 
a regular basis, using populations of beads with 
varying fluorescence (Flow Cytometry Standards 
Corp., Research Triangle Park, NC; Polysciences, 
Inc., Warrington, PA), or using techniques such as 
those described by Bagwell and co-workers [36]. 
Instrument nonlinearity can have a significant 
effect on DI values and on aggregation estimates. 

The number of events necessary for DNA con- 
tent measurements is controversial. Theoretical 
considerations and empirical observations suggest 
a minimum of 10,000 events (not including debris 
and aggregates) is necessary for reproducible 
determinations of S-phase. Detection of DNA 
aneuploid populations may be possible using 
histograms containing < 10,000 cells or nuclei. 
The minimum number of total events collected 
may be considerably higher than 10,000 when the 
proportion of DNA aneuploid events is small and 
when debris and aggregates represent a significant 
fraction of the total events. Sufficient debris 
should be collected in the histogram to enable 
sound judgement of specimen quality and to allow 
software programs sufficient data to construct a 
model for debris compensation (see below). 

Location of events on the histogram has a po- 
tential impact on quality of the data and ability to 
detect cell populations. Some instruments are 
nonlinear at low channel numbers, and collection 
of the first G0/G 1 population in this region can 
significantly affect DI and CV values. The 
lowest G0/G 1 population should be accumulated 
in channels greater than 30, and probably above 
50. Data (including debris and aggregates) should 
be collected below and above the DNA diploid 
and aneuploid populations, over a range from 
a DI of 0.1C to 6C (to 10C is recommended if 
DI > 2 populations are present), to allow adequate 
representation of debris, aggregates, and DNA 
aneuploid populations. 

The issue of appropriate use of hardware 



gating versus software compensation for aggregate 
correction remains controversial. Detection of 
aggregates using hardware techniques (peak 
versus integral or area signals) depends on 
instrumentation, particle shape, and operator 
selection of gate regions, Software algorithms are 
influenced by prior hardware gating and software 
calculations should be restricted to data not [?] 
collected without hardware gating. Aggregates 
can affect detection of DNA aneuploid peaks and 
may cause a major error in S-phase estimates for 
DI 2.0 tumors [7]. If a sample has a high per- 
centage of aggregates (> 10% aggregates, as 
determined by manual counting), it should be 
further disaggregated by mechanical means or re- 
jected for analysis. 

Data/histogram analysis 

Not all histograms are adequate for identification 
of DNA aneuploid populations or for estimation 
of S-phase. For cases when the histogram was 
inadequate, due to high CVs, debris, or aggre- 
gates, it should be reported as inadequate. 

The CV significantly affects the accuracy of S- 
phase calculations. The CV of normal diploid 
cells in a histogram should be < 8%. The CV of 
a tumor may be higher due to the presence of 
multiple tumor subpopulations. However, tumor 
CVs of < 8% are recommended for useful S- 
phase determinations. 

Debris can affect S-phase calculations [37] and 
differences in the accuracy of S-phase estimates 
may compromise the prediction of patient course, 
survival, or therapeutic response. For mathemati- 
cal modeling, simple exponential debris models 
are not reliable, and so histogram dependent 
debris models should be used. Sophisticated 
mathematical modeling techniques currently avail- 
able with DNA content analysis software allow 
elimination of debris from otherwise good quality 
histogram data; their use is strongly recom- 
mended, particularly for S-phase estimations. 

Aggregate correction or compensation can 
affect detection of DNA aneuploid peaks and S- 
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phase estimations [7]. Aggregates can compound 
the difficulty of identifying DNA "tetraploid" 
tumors and aggregates of > 5% of cells can cause 
significant overestimation of "tetraploid" tumor 
S-phase. 

The percentage fraction aggregates and debris 
should be evaluated for each histogram, and 
criteria for histogram rejection based on high 
debris or aggregates should be utilized. It is 
recommended that > 20% histogram background 
(aggregates and debris) are unsatisfactory for S- 
phase analysis. Percent histogram background 
aggregates and debris (% BAD) is defined as the 
ratio of model estimated aggregates and debris to 
total cellular (or nuclear) events in the histogram, 
over the region from the lowest G0/G 1 mean to 
the highest G2M mean. In general, the percentage 
of cells in the 6C peak (aggregates) should be 
< 10% of the 4C peak percent. 

Although G0/G I populations should have a 
Gaussian distribution, histograms sometimes show 
skewing or tailing to the right side of this 
population. In some types of samples, this "tail" 
has been associated with the presence of granu- 
locytes [34]. In some studies, this pattern has 
been interpreted as evidence for the presence of 
a near-diploid, DNA aneuploid population, al- 
though, as indicated above, this interpretation is 
unacceptable unless there is other evidence for a 
DNA aneuploid population. Since skewing or 
tailing decrease the accuracy of S-phase estimates, 
it is recommended that S-phase estimates be used 
with extreme caution when skewed tails from the 
G0/G 1 peak extend visibly into the S-phase. 

The definition of DNA aneuploidy includes the 
requirement that two distinct peaks are present in 
the histogram [1]. For univariate histograms, the 
DNA aneuploid population should generally com- 
prise 5-10% of the cell (or nuclear) events, after 
correction for aggregates. Statistical fluctuations 
in the data should not be incorrectly identified as 
distinct peaks. For multiparameter analysis tech- 
niques that allow identification of the tumor 
population, lower percentages of tumor events 
may be acceptable. Samples with too few events 
to allow unambiguous identification of a DNA 
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aneuploid population should be subjected to fur- 
ther analysis, including use of additional tissue 
samples to confirm the presence or absence of a 
DNA aneuploid population. Accurate calculation 
of S-phase generally requires that the proportion 
of tumor cells is > 15-20% of the total cells in 
univariate analysis. Samples containing < 15% 
tumor cells may be useful for DNA ploidy deter- 
minations but are rarely acceptable for S-phase 
estimates. 

DI 2.0 tumors (DNA "tetraploidy") should be 
recorded separately as a distinct category of DNA 
aneuploidy, as these may have a distinct prog- 
nostic significance in some types of tumors 
(bladder, prostate). A working definition of DNA 
"tetraploidy" should be DI values from 1.9 to 2.1 
with proportions of cells greater than the G2M 
(4C) fraction of normal tissue samples, after 
correction for aggregates. Previously reported 
studies have used either an arbitrary cut-off value 
(generally > 15% G2M (4C) events), or a statisti- 
cal approach (greater than two to three standard 
deviations above the control 4C mean [38,39]). 
Experimental validation of the definition used is 
strongly recommended for each organ system. 

The use of S-phase fraction, rather than 
S+G2M, is recommended for tumor proliferation 
estimates by flow cytometry. The majority of 
clinical data regarding the prognostic signifi- 
cance of flow cytometric measurement of tumor 
proliferation have reported a positive predictive 
value for S-phase fraction. Considerations based 
on both theoretical grounds [40] and on the 
problem of aggregates overlying G2M suggest that 
G 2 measurements have greater variability than S- 
phase. 

Published studies have reported tumor specific 
S-phase values, or weighted average S-phase, or 
a total S-phase. Evidence from one study [37] 
indicates that tumor specific S-phase is the most 
clinically relevant value as an independent pre- 
dictor of disease course. Whereas it is recom- 
mended that the aneuploid S-phase should be 
reported, further studies are needed to establish 
the prognostic strength of aneuploid S-phase 
values. 

DNA near diploid and DNA diploid tumors 
present two important problems in determining 
tumor S-phase. For near diploid DNA aneuploid 
tumors, it is frequently difficult or impossible to 
resolve two overlapping S-phase populations 
(DNA aneuploid tumor and proliferating diploid 
cells). The ability to resolve these populations 
depends on the tumor DI, the CVs of both popu- 
lations, the percent DNA aneuploid cells, and the 
presence of S-phase regions that clearly do not 
overlap. In cases where it is impossible to 
resolve diploid and DNA aneuploid populations, 
either a weighted average S-phase of the diploid 
and DNA aneuploid populations can be reported, 
or it can be assumed that the diploid S-phase is 
zero, and all S-phase can be attributed to the 
tumor. Although the consensus opinion recom- 
mends the use of the former, this has not yet been 
subjected to experimental evaluation. 

For DNA diploid tumors most published 
studies have reported the total S-phase of tumor 
and normal cells. It should be recognized that in 
spite of useful clinical associations already 
demonstrated using this total S-phase value, this 
value may differ significantly from the true value 
of the tumor S-phase. A large percentage of non- 
proliferating normal cells can reduce the calcu- 
lated S-phase as a percent of all events (tumor 
plus stroma). The use of cell type specific 
markers and multiparameter analysis may improve 
these S-phase calculations [15]. 

A review of the literature from different lab- 
oratories indicates that values for S-phase vary 
considerably due to lack of standardization of 
techniques and use of different models and pro- 
cedures to calculate S-phase. Thus published 
values for numerical cut points for survival or 
disease course must be avoided. Each laboratory 
must define its own range of values (high, 
intermediate, and low S-phase, for DNA diploid 
and DNA aneuploid tumors) based on their own 
analysis of individual types of tumors. A single 
cut point for high vs low risk should be avoided, 
and tertiles such as low, intermediate, and high S- 
phase fraction are preferable. Published data 
should address the value of cut points within a 
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