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The aims of this study were: (1) to test the accuracy of flow cytometry (FC) in the measurement of DNA 
content in human solid tumors, (2) to correlate the FC DNA-index (DI) with the chromosome modal number 
(CMN) provided by cytogenetic analysis (CG), and (3) to investigate the most frequent pitfalls in FC histo- 
grams classification. FC and CG analyses were performed in parallel on 113 samples of human solid tumors 
of different origin. FC provided an evaluable histogram in 110 out of 113 cases (97%), whereas a successful 
CG culture was obtained in 79 out of 113 samples (72%). In the 79 cases evaluable by both FC and CG, a 
concordant ploidy status was found in 66 cases (84%) (47 diploid and 19 aneuploid) (P < 0.001, chi- 
square test). In the 19 concordant aneuploid tumors a close correlation between the CMN and the DI was 
found (y = 0.019 x + 0.151; r = 0.860). Concerning the 13 discordant cases, 11 (85%) were classified 
as aneuploid by FC and as diploid by CG, while 2 cases (15%) were CG aneuploid (1 near-diploid and 1 
tetraploid) and FC diploid. The current study suggests that FC is a reliable method for the measurement of 
tumor DNA content of the studied solid tumors. Special attention should be paid to the improvement of DNA 
histograms quality, in order to reduce the difficulties in the detection of near-diploid and near-tetraploid cell 
populations. Multiple sampling should be warranted whenever possible. o 1996 Wiley-Liss, inc. 
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Flow cytometry (FC) is a commonly used technique to 
estimate DNA content and proliferative activity in a wide 
variety of human neoplasms (3,14). Cytogenetic analysis 
(CG) provides accurate information on ploidy status 
and/or chromosome structural aberrations. Both tech- 
niques can detect abnormal DNA pattern and tumor het- 
erogeneity. Several studies support the view that FC an- 
euploid peaks represent clones of cells with abnormal 
chromosome number. Most of these investigations have 
been performed on human acute leukemias (1,2). In fact, 
CG and FC analyses are more difficult to carry out in 
solid tumors and, as a consequence, only few patients 
with such malignancies have been studied by both tech- 
niques (4,7,9,16,18,21,24,26). The picture is further con- 
fused by differences in the analytical methods used as 
well as in the type of tumors examined, which may both 
account for the significant variability in FC and CG con- 
cordance reported in the literature. Indeed, CG provides 
the “gold standard” for ploidy assessment, despite that 
this procedure is more complex in solid tumors. The 
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correlation of FC and CG in cervical and endometrial 
carcinomas has never been investigated. 

In the current study, we performed in parallel FC and 
CG analyses in a large series of human cervical, endome- 
trial and renal neoplasms. The aims of the study were as 
follows: (1) to evaluate the reliability of FC in identifying 
cell populations with abnormal DNA content, (2) to cor- 
relate the FC DNA index (DI) with the chromosome 
modal number (CMN) given by CG analysis, and (3) to 
investigate the most frequent pitfalls in FC histograms 
classification. 

MATERIALS AND METHODS 
FC and CG analyses were performed on 11 3 fresh tis- 

sue samples from patients affected by tumors of different 
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origin. Overall, 86 cases of squamous cell carcinoma of 
the uterine cervix, 21 cases of renal carcinoma, and 6 
cases of endometrial carcinoma were studied. In 6 cases 
of uterine cervix carcinoma both a preoperative biopsy 
specimen and a sample obtained from the surgical spec- 
imen were analyzed. 

Immediately after surgery, a fresh tumor sample was 
placed into sterile minimal nutrient transport medium 
supplemented with antibiotics and then it was divided by 
the same trained pathologist into two specular parts for 
histological and laboratory examinations. The specimen 
for laboratory examination was mechanically disaggre- 
gated with scissors and the resulting cell suspension was 
divided into aliquots for FC and CG analyses. 

Cytogenetic Analysis 
The cell suspension was submitted to enzymatic diges- 

tion by treatment in Hank's solution, containing Type I 
collagenase (Sigma Chemicals, St. Louis, MO; 1 mgml for 
endometrial and cervical carcinomas; 2.5 myml for renal 
carcinoma). Samples were incubated for 3 h at room tem- 
perature (for 15-20 min at 37°C for renal cancer). The 
reaction, controlled under light microscope, was stopped 
by centrifugation (2,OOOg for 10 min). Pellets were re- 
suspended in RPMI 1640 supplemented with 20% fetal 
bovine serum (10% for renal tissue) and 100 pgml pen- 
icillin, streptomicin, and insulin. Cells were seeded in at 
least 5 glass slides for each sample, placed in a 60 mm 
Petri disk with 4 ml culture medium, and then incubated 
at 37°C in 5% CO, atomosphere. After 6 to 15 days cul- 
ture, slides were blocked with colcemid (0.2 p#rnl; 4 h 
and 30 min at 37°C). Cells were subsequently treated 
with 0.075 M KCI at 37°C for 8 min and then fixed with 
ethanol-glacial acetic acid (51). Slides were subjected to 
chromosome banding according to the quinacrine mous- 
tard procedure (5). Control cell cultures of normal ho- 
mologous tissue or peripheral blood lymphocytes from 
the same patient have been performed whenever possi- 
ble. 

A culture was considered abnormal when the same 
numerical chromosome aberration was present in at least 
2 metaphases from different colonies. Slides were ob- 
served by means of a fluorescence microscope. The kar- 
iotype was evaluated by one of us, without knowledge of 
the FC analysis results. 

Flow Cytometry 
After mechanical mincing, cell suspensions were fil- 

tered through a 50 Fm mesh nylon filter in order to 
remove cell aggregates and then cells were fixed in 70% 
cold ethanol. After two washings in phosphate-buffered 
saline solution (150 mmol/L, pH 7.2), cells were treated 
with RNase 0.5 mgml (Boehringer Mannheim, Indianap- 
olis, IN) for 30 min at 37°C and then stained with Pro- 
pidium Iodide (PI, Sigma Chemicals, 50 pgml in Sodium 
Citrate 0.1% ) for 12 h at 4°C. When homologous normal 
tissue was not available, peripheral blood lymphocytes, 
treated as the tumor sample, were used as external dip- 
loid reference standard (19). 

Samples were analyzed on a Coulter Epics Elite (Coul- 
ter Electronics, Hialeah, FL) flow cytometer equipped 
with a 488 nm, 15 mW argon ion laser. A minimum of 
20,000 cells for the surgical specimens and 10,000 cells 
for the bioptic samples were collected during FC analysis. 

Histograms were obtained after gating on peak red vs. 
integrated red fluorescence to minimize doublets contri- 
bution. The DI of the sample was calculated by dividing 
the mean channel of the sample GO/Gl peak by the mean 
channel of the diploid GO/Gl peak. The fraction of cells 
in different phases of cell cycle was determined using the 
Multicycle 2.53 software program (Phoenix, San Diego, 

A specimen was considered as FC diploid when the 
corresponding histogram showed a single symmetric 
GO/Gl peak with a coefficient of variation (CV) <8% 
(Fig. la)  (20). A clone was considered as FC near-diploid 
when the histogram showed a GO/Gl aneuploid popula- 
tion peak with 0.8<DI< 1.2 and clearly distinct from the 
diploid GO/G1 (Fig. lb). Samples showing a single popu- 
lation with CV>8% and/or peak shoulder were consid- 
ered not evaluable. 

A sample was considered as FC aneuploid if the histo- 
gram showed two distinct GO/Gl populations, each corn- 
prising at least 5% of the total sample (Fig. lc). A clone 
was defined as FC tetraploid when the peak in diploid 
G2M region (1.8<DI<2.2) represented at least 10% of 
the total cell number and the relative S-phase and G2M 
peak were clearly identified (Fig. Id). Taking into ac- 
count Joensuu and Kallioniemi observations ( 11 ) on the 
variability in FC histograms classification among differ- 
ent investigators, all histograms in the current study were 
appropriately modeled by the same operator, without 
knowledge of the corresponding CG analysis results. 

1. 

RESULTS 
The flow sheat of results is shown in Figure 2. Three 

samples (two cervical and one renal carcinoma) did not 
meet criteria to define ploidy status by FC and failed to 
grow in culture for CG. Therefore, they have been ex- 
cluded from the study. Among the 110 cases evaluable by 
FC, 31 specimens (28% ) failed to grow in culture for CG 
analysis. Thus, 79 samples (72% ) were evaluable by both 
techniques. Concerning the different types of tumors, all 
endometrial samples (n = 6) were evaluable by both 
techniques, whereas in cervical cancer the CG evaluable 
samples were 62 out of 86 (72% ) and in renal carcinoma 
13 out of 21 (62%). Mean C V s  of tumor cell peak for 
diploid and aneuploid samples which did not grow in 
culture were 6.4% (range 4.3-8.0%) and 5.9% (range 
3.9-8.0% ), respectively. The incidence of FC aneuploid 
samples was not significantly different in the group of 
unevaluable CG samples as compared with the evaluable 
cases, 15 out of 31 vs. 30 out of 79, respectively. Further- 
more, no difference in DI distribution between grown 
and not grown tumors was found in the group of FC 
aneuploid samples. Overall, no difference in growth ca- 
pacity was noted according to histotype, grade of differ- 
entiation, and stage of the tumor. The results of FC and 
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FIG. 1. Flow cytometric histograms showing respectively: (a) a diploid sample; (b) a near diploid sample; (c) 
an aneuploid sample; (d) a tetraploid sample. 

113 SAMPLES 7 1  

I 

1 1 
13 DISCORDANT 

(16%) 

FIG. 2. Flow sheat of results. 

Table 1 
Concordant Diploid Samples: Number of Colonies and 
Metaphases and CV of Tumor Cell Peak (Mean value 

and range)” 

Number of Number of % CV tumor 
Tumor colonies metaphases cell peak 
type N (ic (range) ic (range) ic (range) 
ke 3 9 (7-11) 20 (13-33) 6.1 (4.5-7.9) 
kr 5 6 (3-10) 27 (11-45) 3.5 (2.6-4.41 
kc 39 9 (2-15) 17 (4-571 7.0 (3.8-8.01 
Total 47 8 (2-15) 18 (4-57) 6.5 (2.6-8.0) 

aTumor type: kc = cervical carcinoma; ke = endometrial car- 
cinoma; kr = renal carcinoma. 

CG analyses were concordant in 66 out of 79 samples 
(84% ) (P < 0.001, chi-square test). Fortyseven of them 
(71 % ) were diploid and 19 (29% ) were aneuploid. The 
number of colonies and metaphases obtained in CG cul- 
tures, as well as the tumor cell peak CV of FC histograms 
for diploid concordant samples, are summarized in Table 
1. Tumor type, stage, grade of differentiation, and the 
correspondent results of FC and CG analyses of the 19 
concordant aneuploid samples are presented in detail in 
Table 2. In the 19 concordant aneuploid cases, a close 
correlation between the CMN and the DI was found (y = 
0.019 X + 0.151; r = 0.860; P < 0.001). Such correla- 
tion is graphically represented in Figure 3. Among the 13 
cases in which discrepancies were found, 11 cases (85% ) 
showed aneuploid populations by FC but were diploid by 
CG, and 2 cases ( 1  5% ) were CG aneuploid and FC dip- 
loid. The results of FC and CG analyses of the discordant 
samples are reported in Table 3. All of the 6 tumors which 
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Table 2 
Histopathological Data, CG and FC Results of Concordant Aneuploid Samples 

Tumor Chromosome Number of Number of % CV tumor 
Sample no. typea Stage Gradeb modal number colonies methaphases DNA-Index cell peak 

1 kc l b  3 80 3 4 1.98 5.5 
2 ke 2a 1 85 4 6 1.99 5.0 
3 kc l b  2 80 9 12 1.90 5.9 
4 kc 2b nk 80 4 7 1.86 6.2 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

kc l b  
kc l b  
kc 2b 
ke 2 
kc 2a 
kc l b  
kc 2a 
kc 2a 
kc l b  
kc nk 
kc nk 
kr t l  
kr t2 
kr t3 
kr t2 

2 
2 
3 
3 
4 
2 
2 
2 
2 
nk 
nk 
2 
3 
4 
2 - 

92 
92 
55 
48 
88 
88 
47 
75 
70 
48 
98 
45 

78. 92. 156 

7 
7 
5 
5 
7 
6 
5 
3 
4 
7 
8 
4 
7 

9 
11 
9 
7 

10 
9 
7 
7 
7 

11 
12 
20 
36 

87 4 13 
72 10 37 

aTumor type: kc = cervical carcinoma; ke = endometrial carcinoma; kr = renal carcinoma. 
bGrade of differentiation for ke and kr; Broder’s grade for kc; nk = not known. 

had samples obtained both from preoperative biopsy and 
surgical specimen had concordant results of CG and FC 
analyses. However, in one case both techniques showed 
an aneuploid tumor in the biopsy specimen and a diploid 
one in the surgical sample. 

DISCUSS I0 N 
In the current study, the FC measurement of DNA con- 

tent in human solid tumors has shown a high degree of 
concordance (84% ) with the results of CG analysis of the 
same tumor samples. Moreover, in the concordant aneu- 
ploid cases a close correlation between the FC DI and the 
CMN as determined by CG was found (Fig. 3). 

The 84% rate of concordance we found is superior to 
those reported in the studies which tested the FC accu- 
racy with a similar approach (6,7,9,16-18,21,22,24-26). 
In fact, Shackney et al. ( IS )  found a concordance of 30% 
in a series of 20 human solid tumors from other sites than 
those investigated by us, and Dressler et al. (7) reported 
a concordance of 69% using paraffin embedded tissue for 
FC analysis. Coon et al. (6) in a retrospective study on 
paraffin embedded samples of urinary bladder carcinoma 
had a better concordance rate (87% ). However, despite 
the elevated agreement between FC and CG analyses re- 
sults, they failed to find any correlation between the FC 
DI and the CMN in their aneuploid samples. Hence, tu- 
mor heterogeneity, a frequent feature in urinary bladder 
carcinoma, may account for such an outcome (15). Sev- 
eral factors are known to be involved in determining the 
accuracy of FC and CG analyses. These factors include the 
different types of tumor analysed, the fresh tissue sample 
instead of the paraffin embedded material, as well as dif- 
ferences in the dyes and the staining procedures, or in the 
software used for the FC histograms evaluation. Variation 
in any of these factors and, for instance, the large number 
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FIG. 3. Correlation between chromosome modal number and DNA- 
index in concordant aneuploid samples (See Table 2). 

of diploid samples among the evaluable concordant cases 
(47/79) in our study, may have been responsible for the 
elevated concordance degree we found. 

The good correlation between the FC DI and the CMN 
in the aneuploid cases obtained in the current study, in 
contrast with the poor correlation reported by Coon et  
al. (6), might be explained by technical reasons. In fact, in 
the specimen processing, we first performed a mechani- 
cal disaggregation until a cell suspension was obtained 
and, subsequently, we divided the sample into aliquots 
for FC and CG analyses. Indeed, this procedure reduced 
the possibility that tumor heterogeneity may have biased 
the results in our study. Interestingly, in one of the few 
cases with poor correlation between DI and CMN (Table 
2, case 17), CG revealed several aneuploid colonies, with 
a high variable chromosome number. It is also notewor- 
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Table 3 
Histopathological Data, CG and FC Results of Discordant Samples 

Sample no typea Stage Gradeb modal number colonies methaphases DNA-Index cell peak 
1 kc l b  4 46 14 36 1.42 8.0 
2 kc l b  3 46 12 21 1.60 6.0 
3 kc l b  3 46 6 19 1.30 7.0 
4 kc l b  4 46 14 36 1.39 4.1 
5 kc l b  2 46 5 7 1.87 6.1 
6 kc 2b 1 46 4 6 1.15 5.5 
7 kc 2a 3 46 7 13 1.30 7.0 
8 ke 1 2 46 10 17 1.20 8.0 
9 kr t3 3 46 4 15 1.80 7.1 

10 kr t4 3 46 3 11 1.80 4.0 
11 kr t 2  1 46 6 24 1.08 4.3 
12 kc 2a 3 88 4 6 1 .oo 8.0 
13 kr t l  2 47 6 14 1.00 5.6 

Tumor Chromosome Number of Number of % CV tumor 

aTumor type: kc = cervical carcinoma; ke = endometrial carcinoma; kr = renal carcinoma. 
bGrade of differentiation for ke and kr; Broder's grade for kc. 

thy that among the 6 cases of cervical cancer which were 
analysed both prior to and after surgery, one case showed 
aneuploidy in the preoperative biopsy, whereas it dis- 
played a diploid pattern in the surgical sample. Both sam- 
ples were concordant concerning the FC and CG analyses 
results. This outcome points out once again the problem 
of tumor heterogeneity as one of the prominent sources 
of misclassification of FC histograms (4,10,12). There- 
fore, to improve the reliability of FC determinations, mul- 
tiple sampling should be warranted whenever possible. 

In the current study, discrepancies between FC and CG 
analyses in the detection of aneuploidy were found in 13 
cases ( 16% ). Most of them ( 11 cases) resulted aneuploid 
by FC, but were diploid by CG. Eight out of 13 (61%) 
discordant cases occurred in the near-diploid or in the 
near-tetraploid region (Table 3, cases 6,8,11,13, and 
cases 5,9,10,12, respectively). This outcome is in agree- 
ment with the available evidence that FC analysis reliabil- 
ity is considerably reduced in such regions (8). 

The remaining discordant samples exhibited FC aneu- 
ploidy in the S-region, whereas CG studies showed only 
normal diploid metaphases (Table 3, cases 1,2,3,4,7). A 
possible explanation for such discrepancies may be that 
diploid methaphases were derived from normal cells 
present in the sample. A slowly growing tumor may have 
produced a prominent aneuploid G 1 peak in the FC DNA 
histogram, with no aneuploid mitosis available for CG 
analysis, as previously suggested by others (7,9,25). 

CG analysis is a labour-intensive and time-consuming 
procedure and therefore it is not suitable for routine clin- 
ical use. Furthermore, CG is difficult to perform in solid 
tumors, as it is confirmed by the considerable number of 
samples which failed to grow in culture (30% ), whereas 
FC analysis provided an evaluable DNA histogram in all 
but three of the total samples (97% ). On the other hand, 
special attention should be paid to the improvement of 
DNA histogram quality, in order to reduce the difficulties 
in the detection of near-diploid and near-tetraploid cell 
populations. The knowledge of tumor DNA content has a 
relevant clinical value for the clinicians facing endome- 

trial, cervical, and renal cancer (3,13,23) and other neo- 
plasms as well ( 3 ) .  In conclusion, in the studied neo- 
plasms FC compared to CG appears to be a fast and 
reliable technique to assess the DNA content in large 
series of tumor samples. 
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