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The DNA-ploidy and the carcinoembryonic antigen (CEA) were measured simul-
taneously by flow cytometry on single cell suspensions to determine their signifi-
cance for colorectal tumor identification and evaluation of prognosis. Additionally,
cellular CEA was compared with immunohistochemically determined CEA and
serum CEA.

59% of the carcinomas were DNA-aneuploid and all mucosa samples were DNA-
euploid. 97% of the tumors could be identified by simultaneous evaluation of DNA-
ploidy and CEA-surface density. The CEA-density varied considerably for different
tumors; in total, it was about twice as high for tumors as for mucosa. Flow cytometric
and immunohistochemical determination of cellular CEA were significantly corre-
lated. Cellular CEA and serum CEA were not correlated, but cellular CEA-negative
tumors never developed elevated serum levels. At the time of surgery DNA-aneu-
ploid tumors were in more advanced Dukes stages. The postoperative course showed

a significantly poorer prognoesis for DNA-aneuploid and for low-CEA-density

tumors.

Flow cytometric analysis in colorectal cancer can serve as a model for automated
tumor identification, enables further classification of tumor malignancy and
improves efficiency of serum-CEA controls.

The purpose of this study was to measure at the cellular level simultaneously the
DNA-content and the CEA-antigen expression in colorectal cancer patients. Sub-
sequently the biological relevance of these data with respect to automated tumor
identification and classification was analysed. Furthermore correlation of flow
cy.ton‘;etric with immunohistochemical and serum CEA-maesurements were deter-
mined.
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Classification of colorectal carcinoma and
estimation of its prognosis is generally based
on histopathologic findings such as grade of
differentiation, tumor type or stage of exten-
sion (23, 29). Serum carcinoembryonic an-
tigen (CEA) levels are useful for the assess-
ment of the tumor and its follow up (14, 15,
18, 29). For optimal cancer management,
however, further refinement of methods for
detection and definition of the biologic tumor
behaviour and the individual risk, respec-
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tively, would be desirable. Many of the tu-
mor’s primary determinants, such as DNA-
content or DNA-ploidy, cell kinetics, antigen
expression or hormone receptors are manifes-
tations at the cellular level (3, 4, 6). Flow
cytometric analysis permits to detect and dif-
ferentiate quantitatively these parameters (4,
25).

Materials and Methods

Fresh, unfixed tissue samples (0,1 — 0,5 g) were
removed from colorectal carcinoma as well as from
normal mucosa in 170 patients undergoing surgery
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and processed to single cell suspensions as required
for flow cytometry. The preparation and staining of
the cells was described in detail previously (25). In
short, the specimens were minced mechanically (el-
ectric tissue chopper), sieved through a steel mesh
(40 um mesh width) and suspended (at 0°C) in 5
mM Hepes buffered saline pH 7,4. The cells were
fixed in 1,7% formaline, washed twice and labeled
with an NCA (non specific cross reacting antigen)-
free, absorbed and specific CEA-antiserum
(DAKO, Copenhagen, Denmark) in an indirect
immunofluorescence assay (with fluorescein iso-
thiocyanate (FITC) as label of the second antibody).
After repeated washing and resuspension (cell con-
centration 1 — 5 x 107/ml), the DNA of the cells was
additionally stained with propidium iodide (PI).
Finally, the cell volume, the FITC — and the DNA-
fluorescence of these double stained cells were
measured simultaneously with a FLUVO-METRI-
CELL-flow cytometer (13). All measurements were
standardized with monodisperse, fluorescent latex
particles to maintain long term stability of evalua-
tion (Fig. 1).
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The automated computer analysis from list mode
data (25) consisted in the calculation of a three
dimensional cube for visual inspection (Fig. 1a), a
two-parameter histogram (FITC-antibody versus
PI-DNA) and three one-parameter distribution
curves of cell volume (Fig. 1b), PI-DNA (Fig. 2),
and FITC-antibody (Fig. 3). Only morphological
intact cells characterized by their simultaneous pre-
sence of cell volume and DNA, and only the epi-
thelial cells of each specimen were used for further
evaluation. Epithelial cells are larger and well sep-
arated from the small inflammatory cells (lympho-
cytes and granulocytes) by automatic gating of vo-
lume distribution curves (Fig. 1b).

- DNA-ploidy was detected by evaluating the PI-
DNA-histograms. The position of G 0/G 1 peak in
the DNA-distribution curves of the small inflam-
matory cells served as the internal standard for
DNA-ploidy. (This procedure was found to be more
reliable than to relate the DNA-distributions to the
G O/G 1 peak of a standard suspension of fixed
human or rat lymphocytes, since variations within
10 to 15% in the absolute positions of the G 0/G 1
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Fig. 1. a) Three dimensional representation of a simultaneous cells volume, and CEA-antibody measurement of colon cancer
cells. The contour lines surround the areas where particles and cells are located. The channel contents are stan-
dardized to the maximum logarithmic channel content and plotted for the 10% level. One class on the logarithmic
volume scale corresponds to 30 fl. 19419 cells were measured. .

b) Volume distribution curve of the morphologically intact cells, obtained from the measurement in panel a). The
smaller inflammatory cells can be well distinguished from the larger epithelial cells. For DNA-distribution curves
(fig. 2) and cellular CEA-surface density calculation (fig. 3) only the epithelial cells were evaluated. (} distinction

between inflammatory and epithelial cells)
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peaks of normal cells occurred in various patients;
the latter was due to staining variations which could
not be influenced without proteolytic digestion of
the cells). A sample was considered DNA-an-
euploid, when a separated second DNA peak or a
clearly distinguishable shoulder in the DNA distri-
bution of the epithelial cells, which had an ampli-
tude of more than 20% of the G 0/G 1 peak of the
DNA-euploid normal cells, was observed.

Histograms - were divided according to their
DNA-index (2, 7) in DNA-aneuploid (index %1,2)
and in DNA-euploid (or nearly euploid) samples
(index >1,2), as has been found useful for clinical
correlation studies (7, 21).

The percentage CEA-positive cells of each spe-
cimen was determined from the number of antigen
positive celles versus the total number of cells. The
antigen surface density was calculated by dividing
the fluorescence intensity of each cell through the
cell surface. The cell surface (S) was obtained from
the cell volume (V) as: S=4,84 x V067, assuming a
spheroid cell shape. For each specimen the mean
cellular antigen surface density was automatically
determined. The tumors were divided in two
groups, according to their low or high mean cellular
CEA-surface density (threshold: median of all sam-
ples). ‘

The CEA on the cell surface was estimated for 29
colorectal carcinomas with both techniques for cor-
relation of flow cytometric and immunohistochem-
ical CEA-determination. The same tumor and iden-
tical CEA-antiserum (DAKO) were used for flow
cytometry as well as histochemistry. Localization of
CEA on paraffin sections was performed using the
indirect immunoperoxidase technique (17, 20, 27).
The stained sections were evaluated semiquantita-
tively for CEA-positive cells and for the CEA-
staining intensity (3 degrees: widespread strongly
positive +++, uniformly moderate or focal

strongly positive ++, only focal moderately or

weakly positive +).

Evaluation of flow cytometric and histochemical
determinations was accomplished without know-
ledge of the patients’ clinical data.

Serum-CEA controls were done in all patients pre
— and postoperatively, using a standardized ra-
dioimmunological assay (16). Preoperative serum-
CEA was correlated with flow cytometrically deter-
mined cellular CEA.

Postoperatively after complete pathohistological
evaluation all tumors were staged according to the
Dukes classification (9). The follow up (6 to 50
months, median 32 months) was done for all pa-
tients in intervals of three months during the first
two years and in intervals of 6 months for the fol-
lowing years, according to a standardized scheme
(including clinical, endoscopical, and x-ray exami-
nation, serum-CEA, liver sonography, CT-scan of
the pelvis as well as histological examination of

suspicious lesions).

Tumor DNA-ploidy, and tumor CEA-surface
density were correlated with tumor stage, tumor
relapse (local recurrence and metastases) and tumor
dependent deaths.

Results

The precision of the flow cytometric vo-
lume determination (peak position at the dis-
tribution curves) was 2,7 % on 5 repeated
measurements of the same fluorescent, mono-
disperse latex beads. Coefficients of variation
(CV’s) of 1,8 % for the fluorescence distribu-
tion were reached with this beads. The CV’s
for the DNA-distributions of fixed, morpho-
logically intact intestinal cells were always in
the order of 8 to 15%, depending on the cell
sample. These high CV’s could not be dimin-
ished by using other DNA stains (e.g. mithra-
mycin). They were, however, reduced by di-
gestion of the cell body with pepsin, but then
antigen information on the cell surface was
lost.

The normal bowel mucosa always revealed
DNA-distributions (Fig. 2) with only one
higher G 0/G 1-DNA-peak (amplitude 100%
of maximal frequency) and one lower G 2/M-
peak (amplitude < 10%). Tumors with abnor-
mal, additional, higher DNA-peaks (DNA-
index > 1,2; amplitude > 25%) or with DNA-
aneuploid cells, respectively, were found in
59,4% of the 170 colorectal cancer patients
(Fig. 1). In all other patients (40,6%) the car-
cinoma specimens showed euploid DNA-dis-
tributions. Only 59,4% of the tumors could be
identified by automated DNA-measurement
alone. - :

The cellular CEA-surface-density distribu-
tion curves (Fig. 3) showed a symmetrical
shape for each individual sample. In total, the
median CEA-antigen density was about twice
as high for the tumors as for the normal
mucosa (Fig. 4). The evaluation of CEA-posi-
tive cells was less discriminative. Tumor sam-
ples showed between 0 % to 90 % positive cells
while 0 % to 50 % CEA-positive cells were
observed in normal mucosa. For the CEA-
density distribution the threshold between
normal and abnormal samples was set using a
ROC-curve (19). 91% of the tumor samples
were correctly recognized with 11% of false
positive results for normal mucosa samples.
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Fig. 2. DNA—ilistograms (epithelial cells) of rectum tumor (A) and normal mucosa (B). Abscissa: Cellular DNA-content.
Ordinate: Cells, % of maximum frequency. The DNA-aneuploid tumor cells (in A) are visible as a separate high

DNA-peak (DNA-Index 1,52). »
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Fig. 3. CE%—surface density histograms of rectum tumor and normal mucosa. Abscissa: Relative CEA-surface density.
Ordinate: Cells, % of maximum frequency. The mean CEA-density for tumor cells is about three times higher than for
normal mucosa cells.

120



Wirsching R. P. et al.

FREQUENCY

7 0F MRAX,

i

FREQUENCY

7% OF MRX,

00
90
80
70
60
50
40
30
20
10

Go/G1
A)

RECTUM TUMOR

"aneuploid

cells

‘“’“Ihﬂlﬂrmq

10 20

B)

L4

S
i l

Go/G1

30 40 50 €0

MUCOSA

G2/M

/

.rvvvr'vvruvwlxv]7171vlylvlvv1rvxvvv‘vrvxr||v||l|!vvv|vv'v;vv

LAARLELR UL ALAME S AL AL ALY

10 20

DONR

A AAAAREARAERRARAMASES AL RNENANE BRI AN

30 40 50 GO

(PROFP. 10U}

| MR

Fig. 2. DNA-lnstogmms (eplthehal cells) of rectum tumor (A) and normal mucesa (B). Abscissa: Cellular DNA-content.
Ordinate: Cells, % of maximum frequency. The DNA-aneuploid tumor cells (in A) are visible as a separate high

DNA-peak (DNA-Index 1,52).

normal

100 ~mucosa -

¢
80
70
60
50
40
30
20
10

135

rectum
tumor

{

FREQUENCY

7 OF MAX,

illlth—l—m'?—m_h SEUETWEE : 1.4
T T IR RRREEN T T l

10 20 5C 163 2060 5 cl 083
REL.SURF.DENS,

Fig. 3. CEA-surface density histograms of rectum tumor and normal mucosa. Abscissa: Relative CEA-surface density.
Ordinate: Cells, % of maximum frequency. The mean CEA-density for tumor cells is about three times higher than for
normal mucosa cells.
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Simultaneous automatic assessment of DNA-
ploidy and CEA-surface density increased the
tumor identification rate to 97%.

The metastases behaved identically as the
primary tumors, concerning their DNA-
ploidy and their CEA-expression, both in the
individual case and for the entire population
(Fig. 4).

There was no statistical correlation between
DNA-ploidy and CEA-density.

The tumors with parallel flow cytometric
and immunohistochemical CEA-evaluation
showed from 26% to 90% CEA-positive cells
for the cytometric and from 10% to 80% CEA-
positive cells for the histochemical determi-
nation (Fig. 5). The results of both methods
were significantly correlated (Spearman-test).
There was also a significant correlation for
cytometrically and histochemically deter-
mined cellular CEA-surface density (Kendall-
test) (Fig. 3).

No significant correlation was found for
serum CEA and cellular CEA (Fig. 6), not
even in consideration of the individual tumor
stages (Dukes A to D). Some tumors with little
or no cellular CEA (lower left in Fig. 5) were of
particular interest. Here, to date, no elevation
of serum-CEA was confirmed, neither ini-
tially in the presence of advanced tumor stage
nor later in case of tumor recurrence.

Tumor stage and DNA-ploidy revealed a
significant correlation (Fig. 7). In DNA-aneu-
ploid carcinomas the more advanced Dukes’
stages were found with a higher incidence.

The postoperative course of curatively re-
sected patients showed a significantly in-
creased tumor recurrence or poorer prognosis,
respectively, for DNA-aneuploid tumors as
compared with DNA-euploid tumors (Fig.
8a). For example, 80% of the patients with
DNA-euploid tumors were free of recurrence
as compared with only 55% of the patients
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Fig. 4. Simultaneous flow cytometric determination of cellalar CEA-surface density and DNA-ploidy in colorectal carci-
nomas (n=120), associated metastases (n=11) and in normal mucosa (n=88). The best threshold for differentiation
between CEA-positive and CEA-negative samples was derived from a ROC-curve.
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Fig. 5. Correlation between flow cytometrical and immunohistochemical determination of cellular CEA in colorectal car-
cinomas (n = 29). Left: CEA-positive cells (correlation: r = 0.668, p < 0.001). Right: Histochemical CEA-staining
intensity (+ to +-+-+) and flow cytometrical CEA-surface density (mean + s) (correlation: r=0.320, p <

0.05).

with DNA-aneuploid tumors at 36 months
after surgery. '

Likewise, significantly more tumor depen-
dent deaths occurred in patients with DNA-
aneuploid tumors (Fig. 8b).

Additionally, the CEA-surface density was
of some importance for the late prognosis.
Curatively resected patients with low-CEA
density on the tumor cells showed more often
tumor relapses during the follow up period
than those with high-CEA density (Fig. 9).

Discussion
The pathohistological diagnosis of malig-

nancy is, in general, easily made by observa-
tion of qualitative changes in tissue structure
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and the relations between the different cells
(22). The cytological differentiation of «be-
nign» and «malignant», based on determina-
tion of the intracellular architecture, is more
difficult (2, 23). Specimens can also be deter-
mined as malignant by measurement of ab-
normal DNA-content or DNA-aneuploidy,
respectively, (2, 3, 4). In recent years changes
in the cellular DNA-content were found for
many human tumors (6), which are now easily
analysed by flow cytometry (2, 3, 4). The
59,4% DNA-aneuploidy rate for the colo
rectal carcinomas in this study, which is in the
range of other series (2, 10, 21), was not suffi-
cient for a reliable automated cancer screen-
ing. Therefore, for further improvement, our
concept was to evaluate the DNA-ploidy and,
additionally, other tumor associated para-
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meters like CEA with a three parameter flow
cytometry technique (25). This enabled si-
multaneous determination of CEA, DNA-
ploidy (Fig. 2 and 3) and cell volume and,
thus, automatic restriction (Fig. 1b) on the
relevant epithelial cells of colorectal tissue.

Flow cytometric determination of CEA at
the cellular level (Fig. 3 and 4) again con-
firmed its lack of tumor specificity and the
high individual variability of its expression
(14, 15).

The higher CEA-surface density of carci-
nomas and the lower density of normal mu-
cosarevealed remarkable overlapping (Fig. 4).
Yet, the differentiation between malignant
and benign specimens was more distinctive
than forimmunohistochemical investigations
21n.

The 97% tumor identification rate for si-
multaneous evaluation of DNA-ploidy and
CEA-density is considerably higher than for
DNA-ploidy alone, indicating, that the loss of
resolution in the DNA-measurement without
proteolytic digestion is overcompensated by
the gain of information with the CEA-meas-
urement; additionally, these 97% are a com-
parable high rate for automated cancer
screening (2, 4). Moreover, there are possibil-
ities for improvement, especially by use of
new and more specific tumor associated an-
tingens. Although, to date, this flow cyto
metric measurement has no clinical signifi-
cance for the early detection of colorectal
cancer, it may serve as a model for the auto-
mated identification of other tumors, e.g.
lung, bladder, and cervix uteri cancers.
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Fig. 7. Correlation between tumor DNA-ploidy and tumor stage (Dukes A to D) for colorectal carcinomas (n = 170) at the

time of surgery.

Flow cytometrically determined cellular
CEA-density (Fig. 4) showed no significant
changes between colorectal primary and me-

tastatic tumors. This is in accordance with _

histochemical investigations (11, 24) and ap-
pears particularly meaningful for new diag-
nostic measures such as radio-immunoimag-
ing. Furthermore, the evaluation of whether
or not a tumor contains CEA-producing cells
may be helpful for the interpretation of rou-
tine serum-CEA determinations (12).

Thus, in earlier histochemical investiga-
tions (27), colorectal tumors without CEA-
stain never revealed elevated serum-CEA lev-
els.

Analysis of cellular CEA is usually made by
immunohistochemical investigations (11, 12,
14, 17, 20, 21). Flow cytometry offers an easy,
exact and even molecularily quantitative eva-
luation of cell surface antigens in colorectal
carcinomas (25); nevertheless, perhaps due to
problems with single cell preparation, cellular
CEA determinations have only been done by
few investigators (3, 8).
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Our series with parallel histochemical and
cytometrical CEA-analysis of the same sam-
ples now shows significant correlations for
both determination methods (Fig. 5). The
lower statistical significance for comparison
of cellular CEA-surface densities may be due
to histochemistry and its difficulties to ap-
proximate antigen density.

Cellular CEA and serum-CEA (Fig. 6) were
not significantly correlated. Also histochem-
ical evaluations did not reveal any correlation
(26). The serum-CEA level seems to be not
only influenced by cellular CEA and tumor
stage, but, additionally, by factors like antigen
secretion, vascular supply, degree of tissue
necrosis or CEA-metabolism (135, 26, 27, 29).
Yet, it should be taken into account for rou-
tine CEA-determinations that tumors
without or with only few CEA-positive cells
never developed elevated serum levels.

The biological importance of DNA-ploidy
for tumor classification and prognosis has
been established by cytophotometric (1, 6)
and, currently, flow cytometric analyses (3, 4,
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Fig. 8. a) Tumor relapse of curative resected colorectal cancer patients with DNA-euploid (n=50) and DNA-aneuploid

(n=73) tumors.

7, 10). In-most of these serics DNA-ancu-
ploidy was combined with a poorer prognosis.
This study of 170 large bowel cancers clearly

pointed out the significant correlation of

DNA-aneuploidy and increased malignancy
of more advanced tumor stage, respectively
(Fig. 7). For smaller numbers of tumors this
correlation has not yet been found (10, 21).
The poorer prognosis of the DNA-aneuploid
colorectal tumors was particularly apparent in
consideration of the higher incidence of
tumor recurrence (Fig. 8a) and tumor depen-
dent death (Fig. 8b). This unfavorable prog-
nosis was not only due to an even more
advanced tumor stage at the time of surgery
(28).

The main relevance of serum-CEA measur-
ements is the patients’ follow up and the early
detection of tumor relapse (14, 18, 23). The
pretherapeutic serum-CEA level as a prog-
nostic parameter is restricted to the 45% to

60% of. colorcectal cancer paticnts with cle-
vated CEA at that time (14, 15, 23, 29). On the
other hand, cellular CEA can be determined
by flow cytometry immediately after surgery
and may be used for further evaluation of
prognosis in all patients.

In consideration of tumor relapses (Fig. 9)
also cellular CEA surface density proved to be
a factor of prognostic relevance. First indica-

. tions for this correlation between cellular

CEA and clinical course were given by histo-
chemical investigations (17). One reason for
the poorer prognosis of the low-CEA density
colorectal cancers might be their lower degree
of tumor cell differentiation, which has been
demonstrated histochemically (12, 27).

In conclusion, this investigation of color-
ectal carcinomas clearly demonstrated, that
tumor DNA-ploidy and cellular CEA are bio-
logically relevant parameters, which can be
measured quantitatively by flow cytometry.
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Ploidy and tumor dependent death
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Fig. 8. b) Tumor dependent death of curative resected colorectal cancer patients with DNA-euploid (n=50) and DNA-
aneuploid (n =73) tumors.

Thus, determination of DNA-ploidy and cel-  better evaluation of the patients’ individual
lular CEA-expression may provide a comple-  risk as well as additional guidelines for theat-
tion of conventional tumor examination, = ment modalities and for follow up.
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- CEA-density and tumor relapse
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Fig. 9. Tumor relapse for curative resected colorectal cancer patients and tumors with high (n = 48) and low (n = 42) cellular

CEA-surface density.
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