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Digital Image Analysis of Ki-67 Antibody Staining

Beth R. Schwartz, Geraldine Pinkus,
Sarah Bacus, Michelle Toder,
and David S. Weinberg
From the Department ofPathology, Brigham and
Women 'sHospital andHarvard Medical School, Boston,
Massachusetts, and CellAnalysis Systems, Inc.,
Lombard, Illinois

Ki-67 is a monoclonal antibody to a nuclear anti-
gen present in cycling human cells but not in rest-
ing cells. The authors haveperformed immunoper-
oxidase on non-Hodgkin's lymphomas using Ki-67
antibody in order to correlate proliferation rates
with tumor grade and type, and compare Ki-67
staining with S-phase content as determined by
flow cytometry. Ki-67 staining of 109 sections was
quantitated using a digital image analysis system
(CAS 100). There was a significant difference
among mean overall Ki-67 staining values in
Working Formulation low (13.7%), intermediate
(42.6%), and high grade tumors (57.9%, P
< 0.00001). The level of significance improved
when a revised grading system was formulated
based on proliferative activity, with the inclusion
of diffuse large cell lymphomas in the high grade
category. Within nodularandafew diffuse lympho-
mas, there were well-defined proliferation centers
in which Ki-67 staining showed no correlation with
grade. Flow cytometric DNA determination was
performed on 74 specimens, and there was a posi-
tive correlation between Ki-67 positivity and S
phase content (r = 0. 66). It is concluded that Ki-
67 staining of tissue sections is an alternative to
flow cytometric quantitation of cell cycle activity
in lymphomas, and provides the advantage of re-
vealing histologic patterns ofproliferation. By in-
cluding G1 phase cells, Ki-67 staining allows a
more complete determination of total cell cycle
activity in lymphomas. (Am J Pathol 1989, 134:
327-336)

Non-Hodgkin's lymphomas have been classified into sub-
types based on histologic criteria. In most classification

systems, there is a correlation between histology and clin-
ical behavior.1 Histology alone is not always predictive of
clinical behavior, however, and other biologic parameters
such as cytogenetics,2 tumor ploidy,35 and cell cycle ac-
tivity5-7 may prove to be prognostically important. In addi-
tion, more objective criteria are needed to type and clas-
sify the various non-Hodgkin's lymphomas.

Tumor cell proliferation in lymphomas has been pre-
viously assessed by tritiated thymidine uptake, mitotic in-
dex, and flow cytometry. Most studies have shown a cor-
relation between proliferation rate and either histologic
grade'-" or survival316l18e20 in non-Hodgkin's lymphoma.
However, these studies use only parts of the cell cycle to
measure proliferative activity but do not address the sum
of actively cycling cells, and, in particular, do not consider
G1 phase content.

Ki-67 is a mouse monoclonal antibody that recognizes
a proliferation-related nuclear antigen expressed during
G1, S, and G2/M phases of the cell cycle but not in resting
(GO phase) cells.2122 By including cell cycle phase G1, Ki-
67 expression gives more information than can be deter-
mined by standard flow cytometry, tritiated thymidine up-
take, or mitosis counting. Studies performed on tissue
sections provide the additional advantage of revealing the
topographic distribution of cycling cells. Only recently
has Ki-67 antibody been used to demonstrate a relation-
ship between cell proliferation in lymphomas and prog-
nosis.2325
We have taken advantage of new quantitative image

analysis techniques to examine cell proliferation in non-
Hodgkin's lymphomas stained with Ki-67 antibody. This
study shows the value of rapid, objective quantitation of
cell proliferation in classifying these tumors, and our re-
sults are compared with other studies of Ki-67 staining in
lymphomas that either count26 or estimate27 the number
of positively staining cells. Our aims were to correlate Ki-

Supported in part by National Institutes of Health Grant A123360.
Accepted for publication September 20, 1988.
Presented in part at the 77th Annual Meeting of the International Acad-

emy of Pathology, United States-Canadian Division, March, 1988.
Address reprint requests to David S. Weinberg, M.D., Ph.D., Depart-

ment of Pathology, Brigham and Women's Hospital, 75 Francis Street,
Boston, MA 02115.

327



328 Schwartz et al
AJPFebruary 1989, Vol. 134, No. 2

Table 1. Cases Included in Study and Overall Ki-67 StainingAccording to Diagnosis

Number Overall Ki-67
Diagnosis Code Grade* of casest staining t Range

Small lymphocytic lymphoma A Low 15 8.46 ± 1.47 22.42
Follicular small cleaved cell lymphoma B Low 16 13.36 ± 1.86 26.76
Follicular mixed, small cleaved and

large cell lymphoma C Low 6 29.36 ± 5.81 42.47
Follicular large cell lymphoma D Int§ 4 38.91 ± 9.83 47.63
Diffuse small cleaved cell lymphoma E Int 15 23.70 ± 5.77 81.31
Diffuse mixed, small and large cell

lymphoma F Int 8 29.66 ± 6.10 49.93
Diffuse large cell lymphoma G Int 1811 68.20 ± 4.36 61.71
Large cell immunoblastic sarcoma H High 1 2¶ 59.91 ± 5.85 73.96
Lymphoblastic lymphoma High 1 ** 47.35 ± 0.00 -

Small noncleaved cell lymphoma J High 3 53.60 ± 5.36 18.51
Intermediate lymphocytic lymphoma K NAtt 2 14.15 ± 6.24 12.48
Reactive lymph node with follicular

hyperplasia L NA 9 12.24 ± 1.97 21.77
* Grade according to the Working Formulation for non-Hodgkin's lymphomas.
t All cases are phenotypically B cell tumors, except as indicated.
t Mean ± standard error.
§ Intermediate grade.
I Phenotype: 17B, 1T.
I Phenotype: 8B; 4T.
** Phenotype: 1T.
tt Not applicable.

67 determined proliferative activity with tumor grade and
subtype according to the Working Formulation, to com-
pare overall Ki-67 staining of non-Hodgkin's lymphomas
with cell cycle activity as determined by standard flow cy-
tometry, and to evaluate the topographic distribution of Ki-
67 staining with regard to histologic subtype and grade.

Materials and Methods

Specimens

One hundred specimens from lymph nodes and spleens
diagnosed as non-Hodgkin's lymphomas between 11/
10/83 and 11/17/87 were obtained retrospectively from
the Department of Pathology at the Brigham and Wom-
en's Hospital (Table 1). Cases that had been stored
longer than 4 years showed diminished staining, and
could not be used. Because storage conditions did not
vary, loss of antigenicity was probably related to the age
of the specimen. All cases have been immunopheno-
typed by immunoperoxidase studies at the time of original
diagnosis (Rappaport classification), and were re-classi-
fied according to the Working Formulation.' Ninety-three
of the 100 specimens were B cell lymphomas; the remain-
ing seven cases were T cell neoplasms. Tissue used for
immunoperoxidase studies had been uniformly snap fro-
zen in dry ice and isopentane, and stored at -80 C. Nine
lymph nodes with reactive follicular hyperplasia, frozen
and stored in the same manner, were also studied.

Immunocytochemistry

Cryostat sections were reacted with Ki-67 antibody
(DAKO-PC, Dako Corporation, Santa Barbara, CA), using
standard immunoperoxidase techniques.2e Sections were
cut at 2-3 ,u. At this thickness, only a single layer of nuclei
was present and there was not significant nuclear over-
lap. The sections were fixed for 6 minutes in 1 % paraform-
aldehyde at 20 C. Peroxidase conjugated goat anti-
mouse immunoglobulin and swine anti-goat immunoglob-
ulin were used as secondary staining reagents. Controls
consisted of sections incubated with buffer instead of the
primary antibody. The slides were developed using 3'-3'-
diaminobenzidine tetrahydrochloride (Aldrich Chemical
Company, Milwaukee, WI) as chromogen, and sections
were counterstained with 2% methyl green. In each case,
an adjacent section was cut for hematoxylin and eosin
(H&E) staining to confirm that representative lesional tis-
sue was present.

Digital Image Quantitation of Ki-67 Staining

Quantitative image analysis was performed using the
CAS 100 system (Cell Analysis Systems, Lombard, IL).
This microscope-based image analyzer employs a solid-
state video camera mounted on a light microscope, with
image data transmitted to and stored in an IBM AT com-
puter equipped with a digital imaging board.29 Analog
video signals are digitalized and stored as 256 X 256 pix-
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els containing 8 bits of intensity values, sufficient for 256
levels of gray determination. Digitalized light intensity val-
ues are converted by an input look-up table to optical den-
sity values, based on previous standardization and cali-
bration of the instrument. Thus, image memory contains
values for optical density for each pixel. Nuclear Ki-67
staining was measured using software supplied with the
instrument. Microscopic fields were selected for measure-
ment using criteria described below. First, using red (650/
10 nm bandpass) filter, an image of the total cell nuclei in
the microscopic field was obtained. Then, using a green

(540/10 nm bandpass) filter, the same field was again
captured, revealing nuclei stained brown by the immuno-
peroxidase reaction (as recognized by their increased op-

tical density compared with unstained cells). The com-

puter automatically calculates the percent of the nuclear
field stained by the immunoperoxidase reaction by com-

paring the images obtained by the red and green filters. All
images were obtained using a X40 objective (numerical
aperture 0.66) and a X10 eyepiece, yielding a final magni-
fication of X400.

Fields were selected for measurement by two meth-
ods. First, all cases were analyzed by random selection
of fields, using computer-determined random pairs of co-

ordinates encompassing the tissue section as measured
by stage sensors of the CAS 100 System. Second, in
cases showing obvious nodular distribution of Ki-67 stain-
ing, the nodular areas containing the most abundant
staining were selected for measurement. Thus, the first
measurement provides assessment of the "overall Ki-67
staining" by a random determination, whereas the sec-

ond method provides quantitation reflecting the maximum
Ki-67 staining within tissues having nodular staining pat-
terns. Field measurements were accumulated and aver-

aged on each slide until additional measurements did not
change the average by more than 5%, usually requiring
five to ten measurements. In all cases no fewer than four
fields were measured.

Flow Cytometry

Sixty-five of the 100 non-Hodgkin's lymphomas had flow
cytometric cell cycle analysis performed on fresh tissue
at the time of surgery, using previously described meth-
ods.30 Briefly, detergent-isolated nuclei were stained with
propidium iodide, and DNA histograms were generated
on a FACS analyzer (Becton Dickinson). GO/Gl, S, and
G2/M phases were quantitated from the DNA histograms,
and immunophenotyping was also performed by flow cy-

tometry, confirming the presence of tumor in the tissue
studied. Cell cycle analysis data was also available on the
nine reactive lymph nodes with follicular hyperplasia.

Statistical Analysis

Statistical analysis was performed using Statgraphics
(Plus*Ware, STSC Inc., Rockville, MD), including linear re-
gression analysis and analysis of variance.

Results

Ki-67 Antibody Staining

Immunoperoxidase staining of cryostat sections with Ki-
67 antibody revealed distinct nuclear staining of positive
cells. Cytoplasmic staining was no greater than the back-
ground seen in the immunoperoxidase control. Tissues
from cases of non-Hodgkin's lymphoma demonstrated
variable reactivity with Ki-67 antibody, ranging from cases
with only scattered positive nuclei to cases with predomi-
nantly positive nuclei (Figure 1A,B). Six of the diffuse lym-
phomas and all but three of the follicular lymphomas had
distinct nodular zones of increased proliferation, as indi-
cated by focally increased numbers of Ki-67 positive nu-
clei (Figure 1C). Of 15 small lymphocytic lymphomas,
three had distinct pseudo-proliferation centers and two
had foci suggestive of increased proliferation. In benign
reactive lymph nodes, most staining was restricted to the
germinal centers, as has been reported (Figure 1 D).18

Quantitative image analysis using the CAS 100 system
was employed to measure the amount of nuclear staining
by Ki-67 antibody, as described in the Materials and Meth-
ods section. First, nuclear staining of the entire tissue sec-
tion was quantitated. Figure 2 demonstrates the overall
Ki-67 staining of each specimen, grouped according to
histologic type by the Working Formulation. The mean
and standard error of staining are shown for each type of
lymphoma, as well as for intermediate lymphocytic lym-
phomas and reactive lymph nodes with follicular hyperpla-
sia (Table 1). Although a trend of increasing Ki-67 positiv-
ity is noted among the Working Formulation subtypes, the
range of values tends to be large in intermediate and high
grade tumors (Table 1) and there is considerable overlap
among diagnostic subtypes. In general, low grade (indo-
lent) types of lymphoma show the least Ki-67 staining,
and high grade (aggressive) types the greatest. When the
histologic subtypes are grouped according to low, inter-
mediate, and high grades as defined by the Working For-
mulation, there is a significant difference in overall Ki-67
staining among groups (Figure 3, Table 2). The mean val-
ues of overall Ki-67 staining for reactive lymph nodes and
intermediate lymphocytic lymphomas are similar to those
of the low grade lymphomas.

Twenty-six cases of low and intermediate-grade lym-
phomas exhibited obvious nodular areas of increased Ki-
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Figure 1. Nuclear staining by Ki-67 antibody (immunoperoxidase method). All tissues were counterstained with methyl green, re-
vealing nuclei only. A: Small lymphocytic lymphoma (X400). B: Diffuse large-cell lymphoma (X400). C: Follicular mixed, small
cleaved and large-cell lymphoma with nodular regions ofKi-67staining (X200). D: Reactive lymph node withKi-67stainingprimar-
ily in germinal centers (X 60).
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Figure 2. Percent overall Ki-67staining ofnon-Hodgkin's lym-
phomas subtyped according to Working Formulation diagno-
ses. (See Table l for diagnosis key.) Each point represents an
individual case. Mean and standard error bars are indicated
for each diagnostic category. The percent staining is calcu-
lated by measuring the proportion of total nuclear area
stained by the antibody.

67 staining. The CAS 100 System was used to quantitate
the Ki-67 staining in these regions, with the resulting val-
ues representing the most highly proliferative areas within
these lymphomas. There is no apparent pattern of differ-
ences among histologic types when the mean nodular
staining for all evaluable diagnostic categories is exam-

ined, except for the low value shown for follicular small,
cleaved cell lymphomas (B) (Table 3). The mean staining
of follicles in reactive lymph nodes is similar to that seen

in nodular areas of most lymphomas. The mean Ki-67
staining of the nodular regions of low (41.8%) and inter-
mediate (47.3%) grade lymphomas and reactive lymph
nodes (46.9%) did not show significant differences (P
= 0.5, low vs. intermediate grades and low grade vs. reac-

tive; P = 0.9, intermediate grade vs. reactive).
To compare our data with the findings of previous

studies,16.1730 we also quantitated the highest proliferative
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Figure 3. Percent overall Ki-67staining according to Working
Formulation grade. Points indicate group means, with stan-
dard error bars. Reactive lymph nodes are includedfor com-
parison.

Table 2. Overall Ki-67 StainingAccording
to Histologic Grade

Number Significant
Grade of cases Overall Ki-67* differencet

Low 37 13.69± 10.56> t
Intermediate 45 42.55 + 28.19 §
High 16 57.94 ± 18.09> §

* Mean ± standard deviation.
t Significant difference among all three grades is P < 0.00001.
t Significantly different at P < 0.00001.
§ Significantly different at P = 0.05.

rates in all cases. These measurements consisted of over-

all staining in most diffuse lymphomas and nodular stain-
ing in all tumors with focally increased staining patterns.
Considering the highest proliferative measurement in
each case, only low-grade lymphomas exhibited signifi-
cantly different staining when compared with other histo-
logic grades of lymphoma and reactive lymph nodes (Fig-
ure 4).

Correlation Between Ki-67 Staining and Flow
Cytometric DNA Analysis

Quantitative DNA measurements by flow cytometry were

performed in 74 cases. In each case, the proportion of
cells in GO/Gl, S, and G2/M phases of the cell cycle was
determined. Because the nuclei measured by flow cytom-
etry represent a random measurement of cells within the
tissue, we believed that these values might most directly
correspond to the random measurements performed on

tissue sections stained with Ki-67 antibody. As shown in
Figure 5, although there was a general correlation be-
tween overall Ki-67 staining and S-phase content (r
= 0.66) or S + G2/M phase content (r = 0.62), several
cases show markedly divergent values. Thus, in some
cases, S-phase content is not predictive of Ki-67 staining,
which represents the total cell cycle activity within the tis-
sue. When only nodular areas of Ki-67 staining were con-

sidered, there was a poor correlation between Ki-67 stain-
ing and S-phase content (r = 0.22, data not shown).

Table 3. Measurement ofNodularAreas
ofKi-67 Staining

Diagnosis* Number of cases Nodular Ki-67t

B 12 34.65 ± 4.54
C 5 63.45 ± 7.86
D 3 47.05 ± 11.91
E 5 54.62 ± 12.15
G 1 50.55 ± 0.00
L 9 46.85 ± 2.27

See Table 1.
t Mean ± standard error.
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Figure 4. Maximum Ki-67 staining (mean ± standard error)
for low, intermediate, and high-grade lymphomas and reac-

tive lymph nodes. The highestproliferation rate (either overall
or nodular) of each case was usedfor calculations. Only the
low-grade lymphomas showed significantly different Ki-67
staining compared with other groups when the maximal level
ofKi-67 staining was considered (P > a. 0039, low grade vs.

reactive; P = a. 0001, low grade vs. intermediate grade).

Discussion

Ki-67 antibody provides a useful alternative to other meth-
ods of measuring cell cycle activity. This antibody distin-
guishes all actively proliferating cells (Gl, S, and G2M
phases) from resting (GO phase) cells. The nuclear stain-
ing by Ki-67 is easily adapted to the image quantitating
capabilities of the CAS 100 system. Objective quantita-
tion provides distinct advantages over other methods
used to measure proliferation rates. Autoradiography is
technically cumbersome, requiring the use of radioactive

% K,- 67 Positive (overall)
Figure 5. Correlation between overall Ki-67 staining and S
phase content. Seventy-four cases were analyzed for both S-
phase content byflow cytometry and Ki-67 staining on tissue
sections. Dashed lines indicate 95% confidence intervals.

materials and incubation periods lasting several days.
Flow cytometry, although less time-consuming, destroys
the morphology of the tumor and is subject to sampling
error. Studies examining mitotic counts have provided in-
consistent results, probably due to differences in tech-
niques and interobserver variability.16'31 Previous quantita-
tive studies of Ki-67 staining have employed either tedious
manual counting or estimation,23 24 and therefore are sub-
ject to many of the same technical difficulties already de-
scribed.

It should be noted that the quantity of Ki-67 staining
measured using the imaging system is a percent of total
nuclear area, which may not be precisely the same as

percent positive nuclei. Although the entire nucleus is
stained in Ki-67 positive nuclei, there is variability of
nuclear size in lymphomas, and differences in the propor-

tions of large and small nuclei may influence the values of
Ki-67 staining obtained. Our main goal, however, was to
correlate the Ki-67 staining value with tumor classification
as a system of rapid and objective measurement. The
precise correlation between percent positive nuclear area

and percent positive nuclei was not determined in this
study, but may be of technical interest.

The ability to examine either random or selected fields
with the aid of the CAS 100 system provided additional
information concerning patterns of proliferation within the
tissues. When comparing overall Ki-67 staining to nodular
areas of increased staining, we favor overall staining as

the most significant indicator of proliferative activity within
each tumor. When nodular areas of Ki-67 staining were

compared, no significant difference among the tumor
grades and germinal centers of reactive lymph nodes was
found. This indicates that microenvironments favorable to
proliferation within lymph nodes are difficult to distinguish
among the broader pathologic groups examined, al-
though follicular small cleaved cell lymphomas have a dis-
tinctly lower proliferative rate compared with other specific
diagnostic types (Table 3). When we quantitated only the
most highly proliferating areas in lymphomas (using over-

all staining in most diffuse lymphomas and nodular stain-
ing in all tumors with focally increased staining patterns),
only low-grade lymphomas exhibited a significantly
different amount of staining when compared with the
other histologic grades and reactive lymph nodes (Figure
4). This finding differs from those of previous papers.

Studies that measure mitotic rates in non-Hodgkin's lym-
phomas have typically analyzed the areas of highest pro-

liferation.16'17 Not only does this selection ignore lower
proliferation zones within the tumors, but mitoses can be
technically difficult to measure,31 and reflect only one

component of the cell cycle. Bauer et al found no relation-
ship between mitotic counts by light microscopy and S-
phase activity by flow cytometry.32 Weiss et al also mea-

I
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Figure 6. Overall Ki-67staining according
to Working Formulation grades and re-
grouped according to revised grades. A:
Percent overall Ki-67 staining (mean
± standard error) for each diagnostic cat-
egory ofthe Working Formulation (see Ta-
ble lfor diagnosis key). Vertical lines indi-
cate division of diagnoses into Working
Formulation low, intermediate, and high
grades. B: Percent overall Ki-67 staining
according to WorkingFormulation grades.
Statistical data is presented in Table 3. C:
Percent overall Ki-67 stainingfor each di-
agnostic category ofthe Working Formula-
tion, as in A. Vertical lines indicate divi-
sion of diagnoses into revised groups. D:
Percent overall Ki-67 staining according
to revised groups. There are greater dif-
ferences between these groups than be-
tween Working Formulation grades (P
< 0.00001, low vs. intermediate and inter-
mediate vs. high grades),

sured the areas of greatest proliferation in non-Hodgkin's
lymphomas by Ki-67 staining and found good correlation
with the Working Formulation grades, although their fig-
ures were based on subjective estimates.27 Our results
demonstrate that only overall Ki-67 proliferation rates of
the various non-Hodgkin's lymphomas correlate with the
Working Formulation grades with a high level of overall
significance (P < 0.00001), although the difference be-
tween intermediate and high-grade tumors is less highly
significant (P < 0.05, Table 2). The histologic types seem
to cluster more naturally when regrouped as shown in Fig-
ure 6, and the differences among the revised low, interme-
diate, and high-grade groups are of greater significance
than the differences among the Working Formulation
grades.

The revised group with the lowest proliferation rate in-
cludes small lymphocytic lymphoma and follicular small
cleaved cell lymphoma. Very low Ki-67 staining in small
lymphocytic lymphoma with respect to the remaining non-
Hodgkin's lymphomas has also been found pre-
viously.26-27 If it were included in the Working Formulation,
intermediate lymphocytic lymphoma would also fit into
this revised low grade group, which corroborates recent
comparisons of this lesion with low-grade neoplasms.33
Reactive lymph nodes also have overall staining values
similar to this revised group. Parallel findings of low S-
phase values in reactive nodes are cited in flow cytomet-
ric studies,6'7-10'13 whereas studies reporting mitotic

.
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rates16 or Ki-67 staining index27 34examine germinal cen-
ters only, and find proliferation rates of reactive lymph
nodes to be higher than those of follicular center cell lym-
phomas.

The second or intermediate grade revised group in-
cludes follicular mixed small cleaved and large-cell lym-
phoma and all of the intermediate lymphomas of the
Working Formulation excluding diffuse large cell lym-
phoma. Of interest is the unexpectedly low proliferative
rate of diffuse small cleaved cell lymphoma (23.70%). This
fact, together with the much higher Ki-67 staining seen
in follicular predominantly large-cell lymphoma (38.91%),
supports the finding that small lymphoid cells are predom-
inantly in the resting (GO) phase of the cell cycle.710163

The revised high-grade group includes diffuse large
cell lymphoma, immunoblastic sarcoma, lymphoblastic
lymphoma, and small noncleaved cell lymphoma. Of inter-
est here is the grouping of diffuse large-cell lymphoma
with the higher grade lymphomas. Similarly, Christens-
son6 found significant differences between the S-phases
of diffuse large cell lymphoma and two other intermediate
grade lymphomas by flow cytometry. On a practical level,
diffuse large-cell lymphomas have similar clinical behavior
to the Working Formulation high-grade lymphomas, and
show a similar response to chemotherapeutic agents as
these tumors.

Because only three cases of small noncleaved cell
lymphomas could be obtained for examination, there is
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insufficient data to compare with other studies that claim
that this class of tumor has the highest Ki-67 expres-

26,27,316Onyoe fsion. Only one case of lymphoblastic lymphoma
was obtained for staining, which showed a lower than ex-
pected Ki-67 staining of 47.35%. Other studies have
found S-phase activity and Ki-67 expression to be more
variable than expected in lymphoblastic lymphomas,
given their high mitotic activity and grade.

Overall Ki-67 staining shows some correlation with S
and S + G2/M phase content as determined by flow cy-
tometry (r = 0.66, 0.62, respectively), although a marked
disparity was noted in occasional cases. Sampling error
during the preparation of suspensions may account for
differences in some cases. Loss of cells is another expla-
nation, although unlikely because the nuclei were pre-
pared from intact tissues. In addition, Gl phase content
may influence the correlation, because the length of this
phase is known to be the most variable part of the cell
cycle.37 To examine Gl phase duration among cell popu-
lations, the ratio of Ki-67 staining to S + G2/M may be
calculated.38 Because Ki-67 staining is equivalent to Gl
+ S + G2/M phase content, this ratio reflects Gl phase
content. The values determined for the low, intermediate
and high-grade tumors of the Working Formulation are
2.15, 3.86, and 3.87, respectively. For the revised low,
intermediate, and high grades discussed in this study, the
ratios are 1.78, 3.76, and 4.32, respectively. Thus, the
proportion of Gl phase content is lowest in the low-grade
tumors and approximately equal in the intermediate and
high-grade tumors. The number of cells cycling is there-
fore most likely to be underestimated by flow cytometry
in intermediate and high-grade lesions. Also of interest is
the low Ki-67:S + G2/M ratio of reactive lymph nodes
(0.93). Although Ki-67 is biologically a more inclusive
marker of cell cycle activity than S-phase alone because
all proliferating phases of the cell cycle are included, addi-
tional studies would be needed to determine whether Ki-
67 staining provides additional prognostic information.

The preceding conclusions have been based on the
mean Ki-67 positivity for lymphoma subtypes. It must not
be overlooked that within each tumor category there is
considerable variability (Table 1). Wide ranges of prolifera-
tive activity are likewise reported in studies using tritiated
thymidine uptake,18 flow cytometry,461112 mitotic indi-

15.16 26Theces, and Ki-,.2627 The smallest range of values oc-
curs in low-grade lymphomas (revised grouping), reactive
lymph nodes, and small noncleaved cell lymphomas. Al-
though these findings must be considered in the context
of the limited number of cases examined, other reports
also show relatively small variations in proliferation as-
sessments for lower grade tumors41216202627 and small
noncleaved cell lymphomas.2627 In this study, no attempt
was made to distinguish neoplastic from non-neoplastic

cells. Therefore, some variability may be due to differ-
ences in the proportion of non-neoplastic cells present
among the cases. Although dual color techniques are
available for flow cytometric analysis of specific cell sub-
sets,39 similar techniques could not yet be applied to tis-
sue sections for quantitative imaging.

The overlapping ranges of Ki-67 positivity found in
most lymphoma subtypes suggests biologic heterogene-
ity that might have prognostic significance for individual
cases. For example, it is interesting that of the small lym-
phocytic lymphomas studied, the highest Ki-67 value
(23.7%) occurred in a case of small lymphocytic lym-
phoma undergoing histologic transformation. Likewise,
the only disproportionately high staining small lympho-
cytic lymphoma in Weiss's study27 is also an unusual
case, manifesting T cell phenotype and more aggressive
behavior than expected. Other studies, using flow cytom-
etry1532 and mitotic indices,40-43 have each examined a
single subtype of non-Hodgkin's lymphoma and found
that within these diagnostic categories, proliferative activ-
ity correlates with prognosis. Thus, it is possible that the
accurate measurement of proliferation is equally or more
indicative of tumor behavior than morphologic diagno-
sis.i9 A recent study by Grogan et al examined diffuse
large-cell lymphomas and found Ki-67 staining to be an
independent predictor of survival by multivariate analy-
sis.24 Work by Gerdes et al also indicates a role for Ki-67
staining in the prediction of clinical outcome in large cell
lymphomas.25 In addition, their study examined 171 cases
of lymphomas of all subtypes and found great differences
in survival between cases having less than 30% and
greater than 70% Ki-67 staining. Hall et al have recently
demonstrated that Ki-67 index correlates strongly with
survival and relapse rates in lymphomas divided into low
and high-grade groups according to the Kiel classifica-
tion.43 It would be useful to perform a similar study with
respect to the Working Formulation. Finally, the clinical
significance of the Ki-67 antibody could be expanded to
monitor lymphoma proliferative rates before and after
chemotherapy, rendering pertinent information about tu-
mor vulnerability to cell-cycle dependent agents.
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