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Abstract Uncontrolled proliferation is a defining feature

of the malignant phenotype. Ki67 is a marker for prolifer-

ating cells and is overexpressed in many breast cancers.

Atypical hyperplasia is a premalignant lesion of the breast

(relative risk * 4.0). Here, we asked if Ki67 expression

could stratify risk in women with atypia. Ki67 expression

was assessed immunohistochemically by digital image

analysis in archival sections from 192 women with atypia

diagnosed at the Mayo Clinic 1/1/67–12/31/91. Risk factor

and follow-up data were obtained via study questionnaire

and medical records. Observed breast cancer events were

compared to population expected rates (Iowa SEER) using

standardized incidence ratios (SIRs). We examined two

endpoints: risk of breast cancer within 10 years and after

10 years of atypia biopsy. Thirty-two (16.7%) of the 192

women developed breast cancer over a median of

14.6 years. Thirty percent (58) of the atypias had C2% cells

staining for Ki67. In these women, the risk of breast cancer

within 10 years after atypia was increased (SIR 4.42 [2.21–

8.84]) but not in those with\2% staining. Specifically, the

cumulative incidence for breast cancer at 10 years was 14%

in the high Ki67 vs. 3% in the low Ki67 group. Conversely,

after 10 years, risk in the low Ki67 group rose significantly

(SIR 5.69 [3.63–8.92]) vs. no further increased risk in the

high Ki67 group (SIR 0.78 [0.11–5.55]). Ki67 appears to be

a time-varying biomarker of risk of breast cancer in women

with atypical hyperplasia.
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Introduction

Women with atypical hyperplasia have a fourfold increased

risk of breast cancer compared to women in the general

population [1–4] with a cumulative incidence approaching

30% at 25 years [2]. Because of their high-risk status,

women with atypia are frequently counseled to follow

heightened surveillance and to take tamoxifen for chemo-

prevention [5]; some even consider prophylactic mastec-

tomy. Thus, these women need accurate, individualized

risk assessment.
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The most frequently used model for risk prediction in

women with atypia is the Gail model, but our group has

recently shown that this model lacks sufficient accuracy in

predicting risk of individual women with atypia [6]. From a

biologic standpoint, atypical hyperplasia is recognized as a

precursor lesion to both noninvasive and invasive breast

cancer. Thus, atypia represents a unique platform from

which to evaluate possible mediators and processes in

breast carcinogenesis and to determine whether biomarkers

that reflect such processes could better stratify risk for

these women.

Imbalance in the normal regulation of cell proliferation is

a defining feature of the cancer phenotype [7]. We evaluated

proliferation status in tissue samples from women with

atypical hyperplasia using Ki67, a monoclonal antibody that

recognizes a nuclear antigen present in proliferating cells

[8]. Ki67 expression increases progressively across the

continuum from benign breast disease, to ductal carcinoma

in situ (DCIS), to invasive breast cancer [9–11]. In invasive

breast cancer, higher Ki67 levels have been shown to cor-

relate with worse clinical outcome in numerous studies [12,

13]. In DCIS, higher Ki67 is associated with higher grade

lesions [14].

To our knowledge, Ki67 has not been examined in a

cohort of women with atypia who were followed long term

for subsequent breast cancer events. Here, we examine the

expression of Ki67 in 192 women with atypia and assess its

association with patient age, type of atypia, family history,

risk of progression to breast cancer, and time to breast

cancer.

Methods

Study population

The Mayo Benign Breast Disease cohort includes 9,376

women aged 18–85 who had excisional breast biopsies

with benign findings at the Mayo Clinic in Rochester, MN

between January 1, 1967, and December 31, 1991 [1, 15].

In this cohort, 331 women had atypical hyperplasia [2].

Benign biopsies were reviewed by the study pathologists

(DWV and CR) using current classification systems [4, 16].

Paraffin-embedded, formalin-fixed tissue for Ki67 staining

was available for 192 of the women with atypia.

Follow-up and risk factor data

Follow-up for breast cancer events and risk factor infor-

mation were obtained through Mayo medical records and a

study questionnaire. Family history was classified as neg-

ative, strong, or weak. Criteria for a strong family history

were: at least one first-degree relative with breast cancer

before the age of 50 years or two or more relatives with

breast cancer, with at least one being a first degree relative.

Any lesser degree of family history was considered to be

weak. All protocol procedures and patient contact materials

were reviewed and approved by the Institutional Review

Board of the Mayo Clinic. Completion and return of the

patient contact materials were considered to be implied

consent.

Histopathologic review

A diagnosis of atypical ductal hyperplasia (ADH) or

atypical lobular hyperplasia (ALH) was based on criteria of

Page et al. [16]. For each example of atypical hyperplasia,

the number of separate foci was defined [2]. Multifocal

atypia required the identification of atypia in more than one

terminal duct lobular unit, as defined by clear separation

from another terminal duct lobular unit by nonspecialized

interlobular mammary stroma [2].

Immunostaining

Ki67/MIB-1 assessment: tumor proliferation was deter-

mined by digital image analysis with an Automated Cellular

Imaging System (ACIS III�, DakoCytomation, San Juan

Capistrano, CA) using 5 lm-thick formalin-fixed, paraffin-

embedded sections. All analyses were performed in the

Molecular Imaging Laboratory within the Department of

Pathology at Mayo Clinic. Detection of the Ki-67/MIB-1

was determined by immunohistochemistry (IHC) on for-

malin-fixed, paraffin-embedded (FFPE) samples, which

were deparaffinized with three changes of xylene and

rehydrated in a series of alcohols (100, 95, then 70% EtOH)

and rinsed well in running distilled water. Slides were then

placed in a preheated 0.1 mM EDTA, pH 8.0 retrieval

buffer for 30 min and then cooled in the buffer for 5 min

followed by a 5 min rinse in running distilled water. After

the HIER (heat-inactivated epitope retrieval) step, slides

were placed on the DAKO Autostainer for the following

procedure (at room temperature). Sections were incubated

with 3% H2O2 in ethanol for 5 min to inactivate the

endogenous peroxides. Sections were incubated in 1:100

Ki67/MIB-1 (M7240, DAKO, Carpenteria, CA) for 30 min.

Sections were rinsed with TBST wash buffer. Secondary

incubation was in the DUAL?/HRP-labeled polymer

(K4061, DAKO, Carpenteria, CA) for 15 min. The slides

were rinsed with TBST wash buffer. Sections were then

incubated in 3,30-diaminobenzidine (DAB?) (K3467,

DAKO) for 5 min, counterstained with modified Schmidt’s

hematoxylin for 5 min, followed by a 3-min tap water rinse

to blue sections, dehydrated through graded alcohols and

cleared in three changes of xylene and mounted with a

permanent mounting media. Ki67 expression was assessed
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with the nuclear antibody MIB-1 (Immunotech, Marseille,

France; 1:400 dilution) using a standard avidin–biotin

complex method. Slides were processed with an automatic

stainer (BioTek�, Ventana Medical System, Tucson, AZ)

and diluted hematoxylin was used as a nuclear counterstain.

Nuclei expressing the antigen that reacts with Ki67/MIB-1

were identified by the brown chromogen diaminobenzidine.

Representative Ki67 staining is illustrated in Fig. 1. Areas

of atypia were marked as ADH or ALH on each slide by a

pathologist. Each slide was scanned on the ACIS III to

generate an image for quantitative analysis. On each image,

all areas of atypical epithelium (stroma was excluded) as

marked by the pathologist were outlined using the free-form

tool for analysis by the software. The instrument provided a

Ki67/MIB-1 percentage (representing the proportion of the

nuclear area positive for MIB-1) and intensity (representing

the average stain concentration over the region collected on

a scale of 0 to 255) for each specimen. For women with

more than one area of atypia, per-woman summary mea-

sures of percent staining were calculated using a weighted

average of the multiple values, with weights proportional to

the size of each given area. Summary measures of intensity

for each woman were calculated in a similar fashion, but

used both area-size and area-specific percentage staining as

weighting variables to account for potential differences in

these factors across the multiple areas per women.

Statistical analysis

Data were summarized descriptively using frequencies and

percentages for categorical variables and medians and

interquartile ranges (IQRs) for continuous variables. Among

the 331 women with atypical hyperplasia, we compared

distributions of demographic and clinical variables by tissue

availability for Ki67 staining using chi-square tests of

significance.

The length of follow-up for each woman in the study

was defined as the number of days from her benign biopsy

to the date of her breast cancer diagnosis, prophylactic

mastectomy, LCIS, death, or last contact. We estimated

relative risks, overall and by strata of Ki67 staining levels,

with standardized incidence ratios (SIRs) by dividing the

observed numbers of breast cancer incident by population-

based expected values. The approach allowed us to com-

pare rates of breast cancer in our cohort with that of the

general population rather than an internal referent group,

recognizing that all women in our cohort were at some

increased risk of breast cancer from their diagnosis of

atypical hyperplasia. Expected values were calculated by

apportioning each woman’s person-years of follow-up into

5-year age and calendar-period categories and multiplying

these by the corresponding breast cancer incidence rates

from the Iowa Surveillance, Epidemiology, and End

Results (SEER) registry. This reference population was

chosen because of its demographic similarities to the Mayo

Clinic population (80% of cohort members reside in the

upper Midwest). Risk analyses were performed within two

time-dependent strata, one that focused on follow-up and

outcomes that occurred in the first 10 years post biopsy and

one that focused exclusively on follow-up and outcomes

that occurred after the first 10 years post biopsy. Differ-

ences between the standardized incidence ratios across

Ki67 staining levels were compared using a Poisson

regression analysis that accounted for the population-based

expected event rate for each individual using an offset

term. Separate analyses were carried out for percent

staining and intensity of staining.

We visually displayed observed and expected event

rates using cumulative incidence curves, while accounting

for the effects of death as a competing risk [17]. Expected

events were calculated for each 1-year follow-up interval in

a manner similar to that used for determining SIRS. A

modified Kaplan–Meier approach was used to accumulate

Fig. 1 Examples of low and high Ki67 staining values. a 0.14% cells

positive for Ki67. b 9.7% cells positive for Ki67
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expected incidence over these intervals. The expected

curve was smoothed using linear interpolation. All statis-

tical tests were two-sided, and all analyses were conducted

using the SAS (SAS Institute, Inc., Cary, NC) software

system.

Results

Patient characteristics

Within our atypia cohort of 331 women, archived tissue

was available for Ki67 staining for 192 women. We com-

pared these 192 subjects to the remaining 139 and observed

no significant differences in terms of distributions of case

status, age at atypia, family history of breast cancer, and for

breast cancer patients, time to diagnosis (P [ 0.05 for each

attribute). Clinical features for the subjects included in this

study are presented in Table 1, along with histopathologic

features of the atypias. Median post biopsy follow-up was

14.6 years for the 192 women, 32 of whom (16.7%) have

developed breast cancer.

Ki67 immunostaining of atypia samples

In the 192 samples, we analyzed both percent cells positive

for Ki67 and staining intensity. The correlation between the

two measures was 0.98; thus, we report the values by

percent cells positive, as is customary when reporting Ki67

values. The median value for percent positive cells for

Ki67 was 1.0% and the 75th percentile value was 2.3%.

Based on the empirical distribution of staining values in

our cohort, we selected a cutoff of 2% cells positive to

define groups of individuals with higher or lower degrees

of staining. Examples of low (\2%) and high (C2%)

staining of Ki67 are shown in Fig. 1. We looked for pat-

terns in Ki67 levels by age at biopsy, type of atypia (ADH,

ALH, or both), number of foci of atypia, and family his-

tory, and no differences were observed, as shown in

Table 1. For 174 of these 192 women, we also have COX-2

staining data [18]. There was an association between higher

Ki67 expression and higher COX-2 expression (P = 0.03).

Association of Ki67 expression with breast cancer risk

Among cases, we examined the time from atypia biopsy to

breast cancer diagnosis by Ki67 immunostaining. Among

the 32 patients who developed breast cancer, those with

C2% Ki67 expression had a shorter time to breast cancer

(median = 5.5 years, IQR = 3.2–7.2) than those with\2%

cells staining positive for Ki67 (median = 13.8 years,

IQR = 11.6–20.3). This difference is reflected in the results

displayed in Table 2 and Fig. 2. We, therefore, examined

the risk of breast cancer by Ki67 levels within two time

periods: over the first 10 years of follow-up and in the

follow-up after 10 years. As shown in Table 2, we found a

positive association between Ki67 overexpression (C2% of

cells positive) and the risk of breast cancer in the first

10 years of follow-up (SIR = 4.42 [95% CI 2.21–8.84]).

This excess risk resulted in a 10-year cumulative incidence

of 14.1%, significantly higher than what is expected in the

population at large (Fig. 2). In contrast, in the women with

low Ki67 expression, we found no increased risk of breast

cancer in the first 10 years, with SIR 1.01 (95% CI 0.38–

2.70), which was significantly lower than the women with

high expression (P = 0.01). The 10-year cumulative inci-

dence of breast cancer was 3% for those women with low

Ki-67 staining values, in line with population averages.

After 10 years, risk increased significantly in the low Ki67

group [SIR 5.69 (3.63–8.92)] vs. no increased risk in the

high Ki67 group [SIR 0.78 (0.11–5.55)]. We formally

examined this apparent time-dependent difference in inci-

dence patterns by Ki67 staining levels via Poisson

Table 1 Clinical, histologic, and molecular features by levels of

Ki-67 staining

\2 (N = 134) 2? (N = 58) P value*

Age at BBD diagnosis 0.20

\30 0 (0%) 1 (100%)

30–39 5 (62.5%) 3 (37.5%)

40–49 38 (82.6%) 8 (17.4%)

50–59 34 (69.4%) 15 (30.6%)

60–69 30 (66.7%) 15 (33.3%)

70? 27 (62.8%) 16 (37.2%)

Foci 0.33

1 Focus 75 (72.8%) 28 (27.2%)

2? Foci 59 (66.3%) 30 (33.7%)

Family history 0.10

Missing 8 3

None 68 (64.2%) 38 (35.8%)

Weak 29 (82.9%) 6 (17.1%)

Strong 29 (72.5%) 11 (27.5%)

Type of atypia 0.54

ADH 47 (69.1%) 21 (30.9%)

ALH 67 (72.8%) 25 (27.2%)

Both ADH and ALH 20 (62.5%) 12 (37.5%)

COX-2 staininga 0.03

0–1? 69 (77.5%) 20 (22.5%)

2–3? 53 (62.4%) 32 (37.6%)

Follow-up in years

Median (IQR) 14.6 (9.4–18.8) 14.6 (8.9–18.0) 0.39

* Categorial variable P values from chi-square tests; continuous

variable P values from Wilcoxon rank sum test
a Available for 174 individuals [18]
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regression analysis, and found a statistically significant

interaction between pre- vs. post-10 years incidence and

high vs. low staining levels (P \ 0.001). Considering all

years of follow-up (median 14.6), Ki67 level was not

associated with risk of breast cancer (P = 0.84).

Primary analyses were based on a Ki67 staining cutpoint

of 2%. However, a defined standard of high staining values

for Ki67 in atypia has yet to be established. Thus, we re-

examined associations using different cutpoints ranging

from 0.5 to 3% and found similar results (data not shown).

Discussion

Atypical hyperplasia is a premalignant lesion associated

with a high risk of subsequent breast cancer [1, 2]. Regu-

lation of cell proliferation is a vital physiologic phenom-

enon that helps to prevent malignant transformation within

a cell population. We studied the expression of Ki67, as an

accepted marker for proliferating cells, in a sizable cohort

of women with atypical hyperplasia who have been fol-

lowed long term for subsequent breast cancer events. We

examined both short-term (within 10 years) and long-term

(after 10 years) risk. Women whose atypias had a higher

proliferation index had an increased short-term (within

10 years) risk of breast cancer. Importantly, women whose

atypia had low Ki67 staining had no increased risk within

the first 10 years after atypia but a significantly increased

risk after 10 years.

In breast cancer, the presence of a higher proliferative

cell population has been shown to correlate with earlier

disease progression in studies with sufficient follow-up to

look at both short-term and long-term outcomes [19, 20].

The observation is akin to the time-varying recurrence

pattern of ER-negative vs. ER-positive breast cancer. With

higher grade ER-negative breast cancers, which have

higher proliferative indices, recurrences occur earlier [21,

22]. But the disease-free survival curves for ER-positive

and ER-negative disease tend to merge with longer follow-

up [21–24]. Similarly here, we see a time-varying effect for

Ki67 as a biomarker of risk of developing breast cancer. In

the high Ki67 group, 89% of the breast cancers occurred in

the first 10 years; in the low Ki67 group, 83% of the breast

cancers occurred after 10 years. With long follow-up

(median 14.6 years), the curves merge.

In the often-proposed continuum of breast carcinogen-

esis—from normal lobules through hyperplasia to atypia to

carcinoma—atypia occupies the highest risk category

before cancer develops [25]. Identifying biomarkers that

reflect the malignant potential of atypias serves several

purposes: risk stratification of individual women at given

time periods, clues to etiologic pathways during breast

cancer progression, and the identification of relevant tar-

gets for risk reducing therapies.

Ki67 has been shown to be a relevant biomarker in

several breast cancer settings. Most studies of Ki67 as a

prognostic factor in both node-negative and node-positive

breast cancer have demonstrated its ability to separate

women into better and worse outcomes, at least in uni-

variate analyses [26]. A recent study examined areas of

DCIS occurring concomitantly with invasive breast cancer

[14]. Areas of low grade DCIS had lower Ki67 expression.

In the neoadjuvant setting, changes in Ki67 levels are being

used to monitor response to both endocrine therapy and

chemotherapy [27–29]. Similarly, there is strong interest in

Table 2 Risk of breast cancer in atypical hyperplasia by Ki67 expression and follow-up interval

Ki67 Percent cells

stained positive

N 10 year risk SIR (95% CI)a P valueb Observed

events

Post 10 year risk P valueb

Observed

events

Expected

events

Expected

events

SIR (95% CI)a

\2% 134 4 3.9 1.01 (0.38–2.70) 0.01 19 3.3 5.69 (3.63–8.92) 0.008

C2% 58 8 1.8 4.42 (2.21–8.84) 1 1.3 0.78 (0.11–5.55)

a Standardized incidence ratios and corresponding 95% confidence intervals, comparing the observed number of breast cancer events to those

expected based on incidence rates from Iowa SEER data. Analyses account for the effects of age and calendar period
b Test for heterogeneity of the standardized incidence ratio across staining levels

Fig. 2 Observed and expected cumulative breast cancer incidence as

a function of follow-up interval, stratified by Ki67 staining levels
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the scientific community to identify surrogate biomarkers

for the evaluation of prevention strategies. Our findings

raise the possibility that elevated Ki67 in women with

atypia could be studied as a surrogate for the impact of

various chemoprevention strategies. Our finding of a sub-

group of women with atypia and elevated Ki67 levels, who

are at higher risk of breast cancer within 10 years, may

help explain the efficacy of tamoxifen in the prevention

setting for women with atypia [30–32].

Ki67 expression has been examined previously in

patients at risk for breast cancer. Shaaban et al. [33]

measured Ki67 levels in samples from 38 women with

proliferative disease without atypia: later, 16 developed

breast cancer and 22 did not. The percentage of prolifer-

ating cells was significantly higher in the cases than con-

trols; time to cancer was not reported. Hameed et al. [34]

correlated Ki67 levels in 21 atypical ductal hyperplasias

diagnosed by core biopsy and the likelihood of finding

cancer on the excisional biopsy. Ki67 values were higher in

the five women who had concomitant cancer. At least two

groups studying women at increased risk of breast cancer

by ductal lavage [35] or random periareolar fine needle

aspiration [36] have shown that Ki67 expression is higher

in samples containing atypical cells. Neither report pro-

vided follow-up for later breast cancer events. To our

knowledge, ours is the largest cohort of patients with

atypical hyperplasia, followed for subsequent breast can-

cers, in which Ki67 expression has been evaluated.

Our research group is interested in the development of a

risk prediction model for both the short term (e.g. 5 or

10 years) and long term, utilizing tissue-based features.

The Gail model’s ability to predict risk both at 5 years and

over a woman’s lifetime is one of its strengths. When a

woman is being counseled regarding her absolute risk of

breast cancer, having data for a 5 or 10-year timeframe is

often more helpful than long-term figures, given the pace at

which new options for surveillance and risk reduction are

being brought into the clinic.

There are strengths, but also limitations, to our study

design. To our knowledge, this cohort of women with

atypia, where all atypia samples have been confirmed by

central pathology review, is the largest such cohort fol-

lowed long term for breast cancer events. Nonetheless, the

sample size is modest. The analysis and quantification of

Ki67 staining using digital microscopy, including the

assessment of every focus of atypia, should be more

accurate and reproducible than manual interpretation [37–

39]. Ours is a retrospective cohort study, permitting long

follow-up (median 14.6 years) that allows us to examine

time trends in breast cancer events.

In summary, we examined Ki67 levels and 10-year and

longer-term risk of breast cancer in a cohort of women with

atypical hyperplasia. Thirty percent of women with atypia

had elevated expression of Ki67; these women had a

fourfold increased risk of breast cancer within 10 years

after their atypia biopsy. Conversely, those women with

low Ki67 expression in their atypia tissue had an increased

risk that was concentrated after 10 years of follow-up,

compared to the general population. Ki67 appears to be a

time-varying biomarker that may help to better stratify risk

in women with atypia.
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