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Abstract

Purpose—A breast cancer risk prediction rule previously developed by Rosner and Colditz has
reasonable predictive ability. We developed a re-fitted version of this model, based on more than
twice as many cases now including women up to age 85, and further extended it to a model that
distinguished risk factor prediction of tumors with different estrogen/progesterone receptor status.

Methods—We compared the calibration and discriminatory ability of the original, the re-fitted,
and the type-specific models. Evaluation used data from the Nurses’ Health Study during the
period 1980-2008, when 4,384 incident invasive breast cancers occurred over 1.5 million person-
years. Model development used two thirds of study subjects and validation used one third.

Results—Predicted risks in the validation sample from the original and re-fitted models were
highly correlated (Rho=0.93), but several parameters, notably those related to use of menopausal
hormone therapy and age, had different estimates. The re-fitted model was well-calibrated and had
an overall C-statistic of 0.65. The extended, type-specific model identified several risk factors with
varying associations with occurrence of tumors of different receptor status. However, this extended
model relative to the prediction of any breast cancer, did not meaningfully reclassify women who
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developed breast cancer to higher risk categories, nor women remaining cancer free to lower risk
categories.

Conclusions—The re-fitted Rosner-Colditz model has applicability to risk prediction in women
up to age 85, and its discrimination is not improved by consideration of varying associations
across tumor subtypes.
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Although breast cancer is the most common cancer occurring in women, and many risk
factors have been identified, the ability to predict who in a general population will develop
breast cancer is limited [1-18]. In general, limited discriminatory ability of available models
that are easily assessed in a large population arises because risk factors with large
associations such as mutations in the BRCA1 or BRCA2 genes have low prevalence, and
common risk factors such as early age at menarche or late age at first birth have only modest
associations with risk. Enhancement of discriminatory models can be obtained through
additional testing such as measures of mammographic density and testing for relevant
genetic variation [11-16]. However, this additional information can be costly and may be
available only in populations of limited size, or after eligibility for mammographic
screening. Further, the available risk prediction rules have been judged sufficient to help
direct treatment such as the decision to initiate tamoxifen therapy [19].

In this paper, we compare the original version of the Rosner-Colditz model [6-9] developed
in women up to age 70 with a refitted version that includes data from women up to age 85
years, as well as additional information on women with more contemporaneous patterns of
menopausal hormone therapy (MHT). We provide an in-depth evaluation of whether
extension of the Rosner-Colditz model to predict rates of tumors of different estrogen
receptor (ER) and progesterone receptor (PR) status, in a competing risks framework, would
improve prediction. This includes more cases, and alternative methods compared to the
earlier report on the topic [8]. We base comparisons on several criteria: calibration,
discrimination, and ability of a more complex model to re-classify both cases and non-cases
more accurately.

METHODS

Study population

The Nurses’ Health Study cohort was established in 1976 when 121,701 female US
registered nurses aged 30-55 years responded to a mailed questionnaire that inquired about
risk factors for breast cancer, including reproductive factors, hormone use, anthropometric
variables, benign breast disease, and family history of breast cancer. The risk factor data
have been updated by means of repeat questionnaires sent every 2 years up to the present
time [20]. Alcohol consumption, both current and at age 18 years, was ascertained in 1980,
with information updated in 1984 and then every 4 years from 1986 onwards. Building upon
previous descriptions of the Rosner-Colditz model to predict incident breast cancer (6-9),
we considered time-varying measures, beginning in 1980, of all variables included in that
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model, updated through 2006. For every 2-year interval with updated risk factor information,
we estimated a woman’s Rosner-Colditz risk of breast cancer, as long as she remained alive
and free of breast cancer, and continued to report her updated risk factor information.

The 22 time-varying variables included in the Rosner-Colditz model [6-8] are: duration of
premenopause (t*=minimum [of current age and age at menopause] minus age at menarche
in years); duration of natural menopause (years since menopause if natural menopause, 0
otherwise); duration of menopause if bilateral oophorectomy (years since menopause if
bilateral oophorectomy, 0 otherwise); gynecological age at first birth (age at first birth minus
age at menarche in years if parous, 0 if nulliparous); birth index (sum over all births of years
from age at that birth to t*, 0 for nulliparous women); benign breast disease (1=yes, 0=no);
benign breast disease times age at menarche; benign breast disease times duration of
premenopause; benign breast disease times duration of menopause; duration of use of oral
estrogen alone (years); duration of use of oral estrogen plus progesterone (years); duration of
use of other MHT types (years); current MHT use (1=yes, 0=no); past MHT use (1=yes,
0=no); (average body mass index [BMI] during premenopause minus 21.8 kg/m?) times the
duration of premenopause in years plus (average BMI after menopause while on MHT
minus 24.4 kg/m?) times duration of menopausal years while taking MHT:; (average BMI
after menopause minus 24.4 kg/m?2) times duration of menopausal years while not taking
MHT; (height in inches minus 64.5) times duration of premenopause plus (height in inches
minus 64.4) times duration of menopausal years while taking MHT; (height in inches minus
64.4) times duration of menopausal years while not taking MHT; (average alcohol
consumption in grams while premenopausal) times duration of premenopause; (average
alcohol consumption in grams while postmenopausal and taking MHT) times duration of
menopausal years while taking MHT; and (average alcohol consumption in grams while
postmenopausal and not taking MHT) times duration of menopausal years while not taking
MHT therapy.

On each questionnaire, women were asked whether breast cancer had been diagnosed and, if
so, the date of diagnosis. All women (or their next of kin, if deceased) were contacted for
permission to review their medical records so as to confirm the diagnosis. Pathology reports
were reviewed to obtain information on estrogen receptor (ER) and progesterone receptor
(PR) status. In addition, we excluded women with types of menopause other than natural
menopause or bilateral oophorectomy because of the inability to determine the true age at
menopause and menopausal status, prevalent cancer (other than nonmelanoma skin cancer)
in 1980, or missing data for weight at age 18 years, age at first birth, parity, age at menarche,
age at menopause, or type and duration of hormone use. We censored women who
developed another type of cancer (except non-melanoma skin cancer) at their diagnosis date.

Cases of invasive breast cancer from 1980 to 2008 for which we had a pathology report were
included in these analyses. During follow-up of 76,922 (768,948 2-year intervals) women
with complete data on baseline risk factors from 1980 to 2006, 4,384 women developed
invasive breast cancer. In the analyses that considered occurrence of breast cancers of
specified ER and PR status, 991 breast cancer cases with missing data on ER and/or PR
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status were censored at the time of diagnosis. Also, the small number of women (n=106)
with breast cancer classified as ER—/PR+ were censored at their date of diagnosis, as in
previous analyses [21], because a validation study based on tumor tissue microarray found a
low confirmation rate for this type [22].

We used the variables previously determined for inclusion in the Rosner-Colditz model, and
assumed the published functional form of the model, but re-estimated the parameters in this
updated dataset. Importantly, the published parameter estimates for the model [7] were
based on data from women up to age 70, while our analyses included data from women up to
age 85 years and also reflected the more current patterns of MHT use. Specifically, we
randomly assigned two-thirds of the women in this study to the development sample (51,437
women with 514,181 2-year intervals who accrued 2,966 incident breast cancers), used to
estimate coefficients in the Rosner-Colditz model, and one-third of women (25,485 women
with 254,767 2-year intervals who accrued 1,418 incident breast cancers) to be included in
the validation sample, used to evaluate the performance of the model.

Units of analysis were 2-year risk windows with updated information at the beginning of
each interval in women who survived and remained free of cancer, following previously
described perspectives on time-varying risk prediction [23-25]. Preliminary analyses
indicated very good agreement between parameter estimates obtained from logistic
regression, compared with those obtained from Poisson regression, or the proportional
hazards model. Use of logistic regression models allowed for implementation of readily
interpretable measures of discrimination, calibration, and net reclassification, and facilitated
comparisons with models that distinguished estrogen receptor status of cases.

We used the Hosmer-Lemeshow test, with deciles of risk based on the development sample,
to evaluate calibration of the predictions from both the model with the original parameter
estimates and the re-fitted model in the validation sample. We compared discrimination in
the original and re-estimated models in the overall validation sample and separately within
each of four age groups: <50, 50-59, 60-69, and 70 years or older.

We extended the Rosner-Colditz model to consider prediction of ER/PR type of breast
cancer, with the goal of evaluating whether this extension would improve overall prediction.
This analysis was initially carried out in the entire dataset (i.e. both development and
validation samples) with women with unknown ER/PR status and those with breast cancer
classified as ER-/PR+ censored at the time of diagnosis. Specifically, we fitted a
polytomous logistic regression model, with all independent variables in the Rosner-Colditz
model for each 2-year interval, and an unordered four-category outcome: no breast cancer
(referent group), ER+/PR+ breast cancer (occurring in 2,123 women), ER+/PR- breast
cancer (occurring in 542 women), and ER-/PR~- breast cancer (occurring in 622 women).
We fitted the polytomous logistic model using Proc Logistic in version 9.3 of SAS Statistical
Software, and, for each variable, performed a 2 degree of freedom Chi square test of the null
hypothesis that the variable had a uniform effect on each of the three ER/PR types, allowing
the coefficients for the other variables to differ in their relationships with the ER/PR types.
To evaluate possible improvement in prediction associated with this extended model, we
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considered the variance explained by the simpler model assuming common effects of each
risk factor on each ER/PR type (i.e. the nested logistic regression model), as described by
Glynn and Rosner [26].

To evaluate risk re-classification based on alternative models, we used four a priori chosen
absolute 2-year risk categories suggested by Tice et al (14): 0-<.4%; .4—<.67%; .67-<1.0%;
and =1.0%. Following recommendations of Kerr et al [27], we report reclassification
percentages separately for breast cancer cases and non-cases.

Specifically, we evaluated percent reclassification of cases and non-cases, based on a
polytomous logistic model that included separate effects for the relationship of each risk
factor with each receptor status type. For consistency with our previous approach to model
development, we fitted the polytomous model to the development dataset, and evaluated
predictions in the evaluation set. Also, to include all cases, we added a separate indicator
variable for cases of breast cancer of unknown ER/PR status, and also included cases
classified as ER-/PR+ in this category. Based on this polytomous model, we obtained the
predicted probability of breast cancer in a 2-year interval as the sum of predicted
probabilities of each of ER+/PR+, ER-/PR-, ER+/PR—, and unknown type. Predictions
from this model could then be compared with predictions from the previously developed
Rosner-Colditz model, fitted in the development sample but applied to the evaluation set
with cases of unknown ER/PR status censored at event time. Reclassification was again
compared between the original Rosner-Colditz model and its extended version accounting
for ER/PR status with reference to the four absolute risk categories (0-<.4%; .4—<.67%; .67—
<1.0%; and =1.0%) considered above.

Several parameters, notably those related to use of menopausal hormone therapy and age,
had somewhat attenuated estimates (Table 1) in the Rosner-Colditz model re-fitted to more
current data with older women. Specific variables with parameter estimates decreased by
more than two standard errors from the original estimates were duration of premenopause,
duration of postmenopausal estrogen alone use, duration of postmenopausal estrogen plus
progesterone use, and postmenopausal body mass index times years menopausal.
Conversely, the parameter estimates for current MHT use and cumulative alcohol ounces
before menopause were increased in the re-fitted model. However, 2-year predicted risks in
the validation sample from the two models were highly correlated (Spearman correlation
0.93).

Based on the development sample, the lowest predicted 2-year risk was 0.05%, the cutpoint
for the lowest decile was 0.25%, the cutpoint for the top decile was 0.98%, and the highest
predicted risk was 5.36% (Table 2). These deciles of risk observed in the development
sample were used to evaluate calibration in the validation sample. With 1,418 breast cancer
cases observed in the validation sample, the observed 2-year risk was 0.56%, compared with
average predicted 2-year risks of 0.58% (SD 0.32) from the re-fitted Rosner-Colditz model,
and a larger average predicted risk of 0.64% (SD 0.53) from the original model. The Rosner-
Colditz model with original estimates had generally good agreement between observed and
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predicted numbers of events in lower risk women, but this model substantially over-
estimated the number of events in the highest risk women (Figure 1a). The likely
explanation for the poor fit of the original model in the highest risk women is that 41.2% of
the two year intervals in this highest risk decile accrued from women age 70 or older who
were not represented in the original model estimation. For the re-estimated Rosner-Colditz
model applied to the validation sample, 2-year intervals in the top decile of risk had more
than 6 times as many cases as the bottom decile, and calibration, based on comparison of
observed and predicted risks in deciles with accompanying Hosmer-Lemeshow tests, was
generally good (Figure 1b).

The discriminatory ability of the re-fitted Rosner-Colditz prediction rule when applied to the
validation sample was comparable, but slightly higher than overall discrimination based on
the original prediction rule (.649 versus .640, Table 3). Discrimination by either prediction
rule was slightly weaker when comparisons were made among women in the same age-
group (ranging from 0.63 to 0.59, with age-adjusted C-statistic of 0.63) and tended to be
lower in older women (Table 3). Not surprisingly, the largest age-specific difference between
the original and re-fitted model in discrimination occurred among women age 70 or older.

From a polytomous logistic regression model that considered breast cancer of different
ER/PR types separately, some differences in the effects of risk factors for different types
were noted (Table 4). Overall, findings were similar to those seen for specific ER/PR types
in an alternative analysis (21). Specifically, duration of premenopause had a weaker effect on
the risk of ER—/PR- cancers, relative to its association with ER+/PR+ and ER+/PR-
cancers, years from menarche to first birth had no association with ER+/PR+ cancer, but a
significant positive association with the other types, the birth index had little association
with risk of ER-/PR- breast cancer, and postmenopausal BMI had a stronger effect on risk
of ER+/PR+ cancers relative to other types. Overall, prediction of ER+/PR+ and ER+/PR~-
cancers attained higher C-statistics than prediction of ER-/PR- cancers. However, the
simpler logistic model assuming common effects of all risk factors on each type of breast
cancer explained 91% of the variance accounted for by the more complicated polytomous
model.

When we compared reclassification of overall breast cancer risk (based on the four absolute
risk categories previously defined) between the refitted Rosner-Colditz model and the
extended Rosner-Colditz model allowing for different associations of risk factors with
ER/PR types, and including an indicator for missing ER/PR status, we saw little change in
overall prediction between the two models (Table 5). Specifically, each model, relative to the
other, reclassified between one and two percent of cases to a higher risk category, and
between one and two percent of non-cases to a lower risk category. Further, if we estimated
a woman’s probability of breast cancer as the sum of her predicted probabilities of each
ER/PR type, the C-statistic for this prediction was 0.648 (95% CI: 0.634 — 0.661), in close
agreement with the simpler model assuming common effects of all risk factors summarized
in Table 1.
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Discussion

We used data from 26 years of experience in the Nurses’ Health Study to re-fit and evaluate
the performance of a previously described risk prediction model, now extended to include
more recent data with information from women up to age 85 years. The Rosner-Colditz
model is one of several risk prediction rules, including popular alternatives such as the Gail
model, and the IBIS model developed by Tyrer and Cuzick, that base predictions solely on
information from self-reported risk factor information without biomarkers. As previously
noted [10-12], these models have only modest ability to predict breast cancer; although
consideration of biomarkers such as a genetic risk score [28, 29] or plasma hormones can
improve predictive performance (at least modestly), this additional information is costly and
thus the cost-benefit is unclear. For example, recent evidence finds that addition of measures
of several endogenous hormone levels improves prediction (measured by the C-statistic) in
the Rosner-Colditz model by about 5%, but in analyses restricted to postmenopausal women
not using postmenopausal hormones [30]. Further, while these models are probably not
sensitive enough to excuse a woman from screening on the basis of a low predicted risk, they
have been judged to be suitable for directing clinical decisions [19].

When we updated the estimated parameters in the Rosner-Colditz model by inclusion of
information from women up to age 85 years, we found some changes in estimated
associations, notably for age and variables that characterize use of postmenopausal
hormones. These changes likely reflect the wider age distribution of the study population,
and the marked changes in use of postmenopausal hormones during the past decade [31].
Predicted risks based on the originally published model markedly over-estimated observed
risk among higher risk women. However, overall predictions from the updated model
strongly correlated with predictions from the originally published model, and the
discriminatory ability of the original model was quite similar to that based on the re-fitted
Rosner-Colditz model. A recent external evaluation of the validity of the Rosner-Colditz
model in data from the California Teachers’ Study found that the model performed equally
well in that study [32].

Our finding of significant heterogeneity of the relationships of some breast cancer risk
factors with different ER/PR types of breast cancer is consistent with previous studies [21].
However, the observed heterogeneity did not contribute substantially to prediction of the
overall endpoint of any breast cancer. Our result in this setting is similar to a previous
investigation of the separate and joint prediction of myocardial infarction, stroke, and
cardiovascular death in the Physicians’ Health Study [26]. We found that prediction of the
first occurrence of any major cardiovascular event was not substantially improved by
separate consideration of relationships of risk factors with components of this outcome,
although specific risk factors had substantially different relationships with individual
components.

In summary, we found that fitting the Rosner-Colditz model to include women up to age 85
years old, yielded a well-calibrated model with somewhat different coefficients relative to
the original model. Levels of discrimination for the re-fitted model were modest relative to
criteria proposed by Hosmer and Lemeshow [33], but slightly higher than those seen for
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commonly used models such as the Gail model [1] and the Tyrer-Cuzick model [11].
Discrimination was somewhat better for younger women. An advantage of the Rosner-
Colditz model is that it includes information obtained only from questionnaires, but does
involve some complexity, including interactions involving menopausal factors. Also, while
some risk factors have different relationships with different ER/PR types of breast cancer,
consideration of these differences in an extended model did not enhance prediction.
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Figure 1a.
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Figurelb.
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Figure 1a. Scatterplot of observed versus expected counts based on original model with 45
degree line
Figure 1b. Scatterplot of observed versus expected counts based on refitted model with 45
degree line
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Comparison of parameter estimates between originally published and newly estimated parameters of the

Table 1

Rosner-Colditz model for 2-year risk prediction

Nurses” Health Study, 1980-1994

Nurses’ Health Study, 1980-2008

Parameter Estimated beta (SE) Estimated beta (SE)
Duration of premenopause (years) 0.085 (0.007) 0.070 (0.006)
Duration of menopause (natural, years) 0.025 (0.006) 0.016 (0.004)
Duration after bilateral oophorectomy (years) 0.009 (0.009) 0.013 (0.005)
Age at first birth — age at menarche (years) 0.010 (0.005) 0.008 (0.004)
Birth index -0.0042 (0.0008) -0.0034 (0.0006)
BBD (yes/no) 0.190 (0.525) 0.663 (0.417)
BBD x age at menarche 0.067 (0.026) 0.022 (0.020)
BBD x duration of premenopause -0.014 (0.010) -0.013 (0.078)
BBD x duration of menopause -0.015 (0.007) -0.015 (0.004)
Duration of postmenopausal E alone use 0.049 (0.011) 0.019 (0.006)
Duration of postmenopausal E +P use 0.097 (0.026) 0.033 (0.008)
Duration of postmenopausal other HT 0.038 (0.017) 0.008 (0.008)
Current postmenopausal hormone use -0.129 (0.088) 0.254 (0.056)
Past postmenopausal hormone use -0.195 (0.081) -0.227 (0.058)
(Average premenopausal BMI-21.8) x yrs premenopause | —0.0013 (0.00027) -0.0010
(Average postmenopausal BMI-24.4) x yrs menopausal 0.0049 (0.0008) 0.0025 (0.0004)
(Height-64.5) x yrs premenopause 0.00096 (0.00033) 0.00049
(Height-64.4) x yrs menopausal -0.0018 (0.0018) -0.00002
Cumulative alcohol ounces premenopause 0.00017 (0.00008) 0.00044
Cumulative alcohol ounces with HT after menopause 0.00031 (0.0002) -0.0001
Cumulative alcohol ounces without HT after menopause | 0.00022 (0.0004) 0.00028

Family history (yes/no) 0.40 (0.07) 0.45 (0.05)
Intercept -8.703 *(0.25) -8.115 (0.21)

*
Adjusted from published coefficient for 2-year risk prediction
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Comparison of age-specific, and weighted averages of age-specific C-statistics for the original and re-scored
Rosner-Colditz models in the validation sample

Cases | Original Rosner-Colditz model | Re-scored Rosner-Colditz model
Age group N C +SE C +SE
<50 years 196 .634+.020 .626+.020
50-59 years 469 .632+.013 .636+.013
60-69 years 503 .617+.012 .630+.012
270 years 250 .572+.018 .594+.018
Weighted average” | 1418 | .617+.0074 625 +.0074
Overall? 1418 | .640+.0073 649+.,0073

#

Weighted average of the age-group specific C-statistic

IBased on prediction in the entire evaluation dataset without age adjustment
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Table 4

Comparison of parameter estimates for different breast cancer ER/PR types based on the Rosner-Colditz
model extended via multinomial logistic regression

ER+/PR+ (n=2123) | ER+/PR- (n=542) | ER-/PR- (n=622) Heterogeneity P-value
Parameter Estimate (SE) Estimate (SE) Estimate (SE)
Duration of premenopause (years) 0.086 (0.007) 0.091 (0.015) 0.038 (0.013) 0.003
Duration of menopause (natural, years) 0.030 (0.004) 0.035 (0.008) 0.016 (0.007) 0.15
Duration after bilateral oophorectomy (years) 0.025 (0.006) 0.027 (0.011) 0.023 (0.010) 0.97
Age at first birth — age at menarche (years) -0.002 (0.005) 0.023 (0.009) 0.019 (0.009) 0.013
Birth index -0.0037 (0.0007) -0.0033 (0.0014) 0.00045 (0.0013) 0.014
BBD (yes/no) 0.79 (0.50) 0.96 (0.99) 0.47 (0.88) 0.92
BBD x age at menarche 0.040 (0.023) 0.042 (0.045) -0.0082 (0.043) 0.60
BBD x duration of premenopause -0.018 (0.0094) -0.023 (0.019) 0.0011 (0.016) 0.52
BBD x duration of menopause -0.024 (0.0048) -0.015 (0.0093) -0.0024 (0.0086) 0.078
Duration of postmenopausal E alone use 0.018 (0.007) 0.011 (0.014) -0.001 (0.014) 0.46
Duration of postmenopausal E + P use 0.050 (0.008) 0.008 (0.018) 0.017 (0.018) 0.045
Duration of postmenopausal other HT 0.015 (0.009) -0.014 (0.018) 0.005 (0.017) 0.34
Current postmenopausal hormone use 0.40 (0.065) 0.42 (0.13) 0.21(0.12) 0.36
Past postmenopausal hormone use -0.25 (0.068) -0.017 (0.13) -0.26 (0.13) 0.26
(Average premenopausal BMI-21.8) x yrs -0.00057 (0.00021) | -0.0016 (0.00047) | -0.00079 (0.00042) | 0.12
premenopause
(Average postmenopausal BMI-24.4) x yrs 0.0033 (0.00047) 0.0013 (0.0010) -0.00005 (0.0010) 0.004
menopausal
(Height-64.5) x yrs premenopause 0.0011 (0.00028) 0.00002 (0.00057) | -0.00012 (0.00053) | 0.063
(Height-64.4) x yrs menopausal -0.00013 (0.00011) | -0.00081 (0.0021) | 0.0033 (0.0020) 0.26
Cumulative alcohol ounces premenopause 0.00044 (0.00012) 0.00055 (0.00023) | 0.00044 (0.00024) 0.91
Cumulative alcohol ounces with HT after -0.000001 (0.0003) | —0.00004 (0.0006) | —0.0016 (0.00083) 0.19
menopause
Cumulative alcohol ounces without HT after 0.00039 (0.00023) 0.00018 (0.00043) | —0.00007 (0.00047 | 0.66
menopause
Family history (yes/no) 0.41 (0.057) 0.50 (0.11) 0.35(0.11) 0.65
C-statistic (SE) 0.683 (0.0056) 0.688 (0.011) 0.622 (0.011)

Variance explained by the model assuming uniform effects: 1173.89/1284.67 = .914
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