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Abstract

Statistical Analysis for validating and improving the staging system for breast cancer
By Yiran Zhang

This thesis project is aimed to utilize the National Cancer database (NCDB) to validate
and improve the new breast cancer staging system proposed in the 8th edition of the
American Joint Committee on Cancer (AJCC) Cancer Staging Manual published in 2017.
This staging system incorporates breast cancer biomarkers and will be widely used to
determine the breast cancer prognosis worldwide. Our analyses were based on 420,520
breast cancer (BC) cases that were diagnosed from 2010 to 2014 and received the
standard treatments. With the primary time-to-event outcome specified as time from
diagnosis to all cause death, our univariate and multivariate survival analyses show that
age, tumor grade, presence of lymph vascular invasion (LV1), hormonal receptor (HR)
and HER?2 status, and being triple negative breast cancer (TNBC) status, were
significantly associated with the overall survival (all log rank test p-value<0.0001). We
further identified that TNBC patients had worse overall survival times than non-TNBC ,
which included HR+/HER2+, HR+/HER2-, HR-/HER2+ in all stages and sub-stages (all
p-value <0.0001). We constructed 4 different staging systems: stage + HR and HER2
status + age group + grade + LVI; stage + TNBC status + age group + grade + LVI; sub-
stage + HR and HER2 status + age group + grade +LVI; sub-stage + TNBC status + age
group + grade +L VI, and compared their performance based on the Harrell’s C-index,
Uno’s C-statistics and Akaike’s information criterion (AIC). Our results indicated that the
point system defined based on sub-stage + TNBC status + age + grade +L VI performed
the best with the highest Harrell’s C-index (0.7316) and Uno’s C-statistics (0.6508) and
the lowest AIC (488138.91). Our study also suggested that grouping breast cancer
subjects by TNBC vs Non-TNBC has similar survival prognostic power to the more
detailed BC classification based on HR/HER?2 status. Our new staging system improves
the prediction of all-cause survival over the traditional anatomic tumor, node and
metastasis (TNM) system.
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I Introduction
A cancer stage refers to the extent of the cancer. A cancer staging system is intended to inform
the status of cancer and provide information to aid in treatment planning or selection. The TNM
system is the most widely used cancer staging system; the TNM is the abbreviation of primary
tumor (T), regional lymph nodes (N), and distant metastases (M). Each patient has his/her own
TNM status and a parallel specific disease stage. Following guidelines such as those of the
National Comprehensive Cancer Networks, a clinician usually sets up a treatment plan based on
the patient’s TNM status 212711281 The American Joint Committee on Cancer and the
International Union for Cancer Control updates the tumor—node—metastasis (TNM) cancer staging
system regularly. The AJCC TNM system has been widely used around the world. However, it
has been noted that, some biomarkers may carry additional prognostic information of cancer
survival beyond that covered by the current TNM status. This is suggested by the observation that
the cancer survival within each TNM stage may vary significantly by the value of these

biomarkers.

Recently, many studies begin to examine the effect of primary tumor histologic grade and many
other biologic tumor markers that related to prognostic of breast cancer. Those studies indicate
that by including these factors, the AJCC TNM system could be refined. For example, Songjie et
al. 24 proposed a model that contains miRNA and node status. This model can be used to stratify
Triple Negative Breast Cancer (TNBC) patients into different prognostic subgroups for
potentially individualized therapy. Jiehua et al. %8 also pointed out that androgen receptor (AR) is
a favorable prognostic factors of disease free survival as well as overall survival. In addition,
Huang et al. reported the clinical value of Cathepsin-D and Ki-67 index in predicting recurrence
251 Many studies notice that estrogen receptor (ER), progesterone receptor (PR) and human

epidermal growth factor receptor 2 (HER2) carry prognostic and predction value in patients with
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breast cancer 71281291 Also, Li et al ™ shows that, when compared with non-TNBC (including

ER positive and HER?2 positive breast cancers), TNBC has worse prongosis in every stage.

Recently, Min et al. ! proposed a novel staging system and suggested that using pathological
stage, tumor grade and estrogen receptor (ER) status can contribute to a better predictive model of
the 5-year disease specific survival. They built a new breast cancer prognostic staging group
(PSG) and used different datasets to validate the result. They also found that adding progesterone
receptor (PR) to the system can result in more refined subgroups than that from not using the
pathological staging. The newly proposed breast cancer prognostic staging group (PSG) is largely
based on studies from MD Anderson cancer center, which showed that incorporating biomarker
status and tumor grade into the conventional TNM staging system improved the prognostic
power. These studies are from single institution with relatively small patient cohort. With the
rapid development of information and big data, more and more large scale datasets become
available. Those datasets allow statisticians to extract valuable information on the prognosis of
breast cancer. For example, the National Cancer Database (NCDB) is a nationally recognized
dataset that represent more than 70 percent newly diagosed cancer cases nationwide and more
than 34 million historical records. Using such a national database to build the prediction model

for cancer survival can be more representative.

In this thesis, instead of using small patient cohorts, we utilize the national database NCDB to
validate and improve the novel staging system presented by Min et al. [ for predicting overall
survival in breast cancer patients who receiving standard care. Furthermore, we aim to simplify
this breast cancer prognostic staging group (PSG) by grouping patients into TNBC vs non-TNBC
instead of incorporating ER, PR and HER2 status. We develop a new staging point system which
accounts for age group, tumor grade, presence of LVI, HR/HER2 status, TNBC status and stage.

We compare our new point system with the conventional anatomic TNM system by various
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statistical tools for evaluating model fits and prediction accuracy. We also investigate the utility
of directly using the classification of TNBC vs non-TNBC versus more detail grouping based on
BC subtypes for the prognosis purpose. We summarize the study cohort and describe the
statistical methods in Chapter 11, and present the results in Chapter I1l. These are followed by

discussions in Chapter 1V.

Il Patients and Methods
2.1 Patient information
We searched the American college of Surgeon’s National Cancer database (NCDB) for all female
breast cancer patients diagnosed from 2010 and 2014 and identified 2,246,280 cases. We exclude
patients who didn’t receive any systematic treatment (i.e. HER2+ patients must receive
chemotherapy from 2010-2012 and immunotherapy from 2013-2014, ER+ patients must receive
at least hormonal treatments, and TNBC patients must receive at least chemotherapy) and patients
who had missing information on estrogen receptor (ER), progesterone receptor (PR), HER2 status
and overall survival time. Patients who had missing pathologic stage information, or were in stage
0 or stage NOS, are also excluded, or if they. There are total of 420,520 cases that meet our study

criteria.

For all the cases included in our study, we collected the following information: age at diagnosis,
tumor grade, hormonal receptor (ER or PR) and HER?2 status, radiation information, presence of
lymph vascular invasion (LVI), overall survival, and pathological stage using the American Joint
Committee on Cancer (AJCC) Cancer Staging Manual edition during the year in which the case
was diagnosed 2. The definition of hormonal receptor (HR) is as follows: HR is positive when
ER or PR status is positive; HR is negative when both ER and PR status are negative. [, We

classified breast carcinomas into 4 subtypes by HR and HER? status x: HR+/HER2+,
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HR+/HER2-, HR-/HER2+ and HR-/HER2-. The HR-/HER2- subtype was referred to as the
TNBC cancer. The subtypes, HR+/HER2+, HR+/HER2- and HR-/HER2+ 121, were considered as
non-TNBC. The follow up time was up to 72 months (median=36.3 months and mean=36.8

months). We calculated the numbers and percentages of subjects by each risk factors.

2.2 Survival Analysis
The survival outcome in our study is the overall survival time (OS) calculated as the time from
breast cancer diagnosis to death resulting from any reason. The overall survival time is censored

for any patient, who was alive at last follow-up visit.

We first evaluate the marginal association of OS times with each of the risk factors considered in
this project: Age group, Grade, presence of LVI, HR/HER2 status, TNBC status and Stage. We
dichotomize the age at diagnosis as <50 (low risk breast cancer group) and >50 (high risk breast
cancer group). Then all risk factors are categorical variables. We used the Kaplan-Meier
estimator to estimate the survival function curves for different factor levels. We then used log-
rank tests to assess whether the OS in the different factor levels are significantly different. The

below are briefly introductions of the Kaplan-Meier estimator and the log-rank test.

Kaplan-Meier estimator Bl Given the number of events (call-cause death), d;, and the total
number of individuals who are at risk, n; , at the e ith time point t;, the Kaplan-Meier estimator of
the survival function is given by

) d;
so=]]a-

iritist
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The log-rank test: is a nonparametric test to compare the survival distributions between/among
different samples. The test statistics of log-rank test is constructed based on the differences
between the observed and expected numbers of events (or failures) at all observed event times.
Suppose the risk factor of interest has j factor levels, and let S;(t) denote the OS function for the
factor level i. The null hypothesis is given by

Hy:$1(t) = S,(t) = -+ = S§;(t)
Denote the number of persons in group j at time ¢; by n;(t;). Then the expect numbers of failures

isgivenby E; =d; * WG The log-rank test statistic takes the form,

n; !
K (di=E)
Z{'(=1 Vi

where V; is the variance of the observed number of events.

Z = ~N(0,1) under H,

Next, within in each pathological stage, we conduct the univariate Cox proportional hazard
analysis for breast cancer subtypes. A multivariate Cox regression analysis were further
conducted to study the OS across breast cancer subtypes and the OS of TNBC vs Non-TNBC,
while adjusting for the significant risk factor (age group, tumor grade and presence of LVI)
identified based on univariate analysis. We obtain the hazard ratio estimates and their 95% CI for
every univariate and multivariate analysis. We use Wald test to test the significance of a covariate
effect in the univariate and multivariate Cox proportional hazard model.
The univariate Cox proportional hazard model can be expressed as:

h(t|X) = ho(t) * ePrX
where h(t|X) represent the hazard function given X, which represents a risk factor/covariate of

interest [,
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The Wald test was used to test the significance of a covariate effect in a Cox proportional hazard
model. When B, = 0, we will have: h(t|X) = hy(t), which means there is no effect of covariate
X on the hazard function ©1. Thus, the null hypothesis is:
Hy:f1 =0
The Wald test statistics is
_ B

- 2
W—Var(@ x~(1) under H,

where B, is the partial likelihood estimator of ;.
Our multivariate Cox proportional hazard model takes the form,
h(tlY;) = ho(t) » ePrYintbaiat+BVy
where Y; = (Yj1,Y,,++,Y;;) is a j-dimensional vector of covariates for subject i. The Wald test

follows the same rationale as that explained for the univariate Cox regression.

2.3 Building point system

Based on the multivariate Cox analyses, we built 4 different point systems using Age, Grade,
LVI, along with the tumor subtype variables (i.e. HR and HER2 status or TNBC vs non-TNBC)
and stage or sub-stage. Model 1 contains stage, HR and HER2 status, age group, grade and LVI;
Model 2 contains stage, TNBC status, age group, grade and LVI; Model 3 contains sub-stage, HR
and HER2 status, age group, grade and LVI. Model 4 contains sub-stage, TNBC status, age
group, grade and LVI. We use multivariate Cox hazard regression to fit those 4 models, and
obtain the hazard ratio estimates and p-values from the Wald tests. A prognostic score of 0 to 3

was assigned to each factor by considering the magnitude of the hazard ratio (HR) 1.

Specifically, the risk factor level associated with an estimated HR less than 1.15 gets 0 point; the
risk factor level associated with an estimated HR between 1.15 to 2.5 and p value <0.05 is

assigned 1 point; the risk factor level associated with an estimated HR greater than 2.5 and less
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than or equal to 6 and a p value <0.05 is assigned 2 points; finally, the risk factor level associated
with an estimated HR greater than 6 and a p value <0.05 is assigned 3 points. The overall staging
score is calculated as the sum of the total points assigned according to the risk factor values. We
evaluate the OS functions stratified by the overall staging score 1. We apply the prognostic point
staging systems developed based on Models 1-4 to the NCDB dataset. Specifically, we first
calculate the diagnostic point for each subject based on point assignment rules. Then we fit the
Cox model:

h(t) = h,(t)  ePrpomt
where “point” denotes the calculated diagnostic point for each subject, which takes values from 0
to 8 with O representing the lowest risk of death and 8 indicating the highest risk of death. We

shall refer these four models as four point system models.

2.3 Evaluating point system performance

We evaluate the four point system models by Harrell’s concordance index (C-index) ['), Uno’s
concordance index (Uno’s C-statistics) © and Akaike information criterion (AIC) 1. Since the
traditional C-statistics in logistic regression % is designed to deal with binary outcomes, C-
statistics cannot handle the time-to-event data. In addition, our dataset has a great proportion of
right-censored cases. Therefore, to evaluate the predictive performance of our models, we
considered Harrell’s concordance index and Uno’s concordance index will be used 1%, Those two
versions of C-statistics are designed specifically for right-censored data. The major difference
between Harrell’s method and Uno’s method is how they order the survival times in the presence
of censoring 2. Harrell’s method provided a direct method by giving up those data which are
incomparable due to censoring. If the subject i has survival time T; and censor time C;, the

Harrell’s index can be expressed as followed:
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D A (X < X;) « [1(B'Z; > B'Z;) + 0.5 x I(B'Z; = B'Z))]
=

Yizj 8l (X; < X;)
where I () is indicator function, X; = min (T;,C;), 4; =1 (X; = T;), B is the maximum partial
likelihood estimator of the vector of true Cox regression parameters B’, and Z; is the vector of

covariates.

The Limitation of Harrell’s method is that the index simply ignores the censored cases. The
Uno’s index overcame this barrier ! by modeling the censoring distribution and using it to

weight the uncensored observations to avoid the bias from ignoring censored cases 2. The
Uno’s index has the following expression:

o a2t 4G 2I(X < X, Xy < 1)« [I(B'Z; > B'Z;) + 0.5 I(B'Z; = B'Z;)]
v m L AGX)T2I(X < X, X <7T)

where 7 is user specify time, if not specified, then 7 takes the largest event time, G (t) is the

Kaplan-Meier estimate of the censoring distribution (assuming no covariates).

AIC is also a traditional model selection criterion. The construction of AIC makes the trade-off
between the goodness of fit of the model and the simplicity of the model 1141, AIC can be

expressed as:
AIC = 2k — 2In(L)

where k is the number of covariates in the model and L is the maximum value for the likelihood

function.

A higher value of Harrell’s C-index or Uno’s C-index suggests more accurate survival prediction
that the model is expected to produce for OS. A lower AIC value indicates a better balance

between the model goodness-of-fit and the model fitness. A P-value below 0.05 was regarded as



Page |9

statistically significant. Data cleaning, data management, data analysis including fitting Cox
regression models, conducting Wald tests, calculating the Harrell’s C-index, Uno’s index and
AIC, were performed by SAS (version 9.4, SAS Institute, www.sas.com). Kaplan-Meier plots
and log-rank tests were obtained from using R 3.4.3 (The R Foundation for Statistical Computing,
www.r-project.org). The specific R packages include “survival” (Therneau & Lumley, www.r-
project.org), “KMsurv” (Klein & Jun, www.r-project.org), “survivalMPL” (Dominique-Laurent

& Jun, www.r-project.orq).

111 Results

(All of the tables/figures are in Appendix A)
3.1 Clinicopathological Characteristics of selected cohorts.

Table 1 summarizes the demographic information of the NCDB subjects included in our study. It
is shown that the majority of patients are in the high risk age group (>50: 76.63%) and didn’t
show the presence of Lymph Vascular Invasion (67.2%). Meanwhile, HR+/HER2- subtype
carcinomas took up 78.08% of cases and TNBC carcinomas accounted for 11.4% of all the
patients. Over half of patients were at the Stage | (53.8%) and took the radiation therapy (65.4%).
Most cases were in Grade Il (42.55%), which means the tumor was moderately differentiated,

moderately well differentiated or intermediate differentiation.

3.2 Results from univariate and multivariate survival analysis.

The univariate analysis shows that all of our risk factors: age group, Grade, LVI, subtype
carcinomas, TNBC level, and pathological stage are significantly different across their factor
levels (Log-rank test<0.0001, Figure 1). It is also shown that the low risk age group (<50), lower
tumor grade level, and no presence of LV1 are significantly associated with better OS (Figure 1,

plots A, B, C). The plot D of Figure 1 further shows that OS demonstrates the following pattern


http://www.sas.com/
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across the four different subtype carcinomas: HR+/HER2+<HR+/HER2-<HR-/HER2+<TNBC.

and the OS curves for HR+/HER2+ and HR+/HER2- are similar.

Plot E of Figure 1 indicates that TNBC patients have significant worse OS than non-TNBC
patients. Figure 1 plot F shows that patients have significant worse OS if they are in higher stage

of breast cancer.

Table 2 presents the estimates of hazard ratio and its 95% confidence interval of each non-TNBC
subtype carcinomas (i.e. HR+/HER2+, HR+/HER2- and HR-/HER2+) vs TNBC obtained from
the Cox regression models which is stratified by stage. While Table 3 shows the estimates of
hazard ratio and its 95% confidence interval of each non-TNBC subtype carcinomas vs TNBC
obtained from the multivariate Cox regression models which is stratified by stage and adjusts for

age group, tumor grade and presence of LVI.

From Table 2, we notice that in each stage and sub-stage, the hazard ratio is less than 1. It
indicates that when only consider the subtypes in the cox regression model, the TNBC always has
worse overall survival times than any other 3 non-TNBC subtypes (HR+/HER2+, HR+/HER2-,
HR-/HER2+) in each stage and sub-stage with all p-values<0.0001. Table 2 also show us the
trends that in each stage or sub-stage, the hazard ratio between non-TNBC subtypes to TNBC is
increasing in the order HR+/HER2+<HR+/HER2-<HR-/HER2+ which meet the same result
shows in Figure 1. Table 3 also show the same result that the non-TNBC patients has better OS
compare with TNBC patients (all p-values<0.0001). While, the hazard ratio between non-TNBC
to TNBC is decreasing when the stage is increasing. This means when in higher stage of breast

cancer, the difference of non-TNBC and TNBC patients on overall survival times gets bigger.
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Similar to the univariate analysis results, Table 3 shows that TNBC has worse OS than all other
three subtypes (HR+/HER2+, HR+/HER2-, HR-/HER2+) in every stage and sub-stage (most of

p-values <0.0001).

Table 4 presents the estimates of hazard ratio and its 95% confidence interval of non-TNBC vs
TNBC obtained from the univariate Cox regression models and multivariate Cox regression
models adjust for age group, tumor grade and LVI which are stratified by stage. Both univariate
analysis and multivariate analysis show TNBC had worse OS than non-TNBC in every stage and

sub-stage (all P-values <0.0001, Table 4).

3.3 Construction of prognostic staging systems incorporating all risk factors

Based on the univariate and multivariate analysis results, we understand that all the risk factors
we choose (age group, tumor grade, presence of LVI, stage/sub-stage, subtypes/TNBC status) are
significantly correlated with the OS. We build 4 different prognostic staging system models

following the approach used in Min et al 21,

Tables 5-8 shows the details of how we constructed the four point system models (i.e. Model 1-
Model 4) based on slightly different sets of risk factors. The results of multivariate analysis for
Model 1-Model 4 accordingly show in the Table 5-8, all of 4 tables present the estimates of
hazard ratio and the associated p-value. More specifically, the point assignment was based on the
hazard ratio estimates and the associated p-values shown in each table. If HR less than 1.15, 0
point is assigned; if HR between 1.15 to 2.5 and p value <0.05, 1 point is assigned; if HR greater
than 2.5 and less than or equal to 6 and a p-value <0.05, 2 points are assigned; finally, if HR
greater than 6 and a p-value <0.05, 3 points are assigned. Except for the grade I for model 2 (p-

value: 0.0691) and model 4 (p-value: 0.1259), all the hazard ratios are significant: p-value <0.05.
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Tables 5-8 also present Harrell’s C-statistics, Uno’s C-statistics and AlIC associated with the four
point system models. Model 1 includes stage, HR and HER?2 status, age, grade and LVI (Table 5)
with Harrell’s C-statistics: 0.7407; Uno’s C-statistics: 0.6602 and AIC: 533178.81. Model 2
includes stage, TNBC vs non-TNBC, age, grade and LVI (Table 6) with Harrell’s C-statistics:
0.7377; Uno’s C-statistics: 0.6559 and AIC: 533538.15. Model 3 includes sub-stage, HR and
HER? status, age, grade and LVI (Table 7) with Harrell’s C-statistics: 0.7446; Uno’s C-statistics:
0.6646 and AIC: 515986.03. Model 4 includes sub-stage, TNBC vs non-TNBC, age, grade and
LVI (Table 8) with Harrell’s C-statistics: 0.7417; Uno’s C-statistics: 0.6606 and AIC: 516342.77.
Judging based on the Harrell’s C-statistics and Uno’s C-statistics, we rank the four point system
models (poorest to best) in the order, Model 2, Model 1,Model 4, Model 3.Based on AIC, we
would rank the four models (from the poorest to the best) as Model 2, Model 1, Model 4, and
<Model 3. Based on these results, we recommend using model 3 as the final model for defining

our proposed prognostic point staging system.

3.4 Application of the prognostic point staging system

The OS curves stratified by the prognostic point, Harrell’s C-index, Uno’s C-index and AIC are
shown in the Figure 2 for each of the prognostic point systems constructed in Tables 5-8. The
prognostic point system that contains sub-stage, TNBC status, age group, tumor grade and
presence of LVI which is developed from model 3 has the smallest AIC: 488138.91. Even though
this system Harrell’s C-index and Uno’s C-index are slightly smaller than the prognostic point
system developed from model 4 that contains sub-stage, HR/HER?2 status, age group, tumor grade
and presence of LVI (Harrell’s C-index: 0.7316 vs 0.7325, Uno’s C-index: 0.6508 vs 0.6509), the
later one has a bigger AIC: 498087.73. The prognostic point system developed from model 1 that
contains stage, HR/HER?2 status, age group, tumor grade and presence of LVI has the largest
AIC: 516853.87 as with relatively smaller Harrell’s C-index: 0.7282, and Uno’s C-index: 0.6434.

The prognostic point system developed from model 2 that contains stage, TNBC status, age
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group, tumor grade and presence of LVI1 has a smaller AIC: 507710.93 as with relatively larger
Harrell’s C-index: 0.7272, and Uno’s C-index: 0.6448. The log-rank test for all 4 prognostic
systems are strongly significant: all p-value<0.0001. We also constructed the benchmark model
for anatomic TNM staging system which only adjust for sub-stage, and it has Harrell’s C-index:
0.7160, Uno’s C-index: 0.641 and AIC: 688536.49. The lower Harrell’s C-index and Uno’s C-
index, combined with the much larger AIC associated the TNM staging suggests clear
improvement resulted from the new prognostic staging systems that take into account HR/HER2

status or TNBC status and the presence of LVI.

IV Discussion
The conventional anatomic TNM tumor staging system predicted prognosis based on tumor size,
Ilymph node status and distant metastasis. For the past decades, it is clear that breast cancer patient
survival is greatly affected by the cancer biomarker status. The newly proposed breast cancer
PSG incorporated the biomarker status and better predicted patient survival. 1. The rapid
development of cancer biology and biomarker measurements makes the prediction of treatment
response more accurate. The previous study examined the effectiveness of point system along
with pathological stage, tumor grade and ER status. They found the improvement in guesstimate

between stages relative to disease specific survival 21,

In the current analysis, we showed that the age group, tumor grade, presence of LVI, pathological
stage/sub-stage and HR/HER? status/TNBC status were significantly correlated with overall
survival. Consistent with other publications, we found that older age, presence of LVI, higher
tumor grade (usually grade I11), higher pathological stage, being TNBC were associated with poor
prognosis 21171 As shown in other studies, age is a stronger predictor for breast cancer, probably

becauseolder patients would have more comorbidities and higher chance to have breast cancer.
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Bloom et al [*81 shows Grade 11 breast cancer also significantly affected the survival rates of
breast cancer patients ™. In our study, grade I11 was a significant predictor in both univariate and
multivariate analysis. Our analysis also indicated the strongly effect of LVI in OS. HR/HER2
status is shown a significant predictive and prognostic value on OS both in our study and other
studies. In our study, we notice that the difference between HR+/HER2+ and HR+/HER2- is
small in Figure 1. In the later univariate and multivariate analysis, the hazard ratios between
HR+/HER2+ vs TNBC and HR+/HER22 vs TNBC are similar in every stage and sub-stage.
Although ER, PR, HER2 value are easily to get in the experiment, but group them together is
slightly cumbersome in clinic perspective. Our study indicates that the TNBC status also showed

the strong prediction and prognosis in the OS.

We validate the novel staging system for predicting disease specific survival [ with the national
datasets NCDB for predicting overall survival. The novel staging system considered ER, PR and
HER?2 status in their model while we noticed that TNBC status had strong prediction power from
our analysis, we build 4 staging system that all include age group, grade and presence of LVI.
The only 2 difference between systems were that using stage or sub-stage and using HR/HER2
status or TNBC status. Our results indicated that only consider TNBC status would have much
smaller AIC (Model 2: 507710.93 vs Model 1: 516853.87; Model 4: 488138.91 vs Model 3:
498087.73) and similar in Harrell’s C-index and Uno’s C-index. We also notice that using sub-
stage rather than pathological stage information will produce better predictive performance. Our
final recommendation is a simplified staging system that includes sub-stage, TNBC status, age

group, grade and presence of LVI to predict the OS.

Our study has several strengths including national wide dataset that has a large number of cases ;

succeed in controlling patient-relative, treatment-relative variables; the contemporary nature of
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the data (modern era chemotherapy and targeted therapies for ER positive and HER2 positive
breast cancers). We also came up with an improved staging system based on the observations of
our study. We also have several limitations. First, we didn’t perform systematic variable
selections; instead we considered predictors suggested by previous publications . Second, the
NCDB dataset doesn’t contain the cause-specific mortality information; thus we don’t have the
opportunity to evaluate the breast cancer specific survival. Finally, we compared our candidate
predictive models by using C-index, AIC and K-M curves. We can potentially apply a more
rigorous statistical framework to assess the predictive performance of our models. This

constitutes a sensible direction for future work.
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Appendix A

Table 1: Demographic and clinic pathological characteristics

Cohort=420,520

Characteristics

n

%

Stage
| 226257 53.8
1A 202349 48.12
IB 12361 2.94
Unknown 11547 2.75
] 140098 33.32
1A 95537 22.72
11B 42435 10.09
Unknown 2126 0.51
11 45625 10.85
A 28782 6.84
1B 4475 1.06
Ic 11799 2.81
Unknown 569 0.14
AV 8540 2.03
Lymph Vascular
Invasion
No 281815 67.02
Yes 79836 18.99
Unknown 58869 14
Radiation
No 143613 34.15
Yes 275007 65.4
Unknown 1900 0.45
Sub-type
HR+/HER2- 328356 78.08
HR+/HER2+ 29101 6.92
HR-/HER2+ 15122 3.6
TNBC 47941 11.4
TNBC status
Non-TNBC 372579 88.6
TNBC 47941 11.4
Grade
| 92688 22.04
I 178935 42.55
I 122494 29.13
Age Group
<50 (Low risk) 98260 23.37
>50 (High risk) 322260 76.63




Abbreviations: HR: hormonal receptor; TNBC: triple negative breast cancer
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Table 2. Stratified Univariate analysis of correlation of subtypes vs TNBC with overall

survival

Stage

|
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

I
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

i
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

v
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

1A
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

IB
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

1A
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

11B
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

A
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

B
HR+/HER2+ vs TNBC

Hazard ratio

0.36
0.61
0.66

0.26
0.43
0.54

0.17
0.26
0.37

0.21
0.36
0.40

0.35
0.63
0.67

0.33
0.38
0.43

0.29
0.48
0.55

0.22
0.34
0.51

0.17
0.24
0.34

0.25

Analysis results

0.32
0.57
0.57

0.24
041
0.49

0.15
0.25
0.34

0.18
0.33
0.36

0.30
0.59
0.57

0.21
0.30
0.26

0.25
0.45
0.48

0.19
0.32
0.44

0.15
0.23
0.30

0.19

95% CI

0.41
0.65
0.76

0.29
0.45
0.60

0.19
0.27
0.41

0.24
0.38
0.46

0.41
0.68
0.78

0.50
0.48
0.70

0.33
0.50
0.62

0.26
0.37
0.59

0.19
0.26
0.39

0.32

P-value

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001



HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

lnc
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

0.37
0.39

0.16
0.27
0.37

0.32
0.32

0.13
0.25
0.32

0.41
0.49

0.19
0.29
0.43

<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
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Abbreviation: Cl: confidence interval; HR: hormonal receptor; TNBC: triple negative breast cancer

Table 3. Stratified Multivariate analysis of correlation of subtypes vs TNBC with overall

survival adjusted for age, grade and L VI

Stage

I
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

I
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

I
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

\Y
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

1A
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

IB
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

A
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

1B

Hazard ratio

0.42
0.67
0.63

0.29
0.50
0.51

0.20
0.34
0.35

0.19
0.36
0.36

0.40
0.68
0.64

0.43
0.49
0.44

0.32
0.54
0.53

Analysis result

95% CI

0.36
0.62
0.54

0.26
0.47
0.46

0.18
0.32
0.32

0.16
0.32
0.30

0.34
0.62
0.54

0.26
0.36
0.25

0.28
0.50
0.46

0.49
0.73
0.75

0.33
0.53
0.57

0.22
0.37
0.39

0.23
0.40
0.42

0.47
0.74
0.76

0.69
0.67
0.78

0.37
0.58
0.62

P-value

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

0.00024
<0.0001
0.0023

<0.0001
<0.0001
<0.0001



HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

1A
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

B
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

I"nc
HR+/HER2+ vs TNBC
HR+/HER2- vs TNBC
HR-/HER2+ vs TNBC

0.25
0.43
0.48

0.20
0.32
0.32

0.31
0.47
0.37

0.17
0.35
0.37

0.21
0.39
0.40

0.17
0.30
0.27

0.24
0.40
0.28

0.14
0.32
0.31

0.29
0.47
0.56

0.23
0.35
0.37

0.41
0.55
0.48

0.21
0.39
0.44

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
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Abbreviation: TNBC: triple negative breast cancer; Cl: confidence interval; HR: hormonal receptor

Table 4. Univariate and multivariate analysis of correlation of TNBC vs non-TNBC with

overall survival adjusted for age, grade and L VI

Stage Hazard

ratio

| 0.60
1 0.41
1"l 0.26
v 0.34
1A 0.61
B 0.38
A 0.46
11B 0.34
A 0.24
1B 0.35
"nc 0.26

Univariate analysis

95% CI
0.56 0.64
040 0.43
0.25 0.27
032 0.37
0.57 0.66
0.30 047
0.43 0.49
031 0.36
0.23  0.26
0.32 040
024 0.28

P-value

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Multivariate analysis

Hazard 95% CI P-value
ratio
0.64 059  0.69 <0.0001
0.47 0.44 049 <0.0001
0.32 0.30 0.34 <0.0001
0.33 0.29  0.36 <0.0001
0.64 058 0.70 <0.0001
0.48 0.35 0.64 <0.0001
0.50 0.47 054 <0.0001
0.40 0.37  0.44 <0.0001
0.30 0.28  0.32 <0.0001
0.43 0.37 049 <0.0001
0.32 0.29  0.35 <0.0001

Abbreviation: TNBC: triple negative breast cancer; Cl: confidence interval;
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Table 5. Model 1: stage + (HR and HER2 Status) + age + grade + LVI

Model 1: C-statistics: 0.7407; Uno's C-statistics: 0.6602; AIC: 533178.81
Multivariate Analysis

Factor Hazard ratio P-value Assigned points
Stage
| Reference 0
1 1.71 <.0001 1
1" 4,992 <.0001 2
v 13.962 <.0001 3
Sub-type
HR+/HER2- Reference 0
HR+/HER2+ 0.649 <.0001 0
HR-/HER2+ 1.155 <.0001 1
TNBC 2.749 <.0001 2
Age
<50 (Low risk) Reference 0
>50 (High risk) 1.857 <.0001 1
Grade
| Reference 0
I 1.065 0.004 0
1"l 1.564 <.0001 1
LVI
No Reference 0
Yes 1.38 <.0001 1

Abbreviation: HR: hormonal receptor; LVI: lymph vascular invasion;

C-index: Harrell’s concordance index; Uno’s C-index: Uno’s concordance index; AIC: Akaike’s
information criterion.

The points were assigned based on the hazard ratio. A 0 point was assigned when the hazard ratio was
<1.15; point 1: 1.15-2.5; point 2: >2.5-6; point 3: >6.

Table 6. Model 2: stage + TNBC + age + grade + LVI

Model 2: C-statistics: 0.7377; Uno's C-statistics: 0.6559; AIC: 533538.15
Multivariate Analysis

Factor Hazard ratio P-value Assigned points
Stage
I Reference 0
] 1.697 <.0001 1
1l 4.959 <.0001 2
v 13.783 <.0001 3
Sub-type

Non-TNBC Reference 0
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TNBC 2.825 <.0001 2
Age

<50 (Low risk) Reference 0

>50 (High risk) 1.885 <.0001 1

Grade

| Reference 0

I 1.04 0.0691 0

11 1.466 <.0001 1
LVI

No Reference 0

Yes 1.37 <.0001 1

Abbreviation: HR: hormonal receptor; LVI: lymph vascular invasion; TNBC: triple negative breast cancer.
C-index: Harrell’s concordance index; Uno’s C-index: Uno’s concordance index; AIC: Akaike’s
information criterion.

The points were assigned based on the hazard ratio. A 0 point was assigned when the hazard ratio was
<1.15; point 1: 1.15-2.5; point 2: >2.5-6; point 3: >6.

Table 7. Model 3: Sub-stage + (HR and HER2 Status) + age + grade + LVI

Model 3: C-statistics: 0.7446; Uno's C-statistics: 0.6647; AIC: 515986.03 ;
Multivariate Analysis

Factor Hazard ratio P-value Assigned points
Stage
1A Reference 0
B 1.101 0.0594 0
1A 1.526 <.0001 1
11B 2.256 <.0001 1
A 4.046 <.0001 2
1B 7.278 <.0001 3
lnic 7.125 <.0001 3
v 14.43 <.0001 3
Sub-type
HR+/HER2- Reference 0
HR+/HER2+ 0.645 <.0001 0
HR-/HER2+ 1.141 <.0001 0
TNBC 2.77 <.0001 2
Age
<50 (Low risk) Reference 0
>50 (High risk) 1.832 <.0001 1
Grade
| Reference 0
I 1.059 0.0097 0

Il 1.552 <.0001 1
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LVI
No Reference 0
Yes 1.311 <.0001 1

Abbreviation: HR: hormonal receptor; LVI: lymph vascular invasion;

C-index: Harrell’s concordance index; Uno’s C-index: Uno’s concordance index; AIC: Akaike’s
information criterion.

The points were assigned based on the hazard ratio. A 0 point was assigned when the hazard ratio was
<1.15; point 1: 1.15-2.5; point 2; >2.5-6; point 3: >6.

Table 8. Model 4: Sub-stage + TNBC + age + grade + LVI

Model 4: C-statistics: 0.7417; Uno's C-statistics: 0.6606; AIC: 516342.77;
Multivariate Analysis

Factor Hazard ratio P-value Assigned points
Stage
1A Reference 0
IB 1.101 0.0599 0
A 1.515 <.0001 1
1B 2.238 <.0001 1
A 4.016 <.0001 2
1B 7.246 <.0001 3
licC 7.072 <.0001 3
v 14.229 <.0001 3
Sub-type
Non-TNBC Reference 0
TNBC 2.85 <.0001 2
Age
<50 (Low risk) Reference 0
>50 (High risk) 1.86 <.0001 1
Grade
I Reference 0
I 1.035 0.1259 0
i 1.452 <.0001 1
LVI
No Reference 0
Yes 1.302 <.0001 1

Abbreviation: HR: hormonal receptor; LVI: lymph vascular invasion; TNBC: triple negative breast cancer.
C-index: Harrell’s concordance index; Uno’s C-index: Uno’s concordance index; AIC: Akaike’s
information criterion.

The points were assigned based on the hazard ratio. A 0 point was assigned when the hazard ratio was
<1.15; point 1: 1.15-2.5; point 2; >2.5-6; point 3: >6.



Table 9. C-statistics and AIC for each prognostic staging system model

Model 1: Stage + (HR and HER2
Status) + age + grade + LVI

Model 2: Stage + TNBC + age +
grade + LVI

Model 3: Sub-stage + (HR and HER2
Status) + age + Grade + LVI

Model 4: Sub-stage + TNBC + age +
grade + LVI

Anatomic TNM system

C-index

0.7282

0.7272

0.7325

0.7316

0.716

Uno's C-index
0.6434

0.6448

0.6508

0.6509

0.641

AlIC
516853.87

507710.93

498087.73

488138.91

688536.49
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Abbreviation: HR: hormonal receptor; LVI: lymphovascular invasion; TNBC: triple negative breast cancer;
C-index: Harrell’s concordance index; Uno’s C-index: Uno’s concordance index; AIC: Akaike’s

information criterion
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Figure 1. Kaplan-Meier Curves and Log-rank test results for risk factors
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Figure 2. Kaplan-Meier Curves for 4 staging systems.
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C-index: Harrell’s concordance index; Uno’s C-index: Uno’s concordance index; AIC: Akaike’s
information criterion.
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