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Background: Characterizing the role of the primary tumor and axillary lymph nodes (ALN’s) in metastasis
progression can provide a rational basis for effective local control and systemic treatments.

Methods: We employed data from the Surveillance, Epidemiology, and End Results (SEER) database to
perform survival analysis and modeling to estimate breast cancer (BC) progression in both untreated and
treated patients. Effective tumor burden was defined as the number of cancer cells that can lead to distant
metastasis. Quantified analysis was conducted for primary lesion and metastatic nodes, respectively. A
tumor growth model was built based on mathematical modeling: N (¢)=mN, (¢)+nN, (¢). In this model, the
parameters “m” and “n” represent the contributions of the primary lesion and metastatic lymph nodes (LNs)
to distant metastasis, respectively.

Results: We found that both the primary lesion and the metastatic LNs contribute to the effective tumor
burden. Through fitting the built tumor growth model, “m” in treated groups was determined to be 1, and
“n” was determined to be 1.5; while in the untreated group, “m” was determined to be 1, and “n” was 0.15,
which was 10 times smaller than in treated groups.

Conclusions: Our study revealed that the prognostic value of the anatomic stage in BC progression varied
in different historical periods, due to the development of oncological treatments. While tumor size was a
significant prognostic factor in both untreated and treated patients, the prognostic value of nodal status was

only significant in patients who received locoregional treatment and systemic treatment.
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Introduction Prediction and prevention of distant metastasis rely on our
biological perception of BC, including knowledge of its

Breast cancer (BC) is the most common malignancy in molecular and clinical characteristics and progression.

women, and distant metastasis is the eventual cause of In the past two decades, our understanding of BC biology

breast cancer-specific death (BCSD) in most BC patients (1). has undergone tremendous changes (2), both physicians and
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researchers are paying more attention to molecular markers
for the diagnosis and treatment of BC, while the importance
of traditional anatomic staging is less frequently discussed.
However, it remains unclear whether the anatomic stage
at BC progression might have shifted over time due to
continuous improvements in oncological treatments. The
role and relationship of primary lesion and node metastasis
in cancer progression have also been the subject of decades-
long debate.

To address these issues, in this study, we used the
Surveillance, Epidemiology, and End Results (SEER) database
to analyze the clinicopathological characteristics and survival
data in three groups of patients, i.e., untreated BC patients,
BC patients who had received locoregional treatment without
systemic treatment, and BC patients who had received
locoregional treatment and systemic treatment. Mathematical
models were built to explain the differences between the three
groups. The prognostic value of tumor size and lymph node
(LN) status among these three groups were compared, and
mathematical models quantifying effective tumor burden were
established. We present the following article in accordance
with the STROBE reporting checklist (available at https://
gs.amegroups.com/article/view/10.21037/gs-21-919/rc).

Methods
Data source

The SEER 18 registries research database (November
2018 submission) was used for the analysis, including
patients diagnosed from 1975 to 2016 and covering
approximately 27.8% of the U.S. population. For estrogen
receptor (ER) status, ER" status was defined as having
either positive or borderline ER. The human epidermal
growth factor receptor 2 (HER?2) receptor status of the
breast tumors was not included in our analyses, as this
information was only included in cases after 2010. The
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013).

Survival analysis

Overall survival (OS) was defined as the interval from
diagnosis to death due to any cause (including BC)
or the date of the last follow-up. The Kaplan-Meier
method was used to estimate the survival outcomes of
all patients according to different categories, and groups
were compared using the log-rank statistic. The OS was
calculated from the date of the latest diagnosis of BC to the
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date of death. Breast cancer-specific survival (BCSS) was
defined and calculated as the survival time from the date of
BC diagnosis to the date of death due to BC.

Statistical analysis

Student’s #-test, chi-square test, and log-rank test were used
for statistical analysis. All P values were two-sided, with
statistical significance indicated by P values less than 0.05.
All statistical analyses and case selection were performed in
R (version 3.6.0; R Foundation for Statistical Computing,
Vienna, Austria). Survival analyses were performed using
the “survival” package (version 2.41) (3).

Mathematical modeling

MATLAB (MathWorks, Natick, MA, USA) and R software
were used to build models of effective tumor burden
and time. The estimations of the number of tumor cells
and effective tumor burden are listed in Table S1. The
estimation of “time” was calculated by subtracting the
specific survival time of each patient from the longest
survival time in the same group, which could also be
taken as the “life loss” of the patient. For the step-by-step
explanation of the mathematical modeling process, please
refer to the “Mathematical modeling of the effective tumor
burden of BC” section in the “Results”.

Results
Patient cobort

A total of 763,873 individual BC patients diagnosed
between 1975 and 2016 were identified from 840,660 BC
entries in the SEER database. Of these, 508,058 female
patients had complete information on tumor staging,
surgery, radiotherapy, chemotherapy, and prognosis, and
had only 1 primary tumor occurring in their lifetime.
Among these patients, 12,687 did not receive surgical
treatment, radiotherapy, or chemotherapy and were
included in our study as “Group I” or the untreated group;
258,268 patients had undergone either mastectomy or
lumpectomy surgery, with or without radiotherapy, but did
not receive chemotherapy and were included as “Group
II” or the locoregional treatment group; 120,441 of the
patients who had received both surgical treatment and
chemotherapy were included as “Group III” or the systemic
treatment group (Figure I). Information on hormonal
therapy and targeted therapy was not provided.
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n=763,873. Patients diagnosed with
breast cancer in the SEER 18 registry
(1975-2016)

Hu et al. The role of anatomic stage on BC progression

Y

Y

Excluding male patients, those lacking
information on tumor staging, therapy or
prognosis, and those who had another
primary malignancy in their lifetime

n=508,058. Patients eligible for further (n=255,815)
study
Group | Group Il Group Il v

n=12,687. Patients did
not receive treatment and
were diagnosed by FNA or
CNB

n=258,268. Patients

received lumpectomy

or mastectomy but no
chemotherapy

n=120,441. Patients
received lumpectomy
or mastectomy and
chemotherapy

n=116,662. Patients
excluded for unknown
information on
surgery procedure or

chemotherapy

Figure 1 Flowchart of the patient selection process. SEER, Surveillance, Epidemiology, and End Results; FINA, fine-needle aspiration;

CNB, core needle biopsy.

Characteristics of the patients enrolled in the study

The T and N stages of each patient were based on the best
available pathological information. When pathological
information was not available, clinical information was used.
The clinicopathological characteristics of Group I patients
are summarized in Table 1. Among them, 1,390 (11.0%)
patients had stage I BC, 1,702 (13.4%) had stage II BC,
1,096 (8.6%) had stage III BC, and 6,265 (49.4%) had stage
IV BC. Among the 7,871 (62%) patients with known ER
status, 84.6% were ER-positive. The clinicopathological
characteristics of Groups II and III patients are also listed in
Table 1.

Mathematical modeling of the effective tumor burden of
BC

To have an objective view of the natural history of BC,
a mathematical model was built to evaluate the natural
progression. Functions were built with two variables: one
was the effective tumor burden “N(t)”, which indicates
the number of cancer cells that can lead to distant

“t”, which was derived

metastasis; the other was time
from the estimated life loss of patients. The effective
tumor burden of the primary lesion and metastatic LNs
was estimated from the total number of tumor cells and
is listed in Table S1. Since the primary lesion and the

metastatic LNs contribute to the effective tumor burden,
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the functions were built based on: N (t)=mN, (t)+nN, (t).
The parameters “m” and “n” in the equation represent the

contributions of the primary lesion and metastatic LNs to
distant metastasis, respectively, which can also be called
“relative metastagenicity”. The word “metastagenicity” was
first introduced by Dr. Heimann to describe the metastatic
proclivity of a tumor (4,5). Here, we used it to represent
the intrinsic metastatic proclivity of a specific population of
cancer cells. For Groups II and III patients, the following
function could be built.

N(t)=mNT (t)+nNN (t):a'ek-(lﬂ;.t) (1]

The fitting curves are shown in Figure 2. Through
fitting, “m” in Groups II and III was determined to be 1,
and “n” in the two groups was determined to be 1.5.

For Group I patients, since the primary lesion and
the affected LN are not removed and are thus constantly
contributing to the metastasis, it is logical that the total
effective tumor number N(t) should be the integral of
“t”. Thus, we integrated the previous function and found
that the data in Group I could be fitted using the integral
function.

bkt -1

b-k

e

t
N'(t)=mNj (t)+nNy (t)= _[a ) =gk

0

= (k" -1) [2]

”»

Moreover, through fitting, “m” in this group was
determined to be 1, and “n” was 0.15, which was 10 times

smaller than the value in Groups II and IIL
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Table 1 Clinicopathological characteristics of the patient cohort including Groups I, II, and IIT patients
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Characteristics

Group I, n (%)

Group I, n (%)

Group I, n (%)

Total, n (%)

Patients, n
Age,y
<40
40-54
55-69
=70
Ethnicity
Caucasian
Asian
Black
Other
ER status
Positive
Negative
Unknown
PR status
Positive
Negative
Unknown
Tumor grade*
|
Il
11l
\%
Unknown
Staging
Stage 0
Stage |
Stage Il
Stage Il
Stage IV

12,687

329 (2.6)
2,322 (18.3)
3,665 (28.9)
6,367 (50.2)

9,648 (76.0)
744 (5.9)
1,970 (15.5)
325 (2.6)

6,661 (52.5)
1,210 (9.5)
4,816 (38.0)

5,366 (42.3)
2,320 (18.3)
5,001 (39.4)

1,204 (9.5)
3,208 (25.3)
2,584 (20.4)

173 (1.4)
5,518 (43.5)

2,234 (17.6)
1,390 (11.0)
1,702 (13.4)
1,096 (8.6)
6,265 (49.4)

258,268

7,771 (3.0)
70,236 (27.2)
92,940 (36.0)
87,319 (33.8)

213,084 (82.5)
21,187 (8.2)
21,070 (8.2)
2,927 (1.1)

172,625 (66.8)
24,946 (9.7)
60,697 (23.5)

148,693 (57.6)
44,351 (17.2)
65,224 (25.3)

54,821 (21.2)
93,472 (36.2)
56,105 (21.7)
6,586 (2.6)
47,284 (18.3)

71,169 (27.6)

122,848 (47.6)

50,339 (19.5)
10,999 (4.3)
2,913 (1.1)

120,441

14,851 (12.3)

55,641 (46.2)

40,009 (33.2)
9,938 (8.3)

93,588 (77.7)
10,957 (9.1)

14,175 (11.8)
1,721 (1.4)

75,551 (62.7)
36,263 (30.1)
8,627 (7.2)

64,441 (53.5)
46,629 (38.7)
9,371 (7.8)

9,540 (7.9)
41,002 (34.0)
59,107 (49.1)

2,230 (1.9)

8,562 (7.1)

407 (0.3)
28,548 (23.7)
58,253 (48.4)
29,364 (24.4)
3,869 (3.2)

391,396

22,951 (5.9)
128,199 (32.8)
136,614 (34.9)
103,624 (26.5)

316,320 (80.8)
32,888 (8.4)
37,215 (9.5)
4,973 (1.3)

254,837 (65.1)
62,419 (15.9)
74,140 (18.9)

218,500 (55.8)
93,300 (23.8)
79,596 (20.3)

65,565 (16.8)
137,682 (35.2)
117,796 (30.1)
8,989 (2.3)
61,364 (15.7)

73,810 (18.9)
152,786 (39.0)
110,294 (28.2)
41,459 (10.6)
13,047 (3.3)

*, based on the WHO International Classification of Diseases for Oncology, Second Edition. Grade | represents well-differentiated
tumors; grade Il represents moderately differentiated tumors; grade Il represents poorly differentiated tumors, and grade IV represents
undifferentiated tumors. ER, estrogen receptor; PR, progesterone receptor.
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Figure 2 Mathematical modeling of cancer progression in three
groups. Curve fitting and resulting models between “effective
tumor burden (Y axis)” and “time (X axis)” in the three groups.
(A-C) Models were built for the three groups of patients with
R2 values all above 0.8. Black lines represent the total effective
tumor burden while the burden of primary tumor and LN was
represented by blue and orange lines respectively. In Group I, the
fitted model was the integral of the functions of Groups II and III.
LN, lymph node.
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Comparisons of survival by T and N status in the
untreated, locovegionally treated, and systemically treated

groups

To observe the direct effect of tumor size and LN status
on prognosis, survival analysis was conducted for untreated
patients by tumor size, clinical LN status, and clinical
stage. The survival rate decreased gradually as the clinical
stage increased (Figure S1). The median survival time of
untreated patients decreased from 8.0 years for stage 1
patients to 0.5 years for stage IV patients. Certain patients
achieved a long survival time even while untreated, which has
been reported previously (6). When the untreated patients
were stratified by tumor size (T), the survival rate markedly
decreased as the T stage increased from T1 to T3 (P<0.0001)
(Figure S2). However, when survival was compared among
the three nodal statuses (N1, N2, and N3) with a fixed T
stage, there were no significant differences among the N
stages within each T stage, although minor differences were
noted (Figure S3A-S3C). When survival was compared
between negative LN status (NO) and positive LN status
(N1-N3, denoted N), no significant differences were seen
among any of the three T stages (Figure S4A-S4C). Overall,
we found that in untreated patients, the prognostic value
of tumor size was significant, while the prognostic value of
nodal status was not.

We then explored the prognostic value of tumor size and
LN status for survival in patients who received treatment.
Unsurprisingly, in Groups II and III, tumor size and nodal
status both had significant prognostic value for survival
(Figure S5A-SSF). Moreover, the differences in the median
survival time among N stages were more significant in
Group III than in Group II, as indicated by the wider interval
between the dotted lines for Group III in Figure S5A-SSE.

Comparisons of the estimated survival time (EST) by
T and N stages within and among the three groups of
patients

The above comparisons were carried out between pairs
of survival curves. To obtain a more direct and quantified
result, the EST for each specific T and N stages was
calculated (Figure 3). An accelerated failure time parametric
model was used for the calculation. Consistent with
previous findings, in Group I patients, the EST showed no
significant differences as the N stage increased from NO to
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Figure 3 Heatmaps of the EST in each T and N stages of three groups. The estimated survival duration is represented by a color scale with

green indicating the longest duration and red indicating the shortest duration. The numbers in each cell are the specific estimated survival

duration and its 95% CI. EST, estimated survival time; CI, confidence interval.

N3 when the T stage was fixed while in Groups II and III,
the difference was obvious. The differences in the effect of
T stage on EST were obvious in all columns and among all
groups.

Discussion

In this study, we analyzed the natural progression of BC
in untreated and treated patients to explain the role of
traditional anatomic staging, especially node staging, in
modern oncology. Our data suggest that nodal metastasis
has a complex effect on prognosis that can be altered by
treatment, while tumor size was a significant prognostic
factor in both untreated and treated patients, the prognostic
value of nodal status was much higher in patients who
received locoregional treatment and systemic treatment.

© Gland Surgery. All rights reserved.

Whether nodal metastasis is simply a natural course of
BC (7) or whether it represents a more aggressive
phenotype (8) has long been a topic of discussion, and both
supportive and contradictory evidence exists. Our study
did not yield direct evidence to show whether the effective
tumor burden associated with LN metastasis planted the
distant metastasis directly. However, our mathematical
modeling showed the different effective tumor burdens in
treated and untreated patients and thus can also guide the
staging, treatment, and prognostic prediction of BC. The
staging system of BC should change with the improvement
of treatment methods. For example, in the process of curve
fitting, we found that in Group III patients, the American
Joint Committee on Cancer (AJCC) 8" anatomic stages
could be adjusted by downgrading TIN2MO from stage
IIIA to IIB and upgrading T3N2MO from stage IIIA to I1IB
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Figure 4 Curve fitting and new staging system of each TN status
in Group III patients. (A) Curve fitting for “effective tumor
burden” and “time” in Group III patients with each data point
indicated. (B) The OS curve plot based on the new staging system
with TIN2 downgraded to IIB and T3N2 upgraded to IIIB. OS,

overall survival; AJCC, American Joint Committee on Cancer.

to achieve more evenly distributed clustering (Figure 44).
An additional adjustment was made by upgrading stage
ITIB in the AJCC 8" anatomic stages to stage ITIC. These
adjustments made the survival curve of the systemically
treated patients more evenly distributed (Figure 4B).
Although LN metastasis is a robust prognostic factor in
BC (8), there has been decades-long debate regarding its
role in cancer progression (9). One hypothesis is that LN

© Gland Surgery. All rights reserved.
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metastasis is a natural step of disease progression, cancer
cells can escape the LN and colonize distant organs, and
LNs are way stations for metastatic seeding (9). Numerous
studies have shown that removal of metastatic LNs or
radiotherapy can improve the prognosis; on the contrary,
genomic analyses have revealed that synchronous axillary
lymph node (ALN) metastasis was not involved in seeding
the distant metastasis (10). The NSABP B04 study (11)
showed that late resection of LN metastasis did not affect
the prognosis, thus de-escalation of the axilla is feasible
which is also one of the foundations of the ACOSOG
70011 study (12). Our research showed that the effective
tumor burden associated with LN metastasis was very
important, even outweighing the size of the primary
tumor in patients who received locoregional treatment and
systemic treatment. It was suggested that in modern BC
management, the de-escalation of local axillary treatment
should be cautious. Although de-escalation is popular now,
axilla with low-load metastasis can also consider axillary
preservation. We must note that the International Breast
Cancer Study Group Trial 23-01 IBCSG 23-01) clinical
trial (13), which is consistent with the ACOSOG Z0011
trial (12) and AMAROS trial (14), involving patients with
limited LN metastasis involvement showed no disease-
free survival benefit in patients that underwent axillary
lymph node dissection (ALND) compared with those that
did not. However, all of these patients received traditional
systemic adjuvant therapy and radiation that potentially
eliminated any residual disease in the LNs. Thus, radiation
and systemic therapies may be sufficient to control nodal
disease, making ALND unnecessary for BC patients with
limited LN involvement, which is different from the de-
escalation in the SLN-NSABP B32 study (15). We analyzed
NO patients who did not have ALND from the SEER
database and found that the patients who underwent ALND
had better survival prognosis. The possible reason is that in
clinically LN-negative patients, 30% of them have positive
LNs, and these patients will benefit from ALND.

It is widely accepted that the clearance of involved LNs
improves local disease control, but whether it influences
systemic dissemination is less clear. Studies have shown that
LN resection and radiotherapy are valuable for prognosis,
but the NSABP B04 trial showed that late resection did not
affect prognosis (11,16). Although de-escalation of axillary
surgery is fairly common, for patients with negative LN
status (NO0), many studies have stated that ALND is not
beneficial for sentinel LN-negative patients (17-19). Our
mathematical modeling results suggest that nodal metastasis
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is not merely a straightforward process of BC, but has
a complex effect on prognosis that can also be altered
by treatment. It could be that there is positive feedback
between T and N since a larger number of tumor cells in
T can promote the metastasis to N, and the metastasized
tumor cells in the LN may induce immunoevasion in the
tumor. This positive feedback could be the reason for
the rapid increase in tumor burden in Group I patients,
which can be eradicated by locoregional and/or systematic
treatment, as shown in Groups II and III patients. This
could be based on the hypothesis that the presence of
a primary tumor in untreated patients could constantly
initiate immune attacks against metastatic LNs, thereby
suppressing the metastagenicity of LNs (20). Or based on
the alteration in the tumor microenvironment since the
microenvironment has been known to contribute greatly to
metastasis (20-25).

Although we followed the checklist of items for
observational research described in the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) statement (26), there were several potential
limitations to our study. First, the use of the SEER database
instead of cohort study data and the lack of exact treatment
regimens may have limited the strength of evidence.
Second, since the data source came from a single country,
analysis of data from another country or database may be
necessary to further confirm our findings. Last, regarding
the analysis of molecular traits, our findings were limited
by the incompleteness of the molecular subtyping, as the
information of HER2 status and BRCA1/2 gene mutations
were unknown.

Conclusions

Our study found that while tumor size was a significant
prognostic factor in both untreated and treated patients,
the prognostic value of nodal status was only significant in
treated patients which strengthened the prognostic role of
LN status in modern medicine. Our results indicated that in
the modern era, the predictive value of nodal status should
be further emphasized and de-escalating the local treatment
of nodes needs cautious evaluation.
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Supplementary

Table S1 Estimation of the number of tumor cells and effective
tumor burden for each T and N stages

T/N stages Number of tumor cells* Effective tumor burden’

T 1x10° 1

T2 42.875x10° 42.875
T3 125x10° 125
NO 0 0

N1 0.25x10° 25

N2 0.75x10° 75

N3 2.5x10° 250

*, to estimate tumor burden, the number of tumor cells in T1
was estimated as 1x10° by assuming a cubic tumor with a size
of 1 cm”. The number of tumor cells in T2 and T3 was estimated
to be 42.875x10° and 125><109, respectively, by assuming tumor
sizes of 3.5 and 5 cm. The number of tumor cells in N1 was
estimated to be 0.25x10° and that in N2 and N3 were estimated
as 0.75><1O9 and 2.5x109, respectively; #, in the final calculation,
effective tumor burden was used instead of the estimated
number of tumor cells. Since several studies showed that
cancer cells in metastatic LNs harbor higher metastatic capacity
than those in primary lesions, the effective tumor burden for LNs
was estimated via model fitting to be 100 times the original cell
number. LNs, lymph nodes.
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