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ABSTRACT

Background. Inflammatory breast cancer (IBC) is a rare yet
aggressive variant of breast cancer with a high recurrence
rate. We hypothesized that patterns of metastasis differ
between IBC and non-IBC. We focused on the patterns of
bone metastasis throughout disease progression to deter-
mine statistical differences that can lead to clinically rele-
vant outcomes. Our primary outcome of this study is to
quantify and describe this difference with a view to apply-
ing the findings to clinically relevant outcomes for patients.
Subjects, Materials, and Methods. We retrospectively col-
lected data of patients with nonmetastatic IBC (n = 299)
and non-IBC (n = 3,436). Probabilities of future site-specific
metastases were calculated. Spread patterns were visual-
ized to quantify the most probable metastatic pathways of

progression and to categorize spread pattern based on
their propensity to subsequent dissemination of cancer.
Results. In patients with IBC, the probabilities of develop-
ing bone metastasis after chest wall, lung, or liver metasta-
sis as the first site of progression were high: 28%, 21%, and
21%, respectively. For patients with non-IBC, the probabil-
ity of developing bone metastasis was fairly consistent
regardless of initial metastasis site.
Conclusion. Metastatic patterns of spread differ between
patients with IBC and non-IBC. Selection of patients with
IBC with known liver, chest wall, and/or lung metastasis
would create a population in whom to investigate effective
methods for preventing future bone metastasis. The Oncol-
ogist 2019;24:1322–1330

Implications for Practice: This study demonstrated that the patterns of metastasis leading to and following bone metasta-
sis differ significantly between patients with inflammatory breast cancer (IBC) and those with non-IBC. Patients with IBC
had a progression pattern that tended toward the development of bone metastasis if they had previously developed
metastases in the liver, chest wall, and lung, rather than in other sites. Selection of patients with IBC with known liver,
chest wall, and/or lung metastasis would create a population in whom to investigate effective methods for preventing
future bone metastasis.

INTRODUCTION

Breast cancer (BC) is the most commonly diagnosed cancer
in females and the second most common cause of cancer
death in women in the U.S. [1]. There are currently an

estimated more than 3.5 million BC survivors living in the
U.S. [2], and it is estimated that there will be more than
40,000 deaths in 2017 due to BC [3]. Inflammatory breast
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cancer (IBC) is a very rare subset of the disease (1.5% of all
BCs) marked by distinct clinical and biological characteris-
tics [4, 5]. Compared with non-IBC cases, it is extremely
aggressive and has a high recurrence rate [5–7]. Because of
these factors, once a patient with IBC develops a recur-
rence or metastasis, a rapid and decisive strategy to pre-
vent further disease progression is needed.

Approximately 10%–15% of patients with estrogen recep-
tor (ER)-negative and 5%–10% of patients with ER-positive
invasive breast cancer develop disease recurrence at 5 years
regardless of the completion of standard multimodality treat-
ment [8]. In contrast, the 5-year recurrence rates are 65%–
75% in patients with hormone receptor-positive IBC and
greater than 80% in patients with triple-negative IBC [9]. Cur-
rent efforts to improve survival outcomes in initially curable
BC are aimed at predicting which patients are most suscepti-
ble to developing distant metastases and finding efficacious
early intervention strategies.

One of these recent efforts includes adjuvant bis-
phosphonate treatment in patients with early-stage breast
cancer [10, 11]. Zoledronic acid is a bisphosphonate that is
approved for patients with bone metastasis and used to pre-
vent skeletal-related events [12]. Some data showed that it
may affect the bone destruction by inhibiting “vicious cycle”
of growth factor and cytokine signaling between tumor and
bone cells in the bone marrow microenvironment [13].
Despite this, there was no significant benefit found among
patients with breast cancer in general in the context of recur-
rent disease with the addition of adjuvant zoledronic acid
[10, 13]. However, a meta-analysis of 18,766 patients with
early-stage breast cancer from 26 randomized clinical trials
reported that in postmenopausal women treatment with
adjuvant bisphosphonates reduced the rate of recurrence in
the bone and improved survival [14]. A Cancer Care Ontario
and American Society of Clinical Oncology Clinical Practice
Guideline recommends adjuvant bisphosphonates in post-
menopausal patients with nonmetastatic breast cancer [11].

Denosumab, another drug that is approved for patients
with bone metastasis, is a humanized monoclonal antibody
that binds to and inhibits the receptor activator of nuclear
factor-κB ligand (RANKL), which is an essential mediator of
osteoclast activity and bone resorption [15, 16]. Random-
ized clinical trials have shown denosumab to reduce the
number of skeletal-related events when it is used in the
adjuvant setting [16], and prior studies have reported that it
is superior to zoledronic acid in reducing bone-related com-
plications of metastatic BC [17]. In addition to the role of
bone remodeling, RANKL plays an important role in enhanc-
ing tumorigenic change, cell proliferation, and metastasis
[18–20]. In this regard, denosumab might prove a better
treatment for the prevention of bone metastasis. Recent
study demonstrated that adjuvant denosumab improves
disease-free survival of patients with hormone receptor-
positive postmenopausal breast cancer who were treated
with aromatase inhibitor [21]. However, those studies are for
breast cancer in general, and the clinical benefit in IBC is still
unclear.

As of now, there are no clinically validated biomarkers
to determine which patients will develop bone metastasis
in breast cancer. The lack of bone metastases-predictive

biomarkers may impede recommendations for preventive
adjuvant zoledronic acid or denosumab. Hence, understand-
ing and predicting metastatic progression patterns is a nec-
essary step in designing a clinical trial model for this set of
drugs.

Newton et al. have developed a breast cancer model that
predicts the subsequent metastatic sites using a retrospective
longitudinal database [22]. To simulate progression, the
model makes the assumption that the next state of the dis-
ease is only dependent on the current state and nothing prior
(no history dependence). The transition probabilities from
state to state are then used to quantify the likelihood of each
metastatic pathway. Additionally, the model classifies meta-
static sites as those that are more likely to receive tumor cells
with diminished subsequent dissemination (“sponges”) and
those from which tumor cells are more likely to spread to
potential metastatic locations (“spreaders”) [22]. The clinical
implications of this model with respect to the patterns of
metastatic spread may allow for targeted interventions that
improve patient outcomes.

We hypothesized that the patterns of metastasis lead-
ing to and following bone metastasis differ significantly
between patients with IBC and those with non-IBC. In this
study, we quantified and described this difference with a
view to applying the findings to clinically relevant out-
comes for patients.

SUBJECTS, MATERIALS, AND METHODS

Patient Selection
This retrospective chart review study was approved by The
University of Texas MD Anderson Cancer Center’s Institu-
tional Review Board (protocol number: PA 16-0138), and a
waiver of informed consent was granted based on the
study’s retrospective nature. We reviewed the Breast Medi-
cal Oncology management system database (protocol num-
ber: 2004-0541) to identify patients with pathologically
confirmed nonmetastatic invasive IBC or non-IBC at the
time of diagnosis who developed local recurrence or distant
metastasis between January 1980 and January 2016.

From the database, we extracted various clinical, demo-
graphic, and temporal data points for each patient, such as
age at diagnosis, race/ethnicity, menopausal status at diag-
nosis, body mass index, histological subtype, clinical stage,
ER status, progesterone receptor (PR) status, human epi-
dermal growth receptor 2 (HER2) status, nuclear grade,
lymphovascular invasion status, treatments (neoadjuvant,
adjuvant, and metastatic settings and radiation), dates and
sites of recurrence or metastasis, and dates of initial diag-
nosis, definitive surgery, death, and last follow-up. The
diagnosis of IBC was made by multidisciplinary approach by
physicians specialized in IBC in the Morgan Welch Inflam-
matory Breast Cancer Clinic since 2006. The diagnosis was
made by each treatment physician before 2006.

Follow-up information for patients in the Breast Medical
Oncology management system database is obtained every
2 years by direct review of the medical records and linkage
to the MD Anderson Tumor Registry. The system mails follow-
up letters to each patient registered in the system to confirm
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that the patient is alive and free of cancer. As a backup, the
MD Anderson Tumor Registry also checks the Social Security
Death Index and the Texas Bureau of Vital Statistics for the
status of patients who do not respond to the letters.

Statistical Analysis
All Kaplan-Meier survival curves of overall survival (OS)
were generated with the R programming language (version
3.3.1; https://www.r-project.org/) in RStudio (version 0.99.902;
https://www.rstudio.com/) using the survival library (version
2.39-4) and compared for statistical differences (p < .05) using
the log-rank test. Patients with IBC and non-IBC were further
subgrouped into those that never developed bone metastasis,
those for whom bone metastasis was present when progres-
sion was first diagnosed, and those who developed bone
metastasis later, not as part of their first identified progression.
Python (version 2.7; https://www.python.org/) was used to
calculate conditional probabilities between bone and each of
the sites in the model, and the seaborn module was used to
graph the results in a heat map format (version 0.7.1; https://
seaborn.pydata.org/).

Spatiotemporal Diagrams
Metastatic progression for the patients with IBC and non-
IBC was visualized as circular “tree ring” diagrams with dis-
ease diagnosis originating in the center and episodes of
progression moving outward in distinct steps with each
concentric ring. Sites of progression were grouped based
on anatomical similarity and subsequently color-coded for
quick visual identification. The “Other” category comprised
multiple sites that occur in less than 1% of the population.
The circular arc length of each ring represents the percent-
age of the population that has progressed to that meta-
static location from each preceding step. In the event that
a patient had developed multiple tumors since their previ-
ous doctor’s visit, we listed the tumors of that particular
progression in order of decreasing frequency and illus-
trated them according to this.

Markov Modeling
The Markov chain models were generated in Python with the
use of the Pykov module (version 1.0; https://github.com/
riccardoscalco/Pykov) using maximum likelihood estimators
from direct observations of the data points. The resulting
model is visualized as a circular chord diagram with color-
coding identical to that of the spatiotemporal diagrams. The
one-step transition probabilities were used to calculate and
determine the top 30 two-step transition probabilities to cre-
ate a reduced model. Using these 30 values and computing
the ratio between the total outgoing (Pout) and total incom-
ing (Pin) probabilities, we classified each anatomical site in
the model as either a spreader (Pout/Pin > 1) or a sponge
(Pout/Pin < 1), and colored them red or blue, respectively. The
numerical ratio is called the spreader/sponge factor and
measures the propensity of the site to spread the disease.

For additional analyses, these figures and models were
incorporated into an interactive webpage (http://kuhn.usc.
edu/breast_cancer/). All patient data are stored on a secure
server in a PostgreSQL database. We use the Python mod-
ules psycopg2 (version 2.0.14), pandas (version 0.17.1), and

NumPy (version 1.10.4) to pull subsets of patients and per-
form all necessary calculations and arrangement of the data.
The response output was then used to create interactive
visuals via the D3 JavaScript library (http://d3js.org/) and dis-
played in a column format for easy, side-by-side comparison.

RESULTS

Patient Characteristics
Within our patient cohort of 3,735 primary patients with
BC, there were 299 patients with IBC (8.01%) and 3,436
patients with non-IBC (91.99%). The mean follow-up times
were 4.73 years for patients with IBC and 6.34 years for
those with non-IBC. The mean ages at initial diagnosis were
48.35 and 48.76 years, respectively. The majority of patients
were of white, black, or Hispanic race/ethnicity (�96%),
and most had presented with ductal carcinoma (Table 1).
Among patients with hormone receptor data available, ER
status was positive in the majority of patients with non-IBC
(56.52%), but in a smaller proportion of patients with IBC
(38.13%). In both IBC and non-IBC populations, the majority
were PR negative (64.54% and 50.61%, respectively) and
HER2 negative (46.82% and 62.98%, respectively). Of note,
a large portion of each group had an unknown HER2 status:
25.42% in the IBC population and 19.53% in the non-IBC
population.

The distribution of every metastatic site noted during the
course of progression for both IBC and non-IBC is shown in
Table 2. The most frequent metastatic site for both groups
was the distant lymph nodes, constituting approximately
20% of all metastases. A bone metastasis occurred in 52.21%
of patients with non-IBC (n = 1,794) as compared with
44.82% of patients with IBC (n = 134). Additionally, a chest
wall metastasis was twice as probable in patients with IBC
(32.78%; n = 98) as in those with non-IBC (16.01%;
n = 550). For both lung/pleura and liver metastases separately,
the incidence rates in both groups were comparable. Brain
metastasis was more frequent in patients with IBC (25.08%;
n = 75) than in patients with non-IBC (21.74%; n = 747).

Survival Analysis
Figure 1A shows that the 5-year survival rate of patients with
IBC was 35.6%, as compared with 59.0% for those with non-
IBC (p < .001). To elucidate the role of bone metastases in
these populations, we subgrouped each based on whether
the patient developed a bone metastasis in their first pro-
gression of metastases (Bone First; Total = 1,276, IBC = 79,
non-IBC = 1,197), not in their first progression (Bone Not
First; Total = 650; IBC = 54, non-IBC = 596), or not at all
(No Bone; Total = 1,809, IBC = 166, non-IBC = 1,643). In the
IBC group (Fig. 1B), the OS duration in the Bone Not First sub-
group was shorter than that in the subgroup with no bone
metastasis, but the difference was not statistically significant
(p = .140). The Bone First IBC subgroup exhibited significantly
better OS than Bone Not First (p = .038). The difference in OS
duration between the Bone First subgroup and the subgroup
with no bone metastasis was not significant (p = .749). In the
non-IBC group (Fig. 1C), developing a bone metastasis,
regardless of timing, yielded significantly worse OS compared
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with having no bone metastasis (p < .005 for both Bone First
and Bone Not First). There was no statistically significant dif-
ference in OS between the Bone First and Bone Not First sub-
groups (p = .288).

Metastatic Progression
We next investigated the sequence of metastatic sites in
both patients with IBC and those with non-IBC via their spa-
tiotemporal diagrams (Fig. 2A, 2B, respectively). Both groups’
trajectories 20 years after disease diagnosis are shown.
A noted difference between the two was that the most
common first metastatic sites for IBC were the distant lymph
nodes (23.7%), chest wall (19.4%), and bone (19.1%), versus
bone (30.4%), distant lymph nodes (22.1%), and lung/pleura
(12.4%) for non-IBC. As expected, chest wall metastases were
much more common in IBC and also much more frequent as
a first metastatic site (19.4% vs. 7.39%).

Analyzing the patterns of progression revealed some
interesting differences as well. Patients with IBC that prog-
ressed to the breast, bone, and then liver had a 71.43%
(15/21) probability of dying without any further metastasis,
versus a 37.16% (97/261) probability in non-IBC. The patients
with non-IBC that progressed to breast, bone, and then lung
developed many additional metastases before death, which
has also been observed in previous research [22]. This pat-
tern was not seen in patients with IBC. The models are avail-
able online: http://kuhn.usc.edu/breast_cancer.

Conditional Progression
Because our main interest was the patterns of progression in
the context of bone metastasis, we focused on pathways to
bone metastases as well as pathways afterward. We investi-
gated these dynamics by means of conditional probabilities in
two distinct scenarios: (a) development of a bone metastasis
prior to metastasis in any of the other sites and (b) development
of a nonbone metastasis prior to a bone metastasis.

In the first scenario, the probabilities of developing spe-
cific, nonbone metastases after a bone metastasis were cal-
culated with three different given conditions: (a) a bone
metastasis was present in the first progression (Bone In
First), (b) not present in the first progression (Bone Not

Table 1. Baseline characteristics for patients with IBC and
non-IBC

Characteristics

IBC
(n = 299),
n (%)

Non-IBC
(n = 3,436),
n (%)

Age, years

Mean (SD) 48.35 (10.84) 48.76 (11.81)

Follow-up time, years

Mean (SD) 4.73 (4.02) 6.34 (4.59)

BMI, kg/m2

Mean (SD) 30.42 (7.15) 28.34 (6.61)

Race/ethnicity

White 232 (77.59) 2,379 (69.24)

Hispanic 33 (11.04) 394 (11.47)

Black 24 (8.03) 509 (14.81)

Other 3 (1.00) 41 (1.19)

Menopause status

Premenopausal 147 (49.16) 1,676 (48.78)

Postmenopausal 150 (50.17) 1,697 (49.39)

Unknown 2 (0.67) 63 (1.83)

Clinical stage

I 0 701 (20.40)

II 0 1,666 (48.49)

III 299 (100) 1,069 (31.11)

Histology

Ductal 264 (88.29) 2,898 (84.34)

Invasive carcinoma 10 (3.34) 69 (2.01)

Lobular 12 (4.01) 243 (7.07)

Mixed 11 (3.68) 151 (4.39)

Other 2 (0.67) 75 (2.18)

ER status

Positive 114 (38.13) 1,942 (56.52)

Negative 154 (51.51) 1,334 (38.82)

Unknown 31 (10.37) 160 (4.66)

PR status

Positive 80 (26.76) 1,501 (43.68)

Negative 187 (62.54) 1,739 (50.61)

Unknown 32 (10.70) 196 (5.70)

HER2 status

Positive 83 (27.76) 601 (17.49)

Negative 140 (46.82) 2,164 (62.98)

Unknown 76 (25.42) 671 (19.53)

Nuclear grade

I 4 (1.34) 92 (2.68)

II 50 (16.72) 942 (27.42)

III 226 (75.59) 2,187 (63.65)

Unknown 19 (6.35) 215 (6.26)

Lymphovascular invasion

Positive 197 (65.89) 1,380 (40.16)

Negative 96 (32.11) 1,980 (57.63)

Unknown 6 (2.01) 76 (2.21)

(continued)

Table 1. (continued)

Characteristics

IBC
(n = 299),
n (%)

Non-IBC
(n = 3,436),
n (%)

Types of treatments

Neoadjuvant chemotherapy 285 (95.32) 1,905 (55.44)

Adjuvant chemotherapy 187 (62.54) 1,738 (50.58)

HER2 targeted therapy 30 (10.03) 174 (5.06)

Hormone therapy 95 (31.77) 1,703 (49.56)

Radiation 246 (82.27) 2,375 (69.12)

Survival status

Alive 42 (14.05) 1,065 (31.00)

Deceased 257 (85.95) 2,371 (69.00)

Abbreviations: BMI, body mass index; ER, estrogen receptor; HER2,
human epidermal growth receptor 2; IBC, inflammatory breast can-
cer; PR, progesterone receptor.
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In First), and (c) present at any time of progression (Bone
Ever). For each of these, results were divided into specific
metastasis patterns: (a) in the immediate next progression
(Met Site In Next) and (b) in any following progression (Met
Site Ever After; Fig. 3). The highest probabilities for both the
IBC and non-IBC groups were for spread to the liver,
lung/pleura, regional lymph nodes, or brain. For example, as
indicated in the first and second column in Figure 3A, 16%
(13/79) of patients with IBC with bone metastasis in their
first progression had liver metastasis in their second progres-
sion, and 24% (19/79) of patients had liver metastasis at
some point in the natural progression of the disease. The
third and fourth column in Figure 3A show that of patients
with IBC with bone metastasis in their second or later pro-
gression, 7% (4/54) had liver metastasis in their immediate
next progression. As indicated in the fifth and sixth column
in Figure 3A, 13% (17/133) of patients with IBC with bone
metastasis at some point of progression developed liver
metastasis in their next progression, and 17% (23/133) of
patients with IBC with bone metastasis at some point devel-
oped liver metastasis at some time point afterward.

For the second scenario, the probabilities of developing
a bone metastasis after metastasis in other specific sites
were calculated with three different given conditions: (a) a
specific nonbone metastasis (listed on the left side of the
figure) in the first progression (Met Site In First), (b) a spe-
cific nonbone metastasis not in the first progression (Met
Site Not In First), and (c) a specific nonbone metastasis
present in any progression (Met Site Ever). For each of
these, results were divided into the bone metastasis being
(a) in the immediate next progression (Bone In Next) and
(b) in any following progression (Bone Ever After; Fig. 4).
Cases in which bone metastasis had occurred in a prior

progression were excluded. Ignoring the metastasis sites
with only a few cases, patients with initial progression to
the chest wall, liver, and lung tended to develop bone metas-
tasis at any point afterward. For these three particular
metastases, patients developed bone metastasis in the
immediate next progression in 15% (12/81), 12% (9/76), and
10% (6/58), respectively, and at any point afterward in 28%
(23/81), 21% (16/76), and 21% (12/58), respectively. In
patients with non-IBC, the differences between probabilities
of each metastasis pattern were not as large as those with
IBC (Fig. 4B).

Markov Modeling
We next modeled the progression for each subpopulation
via Markov chain models. The reduced models that were
created from two-step transition pathways of the full
models are shown in Figure 5. Because these figures were
created from the top 30 most probable pathways, it is
important to note that both models give a consistent snap-
shot of the two-step disease dynamics, as indicated by the
71.08% and 69.41% proportions of two-step values repre-
sented for IBC and non-IBC, respectively. Anatomical sites
in the model were classified as either spreaders or sponges
based on the ratio of the total outgoing (Pout) and total
incoming (Pin) probabilities, indicating the propensity of
the site to spread the disease. The IBC model denotes
three spreaders (chest wall, bone, and liver) and two spon-
ges (distant lymph nodes and lung), whereas the non-IBC
model denotes one spreader (bone) and three sponges
(distant lymph nodes, lung, and liver). As shown, the dis-
tant lymph nodes and lung were classified as sponges and
bone as a spreader in both models. In contrast, liver was
classified as a spreader in IBC and a sponge in non-IBC.

Table 2. Profile of the distribution of metastatic sites for patients with IBC and non-IBC

IBC (n = 299) Non-IBC (n = 3,436)

Metastatic site n % of all sites % of patients Metastatic site n % of all sites % of patients

LN (distant) 204 21.79 68.23 LN (distant) 1,991 19.87 57.95

Lung/pleura 157 16.77 52.51 Bone 1,794 17.90 52.21

Bone 134 14.32 44.82 Lung/pleura 1,769 17.65 51.48

Liver 103 11.00 34.45 Liver 1,259 12.56 36.64

Chest wall 98 10.47 32.78 Brain 747 7.46 21.74

Brain 75 8.01 25.08 Chest wall 550 5.49 16.01

Skin 31 3.31 10.37 LN (regional) 464 4.63 13.50

Contra breast 29 3.10 9.70 Ipsi breast 454 4.53 13.21

LN (regional) 28 2.99 9.36 Other 347 3.46 10.10

Other 27 2.88 9.03 Skin 138 1.38 4.02

Other CNS 15 1.60 5.02 Other CNS 129 1.29 3.75

Bone marrow 12 1.28 4.01 Contra breast 114 1.14 3.32

Ipsi breast 10 1.07 3.34 Bone marrow 91 0.91 2.65

Pericardium 5 0.53 1.67 Kidney/adrenal 69 0.69 2.01

Ovary 4 0.43 1.34 Ovary 53 0.53 1.54

Kidney/adrenal 4 0.43 1.34 Pericardium 51 0.51 1.48

Sites are ordered by frequency of occurrence for each group.
Abbreviations: CNS, central nervous system; Contra, contralateral; IBC, inflammatory breast cancer; Ipsi, ipsilateral; LN, lymph nodes.
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DISCUSSION

Our hypothesis that the patterns of metastasis leading to
and following bone metastasis differ significantly between
patients with IBC and those with non-IBC was supported.
Patients with IBC had a progression pattern that tended
toward the development of bone metastasis if they had

previously developed metastases in the liver, chest wall, and
lung, rather than in other sites. No clear pattern of meta-
static sites preceding bone metastasis was seen in patients
with non-IBC. We found that both patients with IBC and
those with non-IBC who had bone metastasis at some point
in their disease had a higher frequency of developing liver,
lung, and brain metastasis afterward as compared with other
sites. Furthermore, in both IBC and non-IBC, bone metastasis
was a spreader whereas lung metastasis was a sponge.

Currently, zoledronic acid and denosumab are approved
only for patients who have known bone metastasis, and
using them for preventive purposes is still controvertial
[10, 11, 13–16]. The D-CARE study reported that adjuvant
denosumab did not reduce breast cancer recurrences or
deaths in patients with high-risk early breast cancer [23].
Some preclinical studies have demonstrated that RANK binding
to RANKL, which denosumab disrupts, enhanced tumorigenic-
ity, promoted mechanisms of metastasis, and was related to
resistance to chemotherapy [18, 19, 24]. One of these mecha-
nisms is that micrometastases attached to the bone surface
can activate osteoclasts that lead to metastasis in the bone and
potentially at other sites [10, 25, 26]. Bisphosphonates such as
zoledronic acid inhibit osteoclast activity both directly and
indirectly through effects on osteoblasts [27].

Unfortunately, clinical trials largely have failed to show
OS benefit from zoledronic acid [14]. A potential reason
that the trials have failed to show significant survival bene-
fit is that an appropriate patient population could not be
selected. For example, the studies included patients who
did not develop bone metastasis during the course of pro-
gression although only those who had disease in the bone
may have received benefit from preventive zoledronic acid.
As such, one of the current clinical challenges is the lack of
predictive models for future metastases, specifically to the
bone. We found that among patients with IBC, 28% (23/81) of
patients who had chest wall metastasis, 21% (12/58) of
patients who had lung metastasis, and 21% (16/76) of patients
who had liver metastasis developed bone metastasis at some
point of progression. A similar subgroup of patients could
serve as a target population in a future clinical trial testing
the preventive effects of zoledronic acid and/or denosumab.

In our current study, there are several limitations that
need to be addressed before clinical validation. First, as this
was a retrospective study with a long follow-up period, the
systemic treatments used within the population varied (e.g.,
cyclophosphamide, methotrexate, and fluorouracial, which
was used more before). Second, the HER2 status of many
patients was not known. Not treating the appropriate patients
within this group with targeted therapy would yield shorter
OS times than for those treated with such therapy, thus
skewing the survival analyses. Third, the definitions of ER, PR,
and HER2 positivity changed during the follow-up period; dif-
ferent categorizations might have affected the interpretation
of the results. Fourth, because IBC is a rare disease, the sam-
ple size was smaller than that for non-IBC. We could not
define targeted subgroups of the IBC population, which would
have resulted in smaller sample sizes and less powerful pre-
dictive models. Last, the diagnosis of IBC is clinical, and the
consistency and accuracy of diagnosis could vary depending
on the experience of each physician before 2006. After 2006, the

Figure 1. Kaplan-Meier survival curves over a 35-year period
showing duration from diagnosis to death. (A): Patients with
IBC and non-IBC; (B): patients with IBC with and without bone
metastasis; and (C): patients with non-IBC with and without
bone metastasis. Bone First and Bone Not First refer to
whether bone metastasis was present upon the first meta-
static progression of disease.
Abbreviation: IBC, inflammatory breast cancer.
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Figure 3. Heat map of conditional probabilities in patients with known bone metastasis. (A): IBC and (B): non-IBC patients with bone
metastasis as a given condition in either the first progression (Bone in First), not in the first progression (Bone Not in First), or in any
progression (Bone Ever). For each site listed along the left side of the figure, numbers of cases and percentages are given for develop-
ment of metastasis either in the immediate next progression (Met Site in Next) or in any progression afterwards (Met Site Ever After).
Abbreviations: CNS, central nervous system; Contra, contralateral; dist, distant; IBC, inflammatory breast cancer; Ipsi, ipsilateral; LN,
lymph nodes; Met, metastasis; reg, regional.

Figure 2. Spatiotemporal progression diagrams over 20 years after diagnosis. (A): IBC patients and (B): non-IBC patients. Disease
diagnosis is represented by the inner pink ring. Metastatic progression to various sites over time is represented by color-coded,
concentric rings. The circular arc length of each ring represents the percentage of the population that has progressed to that met-
astatic location from each preceding step. The models are available online at http://kuhn.usc.edu/breast_cancer.
Abbreviations: CNS, central nervous system; Contra, contralateral; dist, distant; Ipsi, ipsilateral; LN, lymph nodes; reg, regional.
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Figure 4. Heat map of conditional probabilities in patients with known metastasis other than bone. (A): IBC and (B): non-IBC patients with
a given metastatic site (listed along the left side of the figure) as a condition in either the first progression (Met Site in First), not in the
first progression (Met Site Not in First), or in any progression (Met Site Ever). Numbers of cases and percentages are given for develop-
ment of a bone metastasis in either the immediate next progression (Bone in Next) or in any progression afterwards (Bone Ever After).
Abbreviations: CNS, central nervous system; Contra, contralateral; dist, distant; IBC, inflammatory breast cancer; Ipsi, ipsilateral; LN, lymph
nodes; Met, metastasis; reg, regional.

Figure 5. Reduced Markov models indicating the propencity of the site to spread the disease. (A): IBC and (B): non-IBC patients
showing the top 30 two-step transition probabilities emanating from the breast (pink ring). Nodes are colored as spreaders (red)
or sponges (blue) based on the ratio of their outgoing and incoming transition probabilities. The bottom percentage values repre-
sent the portion of all the two-step values the diagrams represent.
Abbreviations: Ipsi, ipsilateral; LN, lymph nodes.
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IBC diagnosis was determined by multidisciplinary approach
using the international IBC diagnosis consensus [28].

CONCLUSION

Patients who developed bone metastasis at any time point of
progression had significantly shorter OS than did patients
who had never developed bone metastasis in non-IBC, and
patients with IBC who developed liver, chest wall, and lung
metastases, more so than other sites of metastasis, tended
to develop bone metastasis at some time of progression
afterward. Selection of patients with known liver, chest wall,
and/or lung metastasis would create a population in whom
to investigate effective methods for preventing future bone
metastasis. Further prospective studies to confirm the asso-
ciation between initial and subsequent metastatic sites are
warranted.
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