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Preface

Thanks to the breast cancer research of recent decades, effective methods and strategies have

been established, allowing the mortality rates of breast cancer patients to decrease more and more.

Compared with other subtypes, triple-negative breast cancer remains one of the most aggressive

cancers. However, modern therapeutics, such as immune checkpoint inhibitors and antibody–drug

conjugates, are currently changing the treatment landscape for this disease. In HER2-positive breast

cancer patients, who had once been patients with an extremely poor prognosis, targeted therapies

have reduced mortality rates immensely. Research has gone so far that, even decades after the

discovery of the HER2 receptor, its differentiation to zero, low, or positive has now gained importance

for specific novel treatments. Additionally, when it comes to hormone-receptor-positive breast cancer,

it is the class of CDK4/6 inhibitors that, after almost half a century of single-endocrine treatment, has

changed usual treatment patterns and was the first to be successfully combined even in the early

therapy stage.

Despite all these advancements, we still face many challenges in breast cancer research.

On a molecular basis, the role of intrinsic subtypes, certain biomarkers, or mutations is still

not clear for treatment and surveillance. Novel drugs, including those mentioned above, are often

associated with a different spectrum of adverse events than that seen for conventional therapies,

accordingly having an impact on patients’ compliance behaviors. In breast cancer surgery, in

some cases, the question remains whether to escalate or deescalate. Additionally, with regard to

diagnostics, in a digitalized world, home-based tools and therapy monitoring options are of high

importance, especially under the tough conditions and supply problems seen during the COVID-19

pandemic.

This Special Issue gathers original research articles and reviews demonstrating therapeutic

challenges, current research strategies, and novel diagnostics in breast cancer.

Naiba Nabieva

Editor
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Editorial for the Special Issue “Breast Cancer—Therapeutic
Challenges, Research Strategies and Novel Diagnostics”
Naiba Nabieva 1,2

1 Department of Gynecology and Obstetrics, Friedrich-Alexander-Universität Erlangen-Nürnberg,
91054 Erlangen, Germany; naiba.nabieva@fau.de

2 GynPraxis, 91054 Erlangen, Germany

Worldwide, breast cancer affects over 2 million women a year, with a rising burden [1].
Thanks to the breast cancer research of recent decades, effective methods have been estab-
lished, allowing the mortality rates of patients with this disease to decrease more and more.
The aim of this Special Issue was to gather original articles and reviews demonstrating
therapeutic challenges, research strategies and novel diagnostics in breast cancer.

In a retrospective multicenter registry, the Turkish Oncology Group evaluated time-
related differences in treatment patterns and outcome in a real-world patient population
with metastatic breast cancer (mBC) over a ten-year timeframe. Due to the incorporation
of novel agents, the HER2+ subgroup showed a significant survival benefit, while triple-
negative mBC (TNBC) patients still have the worst prognosis [2].

Gong et al. analyzed the impact of temporal and spatial tumor heterogeneity assessed
using the discordance between primary and metastatic immunohistochemistry results
and the 18F-FDG uptake on PET/CT, respectively, on the treatment outcome of patients
with HER2+ mBC treated with pyrotinib. The results showed that temporal and spatial
HER2 heterogeneity were predictive of poorer outcomes of pyrotinib treatment [3]. Xie
et al. found that the novel 18F-FES PET/CT method could also identify mBC patients with
heterogeneity in estrogen receptor expression. In these patients, chemotherapy showed
a better efficacy compared with endocrine treatment [4]. However, the best method to
evaluate tumor heterogeneity in clinical practice still needs to be identified.

Since TNBC shows the worst prognosis and limited treatment options, exploring
novel molecular targets is urgently needed. Li et al. demonstrated that the novel oncogene
LEM Domain Containing 1 (LEMD1) is highly expressed in TNBC and could act as a
therapeutic target as its knockdown renders TNBC cells more sensitive to paclitaxel [5].
Also, Pannexin 1 (PANX1) has been found to be a poor prognostic factor in breast cancer;
however, its role remains unknown. Chen et al. could show that PANX1 had high expres-
sion in basal-like breast cancer, and this in turn is associated with high tumor-associated
neutrophil infiltration and adenosine production to induce local immunosuppression in
tumor microenvironment [6].

Furthermore, it is interesting to learn more about the worldwide situation on BRCA1/2
germline mutation testing. According to Mahtani et al., real-world data from the United
States, Europe and Israel reveal that 73%, 42% and 99% of HER2− advanced breast cancer
(aBC) patients were tested for BRCA1/2, respectively. In the US and Europe, patients who
were not tested versus those who were tested were older, more likely to have HR+/HER2−
aBC than TNBC and less likely to have a known family history of BRCA1/2-related cancer.
Efforts should be made to improve BRCA1/2 testing rates in affected countries [7].

In early breast cancer (eBC), advancements in diagnostic and localization methods
are of special interest. Early detection of breast cancer in asymptomatic women through
screening is an important strategy in reducing its burden. The systematic review by
Velentzis et al. assessed, using a variety of methods, how accurately breast cancer risk
assessment tools can group women eligible for screening within a population, into risk
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groups, so that each group could potentially be offered a screening protocol with more
benefits and less harm compared to current age-based screening [8]. Nicosia et al. compared
the diagnostic performance of Contrast-Enhanced Mammography (CEM) versus Digital
Mammography (DM), and of CEM versus DM + Digital Breast Tomosynthesis (DBT),
performed in the same group of patients over the same period of time in a screening setting.
CEM offered a lower average glandular dose than DM protocols with added tomosynthesis.
Its diagnostic performance was no less than that of DM + DBT letting the use of CEM appear
promising in screening settings in dense breasts and high-risk patients [9]. Furthermore,
artificial intelligence will play an important role in the detection of lesions. Vrdoljak et al.
trained and evaluated several machine-learning models with the aim of predicting breast
cancer lymph node metastases in patients eligible for neoadjuvant treatment. According
to the authors, the models achieved a good performance in assessing the lymph node
status so that such an approach could lead to more accurate disease stage prediction and
consecutively better treatment selection, especially for NST patients where radiological
and clinical findings are often the only method of lymph node assessment [10]. Regarding
localization methods, the review of Banys-Paluchowski et al. provides an overview of
current localization techniques for non-palpable breast lesions, associated knowledge gaps
and potential methods to close these [11].

When it comes to HR+ breast cancer, CDK4/6 inhibitors are the first substances in
almost two decades to substantially change the standard of care not only for aBC patients,
but also for those with an early disease stage. In their review, Nabieva et al. discuss the
recent history, current role, future directions and opportunities of this substance class [12].
However, despite advancements in endocrine treatment, especially in HR+ eBC patients
often the question arises of whether treatment escalation in terms of a chemotherapy is
necessary. Dannehl et al. assessed whether the multigene-expression assay Oncotype DX®

that has been validated in two large clinical phase III trials, effectively reduces treatment
escalation in a real-world setting. The authors could demonstrate that, using Oncotype
DX®, absolute adjuvant chemotherapy recommendation can be reduced by nearly 15% [13].

And while chemically produced drugs are the standard of care, Chavda et al. empha-
size in their review the anticancer activity of phytochemical-instigated and phytochemical-
loaded nanocarriers against breast cancer both in vitro and in vivo. The authors discuss
the selective targeted delivery of phytofabricated nanocarriers to cancer cells and consider
research gaps, recent developments and the drugability of phytoceuticals [14].

Having spoken intensively about the therapy of breast cancer patients, it has to be
mentioned that a well-treated patient is not automatically a healthy one. A lot depends also
on cognitive and psychological well-being. Having undergone the pandemic and living in
a world becoming more and more digitalized, telemedicine approaches are gaining more
interest. Giustiniani et al. conducted a systematic review to clarify the effectiveness of
telerehabilitation for treating the cognitive and psychological difficulties of breast cancer
patients [15].

In conclusion, the collection of articles in the Special Issue “Breast Cancer—Therapeutic
Challenges, Research Strategies and Novel Diagnostics” has made substantial contributions
to our comprehension of breast cancer. The authors shed light on known as well as
emerging diagnostic and therapeutic approaches, and various other aspects associated with
this global disease burden. I hope that healthcare professionals and researchers working in
this field will find it helpful.

Conflicts of Interest: Naiba Nabieva is an employee of Novartis Pharma GmbH, Nuremberg, Germany.
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CDK4/6 Inhibitors—Overcoming Endocrine Resistance
Is the Standard in Patients with Hormone Receptor-Positive
Breast Cancer
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* Correspondence: peter.fasching@uk-erlangen.de; Tel.: +49-9131-85-36167; Fax: +49-9131-85-33938

Simple Summary: Abemaciclib, dalpiciclib, palbociclib and ribociclib have all demonstrated signifi-
cant improvements in progression-free survival in advanced disease. However, to date, abemaciclib
and ribociclib are the only CDK4/6 inhibitors shown to improve the overall survival in patients
with metastatic breast cancer. Moreover, abemaciclib is the first CDK4/6 inhibitor to also reduce
the risk of recurrence in those with early-stage disease. Thus, achieving significant improvements
in survival rates in the advanced and early breast cancer treatment setting, CDK4/6 inhibitors are
the first substances in almost two decades to substantially change the standard of care for advanced
breast cancer patients. This review is designed to discuss the recent history, current role, future
directions and opportunities of this substance class.

Abstract: Purpose of review: Tamoxifen and aromatase inhibitors can be considered as some of the
first targeted therapies. For the past 30 years, they were the endocrine treatment standard in the
advanced and early breast cancer setting. CDK4/6 inhibitors, however, are the first substances in
almost two decades to broadly improve the therapeutic landscape of hormone receptor-positive
breast cancer patients for the upcoming years. This review is designed to discuss the recent history,
current role, future directions and opportunities of this substance class. Recent findings: The CDK4/6
inhibitors abemaciclib, dalpiciclib, palbociclib and ribociclib have all demonstrated a statistically
significant improvement in progression-free survival in advanced disease. However, to date, abemaci-
clib and ribociclib are the only CDK4/6 inhibitors to have shown an improvement in overall survival
in patients with metastatic breast cancer. Moreover, abemaciclib is the first CDK4/6 inhibitor to also
reduce the risk of recurrence in those with early-stage disease. Further CDK inhibitors, treatment
combinations with other drugs and different therapy sequences are in development. Summary:
Achieving significant improvements in survival rates in the advanced and early breast cancer treat-
ment setting, CDK4/6 inhibitors have set a new standard of care for patients with advanced breast
cancer. It remains important to better understand resistance mechanisms to be able to develop novel
substances and treatment sequences.

Keywords: breast cancer; endocrine treatment; CDK4/6 inhibitor; abemaciclib; dalpiciclib; palbociclib;
ribociclib

1. Introduction

The development of endocrine treatment (ET) for breast cancer (BC) patients started
at the end of the 19th century when Sir George Thomas Beatson found out that a bilateral
oophorectomy results in an improvement in advanced breast cancer (aBC) lesions [1]. How-
ever, the discovery and investigation of drugs targeting the hormone receptor took almost
80 years. Thus, in the 1970s, with tamoxifen as a selective estrogen receptor modulator
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(SERM), the first target therapy was approved for the treatment of hormone receptor-
positive BC patients [2]. Two decades later, in the 1990s, a group of further substances—the
aromatase inhibitors (AIs) anastrozole, exemestane and letrozole—received approval sta-
tus as, compared to tamoxifen, they improved the outcome of postmenopausal women
with aBC [3,4]. These were followed soon by the approval of fulvestrant in 2002, a se-
lective estrogen receptor degrader (SERD) that led to a longer duration of response than
anastrozole in postmenopausal patients [5]. Due to positive study results, all of the above-
mentioned therapeutics but fulvestrant reached the treatment setting of non-advanced
BC [6,7]. Therefore, being successful in the therapy of advanced as well as early breast
cancer (eBC) patients, tamoxifen and AIs have set the ET standard for the past 30 years and
were later only complemented by potential additional ovarian function suppression (OFS)
with a gonadotropin-releasing hormone agonist to further reduce hormone blood levels in
premenopausal women [8].

The introduction of everolimus represents a milestone in the treatment of hormone
receptor-positive, HER2-negative BC patients. For the first time, endocrine resistance could
be overcome for patients with advanced disease [9]. Furthermore, Alpelisib was the second
therapy to show that endocrine resistance could be overcome in patients with PIK3CA-
mutated hormone receptor-positive, HER2-negative aBC [10]. However, everolimus did
not achieve an improvement in outcomes in the early therapy setting [11]. Figure 1 shows
the diverse pathways within the cell cycle that are potential contributors to ET resistance.

Inhibitors of the cyclin-dependent kinase 4/6 (CDK4/6i) are the first substances
in almost two decades to be effective in both advanced and early BC patients. Having
improved survival outcomes in stage IV disease first and being later additionally successful
in the therapy of stage II and III BC, CDK4/6i in combination with ET substantially
improved the therapeutic landscape of hormone receptor-positive disease and became the
new standard of care [12,13].
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E2: estradiol; E2F: transcription factor; ERalpha: estrogen receptor alpha; ESR1: estrogen receptor 1
gene; mTOR: mammalian target of rapamycin; PI3K: phosphatidylinositol 3-kinase; Rb: retinoblas-
toma protein; SERD: selective estrogen receptor degrader; SERM: selective estrogen receptor mod-
ulator. In HR-positive BC cells, different mechanisms may lead to hyperactivation of the cyclin
D-CDK4/6-retinoblastoma pathway. The activation of the PI3K-AKT-mTOR pathway can increase
cyclin D levels or enhance its activity through post-translational mechanisms. Moreover, in contrast
to triple-negative BC cells, where Rb is mostly absent or dysfunctional, in HR-positive BC cells, it is
usually retained. Genomic factors, which encode for the endogenous inhibition of the CDK4/6 or are
involved in the transcription of the estrogen receptor, explain why CDK4/6 plays a significant role
in HR-positive BC in special. Regarding resistance mechanisms, mutations (e.g., FAT1) and a loss
of functional Rb in particular are discussed to be associated with de novo and acquired CDK4/6i
resistance [16].

2. The Early Development of CDK4/6 Inhibitors in Patients with Hormone
Receptor-Positive, HER2-Negative Advanced Breast Cancer
2.1. Impact on Progression-Free Survival

The first CDK4/6i to be tested in human breast cancer cell lines was palbociclib
(Ibrance®, PD-0332991, Pfizer, New York, NY, USA). It showed an effect, especially in hor-
mone receptor-positive and HER2-amplified cell lines, which was the reason for its further
development [17]. In two randomized phase III trials, it later demonstrated a statistically
significant prolongation of progression-free survival (PFS), changing the standard-of-care
treatment of women with hormone receptor-positive, HER2-negative aBC [18,19]. Soon
after, two other substances inhibiting the CDK4/6 could show similar results. In several
trials, abemaciclib (Verzenio®, LY2835219, Lilly, Indianapolis, IN, USA) and ribociclib
(Kisqali®, LEE011, Novartis, Basel, Switzerland) also significantly improved the PFS of
women suffering from aBC [20–24]. Later, dalpiciclib (Ai Rui Kang, SHR6390, Jiangsu
Hengrui, Lianyungang, Jiangsu Province, China)—a fourth drug from this family—could
also show a benefit with regard to PFS [25,26]. In some of those trials, especially in the
first line, patients using CDK4/6i were free from disease progression for up to 30 months
(Table 1).
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2.2. Improvement in Overall Survival

Despite a partly diverse side effect profile between the substances, the positive PFS
results throughout all trials implied a CDK4/6i class effect. This was questioned when
overall survival (OS) outcomes in the advanced setting and outcome differences in the early
treatment setting were reported. To date, OS results have been published for palbociclib,
abemaciclib, and ribociclib [30–35], while those for dalpiciclib are yet to come. With a hazard
ratio (HR) of 0.81 and a 95% confidence interval (CI) of 0.64–1.03 in the PALOMA-3 [31], and
a HR of 0.96 and a 95% CI of 0.78–1.18 in the PALOMA-2 trial [30], palbociclib failed to show
any OS benefit in both studies. While abemaciclib has already proven its efficacy regarding
the OS in the MONARCH-2 study (HR 0.78; 95% CI 0.64–0.96) when being combined
with fulvestrant in women who had not received chemotherapy and had a maximum of
one prior ET for aBC [28], results from the MONARCH-3 trial in first-line patients are
pending. For ribociclib, a consistent, statistically significant OS benefit could be shown in
all three MonaLEEsa studies that is independent from the menopausal status or the ET
partner (AI or fulvestrant) [32–34]. In the MonaLEEsa-2 trial, for instance, postmenopausal
aBC patients treated with ribociclib and letrozole as first-line therapy achieved, with a
median OS of 63.9 months, an OS prolongation of more than 12 months compared to the
51.4 months under endocrine monotherapy (HR 0.76; 95% CI 0.63–0.93) [32] (Table 1). It is
of interest why these CDK4/6 inhibitors, despite being from the same drug family, lead to
significantly different OS results. Potential reasons that are discussed are differences in the
study designs and patient populations, but also in the substances’ pharmacology, affinity or
in the binding to a specific side (more CDK4 than CDK6 and vice versa, for instance) [36].

2.3. CDK4/6i vs. Chemotherapy

The introduction of CDK4/6i led to a shift in the 1st and 2nd treatment lines of the
therapeutic landscape. While, according to a German breast cancer registry, in 2015, almost
40% of the first-line patients received chemotherapy, this rate was significantly reduced
by 2018 to 25% when all three inhibitors were available [37]. Three years later, in 2021,
already, almost 75% of the first-line population was treated with a CDK4/6i and only
15% with chemotherapy [38]. This rapid implementation of CDK4/6i in the treatment
of aBC caused further investigations regarding its comparability to chemotherapy. With
regards to the PFS, it could be shown that no chemotherapy regimen with or without
targeted therapy is significantly better than CDK4/6i in the 1st and 2nd treatment lines [39].
The above-mentioned German breast cancer registry could even demonstrate, in a recent
analysis, that compared to patients treated with CDK4/6i or an ET monotherapy, those
under chemotherapy in the first line had the most unfavorable prognosis regarding both
the PFS and the OS. One possible reason for this outcome might also be that patients
who are selected to receive chemotherapy as first-line treatment are those with a worse
prognosis [38]. The PEARL trial was primarily designed to show the superiority of a
palbociclib-based regimen compared to capecitabine. However, statistical significance
could not be demonstrated, neither regarding the PFS nor the OS [40,41]. The RIGHT
Choice study specifically analyzed the situation of pre- and perimenopausal women with
aggressive disease, defined mostly by visceral metastases or rapid disease progression. In
this patient population, it compared, as the first prospective trial, a ribociclib-based regimen
to combinational chemotherapy in the first-line treatment setting. Ribociclib + ET could
show a statistically significant PFS benefit of almost one year over chemotherapy (24.0 vs.
12.3 months; HR 0.54; 95% CI 0.36–0.79) [42]. On the basis of a better toxicity profile and
quality of life (QoL) and at least similar or even better efficacy compared to chemotherapy,
ET-based regimens in combination with CDK4/6i became the preferred treatment choice,
even in patients with aggressive disease [12].
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2.4. Resistance Mechanisms and Mutations

The question remains as to which resistance mechanisms lead to disease progression
under CDK4/6i (Figure 1), how to treat these patients afterwards and whether a therapy
with another CDK4/6i beyond progression makes sense. Novel treatment combinations
will be discussed in Section 5. One study, however, that addressed the question on treat-
ment beyond progression is MAINTAIN, a randomized, phase II trial of fulvestrant or
exemestane, with or without ribociclib, after progression on CDK4/6i-based therapy in
patients with aBC. Thus, 84% of the study population received palbociclib (n = 100), 11%
ribociclib (n = 13) and 2% abemaciclib (n = 2) prior to the study treatment. Patients ran-
domized to ribociclib plus fulvestrant or exemestane had, compared to those under ET
without a CDK4/6i, a statistically significant PFS improvement (median PFS 5.33 months
vs. 2.76 months; HR 0.59; 95% CI 0.38–0.91). At one year, 25% of the women on ribociclib
+ ET were still free from disease progression vs. only 7% of those on placebo + ET. Data
on OS are pending [43]. This approach shows that even after disease progression on the
first CDK4/6i, there is still some significant efficacy under a subsequent one. However,
it is unclear whether this effect is restricted to the specific sequence of ribociclib being
the second CDK4/6i. The phase III postMONARCH study (NCT05169567) is currently
enrolling patients who progressed on a CDK4/6i, either in the adjuvant setting or as initial
therapy for advanced disease, to be randomly assigned to fulvestrant plus abemaciclib or
placebo [44]. The phase II PALMIRA study (NCT03809988) investigates the option of a
palbociclib rechallenge in patients pre-treated with palbociclib [44].

Another trial found out that the ET partner for CDK4/6i also plays a significant role
regarding the patients’ outcome. Women with aBC who were under an AI and palbociclib
were screened in the PADA-1 study for a bESR1 mutation and then randomized 1:1 to either
a continuation of the previous treatment with palbociclib plus the AI or to palbociclib plus
fulvestrant instead of the AI. Median PFS from random assignment was 11.9 months in the
palbociclib and fulvestrant group vs. 5.7 months in the palbociclib and AI group (HR 0.61;
95% CI 0.43–0.86). This way, PADA-1 was the first randomized prospective trial to show, in
bESR1-mutated patients, that the type of ET a CDK4/6i is combined with has a relevant
impact on the patients’ prognosis [45].

These examples demonstrate that further investigations are needed to better under-
stand resistance mechanisms associated with the progression on ET in combination with
CDK4/6i. Phase IV trials, such as CAPTOR (NCT05452213) with ribociclib or Minerva
(NCT05362760) with abemaciclib, for instance, are designed to analyze biomarkers influ-
encing the efficacy and resistance in aBC patients treated with each CDK4/6i [44].

3. Advancements in the Endocrine Treatment of Hormone Receptor-Positive,
HER2-Negative Early-Stage Breast Cancer Patients

As mentioned above, ET consisting of Tamoxifen and AIs (+/− OFS) has been the
standard of care in eBC patients for the past few decades. Mostly, a drug that is successful
in the therapy of advanced disease is investigated in the early stage, too. Thus, due to the
positive results in aBC, several studies analyzed the efficacy of CDK4/6i in eBC (Table 2).
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3.1. Palbociclib Failing to Improve Invasive-Disease-Free Survival

As palbociclib was the first inhibitor from this family to be developed for the indi-
cation of metastatic BC, it was also the first one to be investigated in the early treatment
setting. The multi-center phase III PALLAS trial enrolled 5796 patients with stage II and
III disease to be randomly assigned to ET plus two years of additional palbociclib or ET
alone. In the second planned interim analysis, no difference could be seen between the
two treatment arms with regards to the 3-year invasive-disease-free survival (iDFS), so
that the regimen was not recommended for this indication [49]. The results were con-
firmed by the final analysis at year four [47]. Another phase III study, Penelope-B, was
investigated in parallel to the PALLAS palbociclib in patients with residual disease after
neoadjuvant chemotherapy (NACT) and a high risk of recurrence defined by the CPS-EG
score (clinical pathological staging-estrogen receptor grading score). In total, 1250 patients
were randomized to ET plus either 13 cycles of palbociclib or placebo. However, similar
to the PALLAS outcome, Penelope-B could not show any improvement in the iDFS in
patients under additional palbociclib [48], making this CDK4/6i mainly a player in stage IV
disease. Further studies with smaller sample sizes, such as the Appalaches (NCT03609047)
comparing ET plus palbociclib to chemotherapy in elderly patients, the POLAR study
(NCT03820830) investigating the efficacy of the same treatment combination in patients
with isolated locoregional BC recurrence or the TRAK-ER (NCT04985266) treating ctDNA
positive patients with palbociclib plus fulvestrant vs. standard ET, are ongoing [44].

3.2. Abemaciclib as the First New Drug in Two Decades to Complement Curative ET in
Node-Positive Patients

Assuming, based on the exceptional OS improvement with ribociclib and abemaciclib
in advanced disease, that the ET of the woman with eBC is also on the brink of a new era,
this theory was first proven using abemaciclib. The monarchE, a multi-center randomized
phase III trial, demonstrated, at an interim analysis in 5637 node-positive patients, a
significant benefit of the addition of two years of abemaciclib to ET compared to ET alone.
Further, 2-year iDFS rates were 92.2% vs. 88.7%, respectively (HR 0.75; 95% CI, 0.60–
0.93) [50], resulting in an absolute delta of 3.5% between the study arms. As in other
trials, such as Penelope-B, for instance, survival curves seemed to separate during the
first few years but united at a later stage; further results from monarchE were awaited
to see a clearer difference. At the 4-year analysis, the CDK4/6i again showed a better
iDFS rate compared to the control arm (85.8% vs. 79.4%, respectively; HR 0.66; 95% CI
0.58–0.76) and the benefit even deepened over time, so that the absolute improvement grew
to 6.4% [46]. Abemaciclib was approved by the FDA in 2021 in combination with ET for
the therapy of node-positive patients with eBC and a high risk of recurrence [51]. A recent
prespecified exploratory analysis from monarchE, looking mainly at patients who received
NACT, could even extend the positive data situation for abemaciclib. Out of a total of 2056
node-positive patients pre-treated with NACT, the 2-year iDFS rate in the CDK4/6i arm
was 6.6% better than in the control arm without the CDK4/6i (87.2% vs. 80.6%, respectively;
HR 0.61; 95% CI 0.47–0.80), resulting in a 39% relative reduction in the risk of developing
an iDFS event [52]. Thus, abemaciclib is not only the first CDK4/6i but, in general, the first
drug in more than 20 years since the approval of AIs to be effective in hormone receptor-
positive, HER2-negative eBC. While final OS results from the monarchE are pending, other
trials that aim to analyze the role of abemaciclib in specific patient cohorts are ongoing.
The ADAPTlate (NCT04565054), for instance, was designed to show whether abemaciclib
added to an ongoing ET one to six years after BC diagnosis, i.e., “late”, is still effective. The
POETIC-A (NCT04584853), however, is targeting postmenopausal women whose Ki-67
is persistently high after neoadjuvant ET, indicating endocrine resistance. In both trials,
patients were randomized 1:1 to adjuvant ET alone or in combination with two years of
abemaciclib [44].

11



Cancers 2023, 15, 1763

3.3. Ribociclib with the Potential of Covering the Unmet Need in Stage II Disease

The third CDK4/6i ribociclib is also being investigated in the curative adjuvant setting
within the multi-center phase III NATALEE (NCT03701334) trial. In total, 5101 patients
with stage II and III disease were enrolled in the study to be randomly assigned to three
years of ribociclib + ET vs. ET monotherapy [44]. In contrast to the above-mentioned
trials with other CDK4/6i, ribociclib is not only used in a smaller dose in eBC than in aBC
(400 mg vs. 600 mg, respectively) but is also a CDK4/6i that is combinable only with AI
+/− OFS due to a prolongation of the QT interval when combined with tamoxifen [20].
However, a recent meta-analysis of 7030 premenopausal women from four randomized
trials found out that, compared to tamoxifen + OFS, premenopausal women with a higher
risk of recurrence have a better outcome under AI + OFS. The rate of BC recurrence was
lower for women under an AI (rate ratio = RR 0.79; 95% CI 0.69–0.90) [53], so that the
treatment combination from the NATALEE trial in stage II and III patients with an increased
risk of recurrence seems feasible and logical. The main difference between the NATALEE
and the monarchE trials is that, while the monarchE investigated only patients with axillary
lymph node metastases, in case of positive study results from NATALEE, ribociclib could
be used not only in node-positive but also in node-negative patients (partly with additional
risk criteria), covering the currently unmet need in this population, too. Study results are
expected to be presented in the near future. Meanwhile, the ADAPTcycle (NCT04055493)
compares ET plus 600 mg of ribociclib to chemotherapy in women with an intermediate risk
of recurrence according to the Oncotype DX recurrence score. It is one of few trials in the
curative treatment setting comparing an ET-based regimen directly to chemotherapy [44].

3.4. CDK4/6i as Neoadjuvant Therapy

Some trials have investigated the role of CDK4/6i also in neoadjuvant therapy. In
the single-arm NeoPalAna trial, patients with stage II and III BC received palbociclib plus
anastrozole after four weeks of anastrozole monotherapy and underwent serial biopsies
prior to breast surgery. The complete cell cycle arrest (CCCA) rate at C1D15 of palbociclib
was significantly higher than under anastrozole alone at C1D1 (87% vs. 26%, respectively,
p < 0.001) [54]. In the randomized phase II NeoPal study, 106 patients with stage II and III
disease were enrolled, but this time, they were randomized to be treated with neoadjuvant
palbociclib plus ET vs. chemotherapy. Both arms led to poor pathological complete
response (pCR) rates (3.8% under ET + palbociclib and 5.9% under chemotherapy) and the
study did not meet its primary endpoint [55]. Recently published survival outcomes did not
differ between both arms, suggesting that a neoadjuvant letrozole-palbociclib strategy may
allow chemotherapy to be spared in some patients [56]. Similar trials were performed with
abemaciclib and ribociclib. In neoMonarch, patients treated with neoadjuvant abemaciclib
achieved significant CCCA rates compared to those treated with anastrozole alone [57]. The
phase II CORALLEEN trial compared six cycles of neoadjuvant letrozole and ribociclib to
four cycles of chemotherapy and could show, with the help of PAM50 before–after analyses,
that some patients with high-risk BC treated with ribociclib could achieve molecular
downstaging at the time of surgery [58]. These results show that there is some potential
for CDK4/6i also in the neoadjuvant treatment as it seems to have a certain impact on cell
proliferation in eBC.

4. Impact on Patients’ Adherence and Quality of Life

No treatment is useful if patients’ adherence and QoL suffer significantly. It is well-
known, especially in the adjuvant ET setting, that adherence rates under AIs, for instance,
decrease over the course of treatment, mainly due to adverse events (AEs) or certain charac-
teristics [59,60]. However, despite having a life-threatening disease, even women with aBC
terminate ET prematurely because of AEs [61]. As non-compliance and non-persistence are
associated with a worse prognosis in BC patients [62] and any disease progression is, in
turn, associated with a reduction in QoL [63], adherence and QoL under the combination of
ET and CDK4/6i, that bring their own side effect profile with them, are of special interest.
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The randomized trials in aBC have shown, across all CDK4/6i, that the QoL is either
not significantly affected by the CDK4/6i or is even improved [64–70]. Analyses from the
MonaLEEsa-2, -3 and -7 studies have, moreover, demonstrated that required dose modifica-
tions of ribociclib have no negative influence on survival outcomes [71,72]. Thus, doubts
regarding patients’ outcome should not hinder physicians in reducing the medication
in case of AEs, as the latter might result in patients’ non-persistence, leading to a worse
prognosis.

Studies in eBC have further described patients’ adherence under CDK4/6i. In the PAL-
LAS trial, 42.2% stopped palbociclib before two years of treatment were completed, out of
which the majority, namely 27.2%, discontinued due to AEs. However, ET non-persistence
rates did not differ between the two treatment arms [73]. Penelope-B confirmed discontinu-
ation rates within one year of treatment with palbociclib. Overall, 17.5% terminated study
treatment (3.0% because of AEs) and only 5.1% ET [48]. In the monarchE study, 25.8% of
patients discontinued abemaciclib for reasons other than recurrence, including 18.5% due to
AEs. Most of those who terminated CDK4/6i treatment continued receiving ET, while 6.5%
discontinued both the CDK4/6i and the ET partner because of AEs. In the control arm, only
1.1% was non-persistent with ET [74], indicating that the combinational treatment seems to
be associated with a higher risk of discontinuing the complete therapy. The dose-escalation
study TRADE (NCT number not known at time of manuscript writing) will investigate
the question of whether a titration of abemaciclib results in better adherence rates and
less premature treatment discontinuations. Data from the NATALEE trial will reveal more
about persistence rates and QoL outcomes under ribociclib in eBC setting.

When a decision is to be made between the substances, the treating physician must not
only consider the survival and QoL data of each CDK4/6i but also the patients’ perspective
of associated AEs. A survey among 209 oncologists and 304 patients was performed to see
which AEs are key drivers for their therapy preferences. Among other risks, such as the risk
of dose reduction due to AEs, risk of abdominal pain and the need for electrocardiogram
monitoring, both groups rated risks of diarrhea (25% each) and grade 3/4 neutropenia (20%
and 24%, respectively) as the most important attributes for treatment choice [75]. Figure 2
provides an overview of the most relevant AEs under the treatment with a CDK4/6i
according to the phase III trials.

Despite ET adherence rates in need of improvement, in general, the treatment remains
one of the best tolerable cancer therapies available. Still, the addition of a further substance
such as the CDK4/6i to ET complicates patients’ adherence. Those at risk of early treatment
discontinuation, e.g., because of deteriorating AEs, should, therefore, be more in focus to
ensure timely side effect management, potential dose modification and patients’ compliance.
Adherence programs in terms of digital health solutions might be one possible option to
enable fast communication between the patient and the treating physician.
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5. Modern Therapy Approaches and New Opportunities
5.1. The Role of HER2

HER2 positivity seems to be associated with higher levels of CDK4/6 activity, enabling
response to CDK4/6i in this BC subtype [76]. In the primary preclinical cell culture
experiments, a reasonable response to palbociclib was seen in both HER2-positive and
hormone receptor-positive BC cell lines [17]. Several trials have, therefore, analyzed the role
of CDK4/6i in HER2-positive BC. Early-phase studies with trastuzumab in combination
with palbociclib or ribociclib, respectively, demonstrated, in general, a working treatment
concept with good tolerability [77,78]. The MonarcHER, a phase II trial with a total of
237 patients, compared, in a three-arm design, a treatment with abemaciclib, trastuzumab
and fulvestrant to abemaciclib with trastuzumab to standard-of-care chemotherapy with
trastuzumab. The combination of abemaciclib, trastuzumab and fulvestrant significantly
improved PFS compared to chemotherapy with trastuzumab (8.3 months and 5.7 months,
respectively; HR 0.67; 95% CI 0.45–1.00), while there was no difference between abemaciclib
with trastuzumab and chemotherapy with trastuzumab (HR 0.94; 95% CI 0.64–1.38) [79],
also meaning that the ET backbone plays a significant role for the efficacy of a CDK4/6i.

Patients with HER2-positive aBC previously treated with trastuzumab and a taxane
received, in further trials, T-DM1 combined with a CDK4/6i. Again, a good safety profile
was seen, demonstrating that with an antibody–drug conjugate, even more aggressive
treatment partners can be added to a CDK4/6i without safety concerns [80,81]. However,
due to a fast-changing treatment landscape and extraordinary results from novel anti-
HER2 therapies, such as trastuzumab-deruxtecan and tucatinib [82], late-phase trials with
CDK4/6i for HER2-positive aBC are not being performed for every CDK4/6i. Currently,
palbociclib and ribociclib are being investigated in triple-positive aBC within the phase III
trials PATINA (NCT02947685), PATRICIA II (NCT02448420) and DETECT V/CHEVENDO
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(NCT02344472), respectively [44]. While results from the first two studies are expected
to be presented in future, an interim analysis from the DETECT V study (triple-positive
aBC patients randomized to trastuzumab + pertuzumab in combination with ribociclib
+ ET versus trastuzumab + pertuzumab in combination with chemotherapy followed by
ribociclib + ET as maintenance treatment) was presented recently and showed no difference
between a chemotherapy-containing and a chemotherapy-free regimen, neither regarding
the PFS nor the OS. However, the tolerability was significantly better in the chemotherapy-
free arm, so this phase III study is the first to demonstrate that CDK4/i—ribociclib in this
case—in combination with antibodies is not inferior compared to chemotherapy and may,
therefore, be an effective and safe treatment option for triple-positive BC patients [83].

Furthermore, since the introduction of multigene assays, it has been known that
there is not only the BC subtype defined by immunohistochemistry (IHC) but also the
one seen as the intrinsic subtype. Hence, intrinsic subtypes may differ from their im-
munohistochemical classification, which may also be associated with a switch in their
risk categorization [84]. Luminal intrinsic subtypes have, in general, a better prognosis
than HER2-enriched (HER2e) or basal-like ones, and it could be shown that, despite an
immunohistochemically HER2-negative status, patients with intrinsic HER2e disease ben-
efit from anti-HER2 treatments [85]. Therefore, it was again of special interest whether
this also applies to a therapy with CDK4/6i, as these seem to have a certain efficacy in
immunohistochemically HER2-positive BC, as mentioned above. To date, some studies
have demonstrated efficacy of ribociclib in HER2e aBC patients, and not only across the
MonaLEEsa study program [86] but also in a retrospective real-world analysis in compari-
son with palbo- and abemaciclib [87]. To further investigate the role of CDK4/6i in HER2e
aBC, the ongoing randomized HARMONIA trial (NCT05207709) was set up and will an-
alyze the efficacy of ribociclib versus palbociclib in this specific patient population [44].
Data from this study could help in defining the role of intrinsic subtypes for the treatment
decision.

5.2. Novel Combination Partners

CDK4/6i have also been combined with novel substances from other drug families.
Knowing that hormone receptor-positive, HER2-negative BC is generally a tumor with less
immunoactivity, it is of interest whether the addition of checkpoint inhibitors, which usually
trigger immune response, is feasible and effective in BC patients under CDK4/6i treatment.
The phase II PACE trial randomized patients who progressed on CDK4/6i to fulvestrant
+/− palbociclib +/− avelumab, an anti-PD-L1 antibody. While the 12-month PFS rates
were 17.5% and 13.1% in the fulvestrant and fulvestrant + palbociclib arms, respectively, in
the arm with the additional PD-L1 inhibitor avelumab, the rate was 35.6%. This resulted in
an OS of 27.5 and 24.6 months in the fulvestrant and fulvestrant + palbociclib arms, and
a total of 42.5 months in the fulvestrant + palbociclib + avelumab arm. Rates of immune-
related toxicities under avelumab were low [88]. Other studies with abemaciclib and
pembrolizumab, palbociclib and nivolumab, or ribociclib and spartalizumab demonstrated
high grade 3 AE rates, especially for enhanced transaminases and inflammatory lung
disease/pneumonitis, indicating that such combinations cannot be developed further.
Thus, the PACE trial showed, for the first time in a CDK4/6i pre-treated population, a
feasible therapy combination with a checkpoint inhibitor beyond progression on CDK4/6i.

Further combination partners are the novel group of oral SERDs as well as new
SERMs. Several ongoing phase III studies, such as the SERENA-4 and -6 with camizestrant
(NCT04711252 and NCT04964934), the persevERA with giredestrant (NCT04546009) and
the EMBER-3 with imlunestrant (NCT04975308), evaluate the benefit of the according
oral SERD in combination with CDK4/6i [44]. The ELAINE 2, a phase II study with the
novel SERM lasofoxifene, could show, in combination with abemaciclib in patients, whose
metastatic disease had progressed on hormonal therapy +/− CDK4/6i, a good safety
profile and a certain efficacy, with a median PFS of 13.9 months [89]. The outcomes of late-
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phase trials will show whether these novel substances are effective combination partners
for CDK4/6i.

5.3. Further CDK Inhibitors

There are also novel inhibitors of the CDK currently under development. Among
others, with dalpiciclib, birociclib and lerociclib, there is a range of new CDK4/6i being
evaluated in patients with hormone receptor-positive, HER2-negative aBC within phase
III studies in China [44]. Trilaciclib, also a CDK4/6i, is even being investigated in patients
with triple-negative BC, with promising results [90]. Dinaciclib, in contrast, inhibits the
CDK1/2/5/9 and is also of interest for BC treatment [91].

All these advancements show that CDK’s role for the cell cycle is various and complex
bearing high potential for further development.

6. Conclusions

The substance class of CDK4/6i has substantially improved the treatment landscape
of hormone receptor-positive, HER2-negative BC patients. Achieving significant improve-
ments in the survival rates in aBC patients and being the first substances in more than
20 years to improve DFS rates in eBC, CDK4/6i have set the new standard of care for
patients suffering from this disease. The drugs have not only convinced researchers with
better survival outcomes but also with manageable side effect profiles, as well as satisfying
QoL data. Thanks to worldwide digitalization, nowadays, there is also more hope for better
ET adherence rates using digital health solutions. For what happens after a CDK4/6i has
been used, it remains important to better understand the mechanisms resulting in higher
survival rates, but most of all, those that end in disease progression, to be able to develop
novel substances on this basis. Further CDK inhibitors, treatment combinations with other
drugs and different therapy sequences are under development, possibly leading to even
more personalized BC treatment.
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Simple Summary: Breast cancer is one of the most frequently diagnosed cancers among women.
This diagnosis is accompanied by many psychological implications as well as cognitive consequences
due to both the cancer itself and cancer treatments. Recently, telemedicine approaches have been
used to provide support to these patients. We conducted a systematic review to clarify the effec-
tiveness of telerehabilitation for treating the cognitive and psychological difficulties of breast cancer
patients. The literature suggests that telerehabilitation may represent a promising approach for breast
cancer patients, but more studies are needed that address the role of telerehabilitation, especially for
cognitive symptoms.

Abstract: The diagnosis and side effects of breast cancer (BC) treatments greatly affect the everyday
lives of women suffering from this disease, with relevant psychological and cognitive consequences.
Several studies have reported the psychological effects of receiving a diagnosis of BC. Moreover,
women undergoing anticancer therapies may exhibit cognitive impairment as a side effect of the
treatments. The access to cognitive rehabilitation and psychological treatment for these patients is
often limited by resources; women of childbearing age often encounter difficulties in completing
rehabilitation programs requiring access to care institutions. Telemedicine, which provides health
services using information and communication technologies, is a useful tool to overcome these limita-
tions. In particular, telemedicine may represent an optimal way to guarantee cognitive rehabilitation,
psychological support, and recovery to BC patients. Previous studies have reviewed the use of
telemedicine to improve psychological well-being in BC patients, and a few have investigated the
effect of telerehabilitation on cognitive deficits. This study systematically reviewed the evidence on
the cognitive and psychological effects of telemedicine in BC patients. Current evidence suggests that
telemedicine may represent a promising tool for the management of some psychological problems
experienced by breast cancer patients, but more controlled studies are needed to clarify its effective-
ness, especially for cognitive deficits. The results are also discussed in light of the intervening and
modulating factors that may mediate both side effect occurrence and the success of the interventions.

Keywords: oncology; telemedicine; telerehabilitation; psychological well-being; cognitive impair-
ment; rehabilitation; cancer side effects

1. Introduction

Breast cancer is the most frequently diagnosed cancer among women and, in spite of
an increasing curability, still ranks as the primary cause of cancer-related death [1,2]. The
number of women diagnosed with breast cancer is dramatically increasing, and survivors
must face many challenges while they continue with their lives during and after cancer
treatment. In particular, several studies have reported the occurrence of cognitive and psy-
chological difficulties in breast cancer patients [3,4]. Indeed, a new generation of hormone
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therapies, targeted therapies, and immunotherapy have resulted in improved survival
rates, but an increasing number of studies are reporting the impact of pharmacological ther-
apies and of cancer itself on cognitive functions [5]. Cognitive difficulties have become a
growing area of clinical concern, and they occur in about 25% of patients with cancer before
pharmacological treatment, in about 75% of patients during treatment, and in about 35% of
patients post-treatment [6]. There is considerable variability regarding the severity and the
duration of cognitive impairment, with the most impaired cognitive domains usually being
memory [7], processing speed [8], attention, and executive functions [9]. The variability
may depend on factors such as the type of pharmacological therapy, the woman’s age
and body mass index, and other disease-related biological factors such as inflammatory
cytokine dysregulation, oxidative stress, DNA damage, or genetic polymorphisms and
microvascular injury [10–12].

Psychological problems are common in breast cancer, and they have been shown to
affect cognitive functioning [13]. Psychological difficulties are related to the fact that a
breast cancer diagnosis is a stressful experience, causing significant psychosocial concerns
such as marital problems or occupational difficulties [14], which vary along the disease
trajectory. As is easily conceivable, patients may first develop depression and anxiety due
to uncertainty as well as anger, sadness, and fear of death [15–18]. When the diagnosis
comes during a phase of life in which women are developing their careers and having
children, the psychological scenario is even worse [19]. In this context, in addition to
anxiety and depression, women experience the emergence of negative feelings such as
stress in significant relationships, sexual problems, separation anxiety, and fear of losing
love, interest, support, and approval [20]. Furthermore, difficulties in managing health care
while carrying on daily activities have important consequences for the quality of life, sleep
quality, cognitive functioning, and even disease progression. Furthermore, the combination
of cognitive and psychological problems may in turn influence women’s functioning at
work, thus resulting in a vicious cycle that enhances negative emotions and cognitive
impairment. Of note, while psychological dysfunctions are prominent in patients during
breast cancer therapy and tend to decrease in survivors, cognitive impairment remains after
treatment cessation [21]. In this situation, psychological support is pivotal immediately
after the diagnosis and during treatment, and, in parallel, the rehabilitation of cognitive
impairment becomes particularly relevant in both patients and survivors.

Long-term care and health management in breast cancer are easier when the patient is
an active manager of their own health. A promising resource for promoting this attitude is
telemedicine, a method of providing health care services using information communication
technologies (ICTs). These technologies offer the opportunity to overcome the patient’s
mobility problems and reduce costs for the national health system. To date, telemedicine has
been widely used with promising results in terms of cost-effectiveness, in mental health, and
in cognitive impairment [22–25]. Among the telemedicine approaches, telerehabilitation
provides the delivery of rehabilitation programs through ICT. Telerehabilitation programs
are used for home rehabilitation to improve motor, cognitive, or psychological dysfunctions
with several advantages. Indeed, these programs also provide the opportunity to access
rehabilitation for patients who cannot reach care centers, allow for the continuity of care
over time and space, reduce care costs, and improve comfort for the patients, thus reducing
the drop-out rates.

Telemedicine and telerehabilitation offer several advantages when used with breast
cancer patients in which they have positive effects on both cancer-related and treatment-
related psychological conditions [20]. Previous studies have reported improvements after
telemedicine interventions in the quality of life (QoL), anxiety and depression, psycho-
logical distress, social functioning, and fatigue in patients with many different diseases
including breast cancer, respiratory diseases, and diabetes [20,26]. However, very few stud-
ies have investigated the effects of telerehabilitation on cognition [21–23]. Overall, in spite
of some inconsistencies [27], improvements in verbal fluency, processing speed, cognitive
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flexibility, memory, and working memory as well as in subjective cognitive functioning
have been reported [28,29].

A previous review focused on the effect of telemedicine on mental problems experi-
enced by breast cancer patients. The present study aims at expanding the current literature
by reviewing studies on the effects of telemedicine on the psychological and cognitive
difficulties experienced by breast cancer patients, and also by considering the role that
specific mediating factors may play in the success rate of these techniques, highlight-
ing future directions and needs. Because of the close relationship between the cognitive
and psychological domains in breast cancer patients, it is important to clarify whether
telemedicine and telerehabilitation can represent an effective approach to a comprehensive
management of both psychological wellness and cognitive difficulties. In the present study,
we therefore reviewed the research focused on the effect of telemedicine on psychological
and/or cognitive functioning, providing an overview of factors that can play a role in the
success rate of these interventions.

2. Materials and Methods

This study was conducted by following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) [30]. We systematically searched the following
databases: Scopus, PubMed, and Embase from January 2000 to September 2022. We used
the following keywords: “telemedicine”, “e-health”, “telerehabilitation”, “breast cancer”,
“cognit*”, “psycholog*”. The six terms were combined using appropriate Boolean operators
for search.

• To be eligible, studies had to meet the following criteria:
• Being concluded or planned randomized controlled trials (RCTs);
• Assessing the impact of telemedicine in patients treated for early breast cancer or

breast cancer survivors after the completion of treatment;
• Reporting a cognitive test or psychological scales as primary or secondary outcomes;
• Using telemedicine for evaluation or rehabilitation;
• Being written in English;
• Being published in an English language journal after 2000.

Candidate studies were excluded when they were published in non-scientific jour-
nals, were not conducted on humans, used rehabilitation protocols other than telehealth,
telemedicine, web-based therapy, online therapy, and did not use cognitive or psychological
tests as the primary or secondary outcome. Duplicate studies were excluded using the
Mendeley reference tool. Other reviews were inspected to extract possible eligible papers.

Six authors (AG, LD, FB, RP, FM, GO) independently screened the titles and abstracts
of articles collected from the database search. Only articles meeting the inclusion criteria
were selected. Any disagreement in study selection was discussed and resolved among all
the authors.

The remaining articles were read by five authors (AG, LD, RP, FM, GO) who extracted
relevant information following a modified version of the PICO guidelines: participants,
methodology, comparisons, outcomes. Additional data on the sample’s demographic
were extracted.

3. Results

Our search initially identified 260 records. After the removal of duplicates, 209 articles
remained. During the abstract screening process, 186 studies were excluded and 23 studies
were selected for the full text reading. During the full text reading, 16 records were
determined to meet the inclusion criteria. Among these, four records were RCT study
protocols (Figure 1).
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Figure 1. Search strategy used for the selection of studies included in the review.

3.1. Included Studies and Protocols-Sample Characteristics

From the reviewed studies, a total of 1754 participants constituted the sample. The
women’s ages varied from 30 to 70 years, with only one study recruiting participants
older than 70 years [31]. A total of 2898 participants were included in the study protocols
(Table 1).

3.1.1. Patients’ Cancer Stages in the Included Studies

Among the included records, one completed study recruited women with stage I–III
primary breast cancer starting adjuvant therapy [31], and 11 studies recruited women
during or after the completion of adjuvant endocrine therapy [27,29,32–40]. Moreover,
four study protocols that planned to enroll patients who would start [41–43] or would
complete [44] adjuvant or neoadjuvant therapies were included. Only one study and one
study protocol reported some information on the molecular subtypes of breast cancer: the
study from Zachariae [37] included 80% of patients with luminal tumors, and the protocol
from Carlson [41] will include all subtypes except for HER2+ disease.

3.1.2. Characteristics of the Telemedicine Programs and of the Control Conditions Applied
in the Included Studies

Overall, the type of telerehabilitation employed in the included studies ranged from
programs on physical fitness to psycho-education, cognitive behavioral therapy (CBT),
mindfulness, and cognitive training. Similarly, the duration of these programs was hetero-
geneous, with most of the studies applying a 6–12 weeks of training.

Two studies used the E-CUIDATE program to improve QoL, pain, muscle strength,
and fatigue [35,36]. This system consists of an interface in which patients perform tailored
exercises consisting of a warm-up routine, resistance and aerobic exercise training, and a
cool-down phase. The training consisted of three sessions per week. Each session lasted
about 90 min and the entire training lasted 8 weeks.
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Four studies applied CBT to improve sleep disturbances [37,40] and psychological
well-being [38,39]. Oswald performed CBT through weekly 90-min educational group
sessions for 6 weeks over a videoconference. The group received information about sleep
education, hygiene, and medications as well as on cognitive restructuring [40]. Zachariae
used the CBT program for an individual delivery of six psycho-educational themes: intro-
duction and treatment rationale, sleep restriction, stimulus control, cognitive reconstruction,
sleep hygiene, and relapse prevention [37]. Each theme was studied by participants in a
45–60 min session. Van den Berg used a system named BREATH to improve psychological
well-being. The therapy included information, assignments (48 tasks), assessment of the
difficulties, and educational video. BREATH is a pure self-help program without therapist
contact [39]. The training lasted 16 weeks. Bandani-Susan performed a group online inter-
vention with the aim of helping patients to manage cancer-related fatigue and body image
and to encourage positive feelings [38]. The program consisted of 7 weeks of educational
approaches, supervised physical activity, religious messages, cognitive therapy to improve
body image and cognitive restructuring, and meditation.

Three studies provided psychoeducational material via telemedicine [29,31,34]. Specif-
ically, in the Krzyzanowska study, patients were given a booklet for the management of
common side effects of chemotherapy (e.g., nausea, vomiting, pain, fatigue) and received
two structured follow-up calls during the cycle of chemotherapy to assess the frequency
and severity of such symptoms [31]. In the study by Freeman and colleagues, the patients
received four group sessions comprising didactic education on mind–body connection,
mental imagery, and physiological processes followed by a discussion of the presented
material [29]. Admiraal and colleagues asked participants to perform the ENCOURAGE
program for 12 weeks, receiving psychoeducational material, coping strategies, and hyper-
links to address emotional and physical problems related to cancer [34].

One study applied a cognitive training program (i.e., HappyNeuron Pro) to improve
cognitive functioning [27]. The program consisted of several tasks centered on attention,
processing speed, learning, memory, working memory, and problem solving. Tasks were
structured as a computerized game with different levels of difficulty. Each participant
trained 30 min/day, 5 days/week, for 6 weeks. The program was performed online and
accompanied by telephone and email-based support.

Lozano-Lozano combined in-person occupational sessions with the BENECA app,
which provided nutritional recommendations to improve mood, cognitive functions, and
physical functions in breast cancer survivors [32]. The BENECA app is a validated mobile
health application that monitors the energy balance of individuals in terms of physical
activity and diet and provides recommendations for improvement. The original BENECA
program was extended by including exercises based on occupational therapy and on
cognitive training. In another study by the same author, the same program was used to
improve the quality of life.

With respect to the inclusion of a control group, four studies compared the telerehabil-
itation program with a waitlist group [27,37,38,40]. Three studies used patients undergoing
standard care as a control group [31,34,39]. Three studies provided written recommen-
dations to the control group on health and nutrition [39] and stress management [35,36].
One study also compared the efficacy of telerehabilitation with the delivery of the same
program in person [29]. Finally, two studies used telerehabilitation as the control for an
integrated approach combining telemedicine and face-to-face rehabilitation [32,33].

Concerning the study protocols, two studies will provide psychological and medical
education on cancer [43,44]. One study protocol will use a mindfulness-based program
to address psychological recovery in cancer patients [41]. Finally, Gonzales-Santos [42]
will use a cognitive training program (E-OTCAT) focusing on attention, memory, and
processing speed.
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3.2. Effects on Cognition

Seven of the included studies investigated the effect of telerehabilitation programs
on cognition after cancer treatment [27,29,33,35,36,41,42]. Five studies were original arti-
cles [27,29,33,35,36], and two were study protocols describing ongoing RCT [41,42].

Among the original articles, two studies exclusively considered objective neuropsy-
chological assessment [33,35], two focused on subjective cognitive functioning [29,36],
and the remaining one investigated both self-reported and objectively assessed cognitive
functioning [27]. The two protocol papers will investigate self-reported and objectively
assessed cognitive functioning [41,42]. All of the included studies focused on the cognitive
domains most frequently reported to be impaired after cancer treatments such as executive
functioning, working memory, attention, and information processing. One research study
also examined verbal memory and learning as secondary outcomes [27].

Freeman and colleagues investigated the impact of an imagery-based group interven-
tion delivered through telemedicine on self-reported cognitive functioning, which was
assessed with the cognitive subscale of the Functional Assessment of Cancer Therapy
(FACT-Cog version 2) at baseline, 1-, and 3-months follow-up. Results revealed an improve-
ment in subjective cognitive functioning after both telerehabilitation and live-delivered
interventions compared to the waiting list control group. The improvement detected
in cognition was considered clinically significant and was maintained at the 3-month
follow-up [29].

Similarly, Galiano-Castillo and colleagues investigated the effect of an 8-week Internet-
based, tailored physical exercise program (E-CUIDATE) on the quality of life, pain, muscle
strength, and fatigue in patients who had completed adjuvant therapy compared to a
control group receiving basic recommendations on physical exercise [28]. The European
Organization for Research and Treatment of Cancer Quality-of-Life Questionnaire Core 30
was administered, which assesses various aspects of the quality of life and includes two
items about self-reported cognitive functioning. The authors found an improvement in
self-reported cognitive functioning for the telerehabilitation group compared to the control
group, which was maintained at a 6-month follow-up.

In a secondary analysis of data from this previous study, Galiano-Castillo found mixed
results. The authors examined the efficacy of the E-CUIDATE in improving the functional
and cognitive abilities in breast cancer survivors. In this case, cognitive functioning was
assessed by the objective measures of short-term memory, attention, information process-
ing, and mental flexibility. A lasting improvement was found for the group receiving
telerehabilitation only in information processing and not in other cognitive domains [35].

In a recent study, Lozano-Lozano and colleagues examined the efficacy of the BENECA
app combined with in-person occupational sessions on cognition, mood, and physical
function. The authors found that selective attention (assessed with the Trail Making
Test [45]) was significantly higher after the combined intervention compared to the control
group that received the BENECA app alone, with a moderate-to-large effect size for TMT-A,
working memory, and processing speed (assessed through the WAIS-IV), at 2 and 6 months
after the intervention [33].

Damholdt found the opposite result. Indeed, the author reported no changes in
working memory and attention in a group of breast cancer patients receiving a web-based
telerehabilitation program with telephone support compared to a waiting list control group.
The primary outcome of cognitive functioning was assessed with the Paced Auditory
Sequence Test (PASAT [46]), a working memory and attentional span test. Of note, in
this study, the authors compared the differences between self-reported and objectively
measured cognitive functions. Other neuropsychological measures were verbal learning,
working memory, and executive functioning indices. No statistical changes were found in
the former nor in the latter. However, a small improvement was found in verbal learning
and in the working memory tests post-intervention and at the 5-month follow-up [27].
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Effects on Cognition: Study Protocols

Two of the included studies were RCT study protocols [41,42] aiming at investigating
the efficacy of two different telemedicine approaches in preventing and mitigating the cog-
nitive and psychological (i.e., anxiety and depression) and other common consequences of
breast cancer and chemotherapy such as fatigue, pain, sleep disturbances, nausea/vomiting,
and quality of life. Regarding cognition, both studies will investigate self-reported and
objective cognitive functioning (see Table 1).

The more recent study designed an RCT protocol aiming to investigate the efficacy
of videoconference-based cognitive adaptive training (eOCTAT) in preventing cancer-
related cognitive impairment in patients with breast cancer undergoing chemotherapy [42].
Participants will be randomized to either the experimental group that will receive the
e-OTCAT program for 12 consecutive weeks from the beginning of chemotherapy or the
control group, which will receive an educational handbook and the usual care. Assessment
will focus on cognitive functioning and psychological distress, fatigue, sleep disturbance,
quality of life, and occupational performance will be investigated. Subjective cognitive
complaints will be measured with the Cog-FACT [47]. Assessments will be conducted
before chemotherapy (baseline) and at 6 and 12 months after the baseline.

Similarly, Carlson and colleagues designed an RCT aiming to determine the efficacy
of an online mindfulness group for breast cancer patients during chemotherapy in 12
real-time interactive weekly sessions [41]. In this case, the online intervention will be
aimed at primarily managing fatigue and other common post-chemotherapy symptoms
(i.e., sleep disturbance, pain, nausea/vomiting, mood, stress, quality of life), whereas
cognition will be explored as a secondary outcome. Patients will be randomized to the
experimental group or a waiting list control group, with assessments at four time points:
baseline (pre-chemotherapy), post-rehabilitation, post-chemotherapy, and 12 months post-
baseline. Self-reported cognitive functioning will be assessed with the Cog-FACT [47],
while objective cognitive functioning will be assessed through the Sustained Attention to
Response Task, a computer-based go/no-go task designed to measure working memory,
sustained attention, and impulse/inhibitory control. If effective, both of these ongoing
RCTs will provide support and more evidence about the implementation of telemedicine
approaches in oncological care.

3.3. Psychological Effects
3.3.1. Quality of Life

Three of the included studies investigated the clinical implications and benefits of
telemedicine for the general QoL of breast cancer patients (see Table 1).

Among these, Admiraal and colleagues reported no differences between psycho-
educational approaches and standard care in problem-solving strategies and other psycho-
logical outcomes measured at the baseline, 6, and 12 weeks (see Table 1) [34]. An unplanned
subgroup analysis showed that in clinically distressed patients (n = 57), participation in
the web-based program resulted in more optimism and control over the future at 12 weeks
than the control group patients, suggesting that the lack of effects between groups might
be due to some patients being unable to further increase their optimism.

Lozano-Lozano and colleagues [32] compared the effect of the mobile BENECA app
combined with a supervised rehabilitation program versus the BENECA app alone. In
this study, patients were assessed with questionnaires at the baseline, 2-months post-
intervention, and 6-month follow-up. Both rehabilitation programs improved the QoL,
with global QoL significantly better with the BENECA app plus rehabilitation than with
the BENECA program alone, with a moderate-to-large effect size. The clinically significant
effect on QoL was maintained during the follow-up.

Galiano-Castillo and colleagues compared a telerehabilitation group (8-week Internet-
based intervention) with a control group at the baseline, after 8 weeks and at a 6-month
follow-up. Results showed that the telerehabilitation group improved regarding the QoL,
which was maintained during the follow-up check [36].
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As shown by Freeman and colleagues, an aspect that seems crucial in the effectiveness
of treatment is the web-mediated interaction with a therapist who actively interacts with
the patient [29]. The aim of this study was to compare the effects of an imagery-based
behavioral intervention delivered live or via telemedicine compared to a waitlist control on
the QoL of breast cancer survivors. Their system consisted of videoconferencing software
that enabled the therapist to view and interact with the patient. Their results revealed the
beneficial effects of the intervention for improving QoL in cancer survivors. Remarkably, it
seems that involvement in the telemedicine-delivered intervention did not result in different
outcomes compared to the intervention delivered with a therapist physically present.

3.3.2. Sleep

Several authors developed web-based interventions for sleep disturbances on the basis
of CBT with the aim of enabling patients to cope with problems related to the diagnosis
or the administration of cancer treatments. Following the application of web-based CBT
programs to treat sleep disturbance, Zachariae and colleagues [37], and later Oswald and
colleagues, proposed two RCTs to assess the efficiency of this type of rehabilitation in breast
cancer survivors [40] (see Table 1).

In the former, women with breast cancer who experienced clinically significant sleep
disturbance were randomly allocated to a CBT program or to a waitlist control group.
Insomnia severity, sleep quality, and fatigue measures were collected at the baseline, post-
intervention (9 weeks), and follow-up (15 weeks). Breast cancer survivors following the CBT
program showed reduced insomnia severity and improved the overall sleep quality. Indeed,
significant effects were found for all sleep-related outcomes from pre- to post-intervention.
Furthermore, improvements were maintained for outcomes measured at follow-up. Simi-
larly, in the study of Oswald and colleagues, the breast cancer survivors were randomized
to a CBT group to treat insomnia or to a waitlist control for 6 weeks. Results showed
that post-intervention, there were medium-to-large group differences for secondary out-
comes of interest such as insomnia symptoms, sleep disturbance, and sleep efficiency,
with CBT showing a preliminary efficiency compared to the control group. In addition,
group differences after intervention indicated that participants who reported clinically
significant symptomatology all favored the eHealth CBT condition, with small/medium to
medium/large effect sizes. Limitations of this study included the use of a waitlist control
group instead of a robust attention-control comparison.

3.3.3. Fatigue

Besides investigating insomnia and general sleep quality, Zachariae and colleagues
also assessed the levels of fatigue of groups of women with breast cancer experiencing
clinically significant sleep disturbance, finding benefits in terms of reduced fatigue in those
who followed CBT, compared to the waitlist [37].

In a recent study conducted by Bandani-Susan and colleagues, the efficacy of a mobile
health educational intervention in improving cancer fatigue and body image was investi-
gated [38]. Results showed that the mobile intervention improved the levels of fatigue and
body image among breast cancer survivors. Limitations concerning the small sample size
were highlighted (see Table 1).

Furthermore, Galiano-Castillo and colleagues demonstrated that the telerehabilitation
intervention improved aspects of the QoL compared to the control group, and that it
improved the general levels of fatigue perception. Of note, these improvements were
maintained at the follow-up [36].

3.3.4. Anxiety, Depression, and Distress

A few studies have investigated the effects of using mobile interventions on improving
mood, depression or anxiety feelings, and distress in patients with breast cancer.

Similar to previous interventions, van den Berg and colleagues developed a web-
based self-management intervention based on the principles of CBT to reduce distress and
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improve empowerment [39]. Patients could choose to access a wide range of materials
(assignments, self-assessments, and videos) that were released on a website. Since the
intervention was a self-management program, it did not require real interaction or contact
with a therapist. The findings indicated that the intervention contributed to reducing the
level of distress in patients without affecting empowerment.

Finally, studies investigating the effects on anxiety and depression did not report any
significant improvement after treatment delivered through telemedicine [31].

3.3.5. Pain

We only found one study investigating the effect of telerehabilitation on pain per-
ception. In this study, it was shown that the telerehabilitation group improved regarding
aspects of pain severity and pain interference; the results for the pain interference effects,
but not pain severity, were maintained during the follow-up [36].

3.3.6. Psychological Effects: Study Protocols

Four of the included studies were RCT study protocols, therefore the results are not
available yet.

In two of these studies, the interventions were developed to promote, through interac-
tive programs of telerehabilitation, a healthy lifestyle, together with other typical outcomes
such as QoL, fatigue, anxiety, and depression [42,44].

Carlson and colleagues plan to apply a mindfulness-based intervention. This program
will be administered during chemotherapy in 12 real-time interactive weekly sessions
with the principal aim of managing fatigue, and in addition to this primary outcome,
insomnia, pain, nausea/vomiting, mood, distress, and QoL. Crucial in this intervention
are the recommendations for patients to practice mindfulness exercises for 30–45 min per
session [41].

Lidington and colleagues will explore the effectiveness of a mobile application for
self-monitoring symptoms and managing care in patients with breast cancer (see Table 1)
The authors will investigate whether using the application may affect QoL, health status,
and distress [43].

González-Santos and colleagues are conducting an RCT aimed at investigating the
effects of a videoconference cognitive-adaptive training (e-OTCAT) for 12 weeks from
the beginning of chemotherapy. Outcomes will be the cognitive function, psychological
distress, fatigue, sleep disturbance, QoL, and occupational performance, measured at the
baseline, after 12 weeks, and 6 months of post-randomization. The authors are interested
in understanding whether the telemedicine approach can prevent cognitive impairments
and other effects of cancer and its treatment [42].

4. Discussion

The aim of the present paper was to systematically review the literature on the current
telemedicine interventions applied to improve psychological and/or cognitive functions in
breast cancer patients both during and after pharmacological therapies. Only RCT studies
were considered to define the state-of-the-art, and the study protocols were included to
shed light on possible future paths and fields of investigation in both clinical and scientific
practices. In particular, we were interested in understanding whether telemedicine can
represent a valuable option for the rehabilitation of breast cancer patients as it allows for
the combination of both psychological support and cognitive rehabilitation, which are two
crucial needs of breast cancer patients and survivors.

Contrary to our expectations, only a few studies have investigated both the cognitive
and psychological effects of telerehabilitation. Among these, only one used a telereha-
bilitation program with the specific aim of improving both psychological and cognitive
functions [32]. The other studies were aimed at improving either the cognitive or the psy-
chological effects. Overall, these three studies highlight that combining telerehabilitation
with the presence of a therapist led to the best results, whereas not explicitly providing
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participants with the opportunity to contact the therapist in case of need led to the worst
results, namely, inconsistent improvement in working memory tests with no changes in all
the other trained domains [27]. However, in this latter study, an important issue that may
have limited the significance of the results was that the neuropsychological assessment was
conducted via telephone.

Of note, in all of the included studies but one [27], cognitive performance was mea-
sured as a primary or secondary outcome after treatments that were only partially focused
on cognitive tasks and mostly based on occupational therapy, psycho-educational ap-
proaches, physical activity, and body exercises.

Overall, some considerations arose from these studies. First, in each study, cognitive
domains were assessed with many different neuropsychological tests, which may have
distinct levels of sensitivity to cognitive impairments, thus leading to heterogeneous and
variable findings. Similarly, the methodology used for the neuropsychological assessment
varied among studies, with some studies reporting a face-to-face assessment and other
studies reporting telephonically conducted neuropsychological interviews. To complicate
the matter further, information was generally lacking about whether rehabilitation pro-
grams were individualized based on the patients’ specific deficits. This aspect is crucial
for cognitive rehabilitation to have meaningful clinical results and should be addressed
when considering experimental findings. Another concern was that cognitive deficits were
reported as either objectively measured or self-assessed by the patients. There can be a
great discrepancy between deficits measured by a professional and deficits reported by the
patient, with the latter being even more susceptible to intervening psychological factors.
More studies should compare the effects of telerehabilitation in terms of the perceived and
objectively measured cognitive impairment to clarify this issue. Furthermore, there was
wide variability with respect to the employed telerehabilitation programs, with the one
used by Lozano and colleagues being the most effective, which induced a stable improve-
ment in all the studied domains [32]. On the other hand, in this study, we could not exclude
that the strong presence of face-to-face support for the patients during the training might
have played a role in modulating the observed results.

Finally, an important consideration is that to date, only a few studies using telemedicine
have focused the intervention on both cognitive and psychological factors, thus suggesting
that the interaction between these aspects has not been fully addressed. Indeed, in many of
the included studies, the observed results on the psychological and cognitive factors were
maintained separately. In contrast, even with a lack of effect, the role of one or the other
should be considered and discussed as these two aspects often influence each other [48,49].

In the present study, we found that the domain that benefitted the most from telemedicine
is probably the QoL. Indeed, an improvement in QoL was reported in almost all of the
reviewed studies. Of note, the improvement substantially remained at follow-up, that is,
it remained, despite cancer progression and treatment side effects. For instance, a long-
lasting (i.e., 6 months) improvement in QoL was observed with long (i.e., 8 weeks) treatment
durations [32,35]. Unfortunately, other psychological aspects were not investigated in these
two studies.

Overall, the research findings prove that telemedicine practices have an impact on the
QoL of breast cancer patients. Among the psycho-education approaches, BENECA [32]
and imagery-based behavioral interventions [29] were the most effective. The lack of effect
reported by only one of the studies reviewed here [34] might have depended on the general
ineffectiveness of problem-solving oriented programs, even when targeted at the patients’
needs. However, other factors may have played a role such as the cancer stages and the
different symptoms experienced by patients due to different pharmacological treatments.

Sleep problems are often a major complaint of breast cancer patients, and they are
usually treated on the basis of CBT. We found only two studies that applied web-based CBT,
reporting that it may be an efficacious treatment option for breast cancer survivors with
robust and clinically relevant effects. Similarly, telemedicine has been proven to be effective
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in reducing fatigue when related to sleep difficulties [37,40]. However, more studies are
needed to replicate these promising and encouraging results.

Conversely, less encouraging were the results with respect to anxiety and depression.
Indeed, where a general reduction in distress levels was reported by previous studies [39],
no effects were reported on the anxiety and depression levels [31]. These findings are in
contrast to a previous review reporting that technology-based interventions were effective
for depressive symptoms and anxiety experienced by women with breast cancer [26].
The discrepancy between this previous study and our findings is probably due to the
fact that in the former, RCTs were included as well as studies focusing on specific ethnic
populations. On the other hand, our results were limited by the low number of included
studies. Therefore, more controlled studies are needed to clarify this issue.

Pain is another common side effect of both surgery and hormonal therapies in breast
cancer patients. In particular, after breast cancer surgery, the pain levels experienced
by patients are high, so they often use opioids for pain reduction. Similarly, patients
receiving aromatase inhibitors generally report arthralgia and myalgia [36]. The studies
included in the present review suggested that telemedicine-based interventions, by teaching
patients strategies to manage pain, could be useful to reduce pain perception and opioid
use. Therefore, these interventions should be integrated in standard programs to enhance
recovery and complement medical treatments. However, these results were limited, being
based on only two studies. More studies are needed to investigate the effect of telemedicine
on pain, taking into account other factors that are reported to influence pain perception
such as menopause [36].

However, another consideration concerns the lack of a gold standard with respect to
the use of telemedicine in breast cancer patients. Indeed, clarification is needed as to which
program would be most effective based on the patients’ specific needs.

These programs should be targeted specifically at psychological and/or cognitive
functioning and should follow a precise cognitive and psychological assessment. Overall,
based on the current literature, reliable cognitive telerehabilitation should include cognitive
tasks as well as psycho-educational intervention to train cognitive functioning and provide
patients with information related to the treatment side effects. This training should not last
less than 3 weeks, and ideally, it should be performed until the end of the breast cancer
therapy and include a follow-up evaluation. Similarly, the current literature suggests that
to maximize the benefits of psychological interventions, programs should be based on CBT
and include both individual and group sessions in which patients ideally are provided
with information about their status as well as cognitive restructuring. In this case, the
remote on-demand presence of a therapist will be pivotal. Regarding cognitive training,
psychological support should be provided from the diagnosis to the end of chemotherapy.

There are many other difficulties that patients experience after a breast cancer diagnosis
such as sexual problems [50], which can benefit from a telemedicine approach. Studies are
needed investigating this field.

5. Considerations on Mediating Factors and Unmet Needs

Understanding the factors that may contribute to the development of cognitive and
psychological problems in patients treated for breast cancer was behind the purpose of
the present review. However, factors involved in the emergence of such deficits may also
contribute to their maintenance and can affect the success rate of both psychological and
cognitive telemedicine-based interventions. These factors may be related to (1) cancer
subtypes (luminal, HER2+, triple negative) and treatments (chemotherapy, hormonal
therapies, biological therapies); (2) patient lifestyles; (3) biological factors (i.e., inflammation,
oxidative stress, DNA damage and repair, genetic susceptibility, decreased telomere length
and cell senescence [51]); (4) psychological factors and distress levels; (5) genetic variations;
and (6) demographic factors. First, stronger cognitive dysfunctions have been reported
for breast cancer patients exposed to both chemotherapy and hormone therapy than for
patients exposed to chemotherapy only [52]. This observation holds true, especially for post-

37



Cancers 2023, 15, 1353

menopausal women [53]. The pivotal role played by estrogens in cognitive performance
and psychological aspects might explain the potential negative effect of hormone therapies
on both the cognition and psychological well-being of breast cancer patients. Similarly, the
estrogen depletion induced by hormonal therapies might account for the possible reduced
effects of concurrent cognitive rehabilitation and psychological treatments.

Several biological factors may play a role in both the occurrence of cognitive symptoms
and in the effect of cognitive rehabilitation. Systemic inflammation can cross the blood–
brain barrier and have a deleterious effect on the central nervous system [54], thus inducing
cognitive impairment [55]. Anticancer treatment-induced cytokine storms may hamper or
annul the beneficial effects of treatment.

Furthermore, elevated levels of C-reactive protein reflecting chronic inflammation
may also play a role in cognitive problems [56], and the levels of this protein, together
with other biological factors, may impact the efficacy of telerehabilitation and psychologi-
cal telemedicine.

Genetic factors have been suggested to play a role in cognitive dysfunctions. For in-
stance, variants of genes encoding apolipoprotein E (ApoE) and catechol-O-methyltransferase
(COMT) have both been associated with age-related cognitive decline in the general popu-
lation [57].

Finally, demographic factors may contribute to cognitive impairment and psychologi-
cal symptoms. In particular, age (with older patients who are likely more vulnerable to pre-
and post-treatment cancer-related side effects), race, and education have been shown to be
associated with the presence of impairment in breast cancer patients [58]. Similarly, these
factors may affect the success of the rehabilitation.

Psychological and emotional stress can alter the sympathetic nervous system and, in
turn, the immune system [59]. In other words, psychological distress consequent to cancer
treatment and side effects may trigger biologic alterations in the brain. These modifications
may create long-term homeostatic changes that are responsible for the neuroplastic alter-
ations leading to cognitive dysfunctions. Neuroplasticity is a crucial process underlying
the effects of cognitive rehabilitation [60]. Altered or absent neuroplastic processes prevent
training-related cognitive changes and may be responsible for the lack of improvement
observed after cognitive rehabilitation in some of the studies reviewed here. Similarly, after
breast cancer diagnosis, patients may experience post-traumatic growth [61], an experience
that should be monitored during psychological treatment because of the confounding
impact it can have on the effects of psychological telemedicine interventions. Finally, we
must acknowledge that nowadays, breast cancer diagnosis includes several pathologi-
cal conditions with very different natural histories, treatments, and prognoses. Each of
these factors may affect the patients’ psychological conditions, needs, and responses to
interventions, and should therefore be addressed in future studies.

6. Conclusions and Future Perspectives

In general, the current literature highlights the need for more controlled studies that
are designed based on the general guidelines on breast cancer [62]. These guidelines
should be updated in order to consider both the cognitive and psychological difficulties
exhibited by breast cancer patients. With respect to cognitive evaluation and rehabilitation,
a standard neuropsychological assessment including ad hoc testing as well as a standard
procedure for test administration is currently lacking. Additionally, a distinction should
be made between the self-assessment and objectively measured deficits as these are both
important but not directly comparable. Similarly, with respect to psychological concerns,
novel telemedicine-based approaches are needed that focus on specific interventions related
to the wide range of difficulties experienced by breast cancer patients, namely, depression
and anxiety, and the patients’ demographics should be the focus of new RCT studies. Along
these lines, further studies should target both cognitive and psychological factors with
specific telemedicine-based protocols that also consider the molecular classification and
new standard of therapy. Moreover, it must be highlighted that while most studies have
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shown that psycho-educational approaches improve cognitive functions, future studies
should apply dedicated cognitive telerehabilitation programs.

In conclusion, evidence is promising with respect to the use of telemedicine in breast
cancer patients; however, current evidence also poses the need for more controlled studies
to clarify the effectiveness of telemedicine, especially for cognitive deficits, but also for
psychological problems (e.g., anxiety and depression).
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Simple Summary: Most breast cancers are small and can be treated using breast-conserving surgery.
Since these tumors are non-palpable, they require a localization step that helps the surgeon to decide
which tissue needs to be removed. The oldest localization technique is a guidewire placed into the
tumor before surgery, usually using ultrasound or mammography. Afterwards, the surgeon removes
the tissue around the wire tip. However, this technique has several disadvantages: It can cause the
patient discomfort, requires a radiologist or another professional specialized in breast diagnostics
to perform the procedure shortly before surgery, and 15–20% of patients need a second surgery to
completely remove the tumor. Therefore, new techniques have been developed but most of them
have not yet been examined in large, prospective, multicenter studies. In this review, we discuss all
available techniques and present the MELODY study that will investigate their safety, with a focus
on patient, surgeon, and radiologist preference.

Abstract: Background: Surgical excision of a non-palpable breast lesion requires a localization
step. Among available techniques, wire-guided localization (WGL) is most commonly used. Other
techniques (radioactive, magnetic, radar or radiofrequency-based, and intraoperative ultrasound)
have been developed in the last two decades with the aim of improving outcomes and logistics.
Methods: We performed a systematic review on localization techniques for non-palpable breast cancer.
Results: For most techniques, oncological outcomes such as lesion identification and clear margin rate
seem either comparable with or better than for WGL, but evidence is limited to small cohort studies
for some of the devices. Intraoperative ultrasound is associated with significantly higher negative
margin rates in meta-analyses of randomized clinical trials (RCTs). Radioactive techniques were
studied in several RCTs and are non-inferior to WGL. Smaller studies show higher patient preference
towards wire-free localization, but little is known about surgeons’ and radiologists’ attitudes towards
these techniques. Conclusions: Large studies with an additional focus on patient, surgeon, and
radiologist preference are necessary. This review aims to present the rationale for the MELODY
(NCT05559411) study and to enable standardization of outcome measures for future studies.

Keywords: breast cancer; localization technique; non-palpable lesion; intraoperative ultrasound;
wire-guided localization; magnetic seed; radioactive seed; radar reflector; radiofrequency identification tag

1. Introduction

Surgical excision of a non-palpable breast lesion requires some form of breast local-
ization device. Despite multiple available solutions, a majority of units use wire-guided
localization (WGL) due to the high efficacy and low cost [1,2]. Other techniques, e.g.,
radioactive seed localization, radio-occult lesion localization (ROLL), and intraoperative
ultrasound, have become established in a smaller number of centers but have not gained
widespread adoption. While WGL has clear benefits in terms of cost, efficacy, and a trained
workforce, it also carries several weaknesses, including logistical difficulties due to the need
of placement on the day of surgery and the potential for displacement. Despite widespread
WGL use, a majority of breast surgeons have voiced a preference to switch to an alternative
technique [2]. Since 2016, a new generation of localization devices has entered the market
including SAVI SCOUT®, LOCalizer™, Magseed®, Pintuition®, EnVisio®, and Molli™
(Figure 1). The IDEAL framework provides a system for evaluating surgical innovations
from “first in human” (stage 1), “exploration” (stage 2), and “assessment” (stage 3) to “long
term study” (stage 4) [3]. Most novel techniques are moving through from a development
stage into an exploratory phase, where they are becoming more standardized and replicated
by others. Acknowledgement of learning curves is important [4,5].
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Figure 1. Examples of commercially available localization devices (the depicted size does not correctly
compare the different markers shown): (A) Magseed (5 × 1 mm); (B) Sirius Pintuition (5 × 1.65 mm);
(C) SAVI SCOUT (12 × 1.6 mm); (D) LOCalizer (11 × 2 mm) [reprinted with permission of manufac-
turers 2022: Endomag, Sirius Medical, Merit Medical, Hologic].

The European Breast Cancer Research Association of Surgical Trialists (EUBREAST)
and the iBRA-NET have initiated the MELODY (Methods for Localization of Different types
of breast lesions) study to assess breast localization techniques and devices from several
perspectives. MELODY is a multinational prospective intergroup cohort study which
enrolls breast cancer patients undergoing breast-conserving surgery using imaging-guided
localization. As an IDEAL stage 2b/3 observational study, it aims to explore the safety,
efficacy. and patient-/clinician-reported outcomes of different localization techniques [6].
The study is designed to ensure thorough surgical evaluation and yield high-quality
evidence for both patients and clinicians, potentially allowing evidence-based adoption of
these techniques by national bodies and regulatory authorities.

This narrative review aims to identify the current knowledge base of established and
newer localization techniques, to help inform the MELODY (NCT05559411) study design
and to enable standardisation of outcome measures for future studies.

2. Current Evidence of Different Localization Techniques
2.1. Wire-Guided Localization (WGL)

For decades, WGL was the main localization technique, and is still considered the gold
standard in many countries [7,8]. Initially developed in the 1960s and popularized in the
1970s and 1980s, the technique involves a wire or a needle placed preoperatively into the
lesion under sonographic or mammographic guidance, usually followed by ultrasound or
radiography of the subsequently surgically removed specimen (Figure 2) [9]. Disadvantages
of WGL, such as the necessity to perform the procedure on the day of surgery or—less
frequently—on the day before, the possibility of wire dislocation, and patient discomfort
and distress, have led to a search for alternative strategies.
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Figure 2. (A,B) Control mammography after ultrasound-guided wire placement in a patient with
an invasive breast cancer, NST, max. size 11 mm. (C) Specimen mammography.

A recent analysis from the Netherlands including 28,370 patients showed that probe-
guided localization is replacing WGL, with the use of radioactive seed localization having
increased from 16% to 61% between 2013 and 2018, while WGL decreased from 75% to
32% [1].

To date, all randomized controlled trials (RCTs) on newer localization techniques have
compared them to the WGL (Tables 1 and 2) [8,10,11]. The positive margin rate of WGL
was reported to be in the range of 15–21% [8,10,12,13]. Two network meta-analyses of
RCTs showed that margin positivity and reoperation rates of all techniques were similar,
except for intraoperative ultrasound that led to significantly reduced margin positivity and
re-excision rates [10,11].
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Table 1. Comparison of different localization methods regarding oncological outcomes.

Successful Excision Positive Margins 1 Re-Operation Rate Data Quality

Wire-guided
localization (WGL) 99% [9,12] 15–21% [9,10,12,14] 14–19% [9,10] High; Meta-analyses of

RCTs available (LoE 1a)

Radioactive seed
localization (RSL) 100% [9] 12–13% [9,10] 10–15% [9,10] High; Meta-analyses of

RCTs available (LoE 1a)

Radio-guided Occult
Lesion Localization (ROLL) 99.5% [9] 12–17% [9,10] 9–10% [9,10] High; Meta-analyses of

RCTs available (LoE 1a)

Magseed 99.8% [12] 13.3% [12] 12% [12] Large cohort studies [12],
no RCTs (LoE 2b)

Sirius Pintuition 100% [15] 8% [15] 4% [15] Small cohort studies, one
small RCT 3 [15] (LoE 2b)

MOLLI 100% [16] 0% [16] 0% [16] Small phase I cohort
study (LoE 4)

TAKUMI 100% [17] 7.3% [17] 4.9% [17] Small cohort study (LoE 4)

SAVI SCOUT 99.64% [4] n.d. 12.8% [4] Systemic review and pooled
analysis [4] (LoE 2b)

LOCalizer 99.9% [18] n.d. 13.9% [18] Systemic review and pooled
analysis [18] (LoE 2b)

EnVisio n.d. n.d. n.d. Case report [19] (LoE 5)

Intraoperative
ultrasound (IOUS) 100% [8] 2 5% [8,10,11] 2 5–7% [8,10] 2 High; Meta-analyses of

RCTs available (LoE 1a) 2

Carbon 79.0–99.1% [20–24] 75.0–96.4% [21,22,25] 7.1% [25] Cohort studies,
no RCTs (LoE 4)

1 Positive margins were defined differently across studies; whenever possible, positive margin was defined as no
tumor on ink. 2 Patients in RCTs on IOUS had ultrasound-visible lesions; therefore, the patient collective might be
different from those in studies on other localization methods 3 The RCT studied MaMaLoc; the technology was
further developed and is now available as Sirius Pintuition.

Table 2. Comparison of different localization methods used in breast cancer patients undergoing
breast conserving surgery (modified after: [26].

Advantages Disadvantages

Wire-guided localization
(WGL)

• Well-established
• Cost-effective
• Marker placement under radiographic,

ultrasound or MRI guidance possible→
suitable for localization of lesions visible only
upon mammography (e.g., microcalcifications)
or MRI

• Control mammogram or MRI after wire
placement possible

• Reposition in case of some wires possible

• Scheduling issues: the wire needs to be placed on
the day of surgery or the day before

• Wire dislocation possible
• Patient discomfort

Radioactive seed localization
(RSL)

• Well-established
• Scheduling flexibility: localization can be

performed several days/weeks before surgery
or—in case of neoadjuvant therapy—before
start of treatment

• Marker placement under radiographic or
ultrasound guidance possible→ suitable for
localization of lesions visible only upon
mammography (e.g., microcalcifications)

• Control mammogram after marker placement
possible

• Can be combined with isotope-based sentinel
node biopsy

• Procedure not authorized in some countries, requires
complex radiation safety procedures

• Radiation exposure to patient and staff
• Invasive procedure for marker placement necessary
• In case of marker placement before neoadjuvant

therapy signal loss possible in case of longer than
planned duration of therapy

• Reposition after placement not possible
• Radiation safety concerns regarding MRI-guided

localization (Geiger counter is MRI unsafe and
cannot be used in case of seed loss in Zone IV)

• Very low risk of seed rupture or transection, resulting
in emergency treatment with iodine to saturate and
safeguard the thyroid gland in case of 125I
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Table 2. Cont.

Advantages Disadvantages

Radio-guided Occult Lesion
Localization (ROLL)

• Well-established
• Marker placement under radiographic,

ultrasound or MRI guidance possible→
suitable for localization of lesions visible only
upon mammography (e.g., microcalcifications)
or MRI

• Scheduling issues: procedure needs to be
performed on the day of surgery or the day before

• Radiation safety procedures required
• Potential radiation exposure to patient and staff
• Invasive preoperative procedure necessary
• Reposition after placement not possible
• Control mammogram not possible unless contrast

also given

Magnetic and paramagnetic
localization

Commercially available
systems:

• Magseed (Endomag)
• Sirius Pintuition (formerly

known as MaMaLoc; Sir-
ius Medical)

• MOLLI (MOLLI Surgical)
• TAKUMI/Guiding-

marker system (Hakko)

• No radioactivity involved
• Marker placement under radiographic or

ultrasound guidance possible→ suitable for
localization of lesions visible only upon
mammography (e.g., microcalcifications)

• Scheduling flexibility: localization can be
performed several days/weeks before surgery
or—in case of neoadjuvant therapy—before
start of treatment

• No decrease of signal over time→ reliable
detectability in case of longer than planned
neoadjuvant therapy

• Control mammogram after marker
placement possible

• Can be combined with magnetic tracer for
sentinel node biopsy

• Concerns regarding use in patients with
pacemakers and implantable defibrillators

• Standard metal surgical tools may lead to
interference during measurement

• Large MRI artifacts
• Not suitable for lesions visible only upon MRI
• Higher device cost
• Adequate localization may be limited in case of

a large distance between marker and detection
probe

• Reposition after placement not possible

Radar reflector-based
localization

Commercially available
systems:

• SAVI SCOUT (Merit Med-
ical)

• No radioactivity involved
• Minimal MRI artifact
• Marker placement under radiographic or

ultrasound guidance possible→ suitable for
localization of lesions visible only upon
mammography (e.g., microcalcifications)

• Scheduling flexibility: localization can be
performed several days/weeks before surgery
or—in case of neoadjuvant therapy—before
start of treatment

• No decrease of signal over time→ reliable
detectability in case of longer than planned
neoadjuvant therapy

• Control mammogram after marker
placement possible

• Potential signal interference with lights in the
operating theatre

• Small MRI artifacts
• Not suitable for lesions visible only upon MRI
• Higher device cost
• Adequate localization may be limited in case of

a large distance between marker and
detection probe

• Reposition after placement not possible

Radiofrequency identification
tags (RFID)

Commercially available
systems:

• LOCalizer (HOLOGIC)
• EnVisio (Elucent Medical)

• No radioactivity involved
• Scheduling flexibility: localization can be

performed several days/weeks before surgery
or—in case of neoadjuvant therapy—before
start of treatment

• Marker placement under radiographic or
ultrasound guidance possible→ suitable for
localization of lesions visible only upon
mammography (e.g., microcalcifications)

• No decrease of signal over time→ reliable
detectability in case of longer than planned
neoadjuvant therapy

• Unique tag number→ differentiation between
tags possible

• Control mammogram after marker
placement possible

• Concerns regarding use in patients with
pacemakers and implantable defibrillators

• MRI artifacts
• Not suitable for lesions visible only upon MRI
• Higher device cost
• Adequate localization may be limited in case of

a large distance between marker and detection
probe

• Reposition after placement not possible
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Table 2. Cont.

Advantages Disadvantages

Intraoperative ultrasound
(IOUS)

• Direct visualization during surgery
• No radioactivity involved
• Patient friendly (non-invasive)
• No preoperative invasive procedure necessary

→ scheduling flexibility
• Specimen sonography is performed

immediately after tissue removal→ no time
loss due to specimen transport

• Specimen sonography performed in the
operating room→ exact and reliable
topographic localization of close margins for
immediate re-excision

• Relatively low cost

• Surgeon needs to be experienced in breast
ultrasound, otherwise radiologist’s presence in the
operating theatre necessary

• Learning curve
• Useful only for lesions with good sonographic

visibility
• Not suitable for lesions visible only upon

mammography (e.g., microcalcifications) or MRI
• Use in the neoadjuvant setting limited in case of

complete remission due to low sonographic
visibility of some tissue markers

• Ultrasound machine must be available in the
operating theatre during surgery

• Some ultrasound machines available in operating
theatres are unsuitable for breast ultrasound
(frequency, transducer type) or of a much lower
quality than machines in the diagnostics department

• Radiogram showing lesion and marker not possible

Carbon

• No radioactivity involved
• Low cost
• Scheduling flexibility: localization can be per-

formed several days/weeks before surgery
or—in case of neoadjuvant therapy—before
start of treatment

• Marker placement under radiographic or ultra-
sound guidance possible

• No MRI artifacts

• Marker cannot be localized without surgical
exploration

• Possible ink migration
• Intentional or unintentional tattooing of skin
• Reposition after placement not possible
• Control mammogram not possible

2.2. Radioactive Localization

Radio-guided surgery is a wire-free approach to assist surgical excision of non-palpable
breast lesions by using a gamma probe to detect a preinserted marker. Two forms of
radioactive localization are currently in use: radioactive seed localization (RSL) is based on
the detection of a small 125-iodine seed, while radioactive occult lesion localization (ROLL)
relies on the identification of preinjected radiocolloid (99m Technetium) [9].

Radioactive seed localization was first described in 1999 in a pilot study that included
25 patients who underwent excisional biopsy [27]. The seed is composed of titanium
containing 3.7 to 10.7 MBq 125I (iodine) with a half-life of 60 days. Seeds are introduced via
a needle under sonographic or mammographic guidance directed into the index lesion, and
appropriate insertion is confirmed via subsequent imaging. Due to the long half-life, it is
possible to insert the seed weeks or even months before the surgical intervention, making
its use also an option in the neoadjuvant setting. During surgery, the seed is detected
by a standard intraoperative handheld gamma probe, and the area of greatest activity
projecting directly over the lesion is easily located to allow the most appropriate incision
to be placed. In some countries, such as the United States, Canada, and the Netherlands,
RSL is considered a standard approach [1]. Beyond localization of breast lesions, there
is an increasing body of evidence for marking axillary lymph nodes with radioactive
seeds [28,29].

RSL is one of the best validated wire-free localization methods. It has been investigated
in several RCTs and meta-analyses [9–11]. A Cochrane review published in 2015 concluded
that RSL was equally reliable compared with WGL, but the authors stressed the need for
further, fully powered RCTs. Since then, more RCTs were published [30–32]. The successful
excision rate, defined as removal of the index lesion with clear margins, was reported in the
range of 99.4–100% [9,30,31,33,34]. In the available studies, the failure rate was comparable
to that of WGL.

In the RCTs comparing RSL with WGL, the rate of positive margins was generally
lower for RSL [30–35]. However, a recent network meta-analysis of RCTs evaluating optimal
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localization strategies for non-palpable breast cancers, including 24 studies, suggested no
significant differences when comparing RSL with WGL for both margin positivity (OR:
0.677, 95% CI 0.397–1.110) and reoperation rates (OR: 0.685, 95% CI 0.341–1.260) [10]. In
contrast, another meta-analysis comparing RSL with WGL, including both retrospective
and prospective studies, outlined that RSL was superior to WGL by providing negative
margins (RR: 0.72, 95% CI 0.56–0.92, p = 0.01) and lower reoperation rates (RR: 0.68, 95% CI
0.52–0.88, p = 0.004) [36,37].

While RSL is a popular localization method in some countries, the seeds are not
approved for such use in others. Due to complex radiation safety regulations, the use
of iodine seeds requires trained personnel, the implementation of standard operating
procedures, and, depending on the country, a formal submission to a radiation protection
agency for authorization. It may be mandatory to provide a facility diagram and description
of the location(s) where the radioactive sources will be received, used, and stored. Each
seed must be accounted for, and, unlike other localization devices, the loss of a seed
is considered a serious breach of radiation safety. For this reason, seeds are generally
implanted under ultrasound or mammographic, but not MRI, guidance. The MRI safety
concern is related to the possibility of losing a seed in the MRI scan room without the
option of using a hand-held Geiger counter to locate the seed [38].

Several studies analyzed the cost-effectiveness of RSL. The necessity to adhere to strict
radiation safety regulations results in substantial upfront costs of RSL implementation [39].
The estimated costs per patient vary strongly between studies; while some reported slightly
higher costs for RSL than for WGL (EUR 2834 vs. EUR 2,617 per patient, respectively) [39],
others showed a lower average cost per patient for RSL (USD 251 compared to USD 1130
for WGL) [40]. Possibly, the cost-effectiveness of RSL depends on the health-care payment
system (fee-for-service vs. bundled) [41].

Regarding MRI compatibility after placement, radioactive seeds may cause minimal
and usually not clinically relevant susceptibility artifacts, similar to those observed around
clips/coils [42]. Migration of implanted seeds seems rare, and was reported as 0.9 mm on
average [42]. Although some early studies reported lower specimen volumes in patients
receiving RSL [34], the available meta-analyses show no significant differences regarding
specimen size, weight, or volume between patients undergoing RSL and WGL [10,11].
Few studies analyzed patient satisfaction with the localization procedure. In a RCT by
Bloomquist et al., significantly fewer patients in the RSL arm reported moderate to se-
vere pain during the localization procedure compared to the WGL arm, and the overall
convenience of the procedure was rated as very good to excellent in 85% of RSL patients
compared to 44% of WGL patients (p < 0.0001) [31]. No randomized data are available on
surgeon or radiologist satisfaction with the technique.

The Radio-guided Occult Lesion Localization (ROLL) technique was primarily in-
troduced by the team at the European Institute of Oncology in Milan in 1999 [43]. This
procedure uses 99m Technetium-labelled colloidal human serum albumin as a radioactive
tracer to label the lesion under sonographic or mammographic guidance. Similar to RSL,
the tracer is localized using a handheld gamma probe and can be used for simultaneous
sentinel node biopsy. The combined procedure is commonly referred to as SNOLL (Sentinel
Node plus Occult Lesion Localization) [44]. The gamma radiation dose to the patient and
the operators is very low and well within safe radiation regulatory limits.

Several RCTs and meta-analyses have examined the use of ROLL. A Cochrane review
showed comparable rates of successful excision of the target lesion between the technique
and WGL [9]. In the RCTs comparing WGL with ROLL, the rate of positive margins was
reported to be higher in the WGL arm, but the differences were mostly not statistically sig-
nificant [45–54]. In a recent network meta-analysis of RCTs evaluating optimal localization
strategies for non-palpable breast cancers, including 24 studies, margin positivity rate was
20.1% for WGL and 17.2% for ROLL [10].

While ROLL is a popular technique in some parts of the world (Turkey, Australia,
Latin America), it remains unknown in others. In clinical practice, the main disadvantage
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of ROLL is the necessity of the injection on the day of surgery or the day before surgery,
which may be associated with difficulties in synchronizing the schedules of the nuclear
medicine, radiology, and the operating room. Further, strictly seen, 99m Technetium is
approved for sentinel lymph node identification, and not lesion localization, so there might
be some concern regarding a potential off-label use in some countries.

The cost-effectiveness of ROLL has not been evaluated in large RCTs. In two RCTs
comparing costs, ROLL (mean cost: EUR 182) was found to be slightly more expensive than
WGL (mean cost: EUR 163) [10]. The technique is MRI compatible: It does not cause MRI
artifacts and allows localization of lesions observed only on MRI [55]. Localization failures
are rare [9]. Regarding specimen size, weight, and volumes, two recent meta-analyses
reported no significant differences compared to WGL [10,11]. However, in the largest RCT,
ROLL led to the excision of larger volumes [51].

Surgeon satisfaction rate was highest (98.4%) for ROLL when compared to the rate
of 66% for WGL [10]. Conflicting results were reported with regard to patient pain score
during the localization procedure [50,51]. No significant differences were found on patient-
reported cosmetic results and pain between ROLL and WGL six months after surgery [51].

2.3. Magnetic and Paramagnetic Localization

Moving further from WGL, and in order to address the strict regulatory issues with
regards to access, availability, handling, and disposal of radioactive material, several
markers based on the principle of magnetic detection have been developed in recent years.
The perceived advantage in such a device is that it allows for wire-free and radiation-free
localization. Additionally, it yields the potential to facilitate logistics of localization, as it
can be implanted many days before surgery. At present, both magnetic and paramagnetic
markers are available for clinical use. Paramagnetic markers have a small susceptibility to
magnetic fields and become temporarily magnetized in a presence of an externally applied
magnetic field, while magnetic markers are permanent magnets. Metallic instruments
may interfere with the detection of magnetic and paramagnetic markers, and both types of
markers lead to significant MRI artifacts, limiting its use in the neoadjuvant setting [56].

The most well-studied marker in this category is a 5 × 1 mm long, steel paramagnetic
marker (Magseed, Endomag, Cambridge, UK) investigated in multiple cohort studies
(Figure 3) [12,57,58]. This device is licensed for both breast and axillary placement, and
early studies demonstrated no migration within the breast [59]. In a recent multi-center
study from the UK iBRA-NET, a total of 946 Magseed-guided excisions were compared with
1170 wire-guided excisions [12]. The authors found that the use of Magseed resulted in more
successful index lesion removal (99.8% vs. 99.1%, p = 0.048) and fewer failed localizations
(1.64% vs. 1.98%, p = 0.032). While it was associated with less risk of dislocation (0.4% vs.
1.4%, p = 0.039), the secondary outcomes (minimum margins, specimen sizes, re-excision
surgery, postoperative complications) were comparable. In terms of logistics, Magseed-
guided surgery had an earlier start on the day of surgery. Previous reports from the UK had
shown similar results; Zacharioudakis et al. demonstrated comparable outcomes between
the two techniques (n = 100 patients each arm) with regards to successful identification
and removal, margin status, specimen size, and tumor-to-specimen volume ratio [58].
Micha et al. found that re-excision rates were similar in an institutional cohort study
comparing Magseed (n = 100) to WGL (n = 100). The use of Magseed did not only achieve
smaller specimens but also resulted in higher patient and physician satisfaction, and thus
a preference for the magnetic technique [60]. Magseed localization is compromised by
metal instruments and can be challenging when the seed is placed deep in the breast [61].
There is no evidence for superior cost-effectiveness or patient-reported outcomes when
comparing it to other localization devices [62].
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Figure 3. Magseed detection system. (A) Multicentric invasive lobular cancer (distance between
lesions 4.7 cm). Each lesion is marked with a Magseed. Magtrace (SPIO) is injected between the
lesions. (B) Transcutaneous detection with the probe. Mark the lack of skin discoloration after
a deep Magtrace injection. (C) Ex vivo signal of the specimen. Both Magseeds have maximum signal.
Observe the brown tissue staining at the SPIO injection site that does not affect specimen radiography.
(D) Specimen radiography depicting the lesions with Magseeds (red circles highlight the position of
Magseed markers).

2.4. Sirius Pintuition

The Magnetic Marker Localization (MaMaLoc) is a permanent magnetic marker that
has been developed for breast localization. This marker has evolved with its own detection
system; it is commercially available as Sirius Pintuition. The probe used for detection
has an additional tool to show not only the distance to the seed, but the angle as well
(Figure 4). Available data at the time of writing of this manuscript are so far limited to
institutional reports presented as congress abstracts [63,64]. The originally developed
device, the MaMaLoc, was compared to WGL in a small RCT (n = 70), powered to detect
differences in the System Usability Scale (SUS) [15]. In this trial, all markers could be
successfully retrieved. The positive margin rate was significantly lower in the magnetic
marker arm (8% vs. 18% in the WGL group), but reoperation rates were similar (4% vs.
6%, respectively).

Sirius Pintuition is approved in the EU for placement for up to 180 days in any soft
tissue, allowing for use in both breast and axilla. There is little evidence base to establish
its migration rate, effectiveness, failure rate, cost-effectiveness, complication rates, or
patient/physician satisfaction. The performance and safety of the Pintuition device is
currently undergoing evaluation in a UK multi-center comparative cohort study [65].
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Figure 4. Sirius Pintuition system. (A) Ultrasound-guided placement of the marker (yellow arrow).
(B) Intraoperative radiogram showing the marker in the center of the specimen. (C) Console used for
detection in the OR showing 11 mm distance between probe tip and marker.

The detection probe is compatible with standard metal instruments, as long as they
are not magnetized since this may lead to interference with the probe. Thus, it might be
prudent to have one set of non-metallic instruments available. The main disadvantage of
all magnetic markers is the creation of 5–6 cm artifacts surrounding the marker when using
MRI. Therefore, if tumor response is to be assessed by MRI, magnetic markers should not
be placed in the vicinity of the tumor area before neoadjuvant chemotherapy (NACT) [66].

While no such data are available regarding Sirius Pintuition localization, the abovemen-
tioned RCT on MaMaLoc vs. WGL showed comparable specimen weight and volume in
both arms [15]. In this trial, patients reported more discomfort and pain during guidewire
placement, but this result may be biased since patients allocated to WGL did not receive local
anaesthesia whereas those allocated to the MaMaLoc did. Patients’ overall satisfaction with
the localization technique was rated significantly better for MaMaLoc than for WGL. Similarly,
MaMaLoc localization led to higher surgeon satisfaction scores measured by a procedure-
specific questionnaire, and surgeons would have preferred the MaMaLoc technique in 56% of
cases. No preference was reported in 38% of cases, and WGL was preferred in only 7%.

The Magnetic Occult Lesion Localization Instrument (MOLLI) is another magnetic (not
paramagnetic) marker with its own probe-based detection system. The current evidence is
very limited and stems from only one feasibility study (n = 20) where all patients received
a radioactive seed together with the MOLLI [16]. In this study, retrieval of the MOLLI
was successful in all cases and with high physician satisfaction, but the small population
studied, and study design do not allow for more robust conclusions. Finally, another
magnetic marker has been developed in Japan: the Guiding-Marker System®, which is
compatible with the handheld TAKUMI magnetic probe. The system has been validated
in a single-arm multicenter study (n = 87), where marker retrieval was 100% and the
re-excision rate was 6.1% [17].
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In conclusion, magnetic guidance for tumor localization seems a promising technique,
with a variety of devices that are commercially available. However, all evidence stems
from non-randomized data, the only exception being a small RCT on MaMaLoc [15]. At the
time of writing, a phase 3, pragmatic multicenter randomized controlled trial (MagTotal) is
accruing data comparing Magseed and WGL (ISRCTN11914537). Given the differences of
available devices in principle (paramagnetic vs. magnetic), probe compatibility, possibilities
to utilize as a single platform for breast and axillary surgery, and the imbalance among
them in terms of published data, further evaluation is needed.

2.5. Radar Reflector Localization

The SAVI SCOUT is a zero-radiation breast localization and surgical guidance system
using micro-impulse radar technology for the removal of non-palpable breast lesions. It
was introduced in 2015 and is approved by FDA and CE for long-term placement in breast,
lymph nodes, and soft tissue. The reflector is activated by infrared light impulses generated
by the console probe and uses two antennas to reflect an electromagnetic wave signal back
to the handpiece. It can be placed using ultrasound or stereotactic guidance (Figure 5).
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Initial successful data from a pilot study led to a multicenter study [67]. The primary
endpoints were the rates of successful reflector placement, localization, and removal in
a patient cohort scheduled to have an excisional biopsy or breast-conserving surgery
of a non-palpable breast lesion. SCOUT reflectors were successfully placed in 153 of
154 patients, but in one case, the reflector was placed at such a distance from the target
that an additional wire had to be placed. All 154 lesions and reflectors were successfully
removed during surgery [67].

A systematic review and pooled analysis of 842 cases (11 studies) revealed an overall
successful deployment rate of 99.64% and a successful retrieval rate of 99.64% using the
radar reflector system. A statistically significant difference in re-excision rate was found in
a smaller pooled analysis conducted across four studies comparing radar reflectors and
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WGL (12.9% and 21.1% respectively, p < 0.01) [4]. This should be interpreted with caution
as each study was small, two of these studies are unpublished, and only 264 patients were
included in this analysis.

The migration rate of the SCOUT reflector post-placement is low at 1.3%, and location
stability was demonstrated across multiple studies up to 516 days post placement [4,67–71].
MRI artifacts may occur but are smaller than those created by magnetic or RFID mark-
ers [56,68]. There is no significant evidence evaluating the size of the surgical specimen
or cost-effectiveness of the device. There is a failure rate of the device through damage
of the antennae prior to surgery or by diathermy, but its magnitude and clinical impact
are unclear. There is evidence demonstrating good patient, physician, and radiologist
satisfaction but this is limited to a single-arm study [58].

2.6. Radiofrequency Identification Tags

Radiofrequency identification (RFID; LOCalizer, Hologic Inc., Santa Clara, CA, USA) is
a relatively new but promising technology. The LOCalizer received FDA approval in April
2017 and European CE marking in October 2018, and is approved for marking of breast
lesions, not axillary nodes. The RFID marker is a small radiofrequency ‘tag,’ identified
with a small portable hand-held device which also comes with a pencil-sized single use
probe (Figure 6). It displays the real-time distance to the tag in millimeters, and a unique
tag identification number discerns each individual tag if more than one was inserted. [72].
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Figure 6. LOCalizer system. (A) Control mammography after ultrasound-guided placement of
two RFID markers (one of them is near the thoracic wall and therefore not visible on the mammogram).
(B) Specimen radiogram confirming the excision of both markers and the lesion. (C) Intraoperative
use of the radiofrequency probe to guide excision.
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The implantable seed is large compared to other markers, 11 × 2 mm, requiring a 12G
needle for deployment. Since the needle is relatively blunt and does not penetrate the
skin easily, a small skin incision is needed [73]. Hypothetically, the needle size may cause
a wider tract that can result in seed migration. While this had not been reported in the
limited literature, there are descriptions that the tag may move intraoperatively while
the specimen is being retracted and mobilized [74,75]. Some also have reported loss of
previously placed titanium marker clips while inserting the tags [73]. Moreover, the large
needle size may pose a challenge to accurate insertion in the dense breast and in hard
masses where the tag sometimes resides at the edge of the lesion [73].

An important consideration when planning for RFID are its potential interference
with defibrillators and pacemakers, so RFID should be avoided in these patients [74].
Furthermore, a significant MRI artifact of about 2–2.5 cm needs to be accommodated for
and is partly caused by the glass encasing [18,74]. Deep lesions in larger breasts can pose
a challenge as the RFID detection range is 6 cm [72]. In available studies, patients felt that
the procedure went smooth and was easier than expected, with high patient satisfaction
rates [76,77], while surgeons and radiologists reported that the device was at least as fast
and reliable as WGL [76] or even better [77].

The published body of evidence is limited but growing. In a recent systematic re-
view, nine prospective and retrospective studies were included. Seven studies including
1151 patients and 1344 tags showed a pooled accurate deployment rate of 99.1%, a retrieval
rate of 100%, and a re-excision rate of 13.9%. This suggests the device may not migrate
although this had not been specifically investigated. Two further studies compared RFID
with WGL; the pooled re-excision rate was comparable at 15.6% (20/128 vs. 44/282, re-
spectively, p = 0.995) but the datasets are relatively small [18]. Furthermore there are no
comparative data regarding patient, surgeon or radiologist experience, cost-effectiveness,
or size of surgical specimens [78]. Most data stem from single-center, heterogeneously
designed studies at risk of bias, which underlines a need for high-quality data collection
to validate early, promising datasets. Although LOCalizer is only licenced for use in the
breast, some have also used it to mark axillary nodes for targeted dissection [5].

2.7. Intraoperative Ultrasound

In the first publication on intraoperative ultrasound (IOUS)-guided surgery in 1988,
Schwartz and colleagues found that ultrasound (US) was an accurate and effective tool for
localizing breast masses, thus facilitating the surgical excision [79]. Since then, multiple
manuscripts have reported on the use of IOUS to guide breast-conservative surgery in
non-palpable breast cancer [80–82]. Using this technique, no preoperative localization
procedure is necessary. IOUS is performed using a multifrequency probe covered in sterile
sheath that ranges from 7 Mhz to 18 Mhz. Smaller probes that are easily introduced into
the breast incision can be incorporated to improve visibility during surgery. The method is
limited to targets visible on US (either the lesion itself or a sonographically visible marker
(Figure 7)) [83]. Furthermore, an US machine needs to be available in the operating room
during the procedure, and surgeon training in breast ultrasound is a requirement. A major
reported benefit of IOUS is the omission of preoperative localization, which avoids the
burden of an additional radiology appointment and facilitates an easy workflow towards
surgery. IOUS also allows for continuous margin assessment during surgery and ex vivo
margin evaluation directly after specimen removal.

The available evidence on IOUS stems from several RCTs and meta-analyses, as well
as cohort studies [8,10,11]. Three RCTs compared IOUS with WGL in non-palpable breast
cancer, and a further three RCTs compared IOUS with palpation-guided surgery in patients
with palpable tumors [8]. The studies showed a high successful excision rate of target
lesions. In addition, various meta-analyses have demonstrated that IOUS significantly
increases negative margin rates when compared to WGL [8,10,11,84]. Re-excision of positive
or very close margins already identified by intraoperative US reduces the need for a second
surgical procedure [8,10,11]. Based on these results, the AGO Breast Committee updated

55



Cancers 2023, 15, 1173

its guidelines in 2022 and endorses IOUS for removal of non-palpable breast cancer with a
strong level of recommendation [7,85].
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Figure 7. Ultrasound-guided excision of ductal carcinoma in situ with a preoperative placement
of an US-visible marker. (A) Area of microcalcifications surrounding the US-visible marker seen
on preoperative imaging. (B) Assessing marker before incision with IOUS with US-visible marker.
(C) Specimen ultrasound after excision of the clip-marked area confirming marker removal. (D) Spec-
imen radiograph to assess microcalcifications excised.

There are few cost-efficiency studies comparing IOUS and WGL, probably due to the
complexity considering not only direct but also indirect costs, and their equivalence in
quality-adjusted life years (QALY). Available studies show lower costs with IOUS than with
WGL [86]. One study evaluated costs related to the use of US-visible clips compared with
traditional clips and favored US as a means of localization when feasible. There was an
estimated cost saving of USD 36,000 over the 3-year study period despite the initially higher
cost of US-visible clips. US localization with US-visible markers thus appears to be cost-
effective and spares patients an additional wire placement, which can evoke unnecessary
stress and anxiety before surgery [87].

Another advantage of IOUS is the potential for resecting less surrounding healthy
breast tissue. The randomized COBALT trial showed lower excised volumes when using
IOUS when compared to palpation-guided surgery, which significantly affected cosmetic
outcomes and patient satisfaction [88]. No data on surgeon satisfaction with IOUS are
available. In the neoadjuvant chemotherapy (NACT) setting, where WGL traditionally
has been the standard, IOUS can be used if a residual lesion or an US-visible marker is
present [89,90].

Several researchers evaluated the extent of the learning curve to acquire the necessary
skills for IOUS. Most surgeons reached mastering level after 7–17 cases, with an average
of 11 cases [86]. Others have measured proficiency by observational studies that recorded
calculated resection ratios by three surgeons performing ten cases of IOUS surgery each
and found this case number to be sufficient to master the technique [91].
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2.8. Carbon Suspension

The use of a sterile aqueous suspension of carbon powder for the stereotactic marking
of occult breast lesions was first described in 56 patients by radiologist Gunilla Svane at
Karolinska University Hospital in Sweden in 1983 [25]. The tip of the injection needle was
placed in the direct vicinity of the lesion, and a technique was devised allowing the even
distribution of carbon suspension over the entire length of a carbon track from lesion to skin,
marking the point of entry with a small skin tattoo (Figure 8). Four lesions were missed at
first operation or incompletely excised, probably owing to the fact that the concentration
of the carbon solution was lower than later recommended in three cases; the fourth case
was a fibroadenoma displaced by 5 mm during marking. Subsequently, the method was
reported in a few publications [20,92–94]. Interruption of the carbon track between skin
and lesion may occur during release of pressure after mammography if carbon is placed
by stereotaxis, which makes following the carbon track more difficult than when carbon
is placed by ultrasound guidance [20]. Since carbon does not yield any acoustic signal,
a carbon track placed by stereotaxis entering the skin distant from the lesion location may
be challenging, and US-guided placement may facilitate correct excision significantly. In
contrast to ink marking, carbon does not bleed into surrounding tissue and does not migrate
over time, thus making the method feasible for use before NACT. As carbon is not visible on
specimen radiography, it may be combined with clip placement in neoadjuvant cases where
the original lesion may undergo complete regression and thus otherwise lose visibility
on imaging. The main perceived advantages of carbon localization are its low cost, easy
availability, simple logistics, and durability over time, although there is poor quality data
supporting its use and no comparative datasets. Currently, this remains a technique that is
yet to gain widespread adoption in breast localization and offers no high-quality evidence
on accuracy, margin involvement, cost-effectiveness, or patient/surgeon satisfaction.
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In contrast, there is a rapidly emerging use of carbon marking for axillary lymph nodes
in patients receiving NACT, demonstrating 82–98% accuracy of removal of the targeted
node [95–100].

3. The MELODY Study

MELODY, initiated as an intergroup study between EUBREAST and iBRA-NET, is
a prospective non-interventional multicohort study aiming to evaluate different localiza-
tion techniques for non-palpable breast cancer (http://melody.eubreast.com; accessed on
11 December 2022 (Figure 9)). With a target accrual of 7416 patients, the study is powered
to resolve several knowledge gaps. Patients with invasive breast cancer or ductal carcinoma
in situ (DCIS), confirmed by minimally invasive biopsy, and scheduled to receive breast-
conserving surgery, can be enrolled. The use of NACT and preoperative endocrine therapy
are allowed. Marking and localization procedures and treatment modalities are chosen at
the discretion of the treating physicians and according to national and institutional guide-
lines. Inclusion and exclusion criteria are presented in Table 3. Patients will be followed for
30 days postoperatively for potential complications. No long-term surveillance is required.
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Table 3. The MELODY study: Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

• Signed informed consent form
• Malignant breast lesion requiring breast-conserving surgery and

imaging-guided localization (either DCIS or invasive breast cancer;
multiple or bilateral lesions and the use of neoadjuvant chemotherapy
are allowed)

• Planned surgical removal of the lesion using one or more of the
following imaging-guided localization techniques:
# Wire-guided localization;
# Intraoperative ultrasound;
# Magnetic localization;
# Radioactive seed localization;
# Radio-guided Occult Lesion Localization (ROLL);
# Radar localization;
# Radiofrequency identification (RFID) tag localization;
# Ink/carbon localization.

• Female/male patients ≥ 18 years old

• Patients not suitable for surgical treatment
• Patients requiring mastectomy as first surgery
• Surgical removal without imaging-guided

localization

58



Cancers 2023, 15, 1173

MELODY is supported by the AGO-B study group, the Oncoplastic Breast Consortium
(OPBC), SENATURK, AWOgyn (German Working Group for Reconstructive Surgery in
Oncology-Gynecology), and German Breast Group (GBG).

Primary Study Endpoints:

1. Intended target lesion and/or marker removal, independent of margin status on
final histopathology;

2. Negative resection margin rates (defined as lesion removal with no invasive or non-
invasive carcinoma on ink) at first surgery.

Secondary Study Endpoints:

3. Rates of second surgery;
4. Rates of secondary mastectomy;
5. Resection ratio, defined as actual resection volume divided by the calculated optimum

specimen volume;
6. Duration of surgery in BC patients, defined as time between first incision and end of

skin closure (patients receiving simultaneous reconstructive, oncoplastic or contralat-
eral surgery will be excluded from this analysis);

7. Marker dislocation rates;
8. Rates of marker placement failure, i.e., marker dislocation requiring a placement of a

second marker;
9. Rates of localization failure, i.e., failed removal of marker or lesion, or necessity to

switch to another intraoperative localization method;
10. Patient-reported outcomes (e.g., patient discomfort, pain level, and impairment

of breathing);
11. Diagnostician/radiologist satisfaction with marking technique;
12. Surgeon satisfaction with localization technique;
13. Rates of “lost markers” (defined as markers placed prior to surgery and not retrieved

at surgery);
14. Volume and weight of resected tissue;
15. Impact of experience of study sites on other outcome measures, depending on the

localization technique used;
16. Impact of self-reported ethnicity on outcome measures;
17. Evaluation of surgical standards of care in different countries;
18. Evaluation of economic resources required for different localization techniques (mate-

rial costs, operative time etc.);
19. Evaluation of MRI artifacts;
20. Evaluation of complication rates related to marker placement;
21. Evaluation of peri- and postoperative complication rates.

The first MELODY study site has opened in Q4 2022. Currently, 20 countries are
planning to participate in the study, most of which are in the process of applying for
ethical approval.

4. Conclusions

Wire-guided techniques represented the gold standard for the localization and removal
of non-palpable breast lesions for more than a century. Numerous disadvantages of the
procedure from a patient as well as a surgeon perspective have put this standard into
question for almost two decades. The introduction of intraoperative ultrasound and
probe-guided technologies provided new options that currently intensify the discussion
on replacement of WGL by more sophisticated technologies. While IOUS offers favorable
rates of clear margins and re-excisions compared to WGL, its use is restricted to solid
masses and requires high expertise from the surgeon. Radioactive seeds are cheap and RSL
has shown equivalence to WGL with regard to successful lesion localization and removal.
Its use is, however, not widely available due to radiation protection regulations in many
countries. Non-wire and non-radio-guided techniques using magnetic or paramagnetic
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markers, radar reflectors, or radiofrequency identification tags are promising in this context
and provide excellent early results compared to competing technologies. The devices,
however, have a high upfront cost, although the cost-effectiveness of the whole pathway
is not established. Carbon localization is a cost-effective option used in some countries.
Modification of treatment standards and the introduction of new and potentially more
cost-intensive technologies require solid evidence with regard to clinical effectiveness as
well as patient and clinician satisfaction. The MELODY study aims to close this important
knowledge gap by comparing all available localization techniques in a single prospective
cohort study with regard to clinically relevant endpoints.
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Simple Summary: Early detection of breast cancer in asymptomatic women through screening is an
important strategy in reducing the burden of breast cancer. In current organized breast screening
programs, age is the predominant risk factor. Breast cancer risk assessment tools are numerical models
that can combine information on various risk factors to estimate the risk of being diagnosed with
breast cancer within a certain time period. These tools could be used to offer risk-based screening.
This systematic review assessed, using a variety of methods, how accurately breast cancer risk
assessment tools can group women eligible for screening within a population, into risk groups, so
that each group could potentially be offered a screening protocol with more benefits and less harms
compared to current age-based screening.

Abstract: Background: The benefits and harms of breast screening may be better balanced through a
risk-stratified approach. We conducted a systematic review assessing the accuracy of questionnaire-
based risk assessment tools for this purpose. Methods: Population: asymptomatic women aged
≥40 years; Intervention: questionnaire-based risk assessment tool (incorporating breast density and
polygenic risk where available); Comparison: different tool applied to the same population; Primary
outcome: breast cancer incidence; Scope: external validation studies identified from databases
including Medline and Embase (period 1 January 2008–20 July 2021). We assessed calibration
(goodness-of-fit) between expected and observed cancers and compared observed cancer rates by
risk group. Risk of bias was assessed with PROBAST. Results: Of 5124 records, 13 were included
examining 11 tools across 15 cohorts. The Gail tool was most represented (n = 11), followed by
Tyrer-Cuzick (n = 5), BRCAPRO and iCARE-Lit (n = 3). No tool was consistently well-calibrated
across multiple studies and breast density or polygenic risk scores did not improve calibration. Most
tools identified a risk group with higher rates of observed cancers, but few tools identified lower-risk
groups across different settings. All tools demonstrated a high risk of bias. Conclusion: Some risk
tools can identify groups of women at higher or lower breast cancer risk, but this is highly dependent
on the setting and population.

Keywords: risk prediction models; breast cancer screening; risk assessment; risk-based screening

1. Introduction

Early detection of breast cancer in asymptomatic women through screening is an
important strategy in reducing the burden of breast cancer. Mammographic screening
programs have decreased mortality for screened women and reduced the intensity of
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breast cancer treatment and associated sequelae [1–4]. Nevertheless, breast screening also
confers potential harms such as overdiagnosis leading to the treatment of tumours that
would not have progressed to symptomatic disease within a person’s lifetime, and false
positive screening tests, associated with adverse psychological effects and possible reduced
screening reattendance [5]. Current organised breast screening programs are directed to
specific age groups, so that age is the predominant risk factor [3,6–8]. However, there are
numerous other risk factors for breast cancer. More personalised, risk-based approaches
to screening are expected to improve the balance of benefits and harms for identified risk
groups [9,10]. This would require a rigorous and reliable method to routinely assess breast
cancer risk in screening populations.

Breast cancer risk assessment tools (also known as risk prediction models) use numeri-
cal models to combine information on various risk factors (or risk predictors) to estimate
the risk or probability of being diagnosed with breast cancer within a certain time period
(e.g., 5 or 10 years) or from the time of assessment to older age [11]. These tools have
evolved over time. Where earlier risk assessment tools considered information on reproduc-
tive factors (e.g., age at menarche/menopause, age at first live birth), family history, and
breast biopsies, later tools incorporated additional lifestyle information (e.g., menopausal
hormone therapy, alcohol consumption, smoking), anthropometric data (weight, height),
ethnicity or/and mammographic density and various more recent tools incorporate genetic
information in the form of polygenic risk scores (PRS) from analysing single-nucleotide
polymorphisms associated with inherited variance in breast cancer risk [12,13]. Highly
penetrant (“pathogenic”) variants in BRCA1/2 or other key genes are also included in some
tools, e.g., Tyrer-Cuzick and BODICEA.

While many of these tools have been developed for individual clinical applications or
management of higher-risk population groups, such risk assessment tools could potentially
be used to stratify screening populations into population-level risk groups, with each
group offered a screening protocol to optimise the benefits and minimise the harms of
screening [14]. In line with increasing interest in personalised medicine and risk-based
screening over the last decade [15,16] there has been a growth in publications concerning
breast cancer risk assessment tool development, validation and evaluation. The wealth
of tools now available are not widely utilised for the general population mainly due
to insufficient validation, lack of available resources for capturing complete risk factor
information from screening participants and the need to agree on, and resource, tailored
screening protocols for specific risk groups [17,18].

A critical step making the most of available tools is understanding which tools can
accurately achieve population-level risk stratification, including the extent to which their
accuracy can be generalised to different populations and health settings. Case-control
studies frequently report improvements in the discrimination of new or revised risk as-
sessment tools [12,19–21]; however, risk assessment tools can only be adequately assessed
for the purpose of population-level implementation when they are externally validated on
populations different to the study groups on which they were developed.

This systematic review aims to characterise studies which compare breast cancer risk
assessment tools and assess their ability to stratify screening populations according to
(i) absolute risk of breast cancer and (ii) related outcomes of breast cancer risk (expected
versus observed incidence of invasive breast cancer, with or without in situ disease and
incidence of breast cancer). This review was undertaken as part of the Roadmap to Opti-
mising Screening in Australia (ROSA) project [22] funded by the Australian Government
Department of Health, and includes: (i) studies that compare tools generated from, or
calibrated to, a different population to the one in which the tools were applied to, i.e., the
validation population of interest, and (ii) studies comparing risk assessment tools calibrated
or recalibrated to the validation population of interest.
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2. Methods
2.1. Study Registration

Our Patient, Intervention, Comparison, Outcomes (PICO) question is ‘For asymp-
tomatic women aged ≥40 years, how accurately do different breast cancer risk assessment
tools assign women to risk groups?’, where the term ‘risk assessment tool’ is used syn-
onymously for risk prediction tool, prognostic model, risk prediction model, risk model,
and breast cancer prediction model. The protocol for this systematic review was registered
on the International Prospective Register of Systematic Reviews (PROSPERO) as part of
a larger protocol exploring breast cancer risk assessment tools (CRD42020159232). We
followed the requirements of the PRISMA 2020 guidelines for conducting and reporting of
systematic reviews [23].

2.2. Eligibility Criteria

The current analysis was confined to articles comparing breast cancer risk assessment
tools on the same study cohort; cohorts had to consist of asymptomatic women undergoing
population mammographic screening. We excluded articles limited to cohorts of women
undergoing diagnostic breast imaging, specific ethnic groups or women with high risk of
breast cancer as these represent sub-groups of the screened population. We considered
only external validation studies (so that the study cohort was different from that used
to develop each tool being compared), We included randomised controlled trials, paired
cohort studies or systematic reviews thereof. Due to the need for sufficient follow-up
between risk assessment and cancer outcomes, we included prospective or retrospective
cohort studies (based on timing of risk predictor data collection in relation to outcome
occurrence). All other study designs (such as cross-sectional studies or case–control studies)
were excluded.

We included risk assessment tools based on questionnaire data with or without genetic
and/or breast density information, where estimated future risk was projected to a minimum
of two years (in line with the most common screening interval of most population breast
cancer screening programs). Tools designed to be calibrated to the target population prior
to use were included if they were developed on a different population to the study cohort.
Tools requiring any non-standardised input (e.g., subjective assessment by a clinician) were
excluded.

We restricted our analysis to articles published from 2008, aiming to include studies
likely to use more relevant imaging methods and more recent versions of risk assessment
tools while not excluding relatively contemporary studies with longer periods of follow-up.
Only English language peer-reviewed publications were included; conference abstracts,
reviews, letters, editorials and comments were excluded.

The primary outcome was expected versus observed incidence of invasive breast
cancer (with or without in situ disease). Secondary outcomes were breast cancer mortality,
incidence for different types of breast cancer as defined by characteristics such as tumour
subtype, grade, size, nodal involvement, and interval breast cancers (i.e., cancers diagnosed
following a negative screen and before any consecutive screens). Articles that did not report
expected versus observed (E/O) calibration outcomes according to risk groups determined
by the risk assessment tool were excluded.

Results were excluded from the analysis if risk was projected beyond the period for
which the tool was developed. Five-year risk was the primary outcome compared and
reported; results for 10-year risk are included in Supplementary Materials.

We contacted corresponding authors when there was a lack of clarity around criteria
for inclusion in our review, allowing two weeks for a response, after which we sent a
reminder in addition to contacting other authors on the paper. If no response was received,
the study was excluded. Extracted data is presented in Supplementary Dataset S1.
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2.3. Information Sources and Search Strategy

An experienced systematic reviewer (VF) searched on 1 July 2021 for English-language
reports published from 1 January 2008 to 29 June 2021 on the following databases: (i) Ovid
Medline and Embase; (ii) The Cochrane Database of Systematic Reviews (CDSR) and (iii)
PROSPERO. An updated search until 20 July 2021 was also performed for these databases.
For Ovid databases, database-specific subject headings and text terms were combined
for breast cancer, risk assessment and calibration terms (see Supplementary Methods).
The CDSR was searched by combining “breast cancer” and “risk” text terms. Reference
lists of relevant systematic reviews and full-text articles were also scanned for additional
potentially relevant reports by two systematic reviewers (VF, DC). The search strategy is
presented in supplementary Table S1.

2.4. Selection Process

Titles and abstracts of the articles identified via the literature searches were screened
against pre-specified inclusion criteria and split equally between two reviewers (VF, DC)
with 20% assessed by both reviewers. The two reviewers independently assessed full-text
articles of potential or unclear relevance for inclusion using a form with pre-specified
selection criteria. Reviewers were not blinded to journal titles or study authors/institutions.
Disagreements were resolved by discussion or adjudication by a third reviewer (SH).

2.5. Data Collection

Two independent reviewers (VF, DC) equally split the extraction of pre-determined
study characteristics and results data from each included study and then reviewed the
other’s extractions for accuracy. Disagreements were resolved by discussion or adjudication
by a third reviewer (SH, LV or CN); experienced statisticians were consulted to advise upon
or review article methodology or calculations (SE or CN).

The following information was extracted: first author, publication year, country, study
design, setting, study start, participant inclusion/exclusion criteria, screening protocol,
population characteristics, risk assessment tool information, follow-up duration, risk pre-
diction interval, reported relevant outcomes, E/O estimates and 95% confidence intervals
(CIs), observed rates (or if missing, the observed number of breast cancers and number
of women in each risk category) and other relevant information (including methods used,
factors potentially affecting risk of bias). If E/O ratios, their 95% CIs or data for observed
rates were not reported, these were calculated by the systematic reviewers from available
data or plots where possible (VF, DC, SE). Ninety-five percent CIs were calculated using
the following formula: E/O × exp ˆ (±1.96 × sqrt(1/O)) [23,24]. If there was insufficient
data to perform calculations, authors were contacted and if attempts to obtain data were
unsuccessful, the tool or study was excluded. In addition, where a tool version remained
unclear after contacting authors and major updates to risk predictors had occurred between
versions, the tool was excluded. It should be noted that risk predictors may be identified as
risk factors, covariates, risk indicators, prognostic factors, determinants or independent
variables [24].

We also identified high, moderate and low risk groups for each tool in each cohort.
These groups were dependent on the number of quantiles the cohort of interest was divided
into and whether they had the equivalent number of participants in each one. In general,
when the cohort was divided in equal quartiles or deciles, we assumed the high-risk group
corresponded to quartile 5 or deciles 9 and 10, the low-risk group corresponded to quartile
1 or deciles 1 and 2 while moderate-risk groups correspond to the remaining quantiles
(quartiles 2–4 or deciles 3–8).

2.6. Metrics for Evaluating Risk Assessment Tools and Statistical Analysis

Prior to analysis, risk assessment tool comparisons were grouped by comparator tool
(which could be any version of that tool). Data was extracted into Microsoft Excel and then
plotted for each tool, age range and predicted year of risk.
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We generated various data presentations and metrics to help evaluate and compare
studies, as follows:

A. Goodness of fit between expected (predicted) and observed outcomes:

1. Plotted ratios of expected versus observed cancers, by population percentile.
The E/O ratio (in log10 scale) with 95% confidence intervals were plotted
according to risk group assignment using the mid-point percentile of each risk
group in the study population. This facilitated standardisation of comparisons
between tools that had a different number of risk groups and/or assigned
different proportions of women to each risk group.

2. The total number of women in each study cohort in risk groups for which the
E/O 95%CIs included unity. This helped indicate the proportion of each study
cohort that was well-validated by the tool, noting that this is more likely for
smaller studies (and therefore wider CIs).

3. Calibration belt goodness-of-fit tests. We assessed goodness of fit between
expected (predicted) probabilities of developing breast cancer and observed
data using calibration belts [25] as applied in Li et al., 2021 [26], where a p-value
<0.05 indicated miscalibration by the tool [25].

B. Analysis of observed outcomes by risk group classification:

1. Observed cancer rates (number of breast cancers divided by the number of
women per 10,000 for each risk category), by mid-point percentile of each risk
group in the study population. This helped to standardise comparisons.

2. Characterisation of the functional form (curve) of observed cancer incidence
rates according to increasing risk group, classified as either: ‘increasing’ (ob-
served rates consistently increasing across risk categories), ‘monotonic’ (i.e.,
increasing or remaining steady across groups) or ‘fluctuating’ (all other op-
tions).

3. Assessment of whether highest-risk women could be distinguished from
women at more moderate-risk. We compared the observed breast cancer rate
corresponding to the mid-range risk groups (usually quintiles 2–4 or deciles
3–8) with the highest risk group (quintile 5 or deciles 9–10). p-values <0.05
indicated a statistically significant difference and, therefore, good allocation
of women to the highest risk group. To ensure comparability of findings, if
>25% of the study cohort was allocated to the highest risk groups, p-values
were reported but not taken into consideration when drawing conclusions
regarding a particular tool. Consequently, mid-range risk groups would be
expected to include ≥50% of the study cohort.

4. Assessment of whether lowest-risk women could be distinguished from women
at more moderate-risk. As for (3 above), but for the lowest risk group (quintile
1 or deciles 1–2 or the equivalent sub-groups representing ≤25% of cohort),
compared to the remainder (quintiles 2–4 or deciles 3–8, or equivalent sub-
groups representing ≤50% of the cohort). To ensure comparability of findings,
if >25% of the study cohort was allocated in the lowest risk groups, p-values
were reported but not taken into consideration when drawing conclusions
regarding a particular tool.

Plots and all statistical analyses were conducted using STATA (version 17, Stata
Corporation, College Station, TX, USA).
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2.7. Risk of Bias Assessment

Two independent reviewers (DC, VF) assessed the risk of bias for each included study.
Differences were resolved by consensus or adjudication from a third reviewer (JS). Risk of
bias was assessed using the ‘Prediction model Risk Of Bias ASsessment Tool’ (PROBAST),
specifically designed to assess the Risk of Bias for, and the applicability of, diagnostic
and prognostic prediction model studies [24]. PROBAST is organised into four domains;
(i) participants (assessing suitable data sources or study designs and appropriate inclusions
or exclusions), (ii) predictors (assessing predictor definition and measurements, knowledge
of outcome influencing predictor assessment and whether the tool is used as designed
if predictors are missing at time of validation), (iii) outcome (assessing methods used to
classify participants with or without outcome, pre-specified/standard definition of outcome
used, predictor exclusion from outcome definition, similar definition and determination
of outcome for all participants, knowledge of predictor influencing outcome assessment,
time interval between predictor assessment and outcome determination), and (iv) analysis
(assessing reasonable number of participants with outcome, handling of continuous and
categorical predictors, enrolled participant inclusion in analysis, handling of participants
with missing data, handling of data complexities, evaluation of relevant tool performance
measures). Each domain contains signalling questions to facilitate a structured judgement
of risk of bias; the overall rating for a domain can be classified as either “low”, “high” or
“unclear” risk of bias. Each study is also allocated an overall risk of bias rating: “low”, if
no relevant shortcomings were identified in the risk of bias assessment; “high”, if at least
one domain was assessed as high risk of bias and “unclear” if risk of bias was assessed as
unclear for at least one domain (and no other domains assessed as high risk of bias).

For each study, a separate risk of bias assessment was conducted for each distinct
risk assessment tool validated, for each individual outcome and each cohort included [24].
Outcomes with multiple time points (e.g., 5- and 10-year risk predictions) were assessed
separately because ratings for signalling questions on appropriate time interval between
predictor assessment and outcome determination, and reasonable number of participants
with outcome, could differ. As such, it was possible for a single study to have multiple
overall risk of bias assessments.

Rulings were developed where necessary to account for judgements that required
topic-specific knowledge or statistical expertise. These rulings were initially trialled inde-
pendently over several studies by the same two reviewers (DC, VF) with third reviewer
input from a senior researcher (JS) where required. It was decided a priori that: (i) risk of
bias domains that contained signalling items relating only to model development would be
omitted as the primary interest of this systematic review was risk assessment tool validation
and (ii) the applicability of a study would not be formally assessed by the PROBAST tool;
instead, concerns would be highlighted where necessary in the discussion. We sought
statistical advice to develop rulings for items in the analysis domain as suggested by
PROBAST. When assessing the reasonable number of participants with outcome PROBAST
recommends that validation studies should include at least 100 participants with outcomes.
After consulting statistical experts (SE, DO’C), it was decided a priori that a study would
qualify for a low risk of bias rating if this was the case for every risk category. Where
data for observed incidence of breast cancer per risk category was provided by authors
or calculated by reviewers from calibration figures, this was used to inform our ratings.
Otherwise, risk of bias was appraised based on the information reported in the article and
included references. For the handling of missing data, based on methodological advice
(QL), it was decided a priori that a study performing multiple imputation would qualify for
low risk only if <50% of values were originally missing (and thus imputed) for a predictor
and the missing data were missing at random [27,28].
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3. Results
3.1. Selection of Articles and Summary Characteristics

Figure 1 summarises the search process conducted. The search strategy identified
a total of 5114 records of which 3405 remained after duplicates were removed. Of these,
3324 records were excluded based on title and abstract review. Full texts or records of
91 potentially relevant reports were assessed according to the eligibility criteria. This
included 10 additional articles identified from citation searching of full text articles and
1 potentially eligible article from the update search conducted on the 20 July 2021. A total
of 78 reports were found not to be relevant and therefore excluded. We contacted authors
to confirm the eligibility of two tools for one validation cohort [29]. Common reasons for
exclusion included ineligible study design, ineligible population and E/O not reported by
risk category. Further details on reasons for exclusions (studies and tools) and information
regarding authors contacted are details in a Supplementary List S1.
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Figure 1. Flow diagram based on the PRISMA 2020 flow chart summarising the article screening
process.

The remaining 13 articles included in this review examined the prediction of breast
cancer across 15 cohort studies applying 11 distinct breast cancer risk assessment tools of
different versions. Summary characteristics of included articles are presented in Table 1.
All studies were prospective in design apart from one retrospective study [30]. Ten of
the 13 articles were from North America and Europe and compared more than two risk
assessment tools based on a 5-year risk prediction interval. Only two articles presented
findings for 5- and 10-year tool-determined risk [31,32].
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The tools assessed included data from questionnaires, with or without information
on mammographic breast density and PRS. The number of risk predictors varied between
tools, from as few as five (e.g., Chen version 1) [41] to as many as 13 (e.g., Tyrer-Cuzick
version 8.0b [31] although it should be noted that some studies did not have data for all the
risk predictors specified by the tool they assessed. Risk predictors considered in each tool
by each study are presented in Supplementary Table S2. The Breast Cancer Risk Assessment
Tool (BCRAT; also known as the Gail model), was the most frequently assessed tool in
publications assessed (9 of 13 articles). This was followed by the Tyrer-Cuzick tool (also
known as the IBIS risk assessment tool) in 5 articles, and BRCAPRO and iCARE-Lit in
3 articles each.

Two articles evaluated the effect of adding breast density data: McCarthy et al. [32]
compared 5-year risk using Tyrer-Cuzick version 7 versus version 8.0b which had breast
density incorporated within the tool and Brentnall et al. [38] assessed 10-year risk using
Tyrer-Cuzick version 7.0 with and without breast density data. In two more articles, tools
with integrated breast density data (Chen version 1; Tyrer-Cuzick version 8.0b) were
compared to other tools; in Choudhury et al., 2020 [35] Tyrer-Cuzick version 8.0b was
compared to iCARE tool variants, and in Arrospide et al. [41] Chen version 1 was compared
to BCRAT version 1.

Only one study assessed the effect of PRS data on existing tools; in Hurson et al. [29] a
313-variant polygenic score was added to two iCARE risk assessment tools (iCARE-Lit and
iCARE-BPC3).

Evidence was available to compare tools in terms of risk of invasive breast cancer,
however, evidence was sparse for in situ breast cancer incidence, while no data was avail-
able on breast cancer incidence according to prognostic indicators (e.g., tumour subtype,
grade, size, nodal). Therefore, these outcomes were not able to be assessed.

3.2. Goodness-of-Fit

Absolute risk calibration is shown for various tools and tool comparisons (along with
observed rates of incident breast cancer) in Figure 2A–C and Supplementary Figure S1A–C.
In terms of goodness-of-fit between estimated and observed outcomes, no risk assessment
tool was identified as being consistently well-calibrated in multiple studies. As can be
observed from Table 2, many tools showed good calibration in some but not all studies:
namely AABCS [32,40], BCRAT version 3 [30,35,36], BCRAT version 4 [31,33,34], Tyrer-
Cuzick version 8.0b [31,33–35], iCARE-Lit and iCARE-BPC3 [29,35], and BRCAPRO version
2.1 [31,34]. In contrast, some tools did not demonstrate good calibration across studies;
examples include BCRAT version 2 [32,40] and Tyrer-Cuzick version 7 [31,34]. There were
other tools that were applied in single cohorts within this review, and thus could only be
assessed in only one population and one setting. Of these, six showed a good fit (BCRAT
version 1 [41]; Chen version 1 [41]; BCRmod [36]; BCRmod recalibrated [36]; KREA for
women over 50 years [37]; KRKR [37]) and five showed evidence of miscalibration (i.e.,
p < 0.05) (BOADICEA [31]; ER- [39]; ER+ [39]; KREA for women under 50 years of age [37];
original Korean tool [40]; updated Korean tool [40]).
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Figure 2. Absolute risk calibration and observed rate of incident breast cancer by 5-year risk. The 
three groups shown are: (A) Tyrer-Cuzick vs. BCRAT or other tool comparisons; (B) BCRAT vs. 
BCRAT modifications; (C) BCRAT vs. other risk assessment tools. Plots are then presented accord-
ing to first author name. (The number of data points in each graph is determined by the number of 
risk groups that were reported in each study. To assist with comparison of studies, the x-axis shows 
the percentile distribution of groups being reported, with data points shown for the mid-points of 
each group. Red squares show the ‘expected over observed’ ratio for each risk group (with 95% 
confidence intervals shown), indicating calibration between expected and observed cancers at a risk 
group level. Blue circles show the corresponding observed rate of breast cancers within the study 
group, indicating the gradient of rates across the risk groups (expected to increase from left to right 
in accordance with increases in estimated breast cancer risk). Italic font indicates the risk tool being 
assessed, with the study cohort abbreviation also shown). * tools were calibrated to local popu-
lation. 

Combining breast density data with a tool score [38] or integrating breast density 
within a tool generating a new tool version [Tyrer-Cuzick version 7 vs. Tyrer-Cuzick ver-
sion 8.0b [34]) did not improve the goodness of fit of the tool, with evidence of miscalibra-
tion in both cases.  

Addition of PRS data, in the single study that evaluated a specific score [29], did not 
improve the goodness-of-fit of neither iCARE-Lit nor iCARE-BPC3, as assessed on differ-
ent cohorts ([UK Biobank; Women’s Genome Health Study (US)] (Supplementary Figure 
S1). For these evaluations, there was evidence of miscalibration before and after addition 
of PRS information (p < 0.05).  

Figure 2. Absolute risk calibration and observed rate of incident breast cancer by 5-year risk. The
three groups shown are: (A) Tyrer-Cuzick vs. BCRAT or other tool comparisons; (B) BCRAT vs.
BCRAT modifications; (C) BCRAT vs. other risk assessment tools. Plots are then presented according
to first author name. (The number of data points in each graph is determined by the number of
risk groups that were reported in each study. To assist with comparison of studies, the x-axis shows
the percentile distribution of groups being reported, with data points shown for the mid-points of
each group. Red squares show the ‘expected over observed’ ratio for each risk group (with 95%
confidence intervals shown), indicating calibration between expected and observed cancers at a risk
group level. Blue circles show the corresponding observed rate of breast cancers within the study
group, indicating the gradient of rates across the risk groups (expected to increase from left to right
in accordance with increases in estimated breast cancer risk). Italic font indicates the risk tool being
assessed, with the study cohort abbreviation also shown). * tools were calibrated to local population.

Combining breast density data with a tool score [38] or integrating breast density within
a tool generating a new tool version [Tyrer-Cuzick version 7 vs. Tyrer-Cuzick version 8.0b [34])
did not improve the goodness of fit of the tool, with evidence of miscalibration in both cases.

Addition of PRS data, in the single study that evaluated a specific score [29], did not
improve the goodness-of-fit of neither iCARE-Lit nor iCARE-BPC3, as assessed on different
cohorts ([UK Biobank; Women’s Genome Health Study (US)] (Supplementary Figure S1).
For these evaluations, there was evidence of miscalibration before and after addition of
PRS information (p < 0.05).

No change was observed in the calibration of most tools (BCRAT version 2; BCRAT
version 4; BRCAPRO version 2.1; BOADICEA) for longer-term risks, with evidence of
miscalibration for both 5- and 10-year risk. The only exception was the AABCS tool, for
which the goodness-of-fit improved for 10-year risk [32].
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3.3. Observed Cancer Incidence by Risk Group

The majority of tools, with a few exceptions (Chen version 1 [41], ER- [39], the KREA
and KRKR Korean tools [37] and the original Korean model [40]), were able to identify
the broad group of women with the highest risk of breast cancer. This group always
corresponded to the highest observed rates of incident breast cancer, indicating that most
tools are effective in identifying women in the highest risk category in one setting (BCRAT
version 1 [41]; BCRAT version 4 [34]; BCRmod and BCRmod recalibrated [36]; ER+ [39],
Tyrer-Cuzick version 7 [34], updated Korean [40]) and across different settings (AABCS
and BCRAT version 2 [32,40]; BCRAT v3 [35,36]; iCARE-Lit and iCARE-BPC3 [29,35];
BRCAPRO [30,34] and Tyrer-Cuzick version 8.0b [34,35]).

Some tools could consistently stratify women in the lowest categories of breast cancer
risk across different settings; namely Tyrer-Cuzick version 8.0b [34,35], BCRAT version
3 [35,36], BRCAPRO [30,34], iCARE-Lit and iCARE-BPC3 [29,35]. Although additional
tools could distinguish women in the lowest category of risk in a single setting (e.g., BCRAT
version 4, Tyrer-Cuzick version 7, ER+, KREA, KRKR), there was not enough evidence to
ascertain their performance across different settings.

The contribution of PRS to improving risk tool accuracy varied between tools and
sub-groups in Hurson et al. [29]. For example, PRS improved the consistency of the graded
association between risk groups and observed rates for the iCARE-Lit tool applied to a
UK cohort of women aged under 50 years but did not improve the trend for women in
that cohort aged 50 years or older, nor for a US cohort aged 50–74 years. Another iCARE
tool variant of (iCARE-BPC3) worsened the graded association between risk groups and
observe cancer rates for women aged 50 years or older in a UK cohort.

The addition of mammographic density appeared to improve some tools slightly for
some risk groups. For example, the Tyrer-Cuzick tool reported in McCarthy et al. [34]
improved differentiation for the higher-risk groups but worsened the graded association
in lower-risk groups (Figure 2A), and Tyrer-Cuzick applied in Brentnall et al. [38] did not
discernibly improve the association (Figure S1C, Supplementary Materials).

There was limited evidence to evaluate the effect of a longer risk-prediction interval
on observed cancer incidence. The AABCS tool appeared to better differentiate lower and
higher-risk groups at 10 years than 5 years, [32,40] and the BCRAT version 2 tool was
more clearly graded with longer-term cancer incidence (Figure 2B; Supplementary Figure
S1C) [32]. It was not possible to evaluate the results from the risk assessment tools reported
by Terry et al. [31] due to the uneven distribution of the cohort among the five risk groups
reported.

3.4. Risk of Bias Assessment

Risk of bias assessments were undertaken for each of the tools evaluated in each
study. The overall risk of bias rating for all 47 risk of bias assessments undertaken was
high (Table 3). The overall risk of bias for the participants domain was low for 75% of
assessments. For the predictor domain, the overall rating was low for 36% of assessments,
high for 36% and unclear for 28%; for the outcome domain, 66% of assessments were rated
as unclear and 34% at high risk while the overall rating for the analysis domain was high
risk of bias for all 47 assessments. Detailed findings listed per risk of bias domain are
provided in the Supplementary Table S3.
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Table 3. Summary of risk of bias of included breast cancer risk assessment tool studies for breast
cancer calibration outcomes. low risk is green, high risk is red and undetermined is orange.

Study RAT Cohort Year Outcome Participants Predictors Outcome Analysis a Overall
RoB

Hurson 2021
[29] iCARE BPC3 UK Biobank 5 Invasive or

DCIS LR LR U HR HR

Hurson 2021
[29]

iCARE BPC3
LR PRS UK Biobank 5 Invasive or

DCIS LR U U HR HR

Hurson 2021
[29] iCARE Lit UK Biobank 5 Invasive or

DCIS LR LR U HR HR

Hurson 2021
[29]

iCARE Lit LR
PRS UK Biobank 5 Invasive or

DCIS LR U U HR HR

Hurson 2021
[29] iCARE Lit WGHS 5 Invasive or

DCIS LR U U HR HR

Hurson 2021
[29]

iCARE Lit LR
PRS WGHS 5 Invasive or

DCIS LR U U HR HR

Jantzen 2021
[33] TC v8 CARTaGENE 5 Invasive LR LR U HR HR

Jantzen 2021
[33] BCRAT v4 CARTaGENE 5 Invasive LR LR U HR HR

McCarthy
2020 [34] TC v7 NWH 6 Invasive HR LR U HR HR

McCarthy
2020 [34] TC v8.0b NWH 6 Invasive HR LR U HR HR

McCarthy
2020 [34] BCRAT v4 NWH 6 Invasive LR LR U HR HR

McCarthy
2020 [34]

BRCAPRO
v2.1HR4 NWH 6 Invasive HR LR U HR HR

Choudhury
2020 [35] TC v8 GS 5 Invasive LR U U HR HR

Choudhury
2020 [35] iCARE Lit GS 5 Invasive LR U U HR HR

Choudhury
2020 [35] iCARE BPC3 GS 5 Invasive LR U U HR HR

Choudhury
2020 [35] BCRAT v3 PLCO 5 Invasive LR LR U HR HR

Choudhury
2020 [35] iCARE Lit PLCO 5 Invasive LR LR U HR HR

Hüsing 2020
[36] BCRAT v3 EPICHRGermany 5 Invasive HR U HR HR HR

Hüsing 2020
[36] BCRmod EPICHRGermany 5 Invasive LR U HR HR HR

Hüsing 2020
[36]

BCRAT v3
recalibrated EPICHRGermany 5 Invasive HR U HR HR HR

Hüsing 2020
[36]

BCRmod
recalibrated EPICHRGermany 5 Invasive LR U HR HR HR

Jee 2020 [37] KREA KCPSHRII
Biobank 5 Invasive LR LR U HR HR

Jee 2020 [37] KRKR KCPSHRII
Biobank 5 Invasive LR LR U HR HR

Terry 2019
[31] BCRAT v4 ProFHRSC 5 Invasive HR HR HR HR HR

Terry 2019
[31]

BRCAPRO
v2.1HR3 ProFHRSC 5 Invasive LR HR HR HR HR

Terry 2019
[31] TC v8.0b ProFHRSC 5 Invasive LR HR HR HR HR

Terry 2019
[31] BOADICEA v3 ProFHRSC 5 Invasive LR HR HR HR HR

Terry 2019
[31] BCRAT v4 ProFHRSC 10 Invasive HR HR HR HR HR

Terry 2019
[31]

BRCAPRO
v2.1HR3 ProFHRSC 10 Invasive LR HR HR HR HR

Terry 2019
[31] TC v8.0b ProFHRSC 10 Invasive LR HR HR HR HR

Terry 2019
[31] BOADICEA v3 ProFHRSC 10 Invasive LR HR HR HR HR

Brentnall
2018 [38] TC v7.02 KPWHRBCSC 10 Invasive LR HR U HR HR

Brentnall
2018 [38] TC v7.02 LR BD KPWHRBCSC 10 Invasive LR HR U HR HR
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Table 3. Cont.

Study RAT Cohort Year Outcome Participants Predictors Outcome Analysis a Overall
RoB

Li 2018 [39] ERHR WHI 5 Invasive LR U HR HR HR
Li 2018 [39] ERLR WHI 5 Invasive LR U HR HR HR
Min 2014

[40] BCRAT v2 WHC CGH 5 Invasive HR LR U HR HR

Min 2014
[40] AABCS WHC CGH 5 Invasive HR LR U HR HR

Min 2014
[40]

Original
Korean tool WHC CGH 5 Invasive HR LR U HR HR

Min 2014
[40]

Updated
Korean tool WHC CGH 5 Invasive HR LR U HR HR

Powell 2014
[30]

BCRAT v2 or
3 MWS 5 Invasive HR HR U HR HR

Powell 2014
[30]

BRCAPRO
v(NR) MWS 5 Invasive LR HR U HR HR

Arrospide
2013 [41] BCRAT v1 SCHRBCSP 5 Invasive LR LR HR HR HR

Arrospide
2013 [41] Chen v1 SCHRBCSP 5 Invasive LR HR HR HR HR

Chay 2012
[32] BCRAT v2 SBCSP 5 Invasive LR HR U HR HR

Chay 2012
[32] AABCS SBCSP 5 Invasive LR HR U HR HR

Chay 2012
[32] BCRAT v2 SBCSP 10 Invasive LR HR U HR HR

Chay 2012
[32] AABCS SBCSP 10 Invasive LR HR U HR HR

a Note: Items 4.5, 4.8 and 4.9 omitted as they are signalling questions for model development and not validation;
Key to domain and overall rating: High risk of bias: indicated as ‘HR‘; low risk of bias: indicated as ‘LR’; unclear
risk of bias: indicated as ‘U’ Abbreviations: AABCS = Asian American Breast Cancer Study; BCRAT = Breast cancer
risk assessment tool; BOADICEA = Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation
Algorithm; DCIS = ductal carcinoma in situ; ER = Estrogen receptor; i-Care-BPC3 = Individualized Coherent
Absolute Risk Estimation—Breast and Prostate Cancer Cohort Consortium; iCARE-Lit = Individualized Coherent
Absolute Risk Estimation—literature based tool; KREA = tool using Korean incidence, mortality and risk factor
distributions with European-ancestry relative risks; KRKR = tool using Korean incidence, mortality and risk factor
distributions with Korean relative risks; N = number of participants; NHS = Nurses’ Health Study; NR = not
reported; ROB: risk of bias; PRS = polygenic risk score; TC = Tyrer-Cuzick; v = version; WHI = Women’s Health
Initiative.

Common factors that contributed to unclear or high risk of bias ratings included:
handling of missing predictors at the time of validation when a tool did not allow for
an unknown or missing option; specification of standard measurement of predictors at
baseline; minimal reporting of predictor assessments blind to outcome; limited information
provided around methods used to determine outcomes; omission of standard outcome
definitions and standardised follow-up protocol and lack of clarity on the number of women
who had full follow-up for the time interval between predictor assessment and outcome
determination. Furthermore, the analysis domain rated poorly with all tools examining
5-year risk having <100 events across risk categories, although this was achieved for most
tools assessing 10-year risk. Additionally, often no direct reference was made to baseline
questionnaires preventing a clear assessment of the handling of continuous and categorical
predictors (i.e., if data transformation was required between collection vs. input) unless
stated in the text.

Tools tended to rate poorly for methods regarding handling of missing data. The main
reasons for poor ratings included inappropriate assumptions, omitting predictors with
missing data in general or for a particular predictor, and imputation of predictors with
>50% missing participant data.
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4. Discussion
4.1. Summary of Main Results

This systematic review of studies comparing multiple breast cancer risk assessment
tools within general populations examined several metrics to evaluate risk assessment tools,
namely: the ratio of the expected over observed number of breast cancer cases; evidence
of miscalibration; the proportion of study group where E/O and 95%CI includes unity,
and how these related to the observed cancer incidence rates across assigned risk groups.
We found that no tool was consistently well-calibrated across multiple studies, and breast
density or polygenic risk scores did not improve calibration. While most tools identified a
risk group with higher rates of observed cancers, few tools identified lower-risk groups
across different settings.

We did not apply a single metric to compare tools because the interpretation and
value of each metric depends on how the risk assessment tool might be used. Where
risk assessment tools are being used to advise an individual woman about her estimated
breast cancer risk, specified as, for example, her 5-year or lifetime risk, the tool should
have demonstrated very good calibration of E/O rates within her population to ensure
a sufficiently accurate estimate. Communication of this information is also important, as
these estimates are often misinterpreted as individual level risk so that, for example, an
estimated 3% five-year risk is interpreted as the individual woman having a 3% risk of
breast cancer in the next five years, when instead it indicates that 3% of women in the risk
group to which she belongs would be expected to have a breast cancer diagnosed in the
next five years [42].

The individual-level risk estimates generated by risk tools are also used in clinical
practice to advise and manage women according to a risk group assignment based on
their estimated risk of breast cancer, without necessarily reporting the estimated individual
breast cancer risk for each woman. For example, the Royal Australian College of General
Practitioners (RACGP) guidelines define women at ‘moderately higher’ risk as those with
a 1.5 to 3 times higher than average risk, and women at ‘potentially high’ risk as more
than 3 times the average population risk and recommend management based on these
risk categories such as screening frequency and/or referral to specific breast imaging
surveillance tests, or referral to specialist high-risk services [43]. These tools generally
rely on individual risk estimation as the basis for risk group allocation. For example, the
iPrevent tool draws on either the IBIS or BOADECIA risk tool depending on an assessment
of initial factors such as family history, then assigns the individual to a risk group following
the RACGP guidelines. Each woman’s risk relative to the average is defined by the ratio of
her estimated residual lifetime risk (to age 80) and the average residual lifetime population
risk for women of her age. In a validation study of over 15,000 Australian women, iPrevent
demonstrated good calibration for women under 50 years (E/O: 1.04; 95% CI = 0.93 to
1.16) but poor calibration for women aged 50 years and older (E/O: 1.24; 95% CI = 1.11 to
1.39), largely due to overestimation of risk in the highest study group decile [44]. These
findings are concerning in terms of providing accurate risk estimation to individual women
however, as noted by Phillips et al., “the extent of overestimation is unlikely to be of clinical
importance because the actual 10-year [breast cancer] risks for these women substantially
exceed thresholds for intensified screening and medical prevention (and for mutation
carriers, risk-reducing mastectomy). Therefore, the overestimation would be unlikely to
lead to an inappropriate change in their clinical management.”

The issues mentioned above have potential consequences for how risk assessment
tools should be evaluated in relation to risk-based population breast screening While GPs
and specialists are (theoretically) able to refer an unlimited number of patients to services
to which they are eligible, resource-constrained population risk-based screening programs
would benefit from directing screening protocols for higher-risk (or lower-risk) clients to
a priori proportions of the screening population. This could mean, for example, that a
screening program would provide supplemental or alternative imaging tests to 10% of
women deemed to be most likely to benefit from that imaging, based on their short-term
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breast cancer risk and the expected accuracy of their routine screening test (indicated by, for
example, observed interval cancer rates). For this purpose, it should be sufficient to confirm
that a risk tool can identify the 10% of screening clients for whom outcomes (observed
rates of breast cancer and interval cancers) under the current approach to screening are
significantly higher compared to clients with average outcomes in the screened population,
even if that tool is not well calibrated in terms of expected and observed rates; this risk
stratification could then be used to trial alternative approaches to screening.

This is an important consideration because requiring good E/O calibration of risk
assessment tools across the risk spectrum is a difficult standard to reach. For example, a
recent evaluation of six established risk models (IBIS, BOADICEA, BRCAPRO, BRCAPRO-
BCRAT, BCRAT, and iCARE-lit) in over 52,000 Australian women concluded that only one
model (BOADICEA) calibrated well across the spectrum of 15-year risk [26].

Even where good E/O calibration is achieved, this does not necessarily mean that
observed rates are ranked well or that calibration is good across the risk spectrum. For
example, in the study by McCarthy and colleagues [34], despite BRCAPRO exhibiting
goodness-of-fit for the cohort, the observed rates fluctuated for women in the middle
deciles, and the assessment of the KRKR tool by Jee et al. [37] on women aged 50 years or
older demonstrated good calibration overall but was well-validated for only 30% of the risk
groups (of note, this metric is more stringent for studies with a larger number of risk groups
such as Jee et al., which had ten). Conversely, models with evidence of miscalibration can
demonstrate good differentiation of a higher-risk group. For example, in the study by
Hüsing et. al., although BCRmod recalibrated showed evidence of miscalibration to the
study population, higher-risk groups (deciles 9–10) were well differentiated [36].

Overall, despite differences between risk assessment tools and study cohorts, most
risk tools were able to identify a group of women with the highest risk of breast cancer,
with only a few exceptions (Chen v1, ER-, KREA, KRKR and the original Korean model).
For lower-risk women, some tools assessed consistently stratified women in the lowest
categories of breast cancer risk across different settings (e.g., Tyrer-Cuzick version 8.0b;
BRCAPRO version 2.1; iCARE tools). In the case of BCRAT, this depended on the version
used; i.e., BCRAT version 3 was found to be consistent in distinguishing women in the
lowest risk group whereas the same was not observed for versions 2 and 1. Of note, for
some tools it was not possible to assess this feature across different settings as there was
only one relevant study included (e.g., BCRmod [36], KREA and KRKR [37], ER+ tool [39]).

The BCRAT tool was the most evaluated risk assessment tool in the included articles,
followed by the Tyrer-Cuzick tool, with increasing evaluation of iCARE tools in more
recent publications. The number of risk factors considered by the different tools varied
considerably. This is an important consideration for policy-makers and health services
when selecting the most suitable tool for a specific application, as the number of predictors
and the level of detail required for each one can be an impost for women and requires
substantial resources to ensure complete and accurate risk information is provided and
recorded.

The number of risk groups varied greatly between studies (4–10 groups). Reporting
results for more groups provides more detail on how the tool performs as a graded associa-
tion with increasing risk, which is informative for population-level applications where the
availability of resources might be limited. For example, isolating smaller groups of women
with very high risk may be more feasible for targeting more costly options (such as MRI) to
higher-risk women as part of population breast screening.

We found that mammographic breast density has not been shown to improve the
accuracy of breast cancer risk assessment tools based on self-reported information collected
from questionnaires. We did not review evidence on the accuracy of breast density alone
as a risk assessment tool, with an equivalent assessment of whether other risk predictors
improved the accuracy of breast density as a risk assessment tool. However, this is a very
active research area, and ongoing review of high-quality evidence is warranted.
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Similarly, we found that the addition of a PRS score did not improve accuracy when
added to self-reported information within the tools assessed, although this finding was
based on a single study [29]. We did not review evidence on the accuracy of PRS alone as a
risk assessment tool.

4.2. Comparison with other Published Work

A number of other systematic reviews have been published previously in this
field [45–48]. These aimed to provide an overview of published risk assessment tools,
basing their assessments on (i) calibration performance using the E/O ratio and (ii) dis-
criminatory accuracy using the area under the receiver operating curve (AUC) and/or
concordance statistic (C-statistic). In this review we focused on studies that assessed more
than one risk assessment tool on one or more populations, how those tools compared
to each other and what overall observations could be drawn by assessing these studies
collectively. For this purpose, the AUC and C-statistic are not considered the appropriate
metrics for assessing discrimination as they measure the ability of a tool to determine
which women are at higher or lower risk of breast cancer than average, but not whether
women within a study population have been stratified according to their level of risk,
which is critical when evaluating these tools for the purpose of population-based risk-based
screening. We recommend the use of observed rates of incident breast cancer according to
tool-determined risk groups as it provides a better quantitative assessment of discrimina-
tion for this purpose, informing consideration of interventions that might target women at
different thresholds of risk across the risk spectrum.

4.3. Applicability and Model Performance

We observed that tools that were recalibrated to the risk profiles of the population
in which they were applied demonstrated an improvement in fit, as exemplified in the
study by Chay and colleagues [32], which compared BCRAT to its Asian-American variant.
This improvement in a risk assessment tool highlights the importance of making such
adjustments when considering the application of any risk tool, especially on specific
populations. Tools are usually developed using breast cancer incidence rates and risk
factor data collected from one population and then applied to a different population
without adjusting these parameters. This can lead to poorer model performance as the
distribution of risk factors and breast cancer incidence can vary across populations. We
need, however, to distinguish between recalibration and ‘pre-calibration’ as exemplified
by the iCARE-based tools which uniquely incorporated calibration to population-based
age-specific disease incidence rates before they were used [35]. As can be seen from Table 2
and associated graphs, these tools generally performed very well. They fell within the scope
of this systematic review as they met the review’s criterion of a tool calibrated to the study
validation population of interest. This approach in the use of risk-prediction tools seems
sensible given that population-based age-specific disease incidence is usually available
and, as reinforced by this review, tools without calibration perform very differently in
different settings.

Assessment of the studies included, revealed opportunities to improve standardisation
of risk tool evaluations. Not all studies cited the specific version of the tool and package
used. When these details were not provided, it was difficult for reviewers to deduce this
information even if predictors were listed. For example, one study [36] provided a link to
the BCRAT tool on the National Cancer Institute (NCI) website and a second study [35]
using the same tool, also included the date and year accessed. However, the NCI provides
the latest tool versions without detailed history of previous versions and updates; therefore,
the version of the tool used by these studies at the time they were conducted had to be
deduced. For studies that cited tool versions, these were often determined by the software
used; e.g., BCRAT can be run on SAS Macro or R and these packages have their own
tool-version numbers. For some models, the software was accessible through different
sources. For example, BRCAPRO is accessible via the BayesMendel R package or within
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the CancerGene software program which now uses the code from BayesMendel. In the
case of studies using the latter, even when the CancerGene software version was cited
there was insufficient information available from the CancerGene website to deduce which
version of the BayesMendel R package was used by that software. For full transparency it
is recommended that authors provide the specific version of the risk assessment tools used
including the software package, all predictors offered by that version and used in the study
being reported.

4.4. Risk of Bias and Quality of the Evidence

Critical assessment of studies in terms of risk of bias is required to provide a compre-
hensive evaluation. We used the recently published PROBAST tool, specifically designed to
thoroughly assess the risk of bias in relation to risk assessment tool studies. Only one previ-
ous systematic review identified from our searches had included a risk of bias assessment,
although a tool for evaluating modelling studies was used instead of PROBAST [42]. All
tools we evaluated across studies received an overall rating of ‘high risk of bias’. Although
this was driven mainly by rulings for the domain of analysis, there was also an evident lack
of clarity in the reporting of key details contributing to ratings of ‘unclear risk of bias’ for
28–66% of tools for the predictor and outcomes domains.

One of the main areas of concern is the domain of predictors with respect to the
collection and completeness of data on risk predictors, and the statistical methods used to
deal with any data issues. One method that studies used to deal with missing predictors
at the time of validation was multiple imputation (29, 35). Although this is a common
method to deal with missing data, the reference dataset is simulated and thus possibly less
reliable. This also limits our understanding of how missing data would be addressed at an
individual level if the tool were utilised as part of health service provision. In other studies,
researchers sometimes stated that missing data was handled according to the specifications
of each software application (e.g., McCarthy et al. [34], Jantzen et al. [33]), however it was
not always clear whether a predictor value was then classed as missing or whether the
predictor was omitted from the tool (e.g., BRCAPRO version 2.1–3, Tyrer-Cuzick version
8.0b and BOADICEA v3 in Terry et al. [31]). In other cases, the approach to handling
missing data was not reported. For example, Brentnall et al. [38] applied version 7.02 of
the Tyrer-Cuzick model (developed in the UK) on a US cohort; this version included prior
use of hormone replacement therapy (HRT) (yes/no) as a predictor without an option of
selecting ‘unknown’ or ‘missing’ if these data were unavailable. The authors did not report
any information regarding the collection of HRT data or how missing data was handled.
Overall, it is not possible to evaluate the precise effect of missing predictor values on risk
estimates unless provision of a ‘missing’ option has been made by tool providers, which
may indeed be more reflective of actual use of tools in practice as sometimes information
on predictors cannot be recalled. We recommend that future studies consider including
information on how missing data are managed, as this would improve comparability
between studies and help recognise the challenges of applying risk assessment tools to
different settings and study populations. Overall, factors identified by our risk of bias
analysis could potentially explain some of the observed differences in tool performance in
different settings described throughout this review.

We also recommend more standardised and transparent reporting of risk assessment
tools, using the ‘Transparent Reporting of a multivariable prediction model for Individual
Prognosis or Diagnosis’ (TRIPOD) statement published in 2015 [49]. TRIPOD provides a 22-
item checklist considered to be key for transparent reporting of risk assessment tool studies.
The statement was created to increase the level of reporting standards as prior studies
performing external validation of risk assessment tools were found to commonly lack clarity
in reporting and tended not to present important details needed to understand how the tool
might be applied or whether results reflected true performance of the tool [50]. This was
reflected in a systematic review examining the methodological conduct and reporting of
external validation studies for risk assessment tools that found that of 45 articles published
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in 2010, 16% did not report the number of outcome events when validating tools, 54% did
not acknowledge missing data, and frequently, it was unclear as to whether the authors
had applied a complete or an abridged version of the tool [50]. For our analysis, four
studies [30,32,40,41] were published prior to the TRIPOD statement, however no studies
published after 2015 refer to the TRIPOD statement or checklist.

4.5. Limitations

This systematic review has certain limitations. A number of studies that compared
different risk assessment tools on the same population were not included due to the focus
of this review to compare risk assessment tools generated from, or calibrated to, a different
population to the study validation population of interest or tools specifically calibrated to
the study population of interest. However, focusing on the selected studies in this review
enabled a fairer comparison between tools and improvement in the quality of the evidence.
Secondly, despite meeting the criteria for inclusion, some studies had to be excluded due
to some required data being unavailable for full assessment. Nonetheless, efforts were
made to contact the authors. Additionally, for studies which did not provide the number of
women in each risk category, the calculated estimates may be inaccurate if numbers are
distributed unequally between risk categories, as the number of women per category was
estimated by dividing the numbers of participants equally among categories.

This review did not compare tools in terms of interval cancers (i.e., cancers diagnosed
following a negative population screening test), breast cancer mortality, nor incidence of
breast cancer defined by different tumour characteristics (e.g., sub-type, size, grade, nodal
involvement). We did initially seek to assess these outcomes as this evidence is likely to be
of interest for some applications, such as consideration of risk-based screening protocols,
however insufficient evidence was available to make these comparisons between tools.

Finally, one of the methods used to assess risk assessment tools was based on E/O point
estimates and their 95%CI including unity (E/O = 1). Studies where tools were applied on
small cohorts of women have wider CIs and therefore be more likely to include this value
compared to larger studies which have narrower CIs. Additionally, we characterised the
functional form of observed cancer rates according to risk groups based on point estimates
reported without uncertainty estimates (e.g., CIs). However, while we acknowledge these
metrics have minor limitations, these were only two of the metrics employed; when
evaluated collectively all metrics analysed provide sufficient information to enable a fair
and balanced assessment of risk assessment tools.

5. Conclusions

This systematic review identified various questionnaire-based tools (sometimes in-
corporating mammographic density or genetic information) that are effective in assigning
women to risk groups for incident breast cancer, for various metrics of tool performance.
The most appropriate metrics to consider depend on how the risk tool is to be applied.
While good calibration between expected and observed rates is essential for individual-level
estimated breast cancer risk described as a rate over a specified period, tools demonstrating
good differentiation of observed breast cancer incidence rates are potentially suitable for
triaging women to population-level risk-based interventions such as risk-based breast
cancer screening, even if they are not well calibrated in terms of expected versus observed
outcomes across the risk spectrum. Current trials such as MyPeBS [51] and WISDOM [52]
are allocating women to risk-based screening protocols based on their predicted risk of
breast cancer as estimated by combining genetic information with scores from risk assess-
ment tools which incorporate mammographic density (Tyrer-Cuzick and Breast Cancer
Surveillance Consortium (BCSC) risk tools for MyPeBS [53]; BCSC risk tool for WIS-
DOM [54]). Results from these studies will provide valuable information on the clinical
utility of these detailed and resource-intensive risk assessment tools; in parallel, work is
required to understand the relative utility of more parsimonious tools that may achieve
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similar outcomes while markedly reducing the impost of risk assessment on women and
health services.
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Simple Summary: Breast cancer is a concern for the healthcare system. Even with the advancement of
science and technology, the current system for therapeutics and diagnostics seems to have numerous
pitfalls. Phytochemical-mediated nanocarriers come into the picture to outrange the drawbacks of the
conventional breast cancer management method. Phytochemicals have been a useful tool since time
immemorial, and developing a sophisticated fusion of these chemicals with nanocarrier enhanced
its effectiveness. This ensures targeted, time-controlled drug delivery. This article emphasizes the
development of phytochemical-based nanocarriers corresponding to breast cancer. Moreover, the
article presents the unhighlighted parts of the therapeutical industry to help patients. Enhancing
patients’ quality of life would uplift the healthcare system.

Abstract: As the world’s most prevalent cancer, breast cancer imposes a significant societal health
burden and is among the leading causes of cancer death in women worldwide. Despite the notable
improvements in survival in countries with early detection programs, combined with different modes
of treatment to eradicate invasive disease, the current chemotherapy regimen faces significant chal-
lenges associated with chemotherapy-induced side effects and the development of drug resistance.
Therefore, serious concerns regarding current chemotherapeutics are pressuring researchers to de-
velop alternative therapeutics with better efficacy and safety. Due to their extremely biocompatible
nature and efficient destruction of cancer cells via numerous mechanisms, phytochemicals have
emerged as one of the attractive alternative therapies for chemotherapeutics to treat breast cancer.
Additionally, phytofabricated nanocarriers, whether used alone or in conjunction with other loaded
phytotherapeutics or chemotherapeutics, showed promising results in treating breast cancer. In the
current review, we emphasize the anticancer activity of phytochemical-instigated nanocarriers and
phytochemical-loaded nanocarriers against breast cancer both in vitro and in vivo. Since diverse
mechanisms are implicated in the anticancer activity of phytochemicals, a strong emphasis is placed
on the anticancer pathways underlying their action. Furthermore, we discuss the selective targeted
delivery of phytofabricated nanocarriers to cancer cells and consider research gaps, recent develop-
ments, and the druggability of phytoceuticals. Combining phytochemical and chemotherapeutic
agents with nanotechnology might have far-reaching impacts in the future.
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1. Introduction

One of the leading causes of fatality worldwide and a major barrier to extending life
span is cancer, with breast cancer being among the most prevalent malignancies impacting
women worldwide [1]. Women can develop breast cancer at any age after puberty, but
the risk increases with age. According to the WHO, 2.3 million women worldwide had
breast cancer in 2020, and 685,000 of them passed away from it [1]. Despite the notable
improvements in survival in countries with early detection programs combined with the
broad availability of different treatments, breast cancer continues to represent a significant
societal health burden and has a large impact on the global number of cancer deaths due to
the rapidly increasing rate of global aging [2]. According to a recent study, the number of
new instances of breast cancer will reach more than 3 million cases annually by 2040 (an
increase of 40%), and the number of deaths will reach more than 1 million cases annually (an
increase of 50%) [3]. Currently, somewhere in the world, a woman is diagnosed with breast
cancer every 14 s [4]. Various phytomedicines and nanotechnology-based interventions are
under development [1–4].

Breast cancer, which originates from the epithelium of the milk ducts, is a highly
heterogeneous neoplasm. It varies within each individual tumor, i.e., intratumor hetero-
geneity, and it significantly varies between patients, i.e., intertumor heterogeneity [5,6].
The histopathologic categorization of breast cancer is based on intertumor heterogeneity.
The most prevalent (40–75%) histologic type of invasive breast cancer is invasive ductal
carcinoma. Additionally, there are 21 more specific subtypes with distinct morphologic char-
acteristics included in the WHO classification, among which the most common (5–15%) one
is invasive lobular carcinoma [7]. According to the assessment of immunohistochemistry
(IHC), the expression of estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) was found to be 80%, 60–70%, and 15–20%,
respectively, in all invasive breast carcinomas [8–10]. Breast cancer is divided into four
main intrinsic molecular subgroups with therapeutic and prognostic implications based
on gene expression analysis: luminal A, luminal B, HER2-enriched, and basal-like [11].
The luminal A and B subtypes exhibit tumor heterogeneity among ER-positive breast
tumors and seem to have higher rates of survival than the HER2-enriched and basal-like
subtypes [12]. The HER2-enriched subtype, which comprises the ER−/PR−/HER2+ and
ER+/PR+/HER2+ cancers, is characterized by elevated expression of the HER2 and prolifer-
ating genes. The basal-like subtype is triple-negative in 70% of cases and enriched for genes
expressed in basal epithelial cells [11]. Breast tumors that do not express ER, PR, or HER2
are referred to as “triple-negative” breast carcinomas. Figure 1 represents the current state
of the diagnosis, treatment, and theranostics of breast cancer. Breast imaging is frequently
employed to assess the quality of breast implants, but it also plays a critical role in the
detection, diagnosis, and clinical treatment of breast cancer [13]. Chemotherapy, surgical
removal of the cancerous tissue, radiotherapy, immunotherapy, and a combination of any
of these treatments have been the traditional methods of cancer treatment. Traditional
chemotherapeutics are still the main type of treatment for many cancers that are in the
late stages, despite obstacles such as systemic toxicity, limited selectivity, and a range of
adverse effects [14]. Cancer treatment frequently involves drugs that specifically target
cells that divide rapidly, which causes unwanted side effects on healthy, rapidly dividing
cells, including hair follicles and the epithelium of the gastrointestinal tract (GIT). The fact
that many cancer cells progressively gain resistance to standard kinds of therapy is also
one of the exacerbating factors. The requirement for preoperative (neoadjuvant) systemic
therapy is established based on the diagnosis and evaluation of the extent of breast cancer.
Management for breast cancer requires targeted medicines that are efficient and have few
unwanted side effects.
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Major focus must be placed on reducing global gaps in access to diagnostics, multi-
disciplinary therapy, and innovative drugs because breast cancer is a global concern. An
increasing collection of credible research indicates that phytochemical components taken
as nutraceuticals have chemo preventive action on several cancer types [15–17]. Figure 2
depicts examples of phytochemicals utilized for breast cancer treatment.

Cancers 2023, 15, x FOR PEER REVIEW 4 of 28 
 

 

 

Figure 2. The role of various phytochemicals in the treatment of breast cancer. 

Despite significant work in preclinical settings, there has been little progress in trans-

lating phytochemicals to humans [2,19]. One of the many causes of clinical failure may be 

the ineffective transport of promising natural substances to the target site. Therefore, it is 

crucial to develop novel efficient delivery methods that can minimize these drawbacks. 

The use of nanoparticles (NPs) in medicine has made it possible to create medication 

delivery methods that are nanoformulated. Common drug carriers include micelles, pol-

ymeric dendrimers, quantum dots (QDs), microspheres, nanoemulsions, gold nanoparti-

cles (GNPs), hydrogels, and liposomes. These drug carriers require different techniques 

for drug attachment, such as encapsulation, covalent binding, and adsorption [20]. 

Natural agent delivery methods based on nanotechnology have several benefits. One 

benefit of this nanotechnology is the ability to shield pharmaceuticals enclosed in nano-

particles from the damaging effects of external media, which provide prolonged systemic 

circulation [21]. Additionally, when compared to non-encapsulated free drugs, nanopar-

ticles can augment the delivery of water-insoluble drugs, improve the passage of chemo-

therapeutic agents across cell membranes, allow the drugs to only be delivered to cancer 

cells, enhance drug distribution, offer sustained release of the drug, and assist in the de-

livery of two or more drugs for combined therapy [22]. 

1.1. Current Limitations of Breast Cancer Chemotherapy Regimens 

Chemotherapy medications, which target rapidly proliferating cancer cells, can also 

harm rapidly proliferating healthy cells, including those in the bone marrow, digestive 

tract, and hair follicles [23]. However, after the course of treatment is complete or within 

a year of finishing chemotherapy, these side effects frequently fade away. They might last 

for a while in some instances. Hair loss, fatigue, loss of appetite, nausea and vomiting, 

constipation or diarrhea, mouth sores, changes to the skin or nails, neuropathy, chemo 

brain, and fatigue are among the more frequent short-term adverse effects. Although, in-

fertility, bone thinning, heart damage, leukemia, and other long-term side effects of some 

chemotherapy medicines for breast cancer are also possible [24]. 

Figure 2. The role of various phytochemicals in the treatment of breast cancer.

It has been established that phytochemicals, the chemical substances (secondary
plant metabolites) produced by plants in their various parts, are ideal candidates for the
treatment. Various studies have revealed that such phytochemicals can act as chemo
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protectants that can control cellular and molecular processes such as DNA repair, apoptosis,
cell proliferation, the cell cycle, and metastasis [18,19]. Many of these organic substances are
also often comparatively less harmful and better tolerated by healthy cells. This is because
many natural products are tolerated by normal cells, even at high dosages compared to
chemotherapy medications.

Despite significant work in preclinical settings, there has been little progress in trans-
lating phytochemicals to humans [2,19]. One of the many causes of clinical failure may be
the ineffective transport of promising natural substances to the target site. Therefore, it is
crucial to develop novel efficient delivery methods that can minimize these drawbacks.

The use of nanoparticles (NPs) in medicine has made it possible to create medication
delivery methods that are nanoformulated. Common drug carriers include micelles, poly-
meric dendrimers, quantum dots (QDs), microspheres, nanoemulsions, gold nanoparticles
(GNPs), hydrogels, and liposomes. These drug carriers require different techniques for
drug attachment, such as encapsulation, covalent binding, and adsorption [20].

Natural agent delivery methods based on nanotechnology have several benefits. One
benefit of this nanotechnology is the ability to shield pharmaceuticals enclosed in nanopar-
ticles from the damaging effects of external media, which provide prolonged systemic circu-
lation [21]. Additionally, when compared to non-encapsulated free drugs, nanoparticles can
augment the delivery of water-insoluble drugs, improve the passage of chemotherapeutic
agents across cell membranes, allow the drugs to only be delivered to cancer cells, enhance
drug distribution, offer sustained release of the drug, and assist in the delivery of two or
more drugs for combined therapy [22].

1.1. Current Limitations of Breast Cancer Chemotherapy Regimens

Chemotherapy medications, which target rapidly proliferating cancer cells, can also
harm rapidly proliferating healthy cells, including those in the bone marrow, digestive
tract, and hair follicles [23]. However, after the course of treatment is complete or within a
year of finishing chemotherapy, these side effects frequently fade away. They might last
for a while in some instances. Hair loss, fatigue, loss of appetite, nausea and vomiting,
constipation or diarrhea, mouth sores, changes to the skin or nails, neuropathy, chemo
brain, and fatigue are among the more frequent short-term adverse effects. Although,
infertility, bone thinning, heart damage, leukemia, and other long-term side effects of some
chemotherapy medicines for breast cancer are also possible [24].

Due to its drug resistance and tendency to metastasize to distant organs such as the
lymph nodes, bone, lung, and liver, breast cancer accounts for the majority of cancer-related
fatalities in women [25]. The ATP-binding cassette (ABC) family protein, whose higher
expression is correlated with higher resistance to chemotherapy, is widely established to
have a significant role in drug resistance in a variety of malignancies. The excessive ex-
pression of proteins, such as P-GP1/ABCB1 (P-glycoprotein 1, also known as ATP-binding
cassette subfamily B member 1 or ATP-dependent translocase ABCB1) and BCRP/ABCG2
(breast cancer resistance protein, also known as ATP-binding cassette subfamily G member
2 or broad substrate specificity ATP-binding cassette transporter ABCG2), causes mul-
tidrug resistance (MDR), which is a significant barrier to the diagnosis and treatment of
breast cancer.

It is now recognized that the control of breast cancer and the spread of its metastasis
involves a number of routes [26]. Understanding the biological activity of progesterone
receptors (PRs), estrogen receptors (ERs), and human epidermal growth factor receptor
2 (also known as receptor tyrosine–protein kinase EGRB-2 or tyrosine kinase-type cell
surface receptor HER2) for various subtypes of breast cancer has advanced. Despite recent
developments in finding small molecules, proteins, and peptides for immunotherapy,
controlled-release drug delivery and targeting are still not possible [27].

To aid in the detection and treatment of breast cancer, nanoparticles (NPs) bearing
anticancer medicines can be actively or passively administered to the targeted tumor. NPs
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have numerous useful characteristics. To test drug effectiveness and overcome MDR, the
controlled release of medicinal chemicals from NPs has been accomplished [28–30].

1.2. The Phytotherapeutics: Benefits and Their Delivery Challenges

Approximately 70% to 80% of the world population prefers herbal therapy as their
primary type of treatment, making it one of the most significant forms of traditional
medicine [31]. “Phyto pharmaceutical drug refers to an extract of a medicinal plant or a
part of it that has been purified and standardized with defined minimum four bioactive
or phytochemical compounds, for internal or external use by humans or animals for
diagnosis, treatment, mitigation, or prevention of any disease or disorder” [32]. Due to
the ineffectiveness of contemporary treatments for chronic diseases and because those
treatments rarely show unfavorable serious side effects, the use of herbal medicines has
become increasingly widespread in today’s world. Many modern medications and their
synthetic analogs have been developed based on the prototype compounds discovered
in and isolated from plants. A few examples include vinblastine and vincristine from
Catharanthus roseus, L-Dopa from Mucuna prurita, reserpine from Rauvolfia serpentine, and
paclitaxel from Taxus brevifolia [33].

Notwithstanding the high worldwide breast cancer prevalence, the number of breast
cancer patients who employ complementary and alternative therapies (CAMs) in addition
to chemotherapy and radiation treatment is rising [34]. CAM is described as a group
of methods, systems, and products from the medical and healthcare industries that are
typically not included in the scope of mainstream medical care [35]. Herbal remedies or
phytotherapy are the most widely utilized and oldest type of CAM practiced on cancer
patients [36]. The biological effects of herbal medicines in the treatment of cancer can be
wide-ranging and include enhancing the body’s potential to fight cancer by increasing its
ability to detoxify or clean itself, changing the way certain hormones and enzymes function,
reducing the side effects and complications of chemotherapy and radiation treatment,
and enhancing the body’s immune system function, such as enhancing the synthesis of
cytokines (interferon, interleukin, colony-stimulating factor, tumor necrosis factor, etc.) [37].
Moreover, it is clear that oxidative stress has a role in the development of cancer and that
antioxidants play a role in both cancer prevention and cancer treatment, and the majority
of plants are good providers of antioxidants. The majority of malignancies may be related
to food, according to numerous research. Furthermore, dietary adjustments can lower the
chances of the majority of malignancies [38]. The majority of herbal active ingredients are
hydrophobic and have poor solubility. The restricted clinical usage of herbal medications is
due to the poor solubility and hydrophobicity of their active ingredients, which results in
poorer bioavailability and greater systemic clearance, necessitating repeated administration
or an increased dose. Nano or micro formulations, however, can address these issues. Vari-
ous types of polymer or lipid carriers are found in nanocarriers or sustained-release dosage
forms, which are utilized to deliver drugs by a number of routes, such as transdermal,
buccal, oral, and parenteral. They aid in greater therapeutic efficacy and localization at
the desired target, which increases patient compliance [39]. For instance, oral polymeric
nanoparticles can reduce the poor water solubility of Cuscuta chinensis [40]. Camptothecin’s
poor water solubility and harmful effects can be mitigated by intravenous injection, hydro-
gel of polymer conjugations, biodegradable implants, liposomes, polymeric nanoparticles,
or solid lipid nanoparticles [41,42].

Although the use of herbal medicine has dramatically increased recently, there is
still a dearth of research data in this area. The greatest hazard to consumer health is
expected to result from the quality of herbal medicine being compromised as a result
of adulteration and substitution caused by the rising demand for phytopharmaceutical
medications on the worldwide market. The main problem for regulatory authorities is
finding and identifying high-quality phytopharmaceuticals since interspecies diversity and
uncertainty over vernacular nomenclature can lead to the adulteration and misidentification
of raw materials for phytopharmaceutical drugs. In this review, we emphasize the recent
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advancements in understanding the mechanisms of action of phytochemical nanocarriers
on various molecular pathways associated with breast cancer. We also discuss the phyto
nanocarriers that are in clinical trials and their lacunas for commercialization.

2. Advanced Phytochemical Delivery Strategies

Many plant-derived secondary metabolites have low solubility and undesirable stabil-
ity, restricting their use in therapeutic studies. For example, phenolic phytoconstituents
have high antioxidant capability but are unstable under experimental settings. Further-
more, despite their great potential activity, bioactive compounds, such as paclitaxel and
curcumin, have limited solubility and bioavailability, necessitating the use of hazardous
solvents. The accompanying sections list the existing innovative delivery techniques for
loading phytoconstituents for therapeutic effectiveness against breast cancer. Figure 3
depicts various types of nanocarriers with their properties.
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2.1. Phytochemical-Loaded Nanocarriers
2.1.1. Polymeric Nanoparticles (PNs)

Polymeric nanoparticles (PNs) have recently emerged as promising nanomaterials
because of their desired characteristics, such as simplicity of surface functionalization, ease
of production, strong cytocompatibility, and low toxicity. One of the most common methods
of tailored drug delivery for treating breast cancer is the incorporation of phytonutrients
into PNs. In this system, the phytochemical is either physically encapsulated into or
covalently linked to the polymeric matrix.

PNs are globally classified as natural and synthetic PNs. Natural polymers, such as
hyaluronic acid, chitosan, alginic acid, heparin, ethyl cellulose, and protein bovine serum
albumin (BSA), are used for their excellent encapsulation efficiency and less intrusive
nature, and they are strongly recommended. Synthetic polymers such as poly(lactic acid)
(PLA), polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PLGA), poly anhydride (PLA),
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and poly(sulfobetaine methacrylate) (PSBMA) are also used for the fabrication of PNs.
Phytochemical-loaded PNs are manufactured using conventional techniques, such as
nanoprecipitation, layer-by-layer assembly, ionic gelation, and emulsion evaporation [43].

In a recent study, ginsenoside Rg5-loaded BSA NPs were developed using the desol-
vation process to increase the therapeutic effectiveness and tumor targetability of Rg5. The
produced NPs were shown to disintegrate under acidic conditions but had good stability
for eight weeks at 4 ◦C. Additionally, compared to free Rg5, the drug-loaded BSA NPs
demonstrated better anticancer efficacy in MCF-7 cells, most likely by facilitating greater
absorption of the drug and leading to more efficient cell death induction. Folic-modified
drug-loaded BSA NPs outperformed free Rg5 and drug-loaded BSA NPs in an in vivo
anticancer study using an MCF-7 xenograft mouse model for suppressing tumor growth.
According to the in vivo real-time bioimaging analysis, the produced NPs had a better
capacity for tumor accumulation [44] (Figure 4).
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Figure 4. Ginsenoside-fabricated BSA NPs exhibited significant inhibition of breast cancer xenografts
(A) tumor size, (B) tumor volume, (C) body weight, (D) tumor weight, and (E) in vivo biolumines-
cence after treatment for 21 days. Different letters (a,b,c) indicate significant differences between each
group. Adapted with permission from [44] under (CC BY-NC 3.0).

Research on polymeric nanoparticles (both synthetic and natural) for administering
phyto-derived therapeutic drugs, including curcumin, Epigallocatechin-3-gallate (EGCG),
berberine, chrysin, and quercetin, is ongoing on a global scale. In brief, Kumari et al.
developed a formulation based on curcumin nanoparticles and PGMD (poly-glycerol-
malic acid-dodecanedioic acid) for anticancer efficacy against breast cancer cells. Both
nanoparticles had entrapment effectiveness between 78% and 81%. The scratch assay and
in vitro anticancer activities were performed on the breast cancer cell lines MCF-7 and
MDA-MB-231. In the MCF-7 cell line, the IC50 of the nanoformulation was found to be 40.2
and 33.6 µM at 48 h; in the MDA-MB-231 cell line, it was 43.4 and 30.5 µM. This research
revealed that the nanoparticles have more anticancer efficacy than curcumin alone [45].

Zeng et al. used nanotechnology that increased the capacity of EGCG to target MCF-7
cells. Two different types of EGCG nanoparticles (FA-NPS-PEG and FA-PEG-NPS) were
developed, and their properties and effects on MCF-7 cells were investigated. The findings
showed that I FA-NPS-PEG and FA-PEG-NPS both have great stability, and their particle
sizes were 185.0 ± 13.5 nm and 142.7 ± 7.2 nm, respectively. Their encapsulation efficiencies
of EGCG were 90.36 ± 2.20% and 39.79 ± 7.54%, respectively. EGCG nanoparticles, specifi-
cally FA-NPS-PEG and FA-PEG-NPS, have been modified by folic acid and polyethylene
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glycol. These nanoparticles outperformed EGCG in terms of cellular uptake, the inhibition
of MCF-7 cell proliferation, and the modification of the expression of several important
PI3K-Akt pathway regulatory proteins [46]. Solanki et al. used the desolvation process to
encapsulate berberine in BSA NPs, which are nanoparticles made of bovine serum albumin.
For BSA NPs and berberine-BSA NPs, the average particle size of the produced nanoparti-
cles was determined to be 116 and 166 nm, respectively. With a drug loading capacity of
7.78%, produced nanoparticles were shown to have an 85.65% drug entrapment efficiency.
The BBR-BSA NPs were more cytotoxic to MDA-MB-231 breast cancer cells, according to
an apoptotic and cellular uptake analysis. Still, increased intracellular uptake data suggest
that berberine-BSA NPs could significantly boost anticancer activity at a lower dose of
berberine [47].

In addition, Sulaiman et al. used a nano participation approach to develop nanochrysin
or PLGA-PVA that was loaded with chrysin successfully. The current research demon-
strated the cytocompatibility of the modified nanochrysin. The modified nanochrysin’s
in vitro anticancer activity toward the MCF-7 and SKOV-3 cell lines was examined. It was
observed that the nanochrysin exerted dose-dependent cell growth arrest against both can-
cer cells. Compared to pure chrysin, the IC50 value of nanochrysin was substantially lower
and promoted the apoptotic cell death pathway. As shown by the apoptotic assay tech-
niques, it also exhibited anti-oxidant activity, a protective effect against DNA damage under
H2O2 activity. The creation of a drug delivery system for the treatment of various cancers
may benefit from the modified nanochrysin’s high encapsulation efficacy, small particle size,
and gradual release capabilities [48]. Furthermore, Zhou et al. developed PLGA-TPGS (D-
α-tocopherol polyethylene glycol 1000 succinate)-based polymeric nanoparticulate systems
for quercetin (Qu-NPs) oral delivery. They assessed the formulation’s anticancer activity
against triple-negative breast cancer both in vitro and in vivo. The average diameter of
Qu-NPs is 198.4 ± 7.8 nm, with a high drug loading capacity of 8.1 ± 0.4%. The Qu-NPs
showed noticeably better inhibition of triple-negative breast cancer cell growth and metas-
tasis. After oral gavage, 4T1-bearing mice showed a strong anticancer response to Qu-NPs,
with a tumor inhibition ratio of 67.88% and fewer lung metastatic colonies. Additionally,
quercetin’s inhibitory effect on migrating MDA-MB231 cells with uPA knockdown was
significantly reduced. Through the combined inhibition of urokinase-type plasminogen
activator (uPA), Qu-NPs enhanced the anticancer and anti-metastatic effects that were
already present [49].

2.1.2. Cell-Derived Nanovesicles (CDNs)

The ongoing worry about the biosafety of employing synthetic materials to trans-
port natural products has accelerated the discovery and use of cell-derived nanovesicles
(CDNs) [50]. Generally, CDNs are isolated from various natural sources (blood, milk, and
cell culture media) and natural plants. Differential centrifugation, immunoaffinity separa-
tion, gel filtration chromatography, ultrafiltration, and polymer precipitation are used to
separate or extract them. CDNs are created by isolation, biofabrication, and biolipid-based
reconstruction. It was also shown that the exogenous stimulation (ultra-sonication and
extrusion) of host cells increases the yield of CDNs [51,52].

There are two approaches to loading cargo (phytoconstituents) into CDNs: preload-
ing and post-loading. Endogenous preloading is achieved by combining phytochemicals
with host cells, after which spontaneously generated CDNs or biofabricated CDNs with
bioactive cargo are collected. However, the preloading strategy is limited to CDNs gen-
erated from cell cultures or microorganisms, making it impracticable for plasma proteins
or food. Post-loading entails the addition of phytochemicals to the preformed CDNs un-
der various conditions. This approach includes passive incubation, sonication, surfactant
permeabilization, and freeze—thaw cycles. Passive diffusion is the most widely used and
safe technology for efficiently encapsulating bioactive compounds, such as curcumin and
paclitaxel. However, it has poor encapsulation effectiveness [52,53].
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Although active loading via electroporation improves the loading of nucleic acids
and nanoparticles into CDNs, it can promote aggregation, alter the surface charge, induce
instability, and potentially denature bioactive CDNs [54]. A recently proposed approach
was the fusion of liposomes containing bioactive molecules with isolated CDNs to generate
hybrid nanovesicles. By this approach, one can generate CDNs loaded with multiple
bioactive molecules.

Furthermore, surface modification of the active target at specific sites can result in the
increased targeting ability of CDNs with minimal toxicity and dosage reduction. CDN
modification can be achieved either pre- or post-generation. In the first case, the host
cells are incubated with phospholipids, such as DSPE-PEG-RGD and hyaluronic acid,
resulting in the generation of functionalized CDNs [55]. In contrast, CDNs are enhanced
in terms of membrane modification, protein derivatization, and lipid rectification in the
post-modification technique [56]. Although active target modification enables specific
targeting, the influence of ligand representation on the immune system, long-term stability,
and loading capacity must be extensively investigated. Furthermore, CDNs may be func-
tionalized by employing a variety of exogenous (temperature, photo responsive, and NIR)
and endogenous (pH, enzyme overexpression) stimuli to create smart CDNs [52]. Bioactive
phytochemicals, such as polyphenols, flavonoids, terpenoids, and alkaloids, have been
exploited for CDN-based delivery. Table 1 lists the phytochemicals given against breast
cancer via CDNs [53].

Table 1. List of the reported CDNs with phytochemicals for breast cancer treatment.

Cargo Loaded CDNs Source Preparation Therapeutic Effect References

Cucurbitacin B MDA-MB-231 cells Isolation, Bio
fabrication Metastasis inhibition [57]

Paclitaxel MDA-MB-231 cells Isolation, Bio
fabrication

Excellent antitumor
activity [58]

Withaferin A,
anthocyanidins,
and curcumin

Milk from Holstein and
Jersey cows Mixing Inhibits inflammation [59]

Black bean-derived
phytoconstituents

Human mammary (MCF7),
prostate (PC3), colon (Caco2),

and liver (HepG2) cells
Electroporation Induces cell death and

cell cycle arrest [60]

Berry-derived
anthocyanidins

Raw milk from pasteurized
Jersey cows Simple mixing Inhibits proliferation and

inflammation [61]

Honokiol (extracted
from Magnolia plant) Mesenchymal stem cells Sonication Inhibits cell cycle arrest

and apoptosis [62]

2.1.3. Lipid Nanoparticles

Lipid-based nanodrug delivery systems are among the most promising colloidal
carriers for phytochemicals. Lipid-based nanoparticles, such as liposomes, solid lipid
nanoparticles (SLNs), and nanostructured lipid carriers (NLCs), can transport hydrophobic
and hydrophilic molecules utilizing the phospholipid bilayer or internal aqueous core.

Liposomes are biocompatible and biodegradable and exhibit quite low toxicity. In
addition, integrating hydrophilic and lipophilic drugs, developing lipid domains, flu-
idity, polyvalent binding, fusion, longer retention of drugs, high drug loading capacity,
site-specific targeting, and controlled drug release are further benefits of liposomes. Fur-
thermore, they provide prolonged restorative effects, a reduced likelihood of probable
adverse effects, and enhanced protection for drugs against physiological conditions [63].
Therefore, it is considered a smarter choice to incorporate anticancer phytochemicals into
liposomes to overcome the constraints of the inability of traditional chemotherapy to
suppress carcinogenesis and their ability to reduce lethal side effects completely.
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These liposomes have a spherical shape, are composed of nontoxic phospholipids and
cholesterol, and are surrounded by water (Figure 5A). They create vesicles in the presence
of an aqueous solution that increases the stability and solubility of anticancer drugs while
encapsulating them in liposomes. Various payloads with hydrophobic and hydrophilic
molecules and charged molecules can be incorporated into liposomes (Figure 5B).
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In recent years, formulations of liposome-based phytochemicals have gained popular-
ity. Chitosan and lecithin were used by Deshmukh et al. to create a liposomal nanosystem
by an electrostatic deposition-assisted film hydration approach to safeguard chrysin (also
known as 5,7-dihydroxyflavone, a flavone found in honey, propolis, passion flowers, Passi-
flora caerulea and Passiflora incarnata, and Oroxylum indicum) in the nanolipoidal shell [64].
Chrysin was encapsulated into liposomes and demonstrated increased anticancer efficiency
in the MCF-7 cell line. After encapsulation in a liposome, chrysin’s relative bioavailability
increased five-fold, according to an in vivo pharmacokinetic study [64]. Quercetin and
mycophenolic acid-loaded liposomes were independently synthesized by Patel et al., and
both in vitro and in vivo experiments were then carried out [65]. Another study used a
thin-layer hydration approach to develop thermosensitive betulinic acid-loaded magne-
toliposomes. This study showed that MDA-MB-231 breast cancer cell lines and MCF 10A
nontumor cell lines were more susceptible to the heightened effects of hyperthermia, as
shown by in vitro experiments using the MTT assay, scratch assay, and LDH assay [66].
Furthermore, an in ovo study depicted the antiangiogenic effect of Lip + MIONPs + BA
during hyperthermia treatment. In addition, resveratrol-containing liposomes that were
coated with peptide and sucrose were used to treat breast cancer [67]. In vivo investiga-
tions on mice with breast cancer showed greater efficacy at lower dosages when compared
to free resveratrol, with an IC50 of 20.89 mol−1 in MCF-7 breast cancer cell lines. The
authors also demonstrated the downregulation of B-cell lymphoma-2 cells by increasing
the expression of p53 [67]. Furthermore, pegylated liposomes were formulated with the
combination of docetaxel and its 3-N-pentadecylphenol derivative. Due to the pegylated
hydrogenated soy PC-3-N-pentadecylphenol derivative, docetaxel demonstrated improved
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stability over 30 days. MDA-MB-231 and MCF-7 breast cancer cell lines showed strong
cytotoxic effects [68].

On the other hand, SLNs are a new class of safer and more effective gene/drug de-
livery systems. SLNs, which range in size from 50 nm to 1 µm, are submicron colloidal
carriers made of physiological lipids distributed in an aqueous solution, and these physio-
logical lipids remain solid at body and room temperature. SLNs provide several fascinating
benefits, including physical stability, increased drug selectivity, protection of absorbed
compounds from clearance and degradation, avoidance of organic solvent residue, simplic-
ity in manufacture, low cost, and nontoxicity [69,70]. Therefore, SLNs have been widely
employed to deliver phytochemicals, including curcumin, berberine, resveratrol, quercetin,
and EGCG [70–74], to increase anticancer activities, protect labile molecules, increase oral
bioavailability, and reduce adverse effects.

2.1.4. Transferosomes

Transfersomes are novel drug delivery systems that consist of phospholipids and a
membrane-softening agent (such as Tween 80, Span 80, and sodium cholate), acting as
edge activators (EAs) that facilitate the ultra deformable property of the transfersomes [75].
Due to their highly elastic nature, transfersomes can deform and squeeze themselves as
intact vesicles through narrow pores, which are noticeably smaller than the diameter of
transfersomes [75]. Transfersomes can pass through the intact stratum corneum along
two intracellular lipid pathways distinct from one another in terms of their bilayer char-
acteristics. High deformability and both hydrophilic and hydrophobic characteristics in
transferosomes allow for improved intact vesicle penetration. This system is significantly
more elastic and flexible than liposomal drug delivery, favoring effective skin penetration
and, by extension, acting as an innovative drug delivery system [76]. Transferosomes
avoid the obstacle of skin penetration by squeezing along the intracellular sealing lipid of
the stratum corneum [77]. The transfersome membrane is made flexible by combining a
suitable surface-active agent in appropriate proportions [78]. In general, anionic surfactants
are typically more successful at improving skin penetration than cationic surfactants, and
the critical micelle concentration is likewise lower.

Nonionic surfactants with an uncharged polar head group are more tolerable than
cationic and anionic surfactants [79]. Nonionic surfactants are thought to be less harmful,
less hemolytic, and less irritating to cellular surfaces. They also tend to keep the pH
of a solution close to physiological levels. Additionally, they serve various purposes,
including their roles as solubilizing, emulsifying, and potent P-glycoprotein inhibitors,
which are beneficial for increasing drug absorption and targeting particular tissues [80].
Transferosome delivery systems assure optimal distribution, increased bioavailability, and
promising phytoactivity stability in herbal formulations [81]. These systems offer numerous
advantages that include the accommodation of pharmaceuticals with various solubilities
due to their hydrophobic and hydrophilic moieties, high entrapment efficiency, deformation
and narrow pass-through constriction, biocompatibility and systemic as well as topical
delivery of the drug [82–85].

Gadag et al. demonstrated the possibility of transpapillary transfer of resveratrol, a
phytochemical, for treating breast cancer. In this study, the biomaterial soy phosphatidyl-
choline was used to encapsulate resveratrol into transfersomes (RVT-TRF) to provide
sustained release of the drug. Iontophoresis accelerated RVT-TRF passage through the
mammary papilla and into the breast tissue. In vitro transpapillary iontophoresis investi-
gation on porcine mammary papilla revealed that RVT-TRF penetrated more readily than
passive diffusion. Further evidence for transpapillary transport came from an in vitro
fluorescence microscopy experiment with fluorescein-conjugated RVT-TRF. Compared to
the oral administration of pure resveratrol, the optimized RVT-TRF demonstrated a greater
maximum peak plasma concentration (Cmax) and area under the curve (AUC) [86].
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2.1.5. Ethosomes

Ethosomes are vesicles made of phospholipids, a high proportion of ethanol (20–50%),
and water. The high ethanol concentrations in ethosomes alter the skin’s lipid bilayer
and increase the vesicles’ capacity to penetrate the stratum corneum [87]. In terms of the
proportion of ethanol, vesicular bilayer fluidity, mechanism of permeation through the
skin, methods of preparation, and lack of adverse effects, ethosomes stand out from other
lipid nanocarriers. The distribution of therapeutic drugs into a deeper epidermal layer and
systemic circulation is made easy and successful by ethanol’s efficient penetration enhancer
function. Numerous compounds, including hydrophilic, lipophilic, and high molecular
weight drugs, can be encapsulated by ethosomes [88]. Both occlusive and nonocclusive
situations allow ethosomes to transfer the drugs over the skin successfully [89,90].

Ethosomes are vesicles that range in size from 30 nm to several microns. They are
soft and flexible. It has been noted that when made using the same approach without any
size-reduction steps, the size decreases with an increase in ethanol concentration from 20 to
45% and is caused by the high alcohol content. The vesicles obtain a net negative charge
from ethanol, reducing their size [91,92]. Nasr et al. encapsulated thymoquinone (TQ),
the main biologically active complex of black cumin seeds, in ethosomes by the response
surface method. They applied it to in vitro breast cancer potential assessment. In this
study, toxicity and release curves were established, and ethosomic TQ had higher cytotoxic
activity than free TQ against MCF-7 cell lines. Free TQ and ethosomic TQ were found to
have IC50 values of 1.10 µg/mL and 0.95 µg/mL, respectively [93].

2.1.6. Niosomes

Niosomes are novel drug delivery systems, nanometric lamellar vesicles created when
a nonionic surfactant is combined with a cholesterol-like helper lipid. The nonionic sur-
factants use energy to produce a stable bilayer vesicle in hydrophilic situations (physical
agitation and heating). While the hydrophilic heads in the bilayer structure remain in
contact with the aqueous side, the hydrophobic sections are directed away from it. Nio-
some preparation requires the use of surfactants that are biocompatible, biodegradable,
and nonimmunogenic. In vivo and in vitro, niosomes function similarly to liposomes
by extending the circulation of the phytochemical that is encapsulated, modifying its or-
gan distribution and enhancing bioavailability. Niosomes can improve the solubility and
stability of phytochemicals, and targeting and regulating phytochemical release is their
intended function.

Barani et al. developed niosomes of two distinct formulations that contained thy-
moquinone (TQ, a phytochemical compound found in Carum carvil seeds) and C. carvil
extract (Carum) (Nio/TQ and Nio/Carum, respectively) and the properties of the resulting
niosomes were investigated [94]. Compared to free TQ, both loaded formulations offered
regulated release. The MTT assay demonstrated that loaded niosomes have more anticancer
activity against the MCF-7 cancer cell line than free TQ and Carum. These findings were
supported by a flow cytometric study. Cell cycle analysis revealed G2/M arrest in the
formulations of TQ, Nio/TQ, and Carum. TQ, Nio/TQ, and Nio/Carum all significantly
reduced the migration of MCF7 cells. These findings indicate that novel carriers with great
effectiveness for encapsulating low soluble phytochemicals include TQ and Carum-loaded
niosomes, which would also be advantageous systems for treating breast cancer [94].

In another study, neosomes containing Lawsone (2-hydroxy-1,4-naphthoquinone,
also known as hennotannic acid, a major constituent of the henna plant (Lawsonia iner-
mis)), nonionic surfactants, and cholesterol were prepared. An in vitro study showed that
encapsulating Lawsone in niosomes significantly increased the anticancer activity of the
formulation in the MCF-7 breast cancer cell line compared to the free Lawsone solution [95].

Recently, folate-targeted curcumin-loaded niosomes for site-specific delivery in breast
cancer were investigated [96]. This study used folic acid (FA) and polyethylene glycol (PEG)
to decorate synthesized curcumin-loaded niosomes to prevent breast cancer. Compared
to the free drug and developed niosomes, it showed a significant increase in Bax and
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p53 gene expression levels. Bcl2 levels were lower with PEG-FA decorated niosomes
than with undecorated niosomes and the free drug. The PEG-FA-modified niosomes
showed the most preponderant endocytosis in the MCF7 and 4T1 cell uptake assays. The
produced nanoformulations were taken up by breast cancer cells and sustained drug-release
properties [96].

2.2. Phytochemical-Assisted Nanocarriers

Significant effort has recently been made toward synthesizing metal nanoparticles
utilizing plant extracts as reducing agents to adhere to the general principles of green
chemistry [97,98]. These methods have been shown to be economical and environmentally
friendly ways to create different metal nanocomposites. Alkaloids, flavonoids, terpenoids,
soluble carbohydrates, phenolic acids, and alkaloids are a few phytochemicals found
in plants. They can act as reducing and stabilizing agents in the production of metal
nanoparticles. Hence, this phytochemical-assisted synthesis of nanoparticles is a very
promising technique for synthesizing nanoparticles, as the plant itself serves as a capping
and reducing agent. Both intracellular and extracellular nanoparticle synthesis is possible
in plant systems [99]. Growing the plant in organic media containing metal-rich elements,
metal-rich soil, or metal-rich hydroponic solution are all examples of intracellular strategies
for nanoparticle synthesis [100–102]. In addition, extracellular approaches use leaf extracts
made by boiling and crushing leaves to create nanoparticles [103].

On the other hand, plant-derived edible NPs exhibit an economic advantage in scaling
up for mass production [104]. The main obstacles between the laboratory and the clinic
in nanomedicine, as is widely known, are biocompatibility and safety. Due to their high
quantities of lipids, low levels of proteins, and abundance of RNAs, plant-derived edi-
ble NPs have a distinct advantage in these areas and are among the safest therapeutic
NPs [105]. The formation of tumors in the leukemia mouse model is effectively inhibited
by edible NPs derived from Citrus limon. It should be mentioned that extracting edible
NPs with high yield and quality is challenging. The use of isosmotic buoyant density and
isosmotic cushion ultracentrifugation, equilibrium density gradient ultracentrifugation,
and differential ultracentrifugation combined with density gradient centrifugation have
all recently emerged as promising extraction and purification methods [106]. In addition
to their natural ingredients, edible plant-derived lipid nanoparticles can be employed
as nanocarriers for chemical drugs. Phytochemicals or chemotherapeutic drugs can be
encapsulated in nanostructures created from plant lipids using sonication [107]. Lipid
nanoparticles, a unique and organic delivery technology, are easily biodegradable and free
of environmental biohazards. These plant-derived lipid nanoparticles offer drug delivery
to a particular site of the human body [108].

3. Evidence of the Role of Phytofabricated Nanocarriers against Breast Cancer
3.1. Anticancer Activity
3.1.1. Immunostimulation

Sijia et al. synthesized tea nanoparticles (TNPs) loaded with doxorubicin (DOX), and
their in vitro immunostimulatory and anticancer activities were studied [109]. The TNPs
significantly increased IL-6, TNF-α, and G-CSF in RAW264.7 macrophages and exhibited
the ability to modulate macrophage immunostimulation. In addition, in comparison with
free DOX, the DOX-loaded TNPs facilitated the intracellular delivery of DOX in sensitive
(MCF-7) and resistant breast cancer cells (MCF-7/ADR) with enhanced in vitro cytotoxicity
of IC50 (MCF-7-0.036 ± 0.012 and MCF-7/ADR-15.16 ± 7.05). The formulation exhibited
pH-responsive release of doxorubicin, favoring in vivo antitumor applications [109]. De-
spite having an anticancer impact, there are only a few in vivo cancer investigations using
TNPs, since it is unclear how exactly their toxicity is induced. TNPs may have several
therapeutic benefits in cancer therapy if research continues to improve in this direction.
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3.1.2. Apoptosis

The antitumor effects of quercetin have been thoroughly studied in a wide range of
malignancies. Their potential was explored by Minaei et al. in the fabrication of mixed
NPs by combining quercetin and lecithin for doxorubicin-induced apoptosis. The results
of this investigation showed that the addition of nano-quercetin to doxorubicin enhanced
its toxicity in the MCF-7 cell line [110]. In addition, a study from Kazi et al. with folate-
decorated epigallocatechin-3-gallate loaded PLGA nanoparticles (FP-EGCG-NPs) evaluated
the efficacy in breast cancer cells. Treatment with FP-EGCG-NPs in MDA-MB-231 and MCF-
7 cells significantly induced cytotoxicity, high apoptotic potential, and high mitochondrial
depolarization compared with EGCG alone. Furthermore, in a scintigraphic imaging study,
the FP-EGCG-NPs labeled with technetium-99m (99mTc, a metastable nuclear isomer of
technetium-99) exhibited tumor selectivity in MDA-MB-231 tumor-bearing nude mice. The
US health agency, the National Institute of Health (NIH), recommended betulinic acid for
its cell-specific toxicity for cancer chemotherapy.

Halder et al. synthesized lactoferrin (Lf)-attached betulinic acid nanoparticles (Lf-
BAnp) for targeting aggressive triple-negative breast cancer (TNBC) cells by understanding
the limiting capability of betulinic acid in terms of solubility and cell uptake. Lf-BAnp ex-
hibits potential inhibitory activity against the proliferation and cell viability with cell cycle
arrest [111]. The use of gold nanoparticles was significantly higher in nanotechnology due
to their ease of production and biocompatibility with broad biomedical applications. Recent
studies suggest that phytochemicals such as withanolide-A and Curcuma wenyujin, as nat-
ural active drugs in conjugation with AuNPs, can effectively overcome breast cancer drug
resistance [112,113]. Additionally, Ruenraroengsak et al. examined the in vitro chemother-
apeutic effectiveness of ZnONPs loaded through a mesoporous silica nanolayer (MSN)
against drug-sensitive breast cancer cells (MCF-7: estrogen receptor-positive, CAL51: triple-
negative) and their drug-resistant counterparts (MCF-7TX, CALDOX). Gold nanostars were
coated with ZnO-MSNs (AuNSs). The mesoporous silica nanolayer (MSN)-ZnO-AuNSs
decreased the viability of CAL51/CALDOX cells and MCF7/MCF-7-TX cells. In contrast,
MSN-ZnO-AuNSs conjugated with Frizzled-7 (FZD-7) increased the toxicity by three times
in resistant MCF-7TX cells.

3.1.3. Metastasis

Although medical advancements have significantly changed how BC patients are
managed over the past few decades, metastases continue to be challenging to treat because
of their resistance to therapeutic agents, molecular heterogeneity, and physiological bar-
riers at different organ sites [114,115]. Systemic chemotherapy does not account for the
enormous variations in tumor microenvironments due to the widely dispersed nature of
metastasis [116,117]. Nanoformulations show definite benefits with the advancement of
liposome or lipid nanoparticle technology, including improved therapeutic characteristics
and pharmacokinetics and decreased drug toxicity. Additionally, they can be made to target
cancer cells and the tumor microenvironment concurrently for improved targeting and
therapy options.

Breast cancer-related mortality is mostly caused by tumor metastasis, which continues
to be the main barrier to effective chemotherapy for the disease. α-Tocopherol polyethy-
lene glycol (TPGS) and phosphatidylcholine (PC) were included in silibinin-loaded lipid
nanoparticles (SLNs) developed using a thin-film hydration technique to prevent the
metastasis of breast cancer. It was further shown that MDA-MB-231 breast cancer cells
successfully absorbed the optimized SLNs, with particle sizes of approximately 45 nm
and great serum stability. Notably, the SLNs could efficiently and significantly accumu-
late within tumor tissues. Through the downregulation of MMP-9 and Snail, SLNs had
significantly higher inhibitory effects than free silibinin on the invasion and migration
of MDA-MB-231 cells. In addition, in the spontaneous and blood vascular metastasis
models, SLN treatment resulted in 67% and 39% less pulmonary metastasis formation
than saline treatment, respectively. Additionally, TPGS and phosphatidylcholine-based
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blank lipid nanoparticles (BLNs) were the first to be discovered to have antimetastatic
activity. Furthermore, neither of the mouse models treated with SLNs showed any clear
signs of systemic toxicity. SLNs can potentially be a potent, low-toxicity tumor-targeted
drug delivery system as a promising preventative therapeutic agent against breast cancer
metastasis [118].

3.1.4. Angiogenesis

Cancer is a multifactorial disease influenced by genetic, epigenetic, and environmental
factors. The culmination of numerous molecular changes causes the normal biological
processes regulating cell proliferation, cell survival, genome stability, energy metabolism,
and angiogenesis to become dysregulated. Angiogenesis, the quick rise in blood vessel de-
velopment, is necessary for the availability of enough oxygen and nutrients for the growth
of breast tumors. Like all human tissues, breast cancer cells require continuous hydration
and oxygenation through the system’s vascular network of capillaries. The angiogenic
factors vascular endothelial growth factor (VEGF) A, B, and C, basic fibroblast growth
factor (bFGF)/FGF-2, matrix metalloproteinases (MMPs), and IL-8, which are factors linked
to breast cancer, are most frequently produced by adipose tissues [119,120]. Plant species
contain ursolic acid (UA), a triterpene with anticancer action that its antiangiogenic proper-
ties may bring on. However, owing to its poor bioavailability and low water solubility, UA
has a limited range of applications.

Rocha et al. created long-circulating, pH-sensitive liposomes containing ursolic acid
to solve this problem (SpHL-UA). The authors used the relative tumor volume, dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI), and histological analysis to
study the antiangiogenic effects of free UA and SpHL-UA in mouse brain cancer and human
breast tumor models. The actions of UA at different phases of tumor formation and its low
toxicity have sparked interest in UA as a cancer therapeutic. To assess the antiangiogenic
effect of UA in vivo, UA was liposome-encapsulated (SpHL-UA). The therapy with free UA
or SpHL-UA utilizing proven tumor-bearing experimental animal models is also described.
SpHL-UA did not show antiangiogenic activity in a gliosarcoma model and seemed to
induce an antiangiogenic effect in the human breast tumor model [121].

3.1.5. Inhibition of Cancer Stem Cells

Luminal A is the most common breast cancer diagnosed frequently in female patients.
Breast cancer stem cells (BCSCs) are a rare group of cells in breast cancer. They are
responsible for aggressiveness, medication resistance, relapse, poor treatment response,
and an overall decrease in the survival of these cancers. Enhancing the efficacy of breast
cancer treatment requires focusing on BCSCs. In addition to expressing stemness markers,
these cells can self-renew. A poor clinical outcome is caused by BCSCs, which play a
significant role in developing drug resistance. To effectively prevent and cure breast
cancer, researchers are working to identify and eliminate most of the tumor mass together
with BCSCs. Because BCSCs have abnormal stemness-related gene expression, including
CD44, SOX2, OCT4, c-MYC, KLF4, Nanog, and SALL4, they are crucial in the spread of
cancer [122,123]. Of all breast cancer subtypes, triple-negative breast cancer (TNBC) has the
highest rates of chemoresistance, metastases, and relapse. TNBC is a malignant condition
resulting from a self-renewing cell subpopulation known as cancer stem cells (CSCs).
They need to be eliminated because they are important limitations of TNBC treatment. In
this regard, piperlongumine (PL) was investigated. It possesses extraordinary anticancer
properties, but its application is constrained by poor pharmacokinetics. Therefore, a PLGA-
based nanoformulation for PL (PL-NPs) was created to increase its biological activity, and
the effects of PL and PL-NPs on CSCs in mammospheres were investigated. According
to the findings, PL-NPs are more effectively absorbed by cells in mammospheres than PL.
Additionally, this study showed that PL-NPs significantly reduce CSC expression of ALDH,
self-renewability, chemoresistance, and EMT in mammospheres.
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According to further investigation, the suppression of STAT3 may be the primary
mechanism underlying these multimodal effects. This was confirmed when combined
treatments with colivelin, a potent synthetic peptide STAT3 activator, revealed that the
anti-CSC effects of PL and PL-NPs were reversed. All things considered, the data indicate
that PL-NPs exhibit greater CSC suppression through the downregulation of STAT3 and
shed light on the creation of PL-based nanomedicine for CSC targeting in TNBC [124].

3.1.6. Anti-Proliferative Activities

Most BC tumors have epithelial cell features and express HER-2 (a member of the
epidermal growth factor receptor family) or estrogen receptors. Basal cells, which make up
approximately one-fifth of BCs, do not fall under any one category of proliferation regula-
tors. Regardless of the cell type, insulin-like growth factor (IGF) signaling is implicated
in most BC cells. Cyclin-dependent kinases are activated by transcriptional and nontran-
scriptional processes in response to all cell proliferation inducers, leading to irreversible
progression to the G1/S phase transition. A promising therapeutic approach that first con-
centrated on the metastatic disease was to disrupt this process. Since most phytochemicals
have mechanisms that successfully reduce angiogenesis and cell proliferation, they are
viewed as potential anticancer agents. By altering the Wnt/-catenin, PI3K/Akt/mTOR, and
MAPK/ERK pathways, quercetin causes cell cycle arrest, which prevents cell proliferation,
promotes apoptosis, affects autophagy, and decreases angiogenesis and metastasis in cancer
cells [125,126]. In addition, EGCG, a polyphenolic flavonoid produced from green tea,
suppresses cancer cell growth, angiogenesis, and migration while causing cell cycle arrest
and apoptosis [127].

Furthermore, a limonoid triterpene called nimbolide is generated from Azadirachta
indica leaves and flowers. Recent studies have shown that nimbolide inhibits prolifera-
tion by downregulating PI3K/AKT/mTOR and ERK signaling, induces ROS-mediated
apoptosis and inhibits EMT, migration, and invasion in a variety of solid tumors, includ-
ing pancreatic, breast, oral, and non-small cell lung cancer, in both in vitro and in vivo
systems [128–130]. Balakrishnan et al. demonstrated that gold nanoparticle-conjugated
quercetin inhibits epithelial–mesenchymal transition, angiogenesis, and invasiveness via
the EGFR/VEGFR-2-mediated pathway in breast cancer. In response to AuNP-Qu-5 treat-
ment, a significant decrease in the protein expression of vimentin, N-cadherin, Snail, Slug,
Twist, MMP-2, MMP-9, p-EGFR, VEGFR-2, p-PI3K, Akt, and pGSK3 and an increase in the
protein expression of E-cadherin were observed. Compared to free quercetin, AuNPs-Qu-5
prevented MCF-7 and MDA-MB-231 cells from migrating and invading. Human umbilical
vein endothelial cells (HUVECs) treated with AuNPs-Qu-5 produced fewer capillary-like
tubes and had worse cell survival. AuNPs-Qu-5 inhibited the creation of new blood vessels
and tubes, according to in vitro and in vitro angiogenesis experiments. DMBA-induced
mammary cancer in SD rats was treated with AuNPs-Qu-5, which inhibited tumor growth
compared to free quercetin [131].

Various mechanisms of action of phytofabricated nanocarriers on breast cancer dis-
cussed in this article are depicted in Figure 6.

3.2. Theranostic Targeting

Theranostic approaches are accepted in the treatment of various diseases, including
cancer, and incorporate both therapeutic and diagnostic approaches. BC is not overlooked,
yet there are very limited studies and current therapeutic applications. Various nanopar-
ticles (NPs), such as gold (Au), silver (Ag), metallic NPs, carbon-containing NPs, and
polymers [132], are used in theranostic approaches, and with increasing technology, green
synthesis is also justified [132]. Au NPs, when synthesized by chemical or physical means,
tend to hold on to toxicity and eliminate excessive heat [133]. When derived from biolog-
ical sources such as Olax scandens, it produces bearable toxicity, sufficient stability, and
reduced immunogenicity [132]. Along with the therapeutic approach, it shows bright red
fluorescence, providing an exact location of the MCF7 cell line (breast cell line) [134]. A
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phytochemical obtained from Auxemma oncoclyx named oncocalyxone has potent anticancer
efficacy against MCF7 cells [135]. An in vitro study of sesamin showed its efficacy against
BC by altering the G1 phase of cell division along with a reduction in cyclin D1, while
sitosterol targets the G2/M phase to attain a similar response [136].
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Anacardic acid (AA) helps to arrest the cells in the cell cycle (G0/G1) and hence leads to
apoptosis [137]. Kushwar et al. stated that when AA is associated covalently with docetaxel
(DTX), bovine serum albumin and gemcitabine enhance apoptosis activity and enhance
pharmacokinetics [138]. The therapeutic activity on MCF7 cells was higher than that of
individual drugs used alone (AA and DTX) [138]. Emodin acts on 4TI breast tumors (a cell
line) and suppresses macrophage infiltration, which is complementary to decreased tumor
angiogenesis and enhanced T-cell activation [139]. Bimetallic nanostructures are receiving
more attention in the developmental phase. A combination of Au–Ag bimetallic NPs
proves itself as a better targeting entity [140]. Wu et al. concluded that this hybrid complex
structure has a better tendency to absorb near-IR light and hence perform phototherapy in
MCF-1 cells while leaving the surrounding cell undisturbed [141].

Theranostic-Related Patents

BC is a well-studied disease, yet extra efforts are needed to grasp its maximum
effectiveness against this deadly disease. Scientists are attempting to develop innovative
management techniques. A patent is a crucial human right provided to the inventor to enjoy
the perks of his/her invention. To date, a total of 1,82,000 patents have been published on
the topic “Breast Cancer”. The patents filed on BC associated with theranostic approaches
are described in Table 2.
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Table 2. Patents dedicated to theranostic approaches in breast cancer.

Sr. No. Patent Nanoparticle Remarks Inventor(s)

1 US10201622B2 Magnetic core
Gd-chelates

Target-Matrix
metalloproteinases 14

(MMP-14)
Imaging-MRI

Paul Loadman, Robert
Falconer, Jason Gill,

Jianghong Rao, Heike E.
Daldrup-Link

2 WO2015014756A1 Magnetic core
Gd-chelates

Target-Matrix
metalloproteinases 14

(MMP-14)
Imaging-MRI

Paul Loadman, Robert
Falconer, Jason Gill,

Jianghong Rao, Heike E.
Daldrup-Link

3 CN104225595A Aptamer (Cell SELEX)
Target-MDA-MB-231

breast cancer cell
Imaging-near Infrared

Ju Yu Xiantian Jiang
Wei Ding Lin Yu

Junsheng Shen Zhen

4 US20150160222A1 Not clarified Target-SET/KifC1 Ritu Aneja,
Padmashree C.G. Rida

5 US9675714B1
Chitosan functionalized 2D

graphene sheets
Superparamagnetic iron oxide

Imaging-Nuclear
magnetic

resonance (NMR)

Subhra Mohapatra,
Chunyan Wang

6 US20130323165A1 Magnetic cationic liposomal nanoparticles Imaging-PET, MRI Robert B. Campbell,
Srinivas Sridhar

All the data are obtained from Wipo and Google patent.

4. Phytonanomedicines Approved by the FDA or in Preclinical and Clinical Trials

Breast cancer (BC) is the most prevailing cancer in women, and its prognosis has
improved over the past few years. The mainstay of BC treatment is still chemoradiation
therapy in the early and advanced stages [142]. However, poor selectivity, higher grades
of systemic toxicities, and treatment resistance remain the major causes of therapeutic
failure among these BC patients [143]. Novel drug delivery systems and drug combinations
need to be designed to overcome these problems. Because of the inherent antineoplastic
activity of numerous phytochemical components that are bioactive compounds obtained
from natural fruits and vegetables, they can be incorporated into the management of
various malignant conditions. However, the therapeutic potential of these phytochemical
compounds is often hindered because of their poor pharmacokinetic parameters, such
as poor solubility, stability, absorption, and quick metabolism. These constituents can be
incorporated via nanocarriers, which help enhance their solubility and stability, to address
these problems [21,143].

Doxorubicin is a conventionally used molecule for the management of breast cancer;
however, it also produces reactive oxygen species (ROS). These ROS damage the different
layers of the heart and are responsible for doxorubicin-mediated cardiotoxicity. This
issue can be addressed by combining doxorubicin with quercetin, which is a plant-based
flavonoid and has good antioxidant potential. The combination of quercetin–doxorubicin
decreases the major adverse effect of cardiotoxicity mediated by doxorubicin, which has
been observed in numerous in vitro studies. The results of numerous in vivo and in vitro
studies show that quercetin dephosphorylates proto-oncogene tyrosine–protein kinase
activity and inhibits inflammatory responses in cardiomyocytes. Thus, it protects cardiac
myocytes against doxorubicin-mediated cardiotoxicity [144].

Another phytochemical constituent, 6-gingerol, along with paclitaxel, has been tested
in vivo and in vitro for breast cancer treatment. Paclitaxel has numerous toxicities at its
optimal dose, and therefore, its combination with 6-gingerol enhances its effectiveness at a
lower dose. The combination of 5 nM paclitaxel with 10 µM 6-gingerol revealed the same
viability as monotherapy with 20 nM paclitaxel [145].

The related in vivo, in vitro, and clinical studies have been mentioned in Tables 3 and 4
for the treatment of breast cancer.
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Table 3. Preclinical studies utilizing phytochemical nanocarriers for breast cancer treatment.

Phytochemical
Constituent Anticancer Agent Nanocarrier Condition Remarks Reference

6-Gingerol Paclitaxel PEGylated
naniosome In vivo

Increased the effectiveness of
paclitaxel, and lower dose of
paclitaxel is needed for the

anti-neoplastic activity.

[146]

Quercetin Doxorubicin Lecithin In vivo

Prevents doxorubicin resistance in
tumor cells and increases drug

absorption and toxicities in malignant
cells.

[110]

Quercetin Doxorubicin Au nanocages In vitro
Gives synergistic effect by retaining
the drug for longer period of time in

malignant cells.
[147]

Table 4. Clinical studies utilizing phytochemical nanocarriers for breast cancer treatment.

Phytochemical
Constituent-Based Drug Nanocarrier Phase of

Clinical Trial Condition Remarks References

Vinorelbine tartrate Liposomal
vinorelbine tartrate Phase 1 Breast cancer

Inhibits microtubule
polymerization and promotes

cell apoptosis.
[148]

Paclitaxel

Albumin-
stabilized
paclitaxel

Phase 3 Metastatic
breast cancer

Less exposure of toxic
cremophor of the drug to
non-cancerous cells thus

enables higher dosing and
improves paclitaxel penetration

inside the cancer cells

[149]

Paclitaxel-loaded
polymeric

nanoparticles
Phase 4 Breast cancer

Increased blood stability and
tumor-specific action by

releasing drug inside tumor
cells via a PH-sensitive action

[150]

Docetaxel
Nanosomal

docetaxel lipid
suspension

Phase 3 Breast cancer

Better stability, lower
cytotoxicity to normal cells and

easily pass-through leaky
vasculature of tumor

blood vessels

[151]

5. Lacunas of Phytofabricated Nanocarriers

Evidence is accumulating in support of an important notion that nanotechnology
in general and phytofabricated nanocarriers, in particular, may represent an important
solution for many existing challenges related to current breast cancer therapies. In fact, such
phytofabricated nanoparticles, being advanced biomaterials characterized by the control-
lable and stimuli-responsive release of therapeutic agents, favorable biodistribution, great
biocompatibility, excellent structural stability in serum, low level of side-effects, and pro-
longed half-life, clearly represent an exceptional way to noticeably increase the therapeutic
efficiency combined with the considerable decrease in the potential toxic side-effects. Dif-
ferent carcinogenic metal ions can be reduced to nanoparticles via the natural antioxidant
action of various phytoconstituents (primary and secondary metabolites), such as alkaloids,
amino acids, flavonoids, polyphenols, proteins, sugars, tannic acids, and terpenoids [152].
The existing literature indicates that various metal nanoparticles with anticancer properties
can be phytogenerated using different plants. Examples include green-synthesized silver
nanoparticles (AgNPs) using Artemisia tournefortiana Rchb ethanol extract [153], Morus
alba leaf extract [154], Annona muricata aqueous leaf extract [155], Carissa carandas aqueous
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extract [156], Leucophyllum frutescens and Russelia equisetiformis extracts [157], aqueous
extracts of Acacia arabica (Arabic Gum) and Opophytum forsskalii (Samh) seeds [158], Typha
azerbaijanensis aerial part and root extracts [159], and Rubia cordifolia L. leaf extract [160], as
well as Papaver somniferum L. mediated green synthesis of lead oxide (PbO) and iron oxide
(Fe2O3) nanoparticles [161] and alpha hematite nanoparticle (α-Fe2O3) production using
Rhus punjabensis extracts [162], garlic extracts [163], extracts of the Rheum emodi root [164],
and Salvadora persica aqueous extract [165]. Furthermore, tunable cobalt oxide nanoparti-
cles (CoONPs) were generated using the phytochemicals present in the Rhamnus virgata leaf
extract [166]; gold nanoparticles (AuNPs) were phytosynthesized using an aqueous extract
of Ziziphus spina-christi leaves [167]; selenium nanoparticles (SeNPs) were phytofabricated
from the Carica papaya extract [168] or using Portulaca oleracea-based green synthesis [169];
and gold (Au), iron (Fe), and selenium (Se) nanoparticles were fabricated using various
natural plant extracts from the Fertile Crescent, where Ephedra alata and Pistacia lentiscus
extracts were used to synthesize the Au-NPs, and the Fe-NPs and Se-NPs were generated
using fruit, peel, and seed extracts of Punica granatum [4].

The listed examples, which likely represent the tip of the iceberg, clearly show that
there are multiple options for the phytofabrication of different metal nanoparticles with
anticancer properties. It is obvious that with so many possibilities for the phytoproduction
of a variety of nanocarriers, one has a broad choice of both anticancer nanoparticles and
means for their production. However, multiple questions need to be answered before
moving into the commercial use of phytofabricated nanocarriers. Since the same metal
nanoparticles can be phytofabricated using different extracts from different parts of different
plants, careful comparative analysis of their therapeutic potential, lifetime and structural
stability in serum, biodistribution, biocompatibility, and potential toxic side effects should
be conducted to select the most promising candidate for commercialization. Among
the various factors that must be taken into account at this stage, one should pay very
serious attention to the global availability of the plants that are planned to be used for the
phytofabrication of the nanoparticles. If the optimal plant is not naturally present at the
required quantities in the wild, its plantation should be planned, which obviously will
contribute to the cost of phytofabrication. Furthermore, facilities and protocols, which will
be utilized for the phytofabrication of nanoparticles, should have a flexible design to allow
for a rapid switch between different sources, if needed.

Therefore, although in comparison with traditional technologies for the synthesis of
nanoparticles, green synthesis seems to be essentially more economical, the commercial
viability of the processes for the mass production of phytofabricated nanocarriers requires
careful evaluation.

6. Conclusions

Breast cancer is primarily treated by chemotherapy, radiotherapy, and surgical re-
section; however, the survival rate is still low because of adverse drug reactions, drug
resistance, and tumor metastasis. As described in this review, an increasing amount of
research has demonstrated the anti-tumorigenic effect of phytochemicals that can modulate
cellular events and molecular pathways. However, their pharmacological capability is
impeded by their low stability, low water solubility, poor absorption, and rapid metabolism.
Nanotechnology-based approaches have shed some light on maximizing the potential use
of phytochemicals to overcome formulation challenges. Nanocarriers can enhance the
solubility and stability of phytochemicals. Apart from improving solubility and stability,
nanocarriers could prolong their half-life and even accomplish site-targeting delivery.

However, the questions of nanotechnology are not yet fully answered in the case of real
clinical translation. One of the major shortcomings is that, in general, these PNs can only
encapsulate small amounts of actives. Tailor-made nanocarriers conjugated with specific
ligands could enable loaded phytoconstituents to function at minimal doses. However, the
manufacturing of functionalized nanomedicinal formulations for commercialization is a
major obstacle. These shortcomings need to be technologically addressed to maximize the
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anticancer potential of natural medicines. In this sense, nanotechnology has emerged as a
promising drug delivery system strategy in the long run.
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Simple Summary: The present study’s objective was to examine the protective factors of fear of
cancer recurrence (FCR) as well as its trajectory. The study encompassed a sample of 494 women
participating in an international longitudinal research project named “Predicting Effective Adaptation
to Breast Cancer to Help Women to BOUNCE Back” (BOUNCE). The participants had recently been
diagnosed with breast cancer (BC), ranging from tumor stage I to III, and were undergoing BC
treatments. The study underscores the stability observed in the FCR levels and highlights the
influence of coping self-efficacy on the initial FCR levels. However, greater positive cognitive–
emotion regulation did not appear to contribute to the level or reduction of FCR. These findings
bear significant implications, emphasizing the necessity of targeted coping strategies for BC patients
during a critical timeframe, to mitigate the impact of FCR, a factor that is liable to undermine the
quality of life and mental well-being of BC survivors.

Abstract: The current study aimed to examine the fear of cancer recurrence (FCR) trajectory and
protective predictors in women coping with breast cancer (BC). The study’s model investigated
whether a higher coping self-efficacy and positive cognitive–emotion regulation at the time of the BC
diagnosis would lead to reduced levels of FCR at six months and in later stages (12 and 18 months)
post-diagnosis. The sample included 494 women with stages I to III BC from Finland, Italy, Portugal,
and Israel. They completed self-report questionnaires, including the Fear of Cancer Recurrence
Inventory (FCRI-SF), the Cancer Behavior Inventory-Brief Version (CBI-B), the Cognitive–Emotion
Regulation Questionnaire (CERQ short), and medical–social–demographic data. Findings revealed
that a higher coping self-efficacy at diagnosis predicted lower FCR levels after six months but did
not impact the FCR trajectory over time. Surprisingly, positive cognitive–emotion regulation did not
predict FCR levels or changes over 18 months. FCR levels remained stable from six to 18 months
post-diagnosis. This study emphasizes the importance of developing specific cancer coping skills,
such as coping self-efficacy. Enhancing coping self-efficacy in the first six months after BC diagnosis
may lead to lower FCR levels later, as FCR tends to persist in the following year.

Keywords: BOUNCE; breast cancer; coping self-efficacy; fear of cancer recurrence; latent growth
modeling; trajectories
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1. Introduction

Breast cancer (BC) is the most prevalent type of cancer diagnosed among women [1]
and involves a range of physical and psychological long-term issues, one of which is fear
of cancer recurrence (FCR). FCR refers to the “worry or concern relating to the possibility
that cancer will come back or progress” [2] (p. 3265). Such fears have been recognized
as the most common concern of cancer patients [3–5] and as a central unmet need of
women coping with BC [6]. Breast cancer patients often undergo significant changes in
their identity and physical appearance, such as scars, fluctuations in weight, and other
treatment-related side effects, which may be perceived as sources of danger and fear that
may develop into FCR [7,8]. FCR manifests through cancer-related thoughts and feelings,
such as about death, loneliness, and uncertainty [9], and it is likely to impair the quality of
life and mental health [10,11].

FCR is present through the time of active disease, after completion of treatment [12],
and along the survivorship trajectory [12–14]. Even years after the initial diagnosis, most
survivors will still feel stressed about cancer progression or recurrence [13]. As such, for
many cancer patients, surviving cancer means living with ongoing apprehension of the
cancer recurring [12]. Several studies have indicated that FCR levels typically exhibit a
relatively stable pattern throughout the survivorship cycle. For example, the initial FCR
levels in BC patients obtained on the first day of radiation treatment were found as a
strong predictor for the levels of FCR 2 months later [15] and throughout 18 months after
completing treatment [16]. In addition, while some studies indicated that clinical levels of
FCR at baseline tend to remain stable even 18 months after surgery [17,18], other studies
have shown that FCR levels may be higher before surgery, but they tend to mildly decline,
and then plateau [19,20]. Significant changes in FCR occurred during the month of pre-
mammogram to the month post-mammogram assessment in another study [21]. Thus, the
inconsistent evidence regarding the FCR trajectory among BC patients demands further
examination of this issue.

While extensive research shows that FCR is a constant difficulty in the lives of cancer
survivors, not much is known about protective factors against FCR. Previous studies
have presented factors correlated with FCR, such as psychological distress, intrusive
thoughts [11], female gender, and younger age [22]. A recent meta-analysis of a large
heterogeneous cancer sample (N = 13,000) aimed to detect factors correlated with FCR,
such as anxiety, depression, chemotherapy, and fatigue, which were positively associated
with FCR, whereas optimism, social support, and quality of life were negatively associated
with FCR [23]. Nevertheless, most of these studies showed correlations with FCR, but it
is difficult to infer from them a protective and moderating role against FCR. For example,
the study by McGinty et al. [21] found that reporting lower perceived risk and reassuring
behaviors in BC patients had a protective role in FCR. Considering the increasing and
relatively high survival rate of BC [24,25], it is imperative to identify initial protective
factors in BC patients, especially at the crucial time of diagnosis, that can protect against
FCR and its progression during cancer treatment and survival.

The Common-Sense Model (CSM) [26,27] postulated that coping with illness depends
on two central representations of the illness, cognitive and emotional. The cognitive
representation refers to the perceived health threat [27,28], including the evaluation of
the duration and chronicity of the disease, the consequences of cancer, the perceived
control, and the potential for a cure. These perceptions depend on the individual’s history,
knowledge, and beliefs about the illness. The perceived health threat may further induce
emotional representations [26,27]. For instance, it may provoke worry and anxiety about
cancer, or remorse over not receiving more aggressive treatments [29]. Relying on the CSM,
the FCR Cognitive Formulation model [29] posits that the level of FCR varies depending on
the cognitive and emotional representations of cancer, including the level of the perceived
threat of cancer, which may provoke negative emotional representation (e.g., depression,
horror, anger). The cognitive and emotional representations of cancer ultimately inform
FCR levels.
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In addition, the Conservation of Resources theory (COR) [30] posits a mechanism
by which promotive and protective factors operate to strengthen coping with stressful
experiences. When coping with a stressful condition, such as cancer, individuals tend
to protect and acquire new resources to handle it [31]. Resources can include objects,
states, and conditions that people value (e.g., personal-psychological competence, family
relations) [30]. Individuals invest resources for the sake of defending against resource loss,
recovering from losses, and gaining resources [32]. The number of resources determines a
spiraling process of resource gain or loss, which determines the perceived capacity to handle
the situation [33]. Hence, according to the COR theory, women diagnosed with BC who
have greater resources may be able to preserve and acquire new resources to cope with BC,
which may influence their perceived stress [34] and their FCR levels [29]. Further, having
more resources may lead to resource gain and better adaptation over time [34]. Therefore, in
this study, we focused on two resources against FCR growth, following a BC diagnosis. One
resource pertains to a specific coping ability with cancer, namely coping self-efficacy, while
the other refers to a general coping ability, i.e., positive cognitive–emotion regulation.

Protective Factors against FCR

One of the personal characteristics that can contribute to lower FCR levels is self-
efficacy. Self-efficacy refers to an individual’s perception of their ability to successfully
perform actions that can lead to overcoming challenges and achieving goals [35]. Perceived
self-efficacy is formed through evaluating one’s behaviors and coping skills in dealing with
a certain situation [36,37]. Individuals with high self-efficacy tend to perceive themselves
as more capable of dealing with threats [37] such as illness and, therefore, will perceive
greater control and adaptive health behaviors [38].

Furthermore, specifically, self-efficacy in coping with cancer (or coping self-efficacy)
refers to the confidence one has in managing symptoms and emotions related to BC and it
includes behaviors directed to benefit the process of recovery [39], such as seeking help,
informing and reporting about symptoms, and adhering to follow-ups upon completion
of the treatments [40]. Studies have demonstrated that BC patients with higher levels of
coping self-efficacy achieve more favorable psychosocial and medical outcomes, such as
experiencing fewer side effects, compared to those with lower coping self-efficacy [41].
Consequently, it is possible that BC patients with greater coping self-efficacy perceive their
condition as more controllable [26], resulting in lower levels of FCR.

Consistent evidence indicates a link between higher levels of coping self-efficacy and
lower levels of FCR, including in BC patients [21,42]. This finding has been observed in
various studies conducted at different stages of the treatment and survivorship journey. For
instance, a prospective longitudinal study demonstrated an association between greater
coping self-efficacy and reduced FCR levels following cancer treatment completion [21]
and among young BC survivors [43]. Greater coping self-efficacy also predicted lower FCR
six to 24 months after the completion of the primary treatment [42,44]. In addition, coping
self-efficacy mediated the effects of risk factors (e.g., anxiety and younger age) on FCR
among survivors who were three to eight years post-diagnosis [40]. Lastly, clinically, in a
four-week online intervention study, focusing on BC survivors with moderate to high FCR
levels, greater coping self-efficacy predicted a significant decrease in FCR from baseline to
post-intervention [45].

Moreover, cognitive–emotion regulation has been recognized as a significant predictor
of better mental health in oncological patients [46], and thus may also protect against
the development of FCR. Cognitive–emotion regulation is a cognitive process by which
individuals manage emotionally arousing information, through monitoring, evaluating,
and modifying responses to an event [47]. Individuals vary in their capacity to regulate
emotions [48] by using thoughts to manage their emotions [49]. Cognitive–emotion regula-
tion includes maladaptive and adaptive strategies. Adaptive cognitive emotion–regulation
strategies include positive refocusing, positive reappraisal, putting the issues into per-
spective, acceptance, and planning [48,49]. These cognitive–emotion regulation strategies
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result in better well-being and psychological functioning [47]. The CSM [26,27] posits that
personal characteristics, such as cognitive–emotion regulation, may affect the way women
cope with BC. More specifically, it may impact the way women perceive and evaluate the
severity of their illness, which informs their cognitive and emotional representations of
cancer [26]. Finally, these representations can eventually mitigate FCR levels [26,29].

Indeed, former studies have demonstrated the correlation between positive cognitive–
emotion regulation strategies and a lower FCR. Two clinical studies, including a 12-week
emotion regulation group intervention [50] and emotion-focused therapy [51], showed a
decrease in FCR levels after treatment. Similarly, a qualitative focus group study found
that using acceptance and positive reappraisal were effective in coping with FCR [52].
Additionally, a prospective study that examined FCR levels, before and after radiation
therapy, indicated that emotion regulation strategies, including reappraisal, are linked with
lower levels of FCR [53].

The extant research suggests that coping self-efficacy [40] and positive cognitive–
emotion regulation can play a protective role against FCR among BC survivors [53]. How-
ever, evidence regarding this association from the crucial times of diagnosis, treatment,
and early recovery is lacking. Moreover, the predictive-moderating role of coping self-
efficacy and positive cognitive–emotion regulation, as well as the exploration of individual
differences in FCR over time, have not yet been studied. These gaps are addressed in
this study.

Relying on the CSM [26,27] and the COR theory [30], the present study aimed to
examine a longitudinal model, among an international sample of women coping with
BC, by which two main protective factors would predict FCR and the development of the
FCR trajectory. Specifically, we tested whether higher levels of coping self-efficacy and
positive cognitive–emotion regulation, assessed at the time of BC diagnosis, would show a
steeper decline in FCR levels at six months after diagnosis, and in the development of the
FCR trajectory 12 and 18 months after diagnosis (see Figure 1). This period constitutes the
approximate timeframe for managing both acute survivorship and the transitional stage
of survivorship—meaning, the experience of diagnosis and receiving medical treatment—
followed by the end of active treatment and the efforts to readjust to life [54,55]. Identifying
individual differences in growth trends of FCR may foster the development of interventions
designed to prevent FCR.
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Note. Red darts = represent predicted negative correlations; black darts = represent predicted
positive correlations.

Based on the lack of consensus in the literature regarding the change patterns of FCR
over time, the first research question aimed to explore whether FCR levels (six months
post-diagnosis) predict the trajectory of FCR levels later at 12 and 18 months post-diagnosis.
Next, the following hypotheses addressed the two protective factors, such that greater
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coping self-efficacy measured at the time of diagnosis of BC will predict: (H1.a) a lower
level of FCR at six months, and (H1.b) a steeper decline in FCR levels at 12 and 18 months
since the diagnosis. Similarly, greater positive cognitive–emotion regulation measured at
the time of diagnosis of BC will predict: (H2.a) a lower level of FCR at six months, and
(H2.b) a steeper decline in FCR levels at 12 and 18 months since the diagnosis.

2. Materials and Methods
2.1. Procedure

Data for the current study were obtained through an international longitudinal re-
search project named “Predicting Effective Adaptation to Breast Cancer to Help Women to
BOUNCE Back” (BOUNCE). The BOUNCE study was conducted as part of a consortium
project that promoted collaboration among countries and European oncology centers.
Researchers, doctors, and therapists worked together in a multidisciplinary study, involving
a multicultural sample from four oncology centers, each with extensive experience in the
holistic treatment of many BC patients. These centers were in Italy, Finland, Israel, and
Portugal. Participants enrolled for the study had to be: women between 40 and 70 years of
age, with a recent diagnosis of histologically confirmed invasive early or locally advanced
operable BC, tumor defined as stage I to III, receiving any type of systemic and local
treatment according to local guidelines for BC, and capable of understanding the study
protocol and providing informed consent. Women diagnosed with distant metastases,
a history of another malignancy within the last five years (except cured basal cell skin
carcinoma or in situ carcinoma of the uterine cervix), a history of severe mental, neurologic,
or another chronic disease, and pregnant or breast-feeding at the time of recruitment, did
not much the study’s criteria. Ethical certifications were approved for the study by the
ethical committee of the European Institute of Oncology (IEO; Approval No. R868/IEO916)
and through ethical committees at each medical center.

Baseline assessments were conducted following the cancer diagnosis and before re-
ceiving medical treatment. The participating women were recruited for the study during
their first hospital appointments or through a phone call initiated by a research assistant.
A brief description of the study and its goals was presented. Following the signing of an
informed consent form, they filled out a battery of self-report questionnaires in their local
native language. After the initial assessment, the subsequent phases (six-month, 12-month,
and 18-month follow-ups) were carried out by the research assistants from each medical
center. At each time point, the participants were given the questionnaires in the form of
printed or online surveys using the Noona survey software or the Qualtrics platform. The
translation process of the questionnaires was obtained from the original tool developer
or conducted by translation experts through a back-translation process. The medical data
needed were assembled through the hospitals’ medical record files.

2.2. Participants

The baseline assessment included 690 women, from whom 574 completed the six-month
follow-up, 525 completed the 12-month follow-up, and 494 completed the 18-month follow-
up, yielding an 83.18%, 74.4%, and 70% retention rate, respectively. Relevant tests were
conducted to examine distinctions between participants who dropped out and participants
who completed the study. Women retained at the six-month follow-up differed from the
women who dropped out in the factors of country of origin (χ2(3, N = 706) = 95.25, p = 0.000),
income level (χ2(1, N = 663) = 6.80, p = 0.009), and education level (χ2(1, N = 702) = 7.52,
p = 0.006). Significant differences also emerged at the 12-month follow-up, in the country
of origin (χ2(3, N = 706) = 98.41, p = 0.000), marital status (χ2(1, N = 696) = 5.13, p < 0.05),
income level (χ2(1, N = 663) = 5.36, p < 0.05), and education level (χ2(1, N = 702) = 13.64,
p = 0.000). Finally, women who completed the 18-month follow up differed from the women
who dropped out based on their country of origin (χ2(3, N = 706) = 122.96, p = 0.000), income
level (χ2(1, N = 663) = 11.62, p = 0.001), and education level (χ2(1, N = 702) = 34.03, p = 0.000).
At all three time points, the women dropping out were more often Italian participants, and
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with lower income and educational levels. There were no significant differences in age,
number of children, and disease stage between participants who dropped out and those
who remained. Most relevant, there were no statistical differences in the levels of FCR at
six months between participants that completed the study and those who dropped out.

Finally, the study sample comprised 494 women diagnosed with BC, ranging from
tumor stage I to III and receiving BC treatments. Most of the women were diagnosed with
stage I (47.9%) and II (41%), and a minority with stage III (11.1%). Participants ranged in
age from 40 to 70 years, with an average age of 54.93 years (SD = 8.21). The largest group
of participants were from Finland (31.9%), then from Italy (27.5%), Portugal (20.8%), and
the least from Israel (19.8%). Majority of the women were married or were involved in an
intimate relationship (73.7%), with a mean of 1.95 (SD = 1.46) children. At least 76% reported
an average or higher-than-average family income level and majority of participants had
earned at least a bachelor’s degree (68.1%).

2.3. Measures

Socio-demographic data. A socio-demographic questionnaire assessed age, number of
children, marital status (i.e., 0 = “married, common law partner, engaged”; 1 = “separated,
divorced, single, widowed”), income level (i.e., 0 = “very low”; 1 = “average/high”),
and education (i.e., 0 = “primary, secondary, high school”; 1 = “bachelor, postgraduate
education, vocational non-academic diploma”).

Fear of cancer recurrence. FCR was assessed using the Fear of Cancer Recurrence
Inventory-Short Form (FCRI-SF) [56], a nine-item, self-report measure derived from the
full 42-item form, assessing the presence and severity of intrusive thoughts associated with
FCR (e.g., “How much time per day do you spend thinking about the possibility of cancer
recurrence?”). The items are rated on a five-point Likert scale ranging from 0 (”not at all”)
to 4 (”a great deal”). A higher total mean score indicates higher levels of FCR [56]. In the
current sample, the reliability coefficients of the scale at all three time points were high,
with Cronbach’s α = 0.86, α = 0.85, and α = 0.87, at 6, 12, and 18 months, respectively.

Self-efficacy in coping with cancer. Self-efficacy in coping with cancer was measured
with the Cancer Behavior Inventory-Brief Version (CBI-B) [57], which is a 12-item scale as-
sessing self-efficacy for coping with cancer, including 4 aspects: maintaining independence
and a positive attitude, participating in medical care, coping and stress management, and
managing effect (e.g., “actively participating in treatment decisions”). The short version
was derived from the full 33-item questionnaire (CBI-L) [58]. The items are rated on a
9-point Likert scale, ranging from 1 (“not at all confident”) to 9 (“totally confident”). A
higher total mean score indicates greater self-efficacy beliefs for engaging with the resources
needed to cope with cancer. Internal consistency for the scale was high (α = 0.89).

Positive cognitive–emotion regulation. The positive cognitive–emotion regulation scale
was measured using the Cognitive–Emotion Regulation Questionnaire (CERQ short) [59], an
18-item, self-report measure for positive and negative cognitive–emotion self-regulation
strategies. The short version was derived from the full 36-item questionnaire, comprising
nine domains of emotion regulation strategies to cope with a stressful situation. The current
study focused on 10 items, assessing the positive cognitive–emotion regulation strategies
(e.g., “I think that I have to accept that this has happened”). The positive scale assesses
putting the issues into perspective, positive refocusing, positive reappraisal, acceptance,
and planning. Each domain is represented by two items in the short form. The items are
rated on a five-point Likert scale, ranging from 1 (“almost never”) to 5 (“almost always”). A
higher mean score indicates higher positive cognitive–emotion regulation [59]. In our data,
the reliability coefficient of the CERQ positive subscale was high (Cronbach’s α = 0.81).

2.4. Data Analysis

Preliminary analysis was conducted using SPSS version 25. The study hypotheses
were tested using Structural Equation Modeling with AMOS, version 25 [60]. We utilized a
latent growth model (LGMs) [61,62] to assess the growth trajectory of FCR levels and their
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predictors. This analysis estimated the change in repeated measures of FCR levels at six, 12,
and 18 months after BC diagnosis. It also tested for the associations between the intercept
(i.e., the initial level of FCR) and the slope (i.e., indicates the average rate of change of mean
FCR) of the FCR levels. The hypotheses regarding the predictors of FCR growth were tested
using a conditional model that included coping self-efficacy and positive cognitive–emotion
regulation as predictors of the intercept and the slope of FCR. Model fit was evaluated by
standard criteria, including a non-significant (p > 0.05) chi-squared statistic, a comparative
fit index (CFI) and normed fit index (NFI) of more than 0.95, and a root mean square error
of approximation (RMSEA) of less than 0.08 [63].

Since the preliminary analysis showed that some demographic variables were associ-
ated with missing data in FCR, including education, income, marital status, and country of
origin, they were included as covariates in the model. We also included age as a covariate
because it was found as a predictor of FCR in other studies [12,64,65]. We controlled for
the nominal variable, country of origin, by converting it to three dummy variables and the
quantitative variable age. Finally, we used the full information maximum likelihood (FIML)
to handle missing data. FIML uses all available information from the observed data in the
SEM analyses and is preferable to mean imputation and listwise or pairwise deletion [66].

3. Results
3.1. Preliminary Analysis

The Skewness and Kurtosis values indicated that the variables in the study did not
present a significant bias to normal distribution (Skewness varied between −0.83 and 0.14,
and Kurtosis between −0.42 and 0.21). The descriptive statistics and zero-order correlations
of the study variables are displayed in Table 1.

Table 1. Means, standard deviations, and zero-order correlations of the study variables.

1 2 3 4 5 M SD

1. PCER - 2.53 0.47
2. CSE 0.11 ** - 7.14 1.18
3. FCR-M6 0.03 −0.32 ** - 1.68 0.69
4. FCR-M12 −0.02 −0.34 ** 0.69 ** - 1.65 0.70
5. FCR-M18 0.01 −0.34 ** 0.69 ** 0.73 ** - 1.64 0.74

Note. ** p < 0.01. PCER, positive cognitive–emotion regulation; CSE, coping self-efficacy; FCR, fear of cancer
recurrence (M6/M12/M18: six, 12, and 18 months post-diagnosis).

The two protective factors against FCR—coping self-efficacy and positive cognitive–
emotion regulation—were positively associated. Coping self-efficacy was negatively as-
sociated with FCR at all three time points. Positive cognitive–emotion regulation was
not linked to FCR levels at any time point. The FCR levels at the three time points were
positively associated with each other.

3.2. FCR Change from Six to Eighteen Months after BC Diagnosis

First, an unconditional LGM was run to assess the change along the trajectory of FCR
levels between six, 12, and 18 months after BC diagnosis. The model adequately fit to the
data (χ2(df = 1)) = 0.140, p = 0.71; NFI = 1.00, CFI = 1.00, RMSEA = 0.000). Although baseline
levels of FCR presented significant individual differences between participants (b = 0.33;
SE = 0.03; Z = 9.94; p < 0.001) around a mean level of FCR (b = 1.68; SE = 0.03; Z = 60.27;
p < 0.001), there were no significant changes over time, as indicated by the non-significant
estimate of the slope’s mean (b = −0.40; SE = 0.03; Z = −1.57; p = 0.117). In other words, the
growth rate of FCR was homogeneous among participants considering the non-significant
variance around the mean growth (b = 0.03; SE = 0.06; Z = 0.350; p = 0.727). The correlation
between the intercept and the slope was not found to be significant (r = 0.035, p = 0.300).

Further, a conditional model was used to examine the effect of coping self-efficacy and
positive cognitive–emotion regulation on the change in FCR levels (see Figure 2). First, this

127



Cancers 2023, 15, 4590

model was examined with all covariates, including marital status, income level, education,
age, and country of origin. However, only age and country of origin emerged as significant
predictors of intercept FCR levels; therefore, all other covariates were excluded from the
final model.
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Figure 2. Latent growth modeling: coping self-efficacy predicts initial FCR levels. Note. Full
dart = significant correlation; broken dart = non-significant correlation.

The model fit the data very well (χ2(df = 9) = 16.42, p = 0.06; NFI = 0.99, CFI = 99.05,
RMSEA= 0.03). Results showed that coping self-efficacy (at baseline) significantly predicted
FCR at six months (β = −0.199; p < 0.001), indicating that women reporting greater coping
self-efficacy at baseline reported lower levels of FCR after six months. No significant
variance was found; thus, coping self-efficacy did not predict the growth rate of FCR later
(β = −0.015; p = 0.508). In addition, positive cognitive–emotion regulation did not predict
either the baseline levels (β = 0.063; p = 0.278) or the growth (β = 0.019; p = 0.735) of FCR
over 18 months.

Finally, younger age was found as a significant covariate to a greater initial FCR level
(β = −0.015; p < 0.001) but not the growth of FCR (β = 0.002; p = 0.526). Additionally, living
in Israel (β = 0.338; SE = 0.084; p < 0.001) and Finland (β = 0.276; SE = 0.075; p < 0.001) were
linked to higher FCR levels at baseline; further, living in Israel also predicted a sharper
decline in FCR (β = −0.210; SE = 0.082; p < 0.05).

4. Discussion

The current study aimed to explore the trajectory of FCR levels between six and
18 months post-diagnosis. Additionally, the objective of this study was to examine two
protective factors, namely coping self-efficacy and positive cognitive–emotion regulation,
against FCR levels and their trajectories over six, 12, and 18 months following the initial
diagnosis of BC. The findings partially supported our hypotheses and have implications
for early interventions to improve and mitigate FCR among women with BC.

We identified relatively stable levels of FCR over one year, from six to 18 months
after BC diagnosis. Our findings resemble previous studies, showing that FCR levels
tend to remain steady over time [15–18] and have been found to be determined by the
baseline levels [18,67]. Still, it should be noted that the FCR trajectory was measured in
previous studies using diverse timeframes and intervals compared to the present study
(e.g., two months after completing treatment, 18 months after surgery). Thus, it could be
that the immutability of FCR in the current results is related to the timeframe of our study,
during which women were dealing with intense treatments. The relative stability in FCR
might change once survivors move on to a long-term follow-up phase, which includes less
frequent visits and communication with the oncological team, as well as decreased family
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support to address arising fears, in comparison to the active treatment period [18]. The
importance of recognizing the changes versus the stability of FCR along the survivorship
trajectory is emphasized while concluding that the first six months post-diagnosis represent
a window of opportunity to effectively impact the initial levels of FCR, that may not
significantly change thereafter.

The current results suggest that the initial levels of FCR may develop through coping
self-efficacy; however, it may not further promote a later decrease in FCR. Specifically, a
higher coping self-efficacy at the time of diagnosis predicted lower FCR levels after six
months. These findings align with previous studies that have linked a higher self-efficacy
to a lower FCR [21,40,42–44]. Nonetheless, the current study expands the scope of existing
literature by examining the effect of coping self-efficacy on FCR among an international
sample of women, starting from BC diagnosis and continuing over time.

This study contributes to the theoretical literature by the notion that belief in one’s
capacity to manage cancer is crucial for successful coping with FCR [29]. These findings
support the Common-Sense Model [27], which posits that the response to BC diagnosis and
treatment is a subjective process involving mutual influences between exposure to a health
threat and cognitive and emotional representations and responses [27,28]. The results
of this study stress the significance of the beliefs of patients in their ability to influence
their thoughts, emotions, and behaviors [37], specifically regarding coping with BC and its
requirements, such that coping self-efficacy promotes a perception of competence to manage
the illness [37], provides a higher sense of control [68,69], and ameliorates cancer-related
stress [68,70]. Therefore, a higher coping self-efficacy can lead to a lower FCR [18,71–73].

Nonetheless, in the current study, greater coping self-efficacy measured at the time
of diagnosis of BC did not predict a decline in FCR levels at 12 and 18 months since
diagnosis. Even though a woman with coping self-efficacy may invest this resource initially,
it has been found that over time, she may need additional and diverse resources [32] to
cope with FCR and the demands that arise at each stage of receiving and completing
treatment [54,55]. This suggests that as women may lose resources (e.g., coping with FCR),
they will strive to protect their remaining resources (e.g., their initial ability of coping
self-efficacy), such that managing FCR over time is a dynamic and ongoing demand. In
addition to the bio-psychological aspects assessed in the current study, social perspectives
such as the crucial role of social support [74] should be considered in the model examining
protective factors that could alleviate FCR. The complexity of FCR is further evident in
studies among BC survivors, who reported FCR as an intense, difficult, multi-dimensional
experience [75], including dealing with feelings of being trapped in insecurity, experiencing
suffering alone [76], a lack of control, and fear of death [77]. Thus, it seems that coping with
FCR over time requires a wide range of resources. Hence, it is important to further explore
protective resources and their ability to address FCR throughout the survivor’s journey.

In contrast to our prediction, we found that greater positive cognitive–emotion regula-
tion did not contribute to the level or reduction of FCR. This unexpected outcome may be
explained by the need for specific and unique coping strategies when dealing with a BC
diagnosis and FCR. For example, acquiring knowledge about BC [5], utilizing tools to man-
age uncertainty [78], and practicing mindfulness [79] are important, in addition to general
positive cognitive–emotion regulation strategies. Specifically, although enhancing positive
cognitive–emotion regulation strategies has been found effective for managing FCR among
cancer patients in clinical studies [50,51], this connection is not evident when considering it
as an inherent personal tendency. Furthermore, the negative impact of BC on psychological
well-being might diminish over time, allowing for greater positive psychological changes
to occur in the years following diagnosis [80]. Therefore, while positive cognitive–emotion
regulation may not alleviate FCR at the time of receiving a BC diagnosis and undergoing
active treatments, its role in later stages of survival warrants long-term assessments.

Finally, we found that younger age and country of origin predict FCR levels. Prior
research indicated that younger women expressed higher FCR levels [65], but no change in
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FCR over time. Understandably, worries regarding health, womanhood, parenting, and
death worsen FCR [40], especially at a younger age [65].

This international sample has shown some cross-cultural differences. Patients from
Israel and Finland reported greater initial FCR levels compared to patients from Portugal.
The finding of higher FCR levels in Finland and Israel may be attributed to a combination
of the level of diagnosis services, the quality of the medical system, options for effective
treatments, and mortality rates [81,82]. However, as the study progressed, patients from
Israel exhibited a decline in FCR over time, which can be associated with the high survival
rate of BC patients in Israel compared to the OECD [83]. This decline may also be related to
the effective universal public free health services that address the needs of cancer patients
and their families, providing social security benefits and supportive psychosocial interven-
tions [84]. Perhaps becoming more familiar with the system and receiving comprehensive
support may ease patients’ FCR.

4.1. Limitations and Future Directions

Several limitations of the current study need to be considered. First, the use of self-
report measures can attract potential biases and statistical artifacts (i.e., memory and
recall issues, social desirability bias), suggesting caution while interpreting the study’s
findings. Hence, future studies should consider varied type of tools for data collection,
such as objective measures and behavioral observation measures. Second, the model was
examined in a limited timeframe of 18 months since diagnosis, raising the need for further
examination of the FCR trajectory, which may persist many years later [85,86]. Third, the
study sample represents women with early-stage BC, middle age, and living in European
countries; therefore, it might not be able to fully represent the BC and cancer patients’
population. Despite the advantage of an international sample, intercultural differences
were found that were not the focus of the article but indicate an important need to examine
the differences in cultural influence and its effect on FCR. Further research should replicate
the model, in various populations previously linked with FCR, such as different stages of
cancer and cancer types, ages, and cultures, where the concepts of coping and a fear of
cancer recurrence can differ.

4.2. Clinical Implications

Considering the evidence that FCR tends to be stable over the first 18 months post-
diagnosis of BC, it is imperative to find effective ways to combat and mitigate this fear
as early as possible. Especially during the first six months after diagnosis, it may be
crucial to intervene to try to influence the FCR levels. Moreover, our study highlights the
centrality of specific cancer coping skills, namely coping self-efficacy, rather than general
skills, which can play a protective role against FCR during this time. The results suggest
that strengthening coping self-efficacy during the time of diagnosis and the first six months
following it may be an effective tool in fostering healthy disease perceptions [37] and a
lower FCR [29]. Several interventions have been shown to be effective in improving self-
efficacy among general cancer patients [87] and BC patients [41]; however, it is important
to adapt them for women managing BC at the time of diagnosis, with a specific focus on
FCR management.

In addition, there is a need to search for more relevant and amendable protective
factors that can be implemented in prevention and intervention programs to reduce FCR
and enhance the well-being of BC patients. Such programs may contribute to better
adjustment among BC patients to the disease and its treatments, ultimately leading to
reduced FCR [40,43,44].

5. Conclusions

The current study examined predictors of FCR and its trajectory. In line with the CSM
and COR theory, the study emphasized the stability found in FCR levels over time and
the impact of coping self-efficacy on the initial levels of FCR. However, enhanced positive
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cognitive–emotion regulation did not contribute to the level or reduction of FCR. These
findings hold significance as they suggest the importance of specific coping skills for cancer
patients, within a critical timeframe to impact the level of FCR, which is likely to impair the
quality of life and mental health of BC survivors.
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Simple Summary: Since TNBC shows the worst prognosis and limited treatment options, exploring
novel molecular targets is urgently needed for effective treatment of TNBC. In this study, we demon-
strated that LEMD1 is highly expressed in TNBC and contributes to poor prognosis of TNBC patients.
LEMD1 silencing not only inhibited the proliferation and migration of TNBC cells in vitro, but also
abolished tumor formation of TNBC cells in vivo. Mechanistically, LEMD1 promotes the progress of
TNBC by activating the ERK signaling pathway. Knockdown of LEMD1 renders TNBC cells more
sensitive to paclitaxel. Our results uncovered LEMD1 as a novel oncogene in TNBC, and targeting
LEMD1 might be a promising therapeutic approach for the effective treatment of TNBC patients.

Abstract: Breast cancer is the most common deadly malignancy in women worldwide. In particular,
triple-negative breast cancer (TNBC) exhibits the worst prognosis among four subtypes of breast
cancer due to limited treatment options. Exploring novel therapeutic targets holds promise for
developing effective treatments for TNBC. Here, we demonstrated for the first time that LEMD1
(LEM domain containing 1) is highly expressed in TNBC and contributes to reduced survival in
TNBC patients, through analysis of both bioinformatic databases and collected patient samples.
Furthermore, LEMD1 silencing not only inhibited the proliferation and migration of TNBC cells
in vitro, but also abolished tumor formation of TNBC cells in vivo. Knockdown of LEMD1 enhanced
the sensitivity of TNBC cells to paclitaxel. Mechanistically, LEMD1 promoted the progress of TNBC
by activating the ERK signaling pathway. In summary, our study revealed that LEMD1 may act
as a novel oncogene in TNBC, and targeting LEMD1 may be exploited as a promising therapeutic
approach to enhance the efficacy of chemotherapy against TNBC.

Keywords: TNBC; LEMD1; ERK; therapeutic target

1. Introduction

Breast cancer is the most frequent female malignancy around the world, with high
incidence and fatality [1]. Estrogen receptor (ER), progesterone receptor (PR) and epidermal
growth factor receptor (Her2) on tumor cell surfaces are the main targets for therapeutic
treatment of breast cancer. However, with the expression deficiency of these three key
markers, triple negative breast cancer (TNBC) patients can benefit from neither endocrine
therapy nor HER2-targeted therapy [2]. Chemotherapy still remains the mainstay sys-
temic treatment for TNBC patients, despite its poor efficacy and severe toxic effect [3,4].
Moreover, TNBC patients share the clinical features of high invasiveness and metastatic
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potential, which also plagues the effectiveness of current treatment regimens [4]. Therefore,
discovering effective targeted therapies for TNBC treatment is urgently needed.

LEM domain containing 1 (LEMD1) belongs to the cancer-testis antigen (CTA) fam-
ily [5]. Since LEMD1 was first isolated from colorectal cancer in 2004, the role it plays
during tumor progression has attracted widespread concern among researchers. It has
been reported that LEMD1 is aberrantly overexpressed in a series of malignancies and
is correlated with worse prognosis of tumor patients such as prostate cancer, colorectal
cancer, gastric cancer and pancreatic cancer [5–9]. LEMD1 exerts oncogenic effects dur-
ing tumorigenesis of various cancers. For example, the elevated expression of LEMD1
contributes to cell proliferation in gastric cancer [7]. LEMD1 also facilitates invasion and
epithelial–mesenchymal transition (EMT) in oral squamous cell carcinoma, thyroid cancer
and pancreatic cancer [8,10,11]. Transcriptome data has revealed that LEMD1 is highly
expressed in cancer stem cells (CSCs)/cancer-initiating cells (CICs) and is important for
the maintenance of CSCs/CICs in colorectal cancer [12]. Taken together, these studies
demonstrate that LEMD1 plays a pivotal role in promoting tumor progression, suggesting
its clinical value as a potential prognostic biomarker and therapeutic target in diverse
tumors. Nevertheless, the biological function of LEMD1 in breast cancer has not been
elucidated yet.

In this study, we innovatively explored the expression and the prognostic value of
LEMD1 in TNBC. In addition, we elucidated the biological role and the clinical value
of LEMD1 in the progress of TNBC, and also performed further analysis to clarify the
underlying mechanism. In conclusion, our results revealed the biological function of
LEMD1 during tumorigenesis of TNBC and provided a potential therapeutic strategy of
targeting LEMD1 for TNBC treatment.

2. Materials and Methods
2.1. Bioinformatics Analysis

A series of genomic datasets in breast cancer, including GSE65216, GSE20713, GSE45827
and GSE76275, downloaded from Gene Expression Omnibus (GEO), provide gene expres-
sion profiles of tumor samples. In detail, GEPIA 2 (Gene Expression Profiling Interactive
Analysis 2) was used to compare gene expressions between tumor and normal tissues of
breast cancer samples, and to analyze the influence of LEMD1 expression on the survival
outcome in multiple cancers. The association of LEMD1 and the overall survival of TNBC
patients was completed by Kaplan–Meier Plotter. DNMIVD [13] was used to analyze
LEMD1 methylation levels and its relationship with patients’ survival. TIMER [14] is a web
server providing data on LEMD1 expression in tumor tissues and corresponding normal
tissues among various cancers. Additionally, we explored the influence of gene set expres-
sion on anti-cancer drug resistance by GSCALite server [15]. ROC plotter server [16] was
utilized to analyze the correlation between the expression of LEMD1 and the therapeutic
responses of TNBC patients to chemotherapy.

2.2. Cell Lines and Culture

The human breast cancer cell lines MDA-MB-468, BT549 and HCC1806 were cultured
in RPMI-1640 medium. HEK-293T and MDA-MB-231 were cultured in DMEM medium.
MDA-MB-436 was cultured in L-15 medium. These cells were all cultured in media sup-
plemented with 10% fetal bovine serum (Gibco), penicillin (100 U/mL) and streptomycin
(100 µg/mL). Additionally, all cell lines were maintained at 37 ◦C in a humidified atmo-
sphere of 5% CO2/95% air and identified via the STR method.

2.3. siRNA, shRNA, CRISPR/Cas9 Lentivirus and Plasmid Transfection

RiboBio (Guangzhou, China) supplied the siRNA targeting LEMD1. Cells in good
growth condition were plated in 6-well plates and then transfected with siRNA accord-
ing to the manufacturer’s protocol. For the construction of stable silencing cells, the
LEMD1 shRNA plasmids were transfected into HEK-293T cells and the supernatant of
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HEK-293T cells was added into MDA-MB-231 cells, following by screening with 2 µg/mL
of puromycin for a week. For the construction of LEMD1-KO cells, the CRISPER/CAS9
lentiviruses were transfected into MDA-MB-468 cells for 72 h, and then selected with
8 µg/mL of puromycin for a week. The plasmids involved in this study were transfected
by Lipofectamine 8000 (Beyotime, Shanghai, China) reagent.

2.4. Western Blot

Cells were lysed with RIPA buffer containing protease inhibitor and phosphatase
inhibitor at 4 ◦C for 30 min, and then centrifuged at 12,000× g for 15 min at 4 ◦C. Proteins
(20 µg) were run on SDS-PAGE gels and then transferred to PVDF membranes. After
blocking with skim milk, the PVDF membranes were incubated in 5% BSA at 4 ◦C overnight
with the corresponding primary antibodies as follows: LEMD1 (GTX16303, 1:1000, Genetex,
Irvine, CA, USA), LEMD1 (ab201206, 1:1000, Abcam, Cambridge, UK), Lamin B1 (sc-
377000, 1:500, Santa Cruz, Santa Cruz, CA, USA), E-cadherin (ET1607-75, 1:1000, Huabio,
Hangzhou, China), N-cadherin (ET1607-37, 1:2000, Huabio, Hangzhou, China), vimentin
(M1412-1, 1:1000, Huabio, Hangzhou, China), Bax (50599-2-lg, 1:1000, Proteintech, Chicago,
IL, USA), Bcl-2 (#15071S, 1:1000, CST, Boston, MA, USA), ERK (#0102S, 1:1000, CST), p-ERK
(#9101S, 1:1000, CST), Flag (M185-3L, 1:1000, MBL, Beijing, China), β-actin (20536, 1:7000,
Proteintech), GAPDH (GB11002, 1:1000, Servicebio, Wuhan, China), following by treatment
with the corresponding secondary antibody at room temperature for 1 h. Finally, the protein
signals were visualized with ECL reagent.

2.5. RNA Isolation, Reverse Transcription (RT) and Real-Time PCR

Total RNA from cell lines was isolated using Trizol reagent (Invitrogen, Carlsbad, CA,
USA). A total of 1 µg of RNA was reverse-transcribed using the PrimeScript RT Reagent
Kit (Takara, Dalian, China). Real-time PCR was carried out using SYBR Green (Takara).
The mRNA expression of all target genes was normalized to GAPDH.

2.6. Cell Viability Assays

The cells were plated in 96-well plates and treated with paclitaxel for 72 h. Then, cell
viability was measured with CCK8 (Bimake, Shanghai, China) reagent. The cells were
incubated at 37 ◦C for 2 h after adding CCK8. Additionally, the OD value at 450 nm was
detected to determine cell viability.

2.7. Clonogenic Assay

Cells were plated in 6-well plates (500 cells/well) and treated with paclitaxel for 24 h.
After the incubation of about 15 days, 4% paraformaldehyde and crystal violet were used
to fix and stain the cell colonies.

2.8. 5-Ethynyl-2′-deoxyuridine Assay

According to the instruction, the cells were incubated with 5-Ethynyl-2′-deoxyuridine
assay (EDU, RiboBio, Chengdu, China) for 2 h at 37 ◦C and fixed with 4% paraformaldehyde
for 30 min, followed by permeating with 0.5% Triton X-100 for 10 min at room temperature.
Then, cells were stained with 1× Apollo dye reaction solution for 30 min and treated with
Hoechst for 30 min away from light at room temperature. Finally, a fluorescent microscope
was needed to capture the images.

2.9. Wound Healing Assay

To measure cell migration, cells were plated in 6-well plates and maintained at 37 ◦C.
A line was drawn with sterile 10 µL tips on the monolayer cells and rinsed with medium
to remove any floating cell debris when the cells reached 100% confluence. Images were
captured at the indicated time. The wound healing rate (%) was calculated and analyzed.
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2.10. Cell Migration and Invasion

The cells’ migration and invasion ability were examined using Matrigel and Tran-
swell plates. The cells (3 × 104 cells/well) were inoculated into the upper chamber of the
Transwell plate in serum-free medium. Particularly, the upper chambers were coated with
Matrigel (BD, Biosciences, Chongqing, China) for the invasion assay. The medium contain-
ing 20% FBS was added to the lower chamber. After incubation for 24 h (migration) and 72 h
(invasion), the cells on the submembrane surface were fixed with 4% paraformaldehyde
and stained with crystal violet. The extra cells and the Matrigel were removed with cotton
swabs, and then the invaded and migrated cells were photographed and counted.

2.11. Immunofluorescence Staining

MDA-MB-468 cells were seeded on a glass coverslip and fixed in 4% paraformaldehyde
for 25 min at room temperature. Next, the cells were blocked in 5% bovine serum albumin
(BSA) for 2 h and incubated with anti-LEMD1 antibody (GTX16303, 1:200, Genetex) at 4 ◦C
overnight, followed by Alexa Fluor 594 dye-conjugated anti-rabbit IgG antibody. At the
end of incubation, the cell nuclei were stained with DAPI for 2 min. The coverslip was
washed with phosphate-buffered saline (PBS) and images were detected and captured
using a confocal microscope.

2.12. Tissue Microarray (TMA) and Immunohistochemistry (IHC)

The Second Xiangya Hospital of Central South University (Changsha, China) provided
the clinical specimens involved in this study. Additionally, all patients were given informed
consent before the experiment. For TMA, samples embedded with paraffin were arranged
by a tissue-arraying instrument; each sample was arranged in three 1-mmdiameter cores to
reduce tissue loss and minimize tumor heterogeneity. IHC staining for LEMD1 (Abcam,
ab201206, 1:100) was conducted by using the DAKO LSAB + System-HRP kit (DAKO,
Copenhagen, Denmark) according to the protocols. The protein expression of LEMD1 was
detected with a polyclonal antibody at a dilution of 1:200. IHC scores were evaluated by
two independent pathologists in a blinded situation.

2.13. Semi-Quantitative Analysis of TMA and IHC Staining

Two independent pathologists, who were experienced in assessing IHC and were
blinded to the clinical outcome of the involved patients, were invited to evaluate all of the
samples. We determined the expression of LEMD1 by using two indicators: the intensity
and the range of the staining. The percentage of immunoreactive cells was rated as follows:
0 points, <10% positive cells; 1 point, 10–40% positive cells; 2 points, 40–70% positive
cells; 3 points, >70% positive cells. The staining intensity was rated as follows: 0 (no
staining), 1 (weak staining), 2 (moderate staining), 3 (strong staining). The two scores were
multiplied and used to divide the patients into a high expression group (score ≥ 3) and
a low expression group (score < 3) of LEMD1. The final score is the mean of the scores
assigned by the two pathologists [17,18].

2.14. RNA-Sequencing and Signaling Pathway Assays

Total RNA was extracted from MDA-MB-468 cell lines treated with LEMD1 siRNA
or a negative control. After confirming the quality, purity and integrity of the RNA, a
cDNA library was established from ~1 µg of total RNA. Then, the library was sequenced
on an Illumina Novaseq6000 using 2× 150 bp paired-end sequencing chemistry. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed
by analyzing the obtained genes. All services were provided by LC Biotech Corporation
(Hangzhou, China).

2.15. Animal Studies

MDA-MB-231 cells with stable LEMD1 knockdown and control MDA-MB-231 cells
were administered subcutaneously into 5-week-old female BALB/c nude mice (1× 106 cells
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in 100 µL medium). Tumor sizes and body weights were measured every other day. Tumor
volume was calculated as length×width2 × (π/6). The subcutaneous tumors were excised,
weighed and captured at the termination of the experiment.

2.16. Statistical Analysis

We analyzed the data using SPSS 22.0 and GraphPad Prism 8.0 software. Pearson’s
χ2 test was used to analyze the association between LEMD1 expression and the clini-
copathological features of breast cancer patients. A two-tailed unpaired Student t test
was conducted to analyze the differences between two groups. p < 0.05 was considered
statistically significant.

3. Results
3.1. The High Expression of LEMD1 Is Associated with Poor Prognosis in TNBC

In order to explore the genes involved in the progress of TNBC, we first screened
32 genes with specific high expressions in TNBC compared with other subtypes of breast can-
cer by analyzing GEO datasets including GSE65216, GSE20713 and GSE45827 (log2FC > 1.5)
(Figure 1A). The high expressions of these 32 genes in TNBC were also verified in the Cancer
Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) (Figure 1B). We further analyzed
the expressions of 32 genes in TNBC and normal breast tissue, and found that 8 genes
(LEMD1, ART3, EN1, UGT8, SHC4, HORMAD1, ZIC1, CT83) showed higher expression in
TNBC tissue compared to the normal breast tissue by GEPIA analysis (Figure 1C and Sup-
plementary Figure S1). Considering the role of LEMD1 in breast cancer remains unknown,
we further explored the biologic function and the clinical value of LEMD1 in TNBC.

Next, we confirmed LEMD1 expression in breast cancer tissues. Firstly, data from an
independent breast cancer dataset consistently shows that LEMD1 is significantly upreg-
ulated in TNBC tumors compared to non-TNBC tumors (Figure 2A). Moreover, higher
protein expressions of LEMD1 were observed in TNBC tissues compared to non-TNBC tis-
sues in a tissue microarray (TMA) containing 80 breast cancer specimens we collected from
the Second Xiangya Hospital (Figure 2B). In addition, we examined the protein expressions
of LEMD1 in 63 TNBC patients from the Second Xiangya Hospital by immunohistochem-
istry (IHC) staining, and further analyzed the relationship between LEMD1 expressions
and the clinicopathological features of TNBC patients. As shown in Figure 2C and Table 1,
we found that high expression of LEMD1 was markedly associated with higher histology
grade of TNBC patients, suggesting that LEMD1 may act as a cancer-promoting factor in
TNBC. The survival curve, analyzed by Kaplan–Meier Plotter database, revealed that TNBC
patients with higher LEMD1 expression showed worse overall survival (Figure 2D). In
addition, the low expression of LEMD1 was positively correlated with improved survival in
breast cancer patients, as shown by analysis of the clinical data of 85 patients we collected
(Figure 2E). Since LEMD1 is one of the family members of cancer testis antigen that is
often regulated by DNA demethylation, as reported [19–21], we analyzed the methylation
level of LEMD1 in breast cancer. As shown in Supplementary Figure S2A,B, LEMD1 is
hypomethylated in breast cancer tissues compared with normal tissues, and its hypomethy-
lation was positively correlated with reduced disease-free interval (DFI) in breast cancer
patients. These results indicated that LEMD1 is overexpressed and acts as a poor prognostic
factor in TNBC.
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Figure 1. Aerial photo of landscape for the study site with absence of nearby open water. Inset map
of Nebraska counties shows Keith County highlighted with location of aerial photo shown in white
rectangle. Study pond is outlined by yellow rectangle.

Figure 1. Screening of the high expression genes in TNBC. (A) Venn diagram of the differential genes
between TNBC and non-TNBC samples in GEO datasets. (B) The expressions of 32 genes in TNBC
and non-TNBC in the TCGA-BRCA cohort. Heat maps represent gene expression levels. (C) The
GEPIA analysis of 8 genes with specific high expression in TNBC. Red represents tumor tissues and
black represents corresponding normal tissues. * p < 0.05.
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LEMD1 expressions of TNBC and non-TNBC patients in GSE76275 from GEO database. ** p < 0.01. 

(B) Representative images of LEMD1 from a tissue microarray containing 80 breast cancer patients. 

(C) Representative IHC images of LEMD1 in 63 clinical samples of TNBC patients. Scale bar, 50 µm. 
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Kaplan–Meier plot of the overall survival (OS) of TNBC patients from TCGA database. (E) Kaplan–

Meier plots of the OS from a tissue microarray containing 85 breast cancer patients. 
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Figure 2. The relationship between LEMD1 and clinicopathological features of TNBC patients.
(A) LEMD1 expressions of TNBC and non-TNBC patients in GSE76275 from GEO database. ** p < 0.01.
(B) Representative images of LEMD1 from a tissue microarray containing 80 breast cancer patients.
(C) Representative IHC images of LEMD1 in 63 clinical samples of TNBC patients. Scale bar, 50 µm.
The positive correlation between LEMD1 expressions and the histology grade in TNBC patients.
(D) Kaplan–Meier plot of the overall survival (OS) of TNBC patients from TCGA database. (E) Kaplan–
Meier plots of the OS from a tissue microarray containing 85 breast cancer patients.

Table 1. The relationship between clinicopathological characteristics and LEMD1 expressions in
63 TNBC patients.

Characteristic
LEMD1

p Value
Low High

Age, years

<50 7 27
0.516≥50 8 21

Tumor size, cm

<3 5 27
0.121≥3 10 21

Histology Grade

Low 12 24
0.030High 2 21

Lymph node
metastasis

No 7 26
0.612Yes 8 22

TNM stage

I/II 7 26
0.612III/IV 8 22
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3.2. Pan-Cancer Analysis of LEMD1 Expression and Prognosis

In view of the critical role of LEMD1 in TNBC, we performed pan-cancer analysis
to gain a more comprehensive understanding of LEMD1 in various cancers. Firstly, we
analyzed LEMD1 expression in various cancers by comparing the transcriptome data be-
tween tumor tissues and corresponding adjacent normal tissues. The result shows that
LEMD1 was highly expressed in various cancers, including bladder urothelial carcinoma
(BLCA), invasive breast carcinoma (BRCA), cholangiocarcinoma (CHOL), colon adenocar-
cinoma (COAD), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), head
and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal
clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), lung adeno-
carcinoma (LUAD), lung squamous cell carcinoma (LUSC), pancreatic adenocarcinoma
(PAAD), prostate adenocarcinoma (PRAD), rectal adenocarcinoma (READ), stomach adeno-
carcinoma (STAD), thyroid carcinoma (THCA) and uterine corpus endometrial carcinoma
(UCEC) (Supplementary Figure S3A), suggesting that LEMD1 may serve as a potential key
regulator during tumorigenesis. Next, we analyzed the prognostic value of LEMD1 in pan-
cancer and found that high expression of LEMD1 was significantly associated with worse
OS rate in COAD (p = 0.047), KIRC (p = 0.0065), KIRP (p = 0.023) and PAAD (p = 0.0027)
(Supplementary Figure S3B). These results revealed that LEMD1 is upregulated and may
serve as a poor prognostic factor in multiple cancers.

3.3. LEMD1 Promotes the Progression of TNBC In Vitro and In Vivo

We next sought to investigate the biological functions of LEMD1 in TNBC. Firstly,
we examined the subcellular location of LEMD1, and found that LEMD1 is located in
the nucleus via immunofluorescence staining (Figure 3A). We further detected LEMD1
expressions in several TNBC cell lines and found that LEMD1 was highly expressed in
MDA-MB-468 and MDA-MB-231 cells (Figure 3B). Therefore, we used siRNA/shRNA to
knockdown LEMD1 expression in MDA-MB-468 cells and MDA-MB-231 cells, respectively
(Figure 3C). Western blot analysis of LEMD1-knockdown cells also verified the nuclear
localization of LEMD1 in TNBC cells (Supplementary Figure S4A). Importantly, we found
that knockdown of LEMD1 significantly inhibited the cell viability in MDA-MB-468 and
MDA-MB-231 cells (Figure 3D and Supplementary Figure S4B). The numbers of cells
positive for EdU staining were also significantly decreased in TNBC cells with LEMD1
knockdown (Figure 3E and Supplementary Figure S4C). Furthermore, the inhibited prolif-
eration induced by LEMD1 knockdown was also confirmed via a colony formation assay
examining long-term survival (Figure 3F). These results indicated that LEMD1 silencing
inhibited the proliferation of TNBC cells. We further explored whether LEMD1 could
regulate the apoptosis of TNBC cells. As shown in Figure 3G and Supplementary Figure
S4D, LEMD1 silencing increased cell apoptosis, as evidenced by the increased expression
of Bax and the decreased expression of Bcl-2.

Moreover, we investigated the effect of LEMD1 knockdown on cell migration and in-
vasion. Figure 3H and Supplementary Figure S4E,F show that the migration rates of TNBC
cells in LEMD1-knockdown or knockout group were significantly decreased compared to
those in control group. Transwell experiments demonstrated that migration and invasion
were inhibited in TNBC cells with LEMD1 silencing (Figure 3I,J). We then tested the impact
of LEMD1 knockdown on the epithelial–mesenchymal transition (EMT) process of TNBC
cells. We found that LEMD1 silencing increased the expression of E-cadherin and decrease
the expressions of N-cadherin and vimentin (Figure 3K and Supplementary Figure S4G),
suggesting that LEMD1 promotes the EMT process of TNBC cells. Furthermore, we found
that there is no significant change in the mRNA levels of Bax, Bcl-2, E-cadherin, N-cadherin
and vimentin in cells with LEMD1 knockdown (Figure 3L and Supplementary Figure
S4H), indicating that the regulation of LEMD1 on the expressions of the above proteins is a
post-transcriptional modification. Taken together, these results demonstrated that LEMD1
functions as a promotive factor in the proliferation, migration and invasion of TNBC cells.
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was used for negative control. The location of the nucleus was indicated by DAPI. (B) The 

Figure 3. LEMD1 promotes the proliferation and migration of TNBC cells. (A) The subcellular
location of LEMD1 was examined in MDA-MB-468 cells by immunofluorescence staining. IgG
antibody was used for negative control. The location of the nucleus was indicated by DAPI. (B) The
expressions of LEMD1 in TNBC cell lines were examined by Western blot, β-actin was used as a
loading control. (C) The expressions of LEMD1 in MDA-MB-468 cells were knocked down by siRNA,
and the expressions of LEMD1 in MDA-MB-231 cells were knocked down by shRNA. (D) CCK-8
reagent was applied to examine cell viability of MDA-MB-468 cells. ** p < 0.01, n = 3. (E) Cell
proliferation of MDA-MB-468 cells was measured using EdU. Magnification ×100. ** p < 0.01, n = 3.
(F) The colony formation assay in LEMD1-knockdown MDA-MB-231 and the corresponding negative
control cells were used to examine cell proliferation. ** p < 0.01, n = 3. (G) Western blot analysis
of the expressions of Bcl-2 and Bax in MDA-MB-468 cells, β-actin was used as a loading control.
(H) Wound healing assays of MDA-MB-468 cells. Magnification ×100. ** p < 0.01, n = 3. Transwell
migration assays (I) and Transwell invasion assays (J) in LEMD1-konckdown MDA-MB-231 cells and
their corresponding negative control cells. Magnification ×200. ** p < 0.01, n = 3. (K) Western blot
analysis of the expressions of E-cadherin, N-cadherin and vimentin in MDA-MB-468 cells, β-actin
was used as a loading control. (L) qPCR analysis of the mRNA expressions of Bax, Bcl-2, E-cadherin,
N-cadherin and vimentin in MDA-MB-468 cells. The original western blot figures could be found in
Supplementary Figure S6A.
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To extend the in vitro observations, we constructed a subcutaneous xenograft model
in female nude mice to investigate the influence of LEMD1 silencing on tumor growth
in vivo (Figure 4A). As shown in Figure 4B–D, no tumor formation was observed in MDA-
MB-231 cells with knockdown of LEMD1 expression, indicating that LEMD1 silencing
totally abolished tumor formation in vivo. There was no significant change in body weight
in the mice of the two groups (Figure 4E). Collectively, these results confirmed that LEMD1
promotes the progression of TNBC.
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Figure 4. LEMD1 promotes tumor growth in vivo. shNC and shLEMD1 transfected MDA-MB-231
cells were administered subcutaneously into 5-week-old female Balb/c nude mice. (A) Diagram of
the in vivo experiment. (B–D) The tumor sizes were monitored on the indicated days. After 2 weeks,
the subcutaneous tumors were excised, weighed and photographed. (E) The body weight of the mice
was recorded during the experiment.

3.4. LEMD1 Promotes the Cell Proliferation and Invasion by Activating ERK Signaling Pathway
in TNBC

To explore the mechanism underlying the promotive effect of LEMD1 on the pro-
gression of TNBC, RNA-seq was conducted to detect the differentially expressed genes
in LEMD1-silenced and control MDA-MB-468 cells. MAPK signaling pathway, an im-
portant oncogenic pathway regulating ubiquitous signal transduction process in can-
cers [22], showed significant differential expression in KEGG pathway enrichment analysis
(Figure 5A). MAPK consists of ERK, p38, JNK and ERK5. Furthermore, protein–protein net-
work analysis showed that there are close associations between ERK1/2 and the members
of MAPK signaling pathway detected by RNA-seq (Supplementary Figure S5A), suggest-
ing that ERK may mediate the carcinogenic role of LEMD1 in TNBC. To validate this
hypothesis, we detected the protein expressions of ERK and p-ERK in LEMD1-knockout
(KO) and LEMD1-knockdown (KD) cells. Figure 5B showed that LEMD1 knockout or
knockdown remarkably down-regulated the expression of p-ERK, but did not change the
expression of ERK, indicating that LEMD1 can activate ERK. Next, LEMD1-knockout and
LEMD1-knockdown cells were transfected with ERK plasmid and then treated with the ERK
inhibitor, U0126. Figure 5C showed that overexpression of ERK increased the expressions of
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ERK and p-ERK, and the increased p-ERK induced by ERK overexpression can be reversed
by U0126. To investigate whether ERK is involved in the regulation of LEMD1 on tumor
progression, cell proliferation and migration were measured. As shown in Figure 5D–G and
Supplementary Figure S5B,C, the inhibitory effects on the cell proliferation and migration
induced by LEMD1-KD/KO were reversed by ERK overexpression in TNBC cells. It has
been reported that ERK activation can promote EMT process in various cancers [23–25].
ERK activity can also inhibit cancer cell apoptosis by increasing Bcl-2 expression and de-
creasing Bax expression [26,27]. Consistently, we found that the regulation of E-cadherin,
N-cadherin and vimentin expressions by LEMD1-KO/KD was significantly abolished by
overexpression of ERK (Figure 5H and Supplementary Figure S5D). Moreover, the increase
in Bax expression and the decrease in Bcl-2 expression induced by LEMD1-KO/KD were
also rescued by ERK overexpression (Figure 5I and Supplementary Figure S5E). Moreover,
cell viability assay also showed that the rescue effect of ERK overexpression in LEMD1-
KO/KD cells could be canceled by U0126 treatment (Figure 5J and Supplementary Figure
S5F), further confirming the crucial role of ERK activation in mediating the oncogenic role
of LEMD1 in TNBC cells. Taken together, these data suggested that LEMD1 promotes the
progression of TNBC by activation ERK signaling pathway.

3.5. LEMD1 Knockdown Enhances the Chemosensitivity of TNBC Cells to Paclitaxel

In the previous screening process of the target gene, we found that the high expression
of LEMD1 was associated with anti-cancer drug resistance in breast cancer cell lines
via genomic analysis (Figure 6A), which inspired us to explore the role of LEMD1 in
chemotherapy resistance. Considering that chemotherapy remains the major means for
TNBC treatment, we further investigated whether LEMD1 is involved in the regulation
of the sensitivity of chemotherapeutic drugs in TNBC cells. Firstly, we evaluated the
effect of LEMD1 on chemotherapeutic responses of TNBC patients by ROC plotter server.
Figure 6B shows that TNBC patients with low LEMD1 expression benefited more from
chemotherapies. Next, we further examined the impact of LEMD1 expression on the
sensitivity of TNBC cells to paclitaxel, the main chemotherapeutic used for the treatment of
TNBC. Figure 6C showed that BT549 and HCC1806 cells with lower LEMD1 expression
were more sensitive to paclitaxel than MDA-MB-468 and MDA-MB-231 cells with higher
LEMD1 expression, indicating the role of LEMD1 in promoting paclitaxel resistance of
TNBC cells. Further experiments showed that LEMD1 knockdown markedly reduced the
viability of MDA-MB-231 cells treated with paclitaxel (Figure 6D). The sensitization effect of
LEMD1 knockdown on paclitaxel was also confirmed by colony formation assay and EdU
assays (Figure 6E,F). LEMD1 knockdown further down-regulated the expression of Bcl-2,
increased the expression of Bax compared to paclitaxel alone treatment (Figure 6G). These
findings suggested that LEMD1 silencing enhances the efficacy of paclitaxel in TNBC cells.
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Figure 5. LEMD1 promotes cell proliferation and invasion by activating ERK in TNBC. (A) Signaling
pathway enrichment analysis of siNC and siLEMD1 MDA-MB-468 cells by RNA-seq. (B) LEMD1 was
knocked out by LEMD1-targeting CRISPER/CAS9 system in MDA-MB-468 cells and was knocked
down by LEMD1 shRNA in MDA-MB-231 cells. The expressions of ERK, p-ERK were examined
by Western blot. β-actin was used as a loading control. (C) LEMD1-knockout MDA-MB-468 cells
and LEMD1-knockdown MDA-MB-231 cells were transfected with ERK plasmid and then treated
with U0126, an ERK inhibitor. The expressions of ERK, p-ERK, Flag were examined by Western
blot. GAPDH was used as a loading control. LEMD1-knockout MDA-MB-468 cells were transfected
with ERK plasmid or empty vector plasmid. Cell viability was measured using the CCK8 assay
(D) and EdU assay (E), magnification ×200. Additionally, LEMD1-knockdown MDA-MB-231 cells
were transfected with ERK plasmid or empty vector plasmid. Cell proliferation was measured via
colony formation assay (F). Cell migration ability was measured via Transwell migration assay (G).
Magnification ×200. (H) The protein expressions of EMT markers including E-cadherin, N-cadherin,
vimentin, and (I) The expressions of Bcl-2 and Bax in LEMD1-knockout MDA-MB-468 cells were
measured via Western blot. GAPDH was used as a loading control. (J) LEMD1-knockout MDA-MB-
468 cells were transfected with ERK plasmid and then treated with U0126 for 24 h. Cell viability was
measured using the CCK8 assay. ** p < 0.01, *** p < 0.001, n = 3. The original western blot figures
could be found in Supplementary Figure S6B.
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Figure 6. Knockdown of LEMD1 enhances the sensitivity of TNBC cells to paclitaxel. (A) Drug
resistance analysis of LEMD1, ART3, UGT8, SHC4, HORMAD1, EN1, ZIC1 and CT83 in breast cancer
patients by the GSCALite online tool. Red indicates positive relationship, while purple negative.
(B) The receiver operating characteristic (ROC) curve between LEMD1 expression and therapeutic
responses to chemotherapy in TNBC cohorts, * p = 0.04. (C) MDA-MB-468, MDA-MB-231, BT549
and HCC1806 cells were treated by paclitaxel with indicated concentration for 72 h. Cell viability
was determined via CCK8 assay. (D) MDA-MB-231 cells were transfected with LEMD1 shRNA or
a negative control, followed by treatment with paclitaxel for 72 h. Cell viability was determined
via CCK8 assay. ** p < 0.01, *** p < 0.001, n = 3. (E) MDA-MB-231 cells were transfected with
LEMD1 shRNA and treated with 10 nM paclitaxel. The colony formation assay was conducted.
*** p < 0.001, n = 3. (F) MDA-MB-231 cells were transfected with LEMD1 shRNA or a negative control
and were treated with 10 nM paclitaxel for 72 h. Then, the cells were subjected to an EdU assay.
Magnification ×200. ** p < 0.01, n = 3. (G) MDA-MB-231 cells were transfected with LEMD1 shRNA
and were treated with 10 nM paclitaxel for 72 h, the levels of Bcl-2 and Bax were analyzed by Western
blot. GAPDH was used as a loading control. The original western blot figures could be found in
Supplementary Figure S6C.
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4. Discussion

Due to the clinical characteristics of lack of an appropriate target and rapid progression
of patients, the treatment of TNBC still remains chiefly conventional chemotherapy up
to now [4]. This dilemma drives researchers to explore novel molecular markers for
targeted therapy. In this study, we demonstrated for the first time that LEMD1 is highly
expressed in TNBC and is associated with poor prognosis in breast cancer patients. It has
been reported that LEMD1 is upregulated in various kinds of malignancies and facilitates
cancer progression [5–8]. Our pan-cancer analysis consistently showed that LEMD1 is
overexpressed in various cancers and is associated with shorter survival of tumor patients.
Importantly, knockdown of LEMD1 significantly inhibited the proliferation, migration and
invasion of TNBC cells. Strikingly, the TNBC cells with LEMD1 knockdown did not form
tumors in vivo. These results suggest that LEMD1 may be explored as a novel oncogene
and potential therapeutic target for TNBC treatment.

Next, we aimed to figure out the underlying mechanism of LEMD1 promoting the pro-
gression of TNBC. We found that LEMD1 activates ERK, and the ERK-mediated signaling
pathway is crucial for the regulation of cell proliferation and migration by LEMD1. Accu-
mulating evidences have demonstrated that ERK/MAPK pathway is activated in about
40% of all human cancers, and ERK activation is indispensable for diverse fundamental cell
functions including growth, survival and differentiation [22,28–30]. Besides, ERK activity
also plays a crucial role in promoting the EMT process [23–25] and inhibiting apoptosis
of tumor cells [26,27]. We found that the regulatory role in EMT protein, Bcl-2 and Bax,
induced by LEMD1 knockdown, can be rescued by ERK overexpression, indicating that
LEMD1 promotes cell proliferation and migration by activating ERK-mediated regulation
of EMT proteins Bcl-2 and Bax. However, the precise mechanism of LEMD1 regulating ERK
remains unclear. Dual-specificity phosphatases (DUSPs) can dephosphorylate many key
signaling molecules, including MAPKs [31]. It was evidenced that ERK can be dephospho-
rylated by several DUSPs including DUSP5 [32], DUSP6 [33], DUSP9 [34] and DUSP15 [35].
Our transcriptome data showed that LEMD1 could downregulate the mRNA of DUSP5
and DUSP6, indicating that LEMD1 may increase ERK phosphorylation by downregulating
DUSP5 and DUSP6.

In addition, we found that high expression of LEMD1 was significantly correlated with
decreased responsiveness to chemotherapeutics in TNBC. LEMD1 knockdown combined
with paclitaxel exhibited a stronger inhibitory effect on tumor cell proliferation compared to
treatment with paclitaxel alone. These results revealed that high expression of LEMD1 may
facilitate chemoresistance of TNBC cells, and targeting LEMD1 may provide an effective
approach to increase the sensitivity of TNBC cells to chemotherapy.

In this study, we revealed for the first time that LEMD1 is overexpressed in TNBC
through analysis of bioinformatic data and collected patient specimens. Silencing of LEMD1
not only inhibits the proliferation, migration and invasion abilities of TNBC cells in vitro,
but also abolishes tumor formation of TNBC cells in vivo. Targeting of LEMD1 enhances
the sensitivity of TNBC cells to paclitaxel. Mechanistically, we found that the ERK signaling
pathway was involved in the regulation of LEMD1 on the proliferation and migration of
TNBC cells. Our results revealed the promotive role of LEMD1 in the progress of TNBC
and provided a potential therapeutic strategy of targeting LEMD1 for TNBC treatment.

5. Conclusions

In summary, our findings not only provided insight into understanding the mechanism
underlying the regulation of cancer cell proliferation and migration by LEMD1, but also
laid a solid foundation for the development of a novel oncogene and therapeutic target for
TNBC treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15112924/s1, Figure S1: The expressions of other 24 genes
in breast cancer from GEPIA; Figure S2: The methylation analysis of LEMD1 in breast cancer.
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(A) LEMD1 DNA methylation levels in normal and tumor samples of breast cancer patients. (B) The
correlation between LEMD1 methylation levels and the disease-free interval (DFI) in breast cancer
patients; Figure S3: Pan-cancer analysis of LEMD1 expression and the prognostic value. (A) The
mRNA expressions of LEMD1 in cancers from TCGA. (B) GEPIA2 was used to perform the overall
survival analysis by LEMD1 expression among various tumors by analyzing data from TCGA
database. The survival map and the Kaplan-Meier curves with statistical significance were exhibited;
Figure S4: The localization and the oncogenic function of LEMD1 in TNBC cells. (A) The expression of
LEMD1 was detected in cytoplasm and nucleus by Western blot. β-actin was used as the cytoplasmic
loading control, and Lamin B1 was used as the nuclear loading control. (B) MDA-MB-231 cells
were transfected with shRNA or a negative control, CCK-8 reagent was applied to examine cell
viability. ** p <0.01, n = 3. (C) Cell proliferation of MDA-MB-231 cells was measured using EdU.
Magnification, ×100. ** p < 0.01, n = 3. (D) Western blot analysis of the expressions of Bcl-2 and
Bax in MDA-MB-231 cells, β-actin was used as a loading control. (E) Wound healing assays of
LEMD1-knockout MDA-MB-468 cells. Magnification, ×100. ** p <0.01, n = 3. (F) Wound healing
assays of LEMD1-knockdown MDA-MB-231 cells. Magnification, ×100. ** p < 0.01, n = 3. (G) Western
blot analysis of the expressions of E-cadherin, N-cadherin and vimentin in MDA-MB-231 cells, β-actin
was used as a loading control. (H) qPCR analysis of the mRNA expressions of Bax, Bcl-2, E-cadherin,
N-cadherin and vimentin in MDA-MB-231 cells; Figure S5: LEMD1 promotes the cell proliferation
and invasion by activating ERK in TNBC. (A) The PPI network for ERK1 (MAPK3), ERK2 (MAPK1)
and the 11 differential genes with significant variation in MAPK signaling pathway from RNA-seq.
LEMD1-knockdown MDA-MB-231 cells were transfected with ERK plasmid or empty vector plasmid.
(B) Cell viability was measured using the CCK8 assay. (C) Cell proliferation was measured by EdU
assay. Magnification, ×200. (D) The protein expressions of EMT markers including E-cadherin,
N-cadherin, vimentin, and (E) The expressions of Bcl-2 and Bax in LEMD1-knockdown MDA-MB-231
cells were measured by Western blot. GAPDH was used as a loading control. (F) LEMD1-knockdown
MDA-MB-231 cells were transfected with ERK plasmid and then treated with U0126 for 24h. Cell
viability was measured using the CCK8 assay; Figure S6: The original western blot figures.
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Simple Summary: Screening mammography reduces mortality from breast malignancy. However,
breast cancer screening is, unfortunately, hindered due to the poor sensitivity of mammography in
dense breasts: up to 15–30% of all cancers may be missed. Given the rapid development of Contrast-
Enhanced Mammography (CEM) and its potential for diagnostic use, even in an asymptomatic
population, it seems very important to correctly assess the Average Glandular Dose (AGD) for a
single CEM examination. Few studies have compared the AGD of CEM versus Digital Mammography
(DM) and protocols, including Digital Breast Tomosynthesis (DBT) plus DM, in the same group of
patients. The additional role of tomosynthesis versus digital mammography in asymptomatic patients
with dense breasts in screening examinations has been well investigated with encouraging results. In
this study, we intend to compare the AGD and the diagnostic performance of CEM versus DM, and
of CEM versus DM + DBT, performed in the same group of patients over the same period of time in a
screening setting.

Abstract: This study aims to evaluate the Average Glandular Dose (AGD) and diagnostic performance
of CEM versus Digital Mammography (DM) as well as versus DM plus one-view Digital Breast
Tomosynthesis (DBT), which were performed in the same patients at short intervals of time. A
preventive screening examination in high-risk asymptomatic patients between 2020 and 2022 was
performed with two-view Digital Mammography (DM) projections (Cranio Caudal and Medio
Lateral) plus one Digital Breast Tomosynthesis (DBT) projection (mediolateral oblique, MLO) in
a single session examination. For all patients in whom we found a suspicious lesion by using
DM + DBT, we performed (within two weeks) a CEM examination. AGD and compression force
were compared between the diagnostic methods. All lesions identified by DM + DBT were biopsied;
then, we assessed whether lesions found by DBT were also highlighted by DM alone and/or by
CEM. We enrolled 49 patients with 49 lesions in the study. The median AGD was lower for DM
alone than for CEM (3.41 mGy vs. 4.24 mGy, p = 0.015). The AGD for CEM was significantly lower
than for the DM plus one single projection DBT protocol (4.24 mGy vs. 5.55 mGy, p < 0.001). We did
not find a statistically significant difference in the median compression force between the CEM and
DM + DBT. DM + DBT allows the identification of one more invasive neoplasm one in situ lesion and
two high-risk lesions, compared to DM alone. The CEM, compared to DM + DBT, failed to identify
only one of the high-risk lesions. According to these results, CEM could be used in the screening of
asymptomatic high-risk patients.
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1. Introduction

About 12% of the world’s diagnosed neoplasms are breast neoplasms, with about
eight million women involved worldwide [1]. It has now been widely recognized that
screening mammography reduces mortality from breast malignancy [2]: the mortality rate
decreased by about 1.9% annually between 1998 and 2013.

A screening program aims to find small cancers before they become clinically evident;
for example, European guidelines offer mammography every two years for the general
female population from 50 to 70 years of age [3]. One of the main issues of mammographic
screening is related to the poor sensitivity of mammography in dense breasts; up to 15–30%
of all cancers may be missed [4].

Some studies have introduced Digital Breast Tomosynthesis (DBT) in mammography
screening, especially in high-risk patients with dense breasts [5–7]. Those studies found
increased cancer detection rates with DBT, from 1.9 to 4.1 per 1000 women screened with
recall rates lower than or comparable to those with DM, and an increased cancer detection
rate of up to 30–40% [8]. In accordance with the results of these studies, personalized
screening based on breast density could be offered that would increase the cancer detection
rate and reduce the number of recalls for benign conditions; in fact, DBT seems to be
associated, in addition to an increased cancer detection rate, especially in dense breasts,
with a higher positive predictive value of recalls [9,10].

In this context, moreover, many studies have confirmed the interesting performance of
Contrast-Enhanced Mammography (CEM) when applied to the early detection of mammary
neoplasms [11], and some preliminary studies have also evaluated the use of CEM in breast-
screening programs, with encouraging results [12,13]. These preliminary studies show
that CEM has a high negative predictive value in the evaluation of breast lesions and can
significantly reduce the number of screening recalls for benign breast conditions, which
suggests a potential for a reduction in screening recalls.

To our knowledge, however, the possible role of CEM as an alternative method to
conventional screening mammography in some high-risk patient populations has not yet
been prospectively investigated.

Given the rapid development of CEM and its potential for diagnostic use, even in
an asymptomatic population (screening), it seems very important to correctly assess the
Average Glandular Dose (AGD) for a single CEM examination. While many studies have
evaluated the diagnostic performance of tomosynthesis and CEM, far fewer studies have
compared the AGD of these two methods. In particular, as far as we know, only one study
focused on the same group of patients undergoing both tomosynthesis and CEM at short
intervals [14]. The dose can be affected by total breast thickness, breast density, and the age
of patients [15–17].

The purpose of our study is to compare the AGD in the same group of patients
undergoing two views of Digital Mammography (DM), plus one view of Digital Breast
Tomosynthesis (DBT), followed by Contrast-Enhanced Mammography (CEM) within a
short time (within two weeks). The execution of the diagnostic tests we performed on the
same patients allowed us to reduce the variances that may occur in different patients (e.g.,
different breast density, total breast thickness, and age). AGD is a parameter that should be
considered before proposing CEM in a screening setting in asymptomatic patients. As a
secondary objective, we also wanted to evaluate whether the number of additional breast
cancer lesions identified by tomosynthesis (compared with digital mammography alone)
was also identified by CEM.
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2. Materials and Methods

After the approval of our institutional review board and ethics committee, we started
to enroll patients for a monocentric and prospective trial. All patients consented by signing
a specific, informed consent for the study.

We performed preventive screening examinations in high-risk asymptomatic patients
between 2020 and 2022. All participants were offered two-view Digital Mammography
(DM) projections (Cranio Caudal and Medio Lateral) plus one projection with Digital Breast
Tomosynthesis (DBT) (mediolateral oblique, MLO) in a single session examination; this pro-
tocol (DM plus one single projection DBT) reproduces what has already been investigated
in the Malmö Breast Tomosynthesis Screening Trial with encouraging results [18].

For all patients in whom we found a suspicious lesion with DM + DBT (B.I.-RADS > 3),
according to the Breast Imaging Reporting and Data System [19], a CEM examination
(within two weeks) was performed. In each case, we used an AGD protocol in the range of
international guidelines [20].

Protocol for CEM examination: two bilateral Cranio Caudal (CC) and mediolateral
oblique (MLO) projection views were acquired after the intravenous injection of an iod-
inated contrast agent (Ioexolo) (300 mg/mL, 1.5 mL/kg, Omnipaque®, GE Healthcare,
Chalfont St. Giles, UK). Two exposures were acquired, one with low energy (26–32 kVp)
and one with high energy (45–49 kVp). The low- and high-energy images were then recom-
bined to highlight the uptake of the contrast agent. In none of the cases in our study were
late projections acquired.

Three mammography systems (GE® Healthcare, Senographe Pristina®, Chalfont St.
Giles, UK, or the Amulet® Innovality® Fujifilm, Akasaka Minato-ku Tokyo, Japan or
Selenia® Dimension® Hologic, Marlborough, MA, USA) were used for this study.

The device was equipped with these anode/filter combinations: Mo-Mo, Rh/Ag;
W/Rh; W/Ag; W/AI; Mo/Cu; Rh/Cu; W/Cu (Mo: molybdenum; Rh: rhodium; Al:
aluminum; W: tungsten; Cu: copper; Ag: silver) as we can see in Table 1.

Table 1. Systems used for this study with information of anode/filter combination for Digital Mam-
mography (DM), Digital Breast Tomosynthesis (DBT), and Contrast-Enhanced Mammography (CEM).

System Anode/Filter
DM 1

Anode/Filter
DBT 2

Anode/Filter
CEM 3 LE 4

Anode/Filter
CEM HE 5

General Electric
Pristina

Mo/Mo 6

Rh 7/Ag
Mo/Mo
Rh/Ag

Mo/Mo
Rh/Ag

Mo/Cu
Rh/Cu

Hologic
3Dimensions

W 8/Rh
W/Ag 11 W/Al 9 W/Rh

W/Ag W/Cu 10

Fuji Amulet
Innovality W/Rh W/Al W/Rh W/Cu

1 DM: Digital Mammography; 2 DBT: Digital Breast Tomosynthesis; 3 CEM: Contrast-Enhanced mammography;
4 LE: low energy; 5 HE: High energy; 6 Mo: molybdenum; 7 Rh: rhodium; 8 W: tungsten; 9 Al: aluminum; 10 Cu:
copper; 11 Ag: silver.

We collected data regarding the age of enrolled patients, breast density, and average
glandular dose in Milligray (mGy) of mammographic projections alone (DM), mammo-
graphic projections plus Digital Breast Tomosynthesis (DBT), and Contrast-Enhanced
Mammography (CEM), respectively. AGD was then compared. We also measured and
compared the compression force in Newton (N) and the total breast thickness in millimeters
(mm) at the time of examination, both for the DM + DBT protocol and CEM protocol. Doses,
in terms of average glandular doses, the compression force and the total breast thickness at
the time of examination have been extracted from the DICOM header on images. Average
glandular doses reported in the DICOM header were calculated with the Dance model for
all the systems [21].

All lesions (BIRADS > 3) identified by DBT were biopsied; we assessed whether
lesions found by DBT were also highlighted by DM alone and/or CEM. Two experienced
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radiologists evaluated all images with more than five years of experience in consensus.
(L.N.: 5 years of experience in breast imaging and A.B.: more than 25 years of experience in
breast imaging).

Image assessment was performed using the mammographic BIRADS [19] for DM + DBT
and the new BIRADS for CEM [22]. In the case of enhancement at CEM, this was evaluated
according to the lesion conspicuity descriptor (defined as the enhancement intensity relative
to the surrounding background) [22,23].

According to the World Health Organization’s classification of breast tumors, all
lesions were categorized depending on the biopsy results [24].

In particular, we considered the following categorizations:

• B2: benign lesions.
• B3: high-risk lesions
• B5a: in situ lesions.
• B5b: invasive lesions.

2.1. Inclusion Criterion of the Study

• Asymptomatic patients undergoing mammography and tomosynthesis in which there
is a dubious finding (BI-RADS > 3).

• Patients at high risk for the development of breast neoplasia (at least one first-degree
relative with breast neoplasm).

• Patients with suspicious findings (BI-RADS > 3) undergoing CEM examination.
• Patients who have signed a specific, informed consent for the study.
• Patients with age > 18 years old.

2.2. Exclusion Criterion of the Study

• Patients with known allergy to iodinated contrast medium.
• Symptomatic patients with palpable breast lumps.
• Patients with breast implant(s).
• Patients with proven or supposed pregnancy.

2.3. Statistical Analysis

Continuous data were reported as medians and ranges, and categorical data were
reported as counts and percentages. The paired t-test was used to compare the distribution
of the AGD, the total breast thickness, and of the compression force between the examined
techniques. A p-value less than 0.05 was considered statistically significant. All analyses
were performed with the statistical software SAS 9.4 (SAS Institute, Cary, NC, USA).

3. Results

From a group of 125 high-risk and asymptomatic patients who have performed mam-
mography plus tomosynthesis, we enrolled 49 patients in the study.

A flowchart diagram of the inclusion/exclusion criteria of the study is shown in
Figure 1.

The median age of the patients was 52 years (range: 40–80). In 63% of cases, the lesion
found was in microcalcifications, and in 29% of cases was in the form of mass. The breasts
were dense in more than 70% of cases, according to the ACR classification [19]. In more
than 50% of cases, the BI-RADS classification was 4a.

The descriptive characteristics of the patients are summarized in Table 2.
The median CEM AGD dose of our examinations was 4.24 mGy (range: 1.96–7.60),

the median DM AGD was 3.41 mGy (range: 1.14–6.65), and the AGD of DM + one single
projection DBT was 5.55 mGy (range: 2.07–10.06) (Figure 2).

The median AGD was lower for DM alone than for CEM (p = 0.015), and the AGD
dose for CEM was significantly lower than for the DM plus one single projection DBT
protocol (p < 0.001). The distribution of examinations performed per mammograph was
as follows:
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• CEM mammograph: 10 (20%) Fuji Amulet Innovality; 34 (69%) GE Pristina; 5 (10%)
Hologic 3Dimensions.

• DM + DBT mammograph: 26 (53%) GE Pristina; 23 (47%) Hologic 3Dimensions.
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Figure 1. Flowchart diagram of the inclusion and exclusion criteria of the study.

Table 2. Descriptive characteristics of the patients.

Variable Level Overall (N = 49)

Age at CEM 1 (y 2), median (min–max) 52 (40–80)

Type of lesion—DM 3 + DBT 4, N (%)

Microcalcifications 31 (63)
Mass 14 (29)

Mass with microcalcifications 1 (2)
Architectural distortion 3 (6)

Density (ACR 5), N (%)
B 12 (24)
C 32 (65)
D 5 (10)

BI-RADS–DBT, N (%)

3 7 (14)
4a 25 (51)
4b 8 (16)
4c 9 (18)

1 CEM: Contrast-Enhanced Mammography; 2 y: years; 3 DM: Digital Mammography; 4 DBT: Digital Breast
Tomosynthesis; 5 ACR: American College of Radiology.
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Figure 2. Average Glandular Dose (AGD) among different techniques. (CEM: Contrast-Enhanced
Mammography; DM: Digital Mammography; DBT: Digital Breast Tomosynthesis).

Twenty-two patients had the same CEM and DM + DBT mammograph (18 GE Pristina
and 4 Hologic 3Dimensions).

Among these 22 patients, the median CEM AGD was 4.51 mGy (range: 3.17–7.60),
the median DM AGD alone was 4.31 mGy (range: 2.52–6.65), and the median AGD of
DM + one single projection DBT was 6.52 mGy (range: 4.00–10.06) (Figure 3). The results of
the paired t-test analyses were: CEM vs. DM + DBT: p < 0.001; DM vs. DM + DBT: p < 0.001;
CEM vs. DM: p = 0.27.
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Figure 3. Average glandular dose among different techniques (CEM: Contrast-Enhanced Mammog-
raphy; DM: Digital Mammography; DBT: Digital Breast Tomosynthesis) among the Twenty-two
patients who performed CEM and DM + DBT with the same mammograph.
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The median AGD for CEM was significantly lower than for the DM plus one single
projection DBT protocol (p < 0.001).

The median CEM compression force (N) was 65 (range: 31–114), and the median
DM + DBT compression force (N) was 69 (range: 28–116). We did not find a statistically
significant difference in the median compression force between the CEM and DM + DBT
examinations (p = 0.79).

In Figure 4, we can appreciate the similar distribution between compression force in
CEM examinations and DM + DBT examinations.
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The median CEM breast thickness was 51mm (range: 29–79mm). The median DM + DBT
breast thickness was 52 mm, (range: 31–79mm). The p-value of a paired t-test testing the
difference in total breast thickness in the same patients was 0.009.

With the DM + DBT protocol, we identified 49 breast lesions deemed worthy of
in-depth biopsy.

The overall histological results of the biopsy are summarized in Table 3. In particular,
we obtained 30 (61%) B2 benign lesions, 9 (18%) high-risk B3 lesions, 7 (14%) B5a (in situ
lesions), and 3 (6%) B5b (invasive lesions).

The analysis of DM images alone (without evaluating tomosynthesis projection) iden-
tified the presence of 38/49 lesions (78%). Of the 11 additional lesions found by DBT image
analysis (10 of which were found in very dense breasts), 7 were benign lesions (B2), 2 were
high-risk lesions (B3), 1 was an in-situ lesion (B5a), and 1 was an invasive lesion (B5b). In
Figure 5, we can appreciate the example of a breast lesion studied with DM, DBT, and CEM.

Figure 5 shows a 41-year-old asymptomatic woman with grade I familiarity with
breast neoplasm who performed a preventive oncologic screening examination with our
study protocol (DM + DBT).

In (a), we show the left breast studied with DM in the mediolateral projection; here,
a barely perceptible breast finding can be appreciated that could be easily interpreted as
glandular tissue (arrow). In (b), the same breast is studied with a tomosynthesis acquisition
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(DBT) that highlights the structural distortion associated with the breast finding (arrow).
The recombined CEM image (c) highlights a nodule with suspicious enhancement (arrow).

Table 3. Histological results of the biopsy (N = 49).

Histological Results of the Biopsy Overall (N = 49)

B2

Adenosis 4
Breast fibroadenoma 4

Ductal hyperplasia without atypia 1
Fibrocystic disease 18

Fibrosis 1
Flogosis 2

B3

Atypical ductal hyperplasia (Din1b) 2
Atypical lobular hyperplasia (LIN1) 1

Flat epithelial atypia (FEA) 1
Intraductal papilloma 4

Radial scar 1

B5a
High-grade ductal carcinoma in situ (DIN3) 3

Intermediate-grade ductal carcinoma in situ (DIN2) 2
Low-grade ductal carcinoma in situ (DIN1c) 2

B5b
Invasive ductal carcinoma 2
Invasive lobular carcinoma 1
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Figure 5. The appearance of a breast lesion with DM, DBT, and CEM.

The analysis of the low-energy CEM image alone, regarding the detection of breast
lesions, showed very similar results to the DM analysis (See Table 4). The addition of
recombined image analysis (as opposed to low energy analysis alone) allowed us to identify
one more in situ lesion and two more invasive neoplasms. A schematic summary of lesion
visibility by this method is shown in Table 4 (recombined image and low energy CEM are
part of the same method and should therefore be considered together when considering
whether there has been lesion detection or not).
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Table 4. Histological results of the biopsy and visibility (N = 49).

Histological Results

Visibility

DM 1 DM + DBT 2 Recombined (CEM) 3 Low Energy (CEM) Recombined +
Low Energy

No Yes No Yes No Yes No Yes No Yes

B2 (N = 30) 7 23 0 30 25 5 8 22 6 24
B3 (N = 9) 2 7 0 9 6 3 2 7 2 7

B5a (N = 7) 1 6 0 7 2 5 1 6 0 7
B5b (N = 3) 1 2 0 3 0 3 2 1 0 3

Total 11 38 0 49 33 16 13 36 8 41
1 DM: Digital Mammography; 2 DBT: Digital Breast Tomosynthesis; 3 CEM: Contrast-Enhanced mammography.

4. Discussion

Early diagnosis of breast cancer is the key to ensuring a better prognosis and manage-
ment of patients with this disease [25]; mammography is the leading test in breast cancer
screening examinations. It has been shown to reduce breast cancer-specific mortality [25].
The diagnostic performance of mammography in breasts with a predominantly adipose
component is excellent. However, this performance declines dramatically in predominantly
dense and highly dense breasts, representing about 50% of the population [26]. The sensi-
tivity of mammography alone in identifying breast neoplasms in dense breasts may drop
50% below [27]. This value is too low to ensure early diagnosis and adequate management
of life-threatening diseases [27,28].

The additional role of tomosynthesis in asymptomatic patients with predominantly
dense breasts in screening examinations has been well investigated with encouraging re-
sults. DBT has demonstrated an increased cancer detection rate of 2.2 to 2.5 per 1000 screen-
ings [5–8]. However, one of the main problems associated with the use of tomosynthesis
in a screening setting is a non-negligible average glandular dose to which patients are
subjected [29]. The possibility of screening examinations in high-risk patients with breast
MRI has been investigated with excellent results [30,31]. However, even in this case, some
issues must be solved, particularly the high cost, limited availability, and high false-positive
rate [32].

Contrast-enhanced mammography has become increasingly popular in recent years,
proving to be a technique with excellent diagnostic performance (even in the dense breast)
that is relatively fast and cheap, with a low number of false positives [11]. As a result,
its use in a screening context of high-risk patients could be a good compromise between
cost and benefit. However, few studies have compared the AGD between CEM and
tomosynthesis [14–17]. As far as we know, only one study has compared AGD in the same
patients [14]. Our study presents results that are comparable to those of Philips et al. [14]
in a group of 45 patients who underwent a CEM protocol and a tomosynthesis protocol
at short intervals; in these results, CEM had a significantly lower average glandular dose
than mammography protocols performed with tomosynthesis. Furthermore, as discussed
in studies that have proposed MRI in high-risk patients [31,32], contrast agent exposure
in screening seems to be acceptable for women at 20% or greater lifetime risk of breast
cancer [33]. In our opinion, the conclusions reached in MRI on the contrast medium with
Gadolinium can also be applied to the iodinated contrast agents used in CEM. One of
the most comprehensive literature reviews published by Zanardo et al. [34], analyzed the
adverse reactions to the use of contrast agents associated with CEM by evaluating more
than 80 studies and using the fixed-effect model. A pooled rate of adverse reactions of
0.82% (0.64–1.05% 95% CI), with a total of 30 adverse reactions in 14,012 patients, was
reported. Moreover, of these 30 adverse reactions, only 1 (3%) was found to be severe.

In our study, we reproduced the protocol with tomosynthesis in a single projection:
tomosynthesis performed in a single projection lowers the AGD [18]. However, even
in this case, according to our experience, CEM demonstrates a lower AGD. Promising
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results, in terms of the reduction of AGD in tomosynthesis screening protocols, could
be obtained using the 2-D synthetic image of tomosynthesis as an alternative to digital
mammography [35]. However, many doubts still need to be solved about the diagnostic
quality of the 2-D synthetic image of tomosynthesis, which, right now, does not allow it to
be considered a safe alternative to digital mammography [36,37].

One of the peculiar aspects of our study is that we performed DM + DBT and CEM in
the same patients at short intervals.

The average glandular dose is, in fact, greatly influenced by the total breast thickness
and breast density [20]. Comparing the methods performed on the same patients allowed
us to minimize the confounding effect these variables could represent in the comparison.
The AGD could be influenced by the different compression forces to which the breast was
subjected during the examination; for example, in Figure 4, we can see no statistically
significant difference between the average compressive forces to which the breasts were
subjected during the examinations. This confounding effect was, therefore, also minimized.

Although a statistically significant difference was found with the paired t-test be-
tween breast thickness in the same patients and between the two types of examinations
(DM + DBT and CEM), the difference was only a few mm (never approaching a centimeter).
Therefore, in our opinion, it did not clinically significantly affect the average glandular
dose. The variation of only a few millimeters of total breast thickness, in the same pa-
tients, between DM + DBT and CEM, can be appreciated in Supplementary Figure S1
(Matched Boxplot).

Finally, in our case history, we found that the CEM analysis identified all the cancerous
lesions that tomosynthesis allowed us to identify more than the analysis of digital mam-
mography alone. With the CEM, the two neoplasms would have been identified (one in
situ and one infiltrating) that were “missed” with the DM. The results we obtained are
therefore encouraging both in terms of AGD and diagnostic utility. In accordance with
other preliminary retrospective studies performed on the same topic [38], CEM could be
proposed as a screening test, especially in dense breasts, in patients at high risk for the
development of neoplastic neoplasia.

One of the main limitations of our study is represented by its monocentric nature and
the limited number of patients; therefore, our results should be considered as preliminary
results to propose CEM in a screening protocol in asymptomatic, high-risk patients with
predominantly dense breasts. Variable in AGD could also depend on system-specific equip-
ment. Unfortunately, in our study, we had few examinations performed with mammograms
to compare AGD between different vendors adequately. We recommend that efforts along
these lines be made in subsequent studies. For example, based on results available in the
literature [39,40], it seems that different vendors expose to different AGDs, depending on
total breast thickness.

5. Conclusions

Contrast-enhanced mammography offers a lower AGD than digital mammography
protocols with added tomosynthesis. Its diagnostic performance is no less than that of
digital mammography plus tomosynthesis. Its use in screening settings in dense breasts and
high-risk patients appears promising. This work may lay the basis for broader screening
studies that confirm these results. CEM could improve detection in high-risk patients
with dense breasts compared to conventional screening with a lower dose than protocols,
including tomosynthesis. These results, if confirmed, could revolutionize the approach to
preventive screening in high-risk patients, especially in cases of dense breasts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15092413/s1, Figure S1: Matched BoxPlot of differences (in
millimeters) in total breast thickness, in the same patients, between Contrast-Enhanced Mammogra-
phy and Digital Mammography plus tomosynthesis.
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Simple Summary: Despite advances in treatment generated by clinical trials in metastatic breast
cancer (MBC), their impact on routine daily practice and the reflection of the outcome within the
community remains unclear. This study evaluates time-related differences in treatment patterns
and outcome in a real-world patient population with MBC over a ten-year timeframe. Except for
the HER2+ subgroup, which showed a significant survival benefit with the incorporation of novel
agents, we failed to identify significant variations in outcomes for the remaining subgroups. A
consistent feature we observed was the challenge in treating TNBC, which had the worst prognosis in
both time-related cohorts. Elucidation of biologic characteristics to identify novel treatment options
remains an unmet need to improve outcomes in TNBC. The favorable survival attained with routine
endocrine agents in the luminal A subgroup suggests that barriers in access to CDK inhibitors may
not have a negative impact on the outcome in subgroups of hormone receptor-positive patients,
constituting an appealing strategy for communities with limited resources.

Abstract: This multicenter registry study aims to analyze time-related changes in the treatment
patterns and outcome of patients with metastatic breast cancer (MBC) over a ten-year period. Correla-
tions between demographic, prognostic variables and survival outcomes were carried out in database
aggregates consisting of cohorts based on disease presentation (recurrent vs. de novo) and the
diagnosis date of MBC (Cohort I: patient diagnosed between January 2010 and December 2014; and
Cohort II: between January 2015 and December 2019). Out of 1382 patients analyzed, 52.3% patients
had recurrent disease, with an increased frequency over time (47.9% in Cohort I vs. 56.1% in Cohort
II, p < 0.001). In recurrent patients, 38.4% (n = 277) relapsed within two years from initial diagnosis,
among which triple-negative BC (TNBC) was the most frequent (51.7%). Median overall survival
(OS) was 51.0 (48.0–55.0) months for all patients, which was similar across both cohorts. HER2+
subtype had the highest OS among subgroups (HER2+ vs. HR+ vs. TNBC; 57 vs. 52 vs. 27 months,
p < 0.001), and the dnMBC group showed a better outcome than recMBC (53 vs. 47 months, p = 0.013).
Despite the lack of CDK inhibitors, luminal A patients receiving endocrine therapy had a favorable
outcome (70 months), constituting an appealing approach with limited resources. The only survival
improvement during the timeframe was observed in HER2+ dnMBC patients (3-year OS Cohort I:
62% vs. Cohort II: 84.7%, p = 0.009). The incorporation of targeted agents within standard treatment
has improved the outcome in HER2+ MBC patients over time. Nevertheless, despite advances in
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early diagnosis and treatment, the prognosis of patients with TNBC remains poor, highlighting the
need for more effective treatment options.

Keywords: breast cancer; metastasis; treatment; human epidermal growth factor receptor 2; hormone
receptor; registries

1. Introduction

According to the Globocan registry, breast cancer (BC) is the most frequent cancer type
among women in Turkey, with 24,175 new cases diagnosed in 2020, comprising 23.9% of all
female cancers nationwide [1]. Based on the 2017 Turkish registry database, approximately
10% of all new patients present with metastatic disease annually, remaining relatively stable
over the last decade [2]. Nevertheless, despite the similar incidence on a global scale, the
estimated 5.7% mortality rate compares favorably with the global mortality rate reaching
15.5%, reflecting widespread adoption of modern diagnostic and therapeutic techniques
in the management of patients diagnosed with breast cancer in Turkey [1,3]. Guidelines
and reimbursement strategies for the diagnosis and treatment of oncology patients are
determined through discussions held by the scientific and financial committees established
under Order by the Turkish Ministry of Health. These national guidelines, consisting of
evidence-based practice patterns and sequential treatment options, are implemented by
the Social Security System to cover all healthcare expenses of Turkish citizens throughout
the country. In accordance with these guidelines reflecting most of the modern treatment
approaches in the higher Human Development Index countries, metastatic breast cancer
patients have access to most targeted agents as well as cytotoxic and endocrine agents,
which are updated regularly based on scientific evidence as well as fiscal and monetary
policies of the time.

Although the prognosis of specific subtypes of metastatic BC (MBC) patients seems to
have improved over the last decade, the outcome is highly variable based on differences in
presentation, patient-related factors, genomic landscape of the disease, as well as disparities
in healthcare and access to novel medications [4–7]. Advances in diagnostic techniques
and increased awareness, especially in communities with a strong health infrastructure
and high income, have resulted in a lower incidence of de novo metastatic presentation
at initial diagnosis, with incidence rates declining from around 25–28% at the turn of the
century to 6–9% in the past decade [8,9]. This shift in metastatic patterns may have affected
prognosis over time, as metastatic disease following treatment for early-stage disease
has been universally associated with a poor outcome. The shorter survival of recurrent
MBC (recMBC) has been linked to several adverse prognostic factors, including a higher
incidence of challenging subtypes such as triple-negative BC (TNBC) or the selection of
resistant clones within histologic subgroups [10–12]. In fact, a retrospective U.S. cohort
study encompassing a period of three decades extending from 1990 to 2020 has revealed a
decrease in the incidence of metastatic progression from early-stage disease, whereas the
incidence of de novo MBC (dnMBC) remained relatively constant. In concordance with the
expected differences in outcomes, a reverse trend in 5-year cancer-specific survival (CSS)
over time was noted, showing an approximately two-fold improvement in the de novo
cohort from 28 to 55%, and a deterioration in recMBC from 23% to 13% [12].

Elucidating prognostic variances over time is critical for improving our understand-
ing of the impact of modern treatment approaches in distinct pathologic subgroups and
providing further insight into the evolving biology of metastatic patterns. Therefore, this
large multicenter registry study was planned to examine survival differences in MBC over
the last decade in a qualified real-life setting.
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2. Materials and Methods
2.1. Study Design

The Turkish Oncology Group MBC was a multicenter retrospective registry study
that aimed to collect the data of adult MBC patients diagnosed between 1 January 2010
and 31 December 2019 at seven tertiary oncology clinics in Turkey. The participating sites,
which were identified based on patient volume, academic background, as well as dedication
to breast cancer diagnosis and treatment, are academic-based public and private oncology
centers known to deliver high-quality healthcare in accordance with globally accepted
consensus guidelines. Since all investigators who were invited to participate agreed to
contribute, there was no bias in regard to data collection among centers included in the
study. Collectively, the database reflects real-world practice in both private and public-
based comprehensive academic oncology centers from the three most populated cities
comprising 28% of the Turkish population, providing a unique opportunity to evaluate
changes in contemporary treatment patterns and outcomes over the analyzed period.
Correlations between demographic, prognostic variables and survival outcomes were
carried out in database aggregates consisting of cohorts based on disease presentation
(recurrent vs. de novo) and the diagnosis date of MBC (Cohort I: patient diagnosed
between January 2010 and December 2014; and Cohort II: between January 2015 and
December 2019). The primary objective was to assess the impact of changes in utilization
of modern treatment options on the outcome of various prognostic subgroups. Secondary
endpoints included characterization of metastatic presentation patterns (recurrent vs. de
novo) within the specified timeframe and outcomes. The study protocol was approved
by the Acıbadem Mehmet Ali Aydınlar University Medical Research Ethics Committee
(Approval no and date: 2020-23/35, 5 November 2020). Patients who had given consent for
the use of medical records were included in the study.

2.2. Patients and Statistical Analysis

Adult patients aged 18 years or older who were diagnosed with MBC as reported by
the investigators were included in this database. De novo disease was defined as MBC
diagnosed concurrently or within 3 months of initial BC diagnosis. Initial pathologic
diagnosis and treatment details of patients presenting with recMBC were collected from
patient charts and reports provided by the investigator. Non-visceral disease was defined
as skeletal, distant lymphatic or soft tissue metastasis. The number of metastatic sites
were defined as the number of visceral systems involved, or in the case of non-visceral
disease, as the number of distinct sites which were not in juxtaposition to an index lesion.
Pathologic subgroups of recMBC were preferably based on metastatic site biopsies where
available. Hormone-responsive (HR+) disease was defined as membranous estrogen (ER)
or progesterone (PR) receptor expression in at least 1% of tumor cells. Luminal A was
defined as ER ≥10% (+), PR ≥20% (+), Her2 (−) and Ki 67 < 20%. Patients were classified
as luminal B disease if the tumors were PR < 20%, or Ki67 > 20%, or grade 3. Human
epidermal growth factor receptor 2 (HER2) assessment was carried out according to the
ASCO CAP 2018 guidelines by the pathology departments of each participating center.
Tumors expressing ER or PR and HER2 were classified as luminal B-HER2+ tumors. TNBC
was defined as tumors not expressing ER, PR or HER2.

Treatment details were recorded from patient charts, and first-line treatment was
described as initial therapy following diagnosis of metastatic disease until progression.
Endpoints were defined as: progression-free survival (PFS): time from metastatic diagnosis
to first progression or death, whichever occurs first; overall survival (OS): time from
metastatic diagnosis to death from any cause; and disease-free interval (DFI): defined as
the time from initial diagnosis in the early disease setting to first recurrence.
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Treatment patterns were compared descriptively between dnMBC and recMBC cohorts
for the whole group and separately for each time period. Fisher’s exact test or Chi-square
test and the Mann–Whitney U-test were used to compare baseline patient and disease
characteristics for categorical and continuous variables, respectively. Survival outcomes
were estimated using the Kaplan–Meier product-limit method and compared within each
subgroup by the log-rank test. Each endpoint was corrected for established prognostic
factors. Hazard ratios (HRs) and their 95% confidence intervals (CIs) were estimated using
the Cox regression analysis. Factors that were statistically significant in the univariate
model were included in the multivariate model. Analyses were performed using SPSS
version 23.0 (IBM Corp. Released 2015. IBM SPSS Statistics for Windows, Version 23.0.
Armonk, NY, USA) and MedCalc statistical software version 12.7.0.0 (MedCalc Software,
Ostend, Belgium). p values less than or equal to 5% were considered significant.

3. Results

The whole group recorded in the database included 1381 patients, with 641 and
740 patients analyzed in Cohorts I (January 2010–December 2014) and II (January 2015–
December 2019), respectively. The median age of the whole patient group was 48 (range
17–91), comprising 755 (62.1%) HR+, 333 (27.4%) HER2+ and 128 (10.5%) TN patients.
There were 342 patients (25%) younger than 40 years. Despite the significant shift towards
private-based institutions after 2015 (17.6% vs. 30.3%, p < 0.001), significantly more patients
were treated at community-based academic centers (n = 1044, 75%) as compared to private-
based academic centers in the whole group (n = 337; 25%; p < 0.001). There was no
difference in the distribution of relevant prognostic factors, including age (p = 0.117), stage
at presentation (for recMBC only; p = 0.84), histology (p = 0.42), number of metastatic
sites (p = 0.21) and use of ablative/local therapy in either cohort (17.5 vs. 15.5% in Cohort
I vs. II; p = 0.33). At presentation, there were more patients with bone-only disease in
the HR+ group (n = 417; 62.2%) as compared to HER2+ (n = 122; 18.2%) and TN (n = 38;
5.7%) subtypes (p < 0.001), with a similar distribution in each cohort. There was a numeric
increase in the incidence of CNS involvement over time in the HER2+ (Cohort I: n = 13;
7.1%; Cohort II: n = 18; 12.0%) and the TN subgroups (Cohort I: n = 8; 11.8%; Cohort II:
n = 11; 18.3%) as compared to the HR+ subtype (Cohort I: n = 14; 4.5% vs. Cohort II: n = 19;
4.2%) (p = NS). Furthermore, there was a trend for a higher ratio of very young patients
with MBC aged < 40 in Cohort II among HER2+ (32 vs. 20.2%, p < 0.001) and TN (23.3 vs.
19.1%, p = NS) patients. Demographic characteristics in Cohorts I and II are summarized in
Table 1.

3.1. Recurrent MBC

Out of 1381 patients analyzed, 52.3% (n = 722) of patients had recurrent disease, with
an increased frequency over time (47.9% in Cohort I vs. 56.1% in Cohort II, p < 0.001).
The median age of the patients was 46, ranging between 20 and 81. There was a higher
incidence of premenopausal patients in the recMBC group as compared to de novo patients
(p < 0.001). Forty six percent (n = 337) presented with bone-only disease, whereas 316
(43.8%) presented with visceral involvement and 69 (9.6%) with CNS metastasis. There
were significantly more patients with HR+ disease (n = 404; 55.9%), as compared to HER2+
(n = 144; 19.9%) and TN groups (n = 87; 12.04%) (p < 0.001). Nevertheless, the majority of
TN patients presented with recurrent disease as compared to dnMBC in the whole patient
population (n = 87 vs. 41; 67.9% vs. 32.1%; p = 0.109). Time-dependent variations within
the entire recMBC group regarding subgroups revealed a significant increase in the ratio of
HR+ patients in Cohort II (n = 251; 60.5%) vs. Cohort I (n = 153; 49.8%) (p = 0.004), with an
even distribution in luminal A (Cohort I: n = 59, 19.2% vs. Cohort II: n = 99, 23.9%; p = 0.14)
vs. luminal B disease (Cohort I: n = 94, 30.6% vs. Cohort II: n = 152, 36.6%; p = 0.09). There
was an opposite trend over time noted for HER2+ (Cohort II: n = 77, 18.6% vs. Cohort
I: n = 67, 21.8%; p = 0.277), as well as TN patients (Cohort II: n = 45, 10.8% vs. Cohort I:
n = 42, 13.7%; p = 0.247) (Table 2).
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Table 2. Patient characteristics by cohorts and metastatic pattern.

Cohort I Cohort II

Recurrent
(n = 307)

De Novo
(n = 334) p-Value Recurrent

(n = 415)
De Novo
(n = 325) p-Value

Age, median (range) 46 (22–80) 49 (17–84) <0.001 47 (20–81) 52 (23–91) <0.001

Pathology subtypes,
n (%) n = 262 n = 299

<0.001

n = 373 n = 282

0.007HR+ 153 (58.4) 157 (52.5) 251 (67.3) 194 (68.8)
HER2+ 67 (25.6) 116 (38.8) 77 (20.6) 73 (25.9)
TNBC 42 (16.0) 26 (8.7) 45 (12.1) 15 (5.3)

HR+ subgroups, n (%) n = 153 n = 157
0.335

n = 251 n = 194
0.198Luminal A 59 (38.6) 69 (43.9) 99 (39.4) 65 (33.5)

Luminal B 94 (61.4) 88 (56.1) 152 (60.6) 129 (66.5)

Stage at early disease
n (%) n = 262

NA

n = 357

NAI 29 (11.1) NA 45 (12.6) NA
II 98 (37.4) NA 131 (36.7) NA
III 135 (51.5) NA 181 (50.7) NA

Metastatic Sites, n (%) n:298 n:327

<0.001

n:406 n:319

0.003
Bone-only 137 (44.6) 155 (46.4) 200 (48.2) 178 (54.8)
Visceral 140 (45.6) 170 (50.9) 176 (42.4) 136 (41.8)
CNS 21 (6.8) 2 (0.6) 30 (7.2) 5 (1.5)

CNS = central nervous system; HER2+ = human epidermal growth factor receptor 2 positive; HR+ = hormone-
responsive disease; TNBC = triple-negative breast cancer.

In regard to DFI, 38.4% (n = 277) had relapsed within two years from initial diagnosis,
comprising mostly the HR+ subtype (n = 154; 55.5%), followed by the HER2+ (n = 62,
22.4%) and TN (n = 45; 16.2%) subgroups. There were significantly more patients who
relapsed within 24 months in Cohort II (n = 174; 62.8%) as compared to Cohort I (n = 103;
37.2%; p = 0.02). When analyzed separately within pathologic subtypes, the ratio of rapid
progressors was the highest among the TNBC group (51.7%) (vs. the HER2+ (43.1%) and
HR+ (38.1%; luminal A = 36.1% vs. luminal B = 39.4%) groups (p = 0.056)). Time-related
changes in disease characteristics within each pathologic subgroup are summarized in
Table 2.

3.2. De Novo MBC

There were 659 patients (47.7%) who presented with dnMBC in the entire cohort,
consisting of 351 (53.2%) with HR+ disease, 189 (28.7%) with HER2+ and 41 (6.2%) with
TN MBC. Despite a decreasing frequency over time (63.4% in Cohort I vs. 48.7% in Cohort
II, p = 0.007), the HER2+ subtype was the largest group among all pathological subgroups
presenting with de novo disease. The median age of the whole group was 50, ranging
between 17 and 91. There was a higher ratio of patients with skeletal metastasis in the
HR+ subgroup (56.4%) as compared to HER2+ (38.1%) and TN (24.4%) patients, and an
opposite trend for visceral metastasis in each subgroup, respectively (40.7% vs. 58.7%
vs. 68.3%; p < 0.001). The ratio of patients presenting with CNS involvement was highest
in TN patients (7.3%) vs. HR+ (2.8%) and HER2+ (3.2%) subgroups (p = 0.313). Disease
characteristics regarding metastatic presentation (recMBC vs. dnMBC) are summarized in
Table 2.

3.3. Treatment Patterns

A significantly higher ratio of patients with HR+ disease received first-line chemother-
apy (CT) in Cohort I (n = 148; 48.2%) vs. Cohort II (n = 172; 38.9%; p = 0.01), with an
opposite trend for endocrine therapy (ET) (Cohort I (n = 118; 38.4%) vs. Cohort II (n = 194;
43.9%; p = 0.14)). Nevertheless, there was no change in trends to deliver CT as a first-line
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treatment to dnMBC in either cohort (Cohort I: n = 79; 50.3% vs. Cohort II: n = 89; 45.9%;
9 = 0.41) as compared to recMBC patients, who were less likely to receive front-line CT in
Cohort II (Cohort I: n = 69; 46.0% vs. Cohort II: n = 83; 33.5%; p = 0.013). A minority of
patients in Cohort II were treated with ET + CDK inhibitors as a first-line therapy following
regulatory approval in 2019 (n = 28; 6.3%). In the HER2+ subgroup, there was a similar
ratio of patients receiving standard first-line CT + HER2 blockade over time (Cohort I vs.
Cohort II, 39.0% vs. 35.5%; respectively). In Cohort II, 27 (18.0%) patients were treated with
CT + dual HER2 blockade with trastuzumab and pertuzumab, which was more frequently
utilized in de novo (n = 18; 24.7%) vs. recurrent patients (n = 9; 11.7%; p = 0.06). There was
a higher ratio of patients with TNBC who received platin-based front-line CT in Cohort II
(n = 19; 32.8%) vs. Cohort I (n = 14; 22.2%; p = 0.273). Immunotherapy and CT combination
was given to seven patients in Cohort II (12.1%) (dnMBC: n = 3; 20% vs. recMBC: n = 4;
9.3%; p = NS). A summary of front-line therapy for all subgroups within each cohort is
given in Table 3.

Table 3. Time-related changes in first-line treatment patterns.

Cohort I Cohort II

Subgroups De Novo
n (%)

Recurrent
n (%) p-Value De Novo

n (%)
Recurrent

n (%) p-Value

HR+ 157 (51.1) 150 (48.9)

0.363

194 (43.9) 248 (56.1)

0.014

CT 79 (50.3) 69 (46.0) 0.449 89 (45.9) 83 (33.5) 0.008
ET 62 (39.5) 56 (37.3) 0.698 84 (43.3) 110 (44.4) 0.824
ET + CDKi 1 (0.6) 0 (0) 1.000 8 (4.1) 20 (8.1) 0.136
CT + ET 4 (2.5) 7 (4.7) 0.489 7 (3.6) 20 (8.1) 0.082
Other 11 (7.0) 18 (12.0) 0.194 6 (3.1) 16 (6.0) 0.164

HER2+ 116 (63.4) 67 (36.6)

0.349

73 (48.7) 77 (51.3)

0.131

CT + trastuzumab 50 (43.1) 21 (31.3) 0.116 12 (16.4) 15 (19.5) 0.786
CT + dual blockade 1 (0.9) 0 (0) 1.000 18 (24.7) 9 (11.7) 0.064
ET + trastuzumab 10 (8.6) 8 (11.9) 0.639 1 (1.4) 6 (7.8) 0.117
ET + dual blockade 0 (0) 0 (0) NA 1 (1.4) 1 (1.3) 1.000
Other 55 (47.4) 38 (56.7) 0.225 41 (56.2) 46 (59.7) 0.657

TNBC 26 (41.3) 37 (58.7)

0.167

15 (24.2) 43 (75.8)

0.542
CT (non-platin) 19 (73.1) 19 (51.4) 0.141 6 (40.0) 15 (34.9) 0.966
CT (with platin) 3 (11.5) 11 (29.7) 0.161 3 (20.0) 16 (37.2) 0.340
CT + Immunotherapy 0 (0) 0 (0) NA 3 (20.0) 4 (9.3) 0.360
Other 4 (15.4) 7 (18.9) 1.000 3 (20.0) 8 (18.6) 1.000

CDKi = cyclin-dependent kinase inhibitors; CT = chemotherapy; ET = endocrine therapy; HER2+ = human epider-
mal growth factor receptor 2 positive; HR+ = hormone-responsive disease; TNBC = triple-negative breast cancer.

3.4. Outcomes

Median PFS for all patients at initial treatment for metastatic disease was 18.0 (17.0–19.0)
months, while significant variances were identified within pathologic subtypes (HR+ vs.
HER2+ vs. TNBC; 19 vs. 18 vs. 10 months, p < 0.001). After a median follow-up period of
36 (0–142) months and 778 (56.3%) events, the median OS was 51.0 (48.0–55.0) months for
all patients, with the TN subtype having the worst OS (HER2+ vs. HR+ vs. TNBC; 57 vs.
52 vs. 27 months, p < 0.001).

As for the primary endpoint, there was no significant difference in the outcome among
patients in Cohorts I vs. II (51 vs. 51 months, p = NS) (Figure 1A,B). Nevertheless, time-
related changes in outcomes were noted within HER2+ and HR+ subgroups dependent on
metastatic presentation, as described in detail below.
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We observed a significant difference in PFS (HR 1.16, 95% CI 1.04–1.31, p = 0.01) and
OS (HR 1.20, 95% CI 1.04–1.38, p = 0.01) in dnMBC as compared to recMBC (Figure 2A,B).
When recurrent patients were analyzed with respect to DFI, the TNBC subgroup showed a
significantly higher OS in DFI ≥ 24 vs. DFI < 24 months (36 vs. 20 months; p = 0.043). Older
age at presentation (≥50), recurrent disease, visceral and CNS metastatic involvement, ≥3
metastatic sites at presentation and luminal B, and HER2+ and TNBC subtypes (vs. luminal
A) were significantly associated with a poorer outcome by univariate analysis. Older
age (≥50), luminal B and TNBC subtypes (vs. luminal A), visceral and CNS metastatic
involvement remained as independent predictors of poor OS by multivariate analysis
(Table 4). When recurrent patients were analyzed separately, older age, luminal B and
TNBC subtypes (vs. luminal A), stage III at initial diagnosis (vs. stage I and II), and visceral
metastasis were identified as independent prognostic factors for a poorer overall survival
(Table 5).
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Table 4. Univariate and multivariate analysis for overall survival in the whole cohort with metastatic
breast cancer.

Univariate Analysis Multivariate Analysis

Hazard Ratio (CI 95%) p Value Hazard Ratio (CI 95%) p Value

Age
(<50 vs. ≥50) 1.25 (1.08–1.44) 0.002 1.25 (1.07–1.45) 0.005

Metastatic pattern
(De novo vs. Recurrent) 1.19 (1.04–1.37) 0.013 1.14 (0.97–1.33) 0.100

Cohorts
(Cohort II vs. Cohort I) 0.97 (0.84–1.13) 0.712

Histopathological subtype
Luminal A Reference Reference
Luminal B 1.31 (1.08–1.61) 0.007 1.29 (1.06–1.58) 0.013
Luminal B-HER2+ 0.89 (0.69–1.14) 0.343 0.85 (0.66–1.09) 0.188
HER2+ 1.40 (1.04–1.89) 0.029 1.27 (0.94–1.73) 0.122
TNBC 2.26 (1.75–2.93) <0.001 2.04 (1.57–2.66) <0.001

Number of metastatic sites
(≤3 vs. >3) 1.23 (1.03–1.49) 0.023 1.28 (1.05–1.59) 0.013

Visceral metastasis
(No vs. Yes) 1.33 (1.15–1.53) <0.001 1.37 (1.17–1.61) <0.001

CNS metastasis
(No vs. Yes) 1.56 (1.19–2.04) 0.001 1.95 (1.46–2.62) <0.001

Use local ablative
treatment/surgery
(Yes vs. No.)

0.95 (0.79–1.15) 0.635

CNS = central nervous system; HER2+ = human epidermal growth factor receptor 2 positive; TNBC = triple-
negative breast cancer. Initial variants are analyzed as the referent variable. Multivariate analysis model
p value ≤ 0.001.

Table 5. Univariate and multivariate analysis for overall survival in the recurrent patients with
metastatic breast cancer.

Univariate Analysis Multivariate Analysis

Hazard Ratio (CI 95%) p Value Hazard Ratio (CI
95%) p Value

Age
(<50 vs. ≥50) 1.41 (1.16–1.72) <0.001 1.38 (1.10–1.74) 0.005

Cohorts
(Cohort II vs. Cohort I) 0.97 (0.79–1.19) 0.778

Histopathological subtype
Luminal A Reference Reference
Luminal B 1.37 (1.04–1.80) 0.027 1.39 (1.04–1.87) 0.026
Luminal B-HER2+ 0.86 (0.59–1.24) 0.412 0.97 (0.65–1.44) 0.865
HER2+ 1.76 (1.15–2.70) 0.010 1.50 (0.96–2.34) 0.077
TNBC 2.13 (1.53–2.98) <0.001 2.17 (1.49–3.15) <0.001

DFI
(≥24 months vs. <24 months) 1.05 (0.86–1.28) 0.608

Stage at presentation
(I + II vs. III) 1.36 (1.10–1.68) 0.004 1.52 (1.21–1.90) <0.001

Number of metastatic sites
(≤3 vs. >3) 1.32 (1.00–1.72) 0.054

Visceral metastasis
(No vs. Yes) 1.47 (1.21–1.78) <0.001 1.53 (1.22–1.92) <0.001

CNS metastasis
(No vs. Yes) 1.35 (0.98–1.85) 0.068

Use local ablative treatment/surgery
(Yes vs. No) 0.81 (0.62–1.06) 0.126

CNS = central nervous system; DFI = disease-free interval; HER2+ = human epidermal growth factor receptor 2
positive; TNBC = triple-negative breast cancer. Multivariate analysis model p value ≤ 0.001.
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3.5. HER2+ Subgroup

Following conditional approval of use in visceral dnMBC in 2016, dual-HER2 blockade
with trastuzumab and pertuzumab was more frequently used in Cohort II compared to
Cohort I (p < 0.001), leading to substantial improvements in outcomes. Survival analysis
revealed significant benefits in the de novo group in alignment with the approval indication
for dual blockade (Cohort I vs. II; 3-year OS: 62.0% vs. 84.7%, p = 0.009), especially noted in
those with visceral metastatic presentation (59.4% vs. 83.4%, p = 0.03), luminal B-HER2+
disease (61.2% vs. 89.2%, p = 0.013) and younger age < 40 years (40.0% vs. 94.7%, p = 0.009).
The improvement in median OS in the de novo HER2+ group was linked to the favorable
outcome in the luminal B-HER2+ subgroup, which showed a 3-year OS rate of 89.2% vs.
61.2% in Cohorts I and II, respectively (p = 0.013) (Table 6a,b and Figure 3A–C).

Table 6. Overall survival (OS) and progression-free survival (PFS) in recurrent and de novo patients
within each time cohort.

a. In All Pathologic Subgroups

Pathology Subtypes

Recurrent MBC De Novo MBC

N Events/
Total N Cohort I Cohort II p N Events/Total N Cohort I Cohort II p

HR+ OS 225/403 109/153 116/250
0.681

199/351 112/157 87/194
0.121Median (95% Cl),

months 49 (43–55) 48 (40–56) 57
(46–68) 52 (47–57)

PFS 352/404 141/153 211/251
0.308

298/351 144/157 154/194
0.424Median (95% Cl),

months 18 (15–21) 17 (13–21) 21
(18–24) 20 (18–22)

Luminal A OS 76/157 41/59 35/98
0.551

72/134 44/69 28/65
0.195Median (95% Cl),

months 53 (40–66) 76 (49–103) 70
(52–88) 53 (43–63)

PFS 139/158 54/59 85/99
0.710

110/134 62/69 48/65
0.551Median (95% Cl),

months 17 (14–20) 22 (16–28) 22
(15–29) 20 (17–23)

Luminal B OS 149/246 68/94 81/152
0.346

127/217 68/88 59/129
0.409Median (95% Cl),

months 48 (40–56) 44 (39–49) 52
(45–59) 49 (43–55)

PFS 213/246 87/94 126/152
0.255

188/217 82/88 106/129
0.668Median (95% Cl),

months 21 (16–26) 15 (11–19) 17
(14–20) 21 (18–24)

HER2+ OS 73/144 43/67 30/77

0.340

95/189 74/116 21/73

0.009
1-year survival % 86.4% 88.2% 89.6% 97.3%
2-year survival % 73.1% 79.8% 74.6% 91.4%
3-year survival % 54.3% 68.2% 62.0% 84.7%
PFS 84/136 40/64 44/72

0.671
63/186 42/114 21/72

0.037Median (95% Cl),
months 12 (9–15) 20 (16–24) 17

(15–19) 29 (19–39)

TNBC OS 64/87 31/42 33/45
0.005

31/40 21/26 10/14
0.731Median (95% Cl),

months 42 (32–52) 20 (14–26) 22
(11–33) 26 (13–39)

PFS 49/77 19/35 30/42
0.023

24/37 15/23 9/14
0.741Median (95% Cl),

months 15 (11–19) 7 (5–9) 9 (6–12) 8 (6–10)
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Table 6. Cont.

b. In HR+ and HER2+ subgroups

Pathology Subtypes

Recurrent MBC De novo MBC

N
Events/Total

N
Cohort I Cohort II p N Events/Total N Cohort I Cohort II p

Luminal A
OS 76/157 41/59 35/98

0.551
72/134 44/69 28/65

0.195Median (95% Cl),
months 53 (40–66) 76 (49–103) 70

(52–88) 53 (43–63)

Luminal B
OS 149/246 68/94 81/152

0.346
127/217 68/88 59/129

0.409Median (95% Cl),
months 48 (40–56) 44 (39–49) 52

(45–59) 49 (43–55)

p = 0.444 p = 0.012 p = 0.104 p = 0.591

Luminal
B-HER2+

OS 44/94 27/45 17/49
0.606

64/132 51/81 13/51
0.0133-year survival % 64.8% 75.9% 61.2% 89.2%

HR–
/HER2+

OS 29/50 16/22 13/28
0.197

31/57 23/35 8/22
0.378Median (95% Cl),

months or 3-year
survival %

24 (13–35) 47 (32–62) 63.9% 74.2%

HR+ = hormone-responsive disease; HER2+ = human epidermal growth factor receptor 2 positive; MBC = metastatic
breast cancer; OS = overall survival; PFS = progression-free survival; TNBC = triple-negative breast cancer.

Cancers 2023, 15, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 3. (A) Progression-free survival (PFS) by pathologic subgroups; (B) overall survival (OS) by 
pathologic subgroups; (C) overall survival (OS) by extended pathologic subgroups in the patients. 
HER2 = human epidermal growth factor receptor 2; TNBC = triple-negative breast cancer. 

3.6. HR+ Subgroup 
Despite the insignificant numeric improvement in PFS and OS in dnMBC patients, 

the outcomes of HR+ patients remained similar over the time points analyzed, reflecting 
the similar practice patterns in the use of first-line treatment and barriers to access CDK 
inhibitors. Patients in Cohort II with HR+ recMBC, who were more likely to receive first-
line endocrine therapy than the previous 5-year period, showed similar OS and PFS, de-
spite the higher incidence of unfavorable prognostic factors such as luminal B disease 
(60.6%) and a higher ratio of endocrine-resistant patients (Cohort I 32% vs. Cohort II 
41.8%; p = 0.049). In Cohort II, the prognoses of recurrent luminal B patients were signifi-
cantly worse as compared to recurrent luminal A patients (median OS: 44 vs. 76 months, 
p = 0.012). 

When both time-related cohorts were combined, patients with luminal A who re-
ceived ET as first-line treatment had a significant improvement in OS as compared to 
those who were treated with CT (70 months (95% CI 52–88) vs. 48 months (95%CI 35–61), 
respectively; p = 0.008). Luminal B patients had a numeric improvement in OS with first-
line ET vs. CT (56 months (95% CI 46–66) vs. 46 months (95% CI 41–51); p = 0.135). There 
was no difference noted in PFS achieved with either treatment modality in both luminal 
A and B pathologic subtypes (Table 7). 

  

Figure 3. (A) Progression-free survival (PFS) by pathologic subgroups; (B) overall survival (OS) by
pathologic subgroups; (C) overall survival (OS) by extended pathologic subgroups in the patients.
HER2 = human epidermal growth factor receptor 2; TNBC = triple-negative breast cancer.

175



Cancers 2023, 15, 1667

3.6. HR+ Subgroup

Despite the insignificant numeric improvement in PFS and OS in dnMBC patients,
the outcomes of HR+ patients remained similar over the time points analyzed, reflecting
the similar practice patterns in the use of first-line treatment and barriers to access CDK
inhibitors. Patients in Cohort II with HR+ recMBC, who were more likely to receive first-line
endocrine therapy than the previous 5-year period, showed similar OS and PFS, despite the
higher incidence of unfavorable prognostic factors such as luminal B disease (60.6%) and a
higher ratio of endocrine-resistant patients (Cohort I 32% vs. Cohort II 41.8%; p = 0.049).
In Cohort II, the prognoses of recurrent luminal B patients were significantly worse as
compared to recurrent luminal A patients (median OS: 44 vs. 76 months, p = 0.012).

When both time-related cohorts were combined, patients with luminal A who received
ET as first-line treatment had a significant improvement in OS as compared to those who
were treated with CT (70 months (95% CI 52–88) vs. 48 months (95%CI 35–61), respectively;
p = 0.008). Luminal B patients had a numeric improvement in OS with first-line ET vs.
CT (56 months (95% CI 46–66) vs. 46 months (95% CI 41–51); p = 0.135). There was no
difference noted in PFS achieved with either treatment modality in both luminal A and B
pathologic subtypes (Table 7).

Table 7. Treatment-related survival outcomes in luminal A and B subgroups.

n (%) PFS (Month) p OS (Month) p

Overall

Luminal A
CT-ET 111 (45.5) 20

0.849
48

0.008ET 133 (54.5) 20 70

Luminal B
CT-ET 209 (53.9) 17

0.711
46

0.135ET 179 (46.1) 18 56

Cohort I

Luminal A
CT-ET 60 (53.1) 19

0.293
49

0.052ET 53 (46.9) 16 76

Luminal B
CT-ET 88 (57.5) 21

0.473
49

0.465ET 65 (42.5) 19 58

Cohort II

Luminal A
CT-ET 51 (38.9) 21

0.386
47

0.082ET 80 (61.1) 21 57

Luminal B
CT-ET 121 (51.5) 16

0.208
45

0.093ET 114 (48.5) 18 49
CT = chemotherapy; ET = endocrine therapy; OS = overall survival; PFS = progression-free survival.

3.7. TN Subgroup

TN patients had the poorest outcome among all patients analyzed, with no signifi-
cant improvement over time. Unexpectedly, recurrent patients in the latter cohort had a
significantly worse PFS (7 vs. 15 months, p = 0.023) and OS (20 vs. 42 months, p = 0.005),
most probably due to unfavorable prognostic factors such as a higher incidence of early
progressors within two years after initial diagnosis (55.6% vs. 47.6%) and an increased ratio
of CNS metastasis at presentation (18.3% vs. 11.8%).

There was a non-significant numeric increase in survival over time in the de novo
group (26 vs. 22 months), 20% of whom had access to immunotherapy and 66.7% of
whom received conventional non-platin-based chemotherapy in the first-line setting. When
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patients with ER < 10% (n = 11) were added to the de novo TN group, the outcomes
remained similar (29 vs. 22 months, p = 0.421).

4. Discussion

In this retrospective multicenter cohort, we observed significant differences in metastatic
presentation and outcome among histologic subgroups of MBC patients over the analyzed
period. In contrast to existing data from large registry studies, our cohort included a high
ratio of recurrent patients which increased over time from 48% to 56% [12,13]. Further-
more, we also observed a significant time-dependent increase in the incidence of refractory
patients who developed metastatic disease within two years of early-stage BC treatment,
consisting mainly of HR+ and TN subgroups. In fact, the proportion of TN patients showed
an incremental increase among de novo (6.2%), recurrent patients with DFI > 24 months
(9.4%) versus DFI < 24 months (16%), whereas the ratio of HR+ patients remained constant,
accounting for the poor biologic behavior in refractory recurrent patients consistent with
previous reports [13–15]. Nevertheless, the high incidence of dnMBC (43.9%) in Cohort II
exceeds the previously reported ratios of de novo presentation, ranging between 28 and
30% among all MBC patients [16,17]. We also observed a higher proportion of de novo
presentation among the entire HER2+ subgroup (48.7%), which is in line with existing data
reporting that 37.5–49.8% of HER2+ MBC present with de novo disease [13,18–21].

Although there was no difference among both time-related cohorts based on age, 42%
of patients diagnosed with MBC were premenopausal and there was a higher ratio of pa-
tients younger than 40 among HER2+ and TN subgroups. In fact, population-based studies
have indicated a skewed age distribution towards a younger population with unfavorable
prognosis over the last three decades. There has been a consistent increase noted in annual
hazards of advanced stage at diagnosis in patients aged 25–39 among all race and ethnic
groups analyzed, with a higher incidence of TN and HER2+ subgroups which were unac-
counted for by clinical or genomic features [22,23]. Nevertheless, our findings suggested
that younger age was independently associated with a favorable outcome, consistent with
data from a recent study focusing on young patients with dnMBC. In this study, improved
survival was noted in all subgroups except those with TNBC, indicating that variances in
tumor biology might account for survival disparities [24]. In fact, a biomarker analysis of a
retrospective case–control cohort has shown differential gene expression of de novo versus
recurrent MBC, a finding which needs validation by further studies [19].

The median survival of the whole cohort over the analyzed period was 51 months. Al-
though patients with de novo mBC had a significantly longer OS than those with recurrent
disease by univariate analysis (53 vs. 47 mo; p: 0.013), the presentation pattern was not
shown to be independently associated with the outcome (Table 4). Our findings compare
favorably with previous registry studies which have reported median OS ranging between
22 and 37 months, with wide variations among pathologic subgroups [7,12,13,19,25–27].
Nevertheless, our findings indicate that de novo presentation may not be an independent
prognostic factor per se. The favorable outcome may be associated with several confounders
such as a lower tumor burden due to advances in diagnostic techniques, impact of age,
histology, lack of resistance ensued by previous treatment pressure or a distinct biologic
behavior independent of clinicopathologic factors as discussed by several studies [14,28,29].
Nevertheless, similar outcomes have been observed in recurrent patients with a long DFI.
These observations suggest that there may be other contributing factors in the evolution
of metastatic disease. In fact, outcomes of control arms from more recent phase III trials
have repeatedly yielded superior results in comparison to data from registration studies,
suggesting that time-related advances in diagnostic modalities and access to optimized
health care systems could play a role in reported survival disparities [28,30–33]. With
the caveat of making cross-trial comparisons, it is not possible to draw firm conclusions
on time-related variances in survival. Although translational studies from large-scale
prospective studies provide valuable information on spatial biologic characteristics of
distinct subgroups, future prospects to address temporal variances in outcomes require a
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multi-faceted approach combining standardized modern health care with in-depth genomic
monitoring of micrometastatic disease.

Although there was no difference noted in patient characteristics and outcomes be-
tween the two time-related cohorts, the only difference in survival over time was observed
in the HER2+ subgroup, which reached significance in de novo luminal B-HER2+ patients
treated over the last five-year period. Despite bearing an unfavorable patient profile en-
riched in a younger population with CNS involvement, the improvement in outcome in
the HER2+ dnMBC most likely reflects the higher rates of access to combined trastuzumab
and pertuzumab after 2015. Our results are in parallel with several registry data showing a
significant outcome difference in patients with de novo as compared to recurrent HER2+
MBC which have reported superior survival rates only in the HER2+ subgroup [18,34–37].
A striking finding in our cohort was the favorable prognosis in the luminal B-HER2+ sub-
group as compared to all pathologic subtypes, which has been consistently observed by
others, reflecting the use of sequential endocrine therapy following chemotherapy and
HER2 blockade in routine clinical practice [9,38,39]. In the absence of robust randomized
data, clinical practice patterns favoring this approach have evolved through large-scale
prospective registry data demonstrating improved outcomes with the addition of ET fol-
lowing completion of CT and HER2 blockade as compared to CT and HER2 targeting
alone [40].

A consistent observation over the analyzed period was the poor survival in the TN
subgroup, which has been determined as an independent prognostic factor on overall
mortality in our cohort, as well as many others [8,20,26,27,41].

In concordance with contemporary community-based studies that have failed to reflect
the significant survival benefits demonstrated by clinical trials, we did not observe significant
variations in outcomes neither within the entire HR+ group (52 months), nor when broken
down into luminal A (60 months) and luminal B (49 months) subgroups [27,35]. Although
we collected data from private-based academic centers, a formal comparison of outcomes
was not carried out, as this endpoint is not within the scope of the present analysis due
to an inherent risk of potential bias. In general, the private sector is estimated to provide
healthcare for approximately 30% of oncology patients nationwide, which is in line with our
private-based cohort comprising 25% of the whole patient population. Although all centers
included in this registry were chosen based on their ability to deliver optimal, standardized
and high-quality healthcare, we have to acknowledge that there may be barriers in receipt
of cancer care in academic-designated public centers which have been burdened by a
growing patient volume, exceeding their capacity to provide timely and supportive care.
Furthermore, a lack of optimized social and physical support, as well as difficulties in access
to modern treatment options or enrollment in clinical trials, may account for disparities
in health care in the general community setting. Therefore, it requires the countrywide
collaboration of cancer centers with the Ministry of Health to identify barriers for accessible
and value-based care, which will provide guidance in developing policies to implement
equitable health care throughout the nation.

Nevertheless, recurrent luminal A patients had a significantly longer OS compared to
luminal B patients in Cohort II (76 vs. 44 months, p = 0.012), which could be attributable to
a time-related shift in first-line management of HR+ MBC from a higher ratio of CT use
in Cohort I (CT 46% vs. ET 37%) to ET in Cohort II (ET 44% vs. CT 33%, p = 0.008). The
inappropriate preference for CT as the initial therapy in our patient population contradicts
recent guidelines and real-world experience that have reported more frequent use of ET for
up to 70% of HR+ patients [13,26,27,35,42]. In fact, a contemporary Turkish observational
study including 758 HR+ MBC patients treated between 2019 and 2020 reported a significant
increase in ET use with 70% of patients receiving ET and CDK inhibitors as first-line therapy
and a subsequent decline in first-line CT use from 49% to 20% following regulatory approval,
which was associated with a significant improvement in PFS [43]. Nevertheless, despite
strong evidence for improved OS with CDK inhibitors in the first-line setting reaching
64 months, the favorable OS ranging between 49 and 76 months in our luminal B and
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A subgroups without access to contemporary endocrine targeted agents may provide an
appealing option in limited resource settings [44].

Our study has many inherent limitations due to the retrospective nature of a registry
database lacking information on comorbid conditions, menopausal status, family histories
and genomic factors, all of which may have confounded the results. Data obtained from
the heterogenous patient population cannot be extrapolated to the whole nation, especially
in underserved areas. Most importantly, subtype classifications for most recurrent patients
were based on initial pathology reports at initial diagnosis rather than repeated biopsies at
metastatic presentation. This may have confounded outcomes in some histologic subgroups
as they are more likely to include patients with poorer prognosis, especially in those
with early recurrences. We were not able to assess the impact of novel therapies such
as CDK inhibitors or immunotherapy since they were not approved for use at that time.
Furthermore, data on time-on-treatment for switch maintenance ET or HER2 blockade
could not be captured from patient files, which would provide valuable data on the impact
of subsequent therapies for each prognostic subgroup.

Nevertheless, the main strengths of this study that should be mentioned are the
collaborative efforts of tertiary academic centers providing high-quality pathologic data
and standardized management within national limits. The data generated from this registry
study reflects real-life practice patterns in both private and social security reimbursed
systems while minimizing the impact of variances in routine diagnostic and management
strategies. Furthermore, the patient population belongs to the three most populated cities
with a high domestic migration rate, which represents national characteristics of MBC to a
large extent.

5. Conclusions

In conclusion, our findings provide further proof that improved survival in MBC is
associated with advances in treatment as observed especially in luminal B-HER2+ patients
over the analyzed period. In fact, the unprecedented success of anti-HER2 therapies has
affirmed that clinically relevant outcomes from trials adopted in routine practice can rev-
olutionize the prognosis of a subgroup, highlighting the relevance of targeting biology.
Furthermore, a consistent feature we observed was the challenge in treating TNBC, which
was identified as the worst prognostic subgroup without any correlation with clinico-
pathologic confounders. Elucidation of biologic characteristics to identify novel treatment
options remains an unmet need to improve outcomes in TNBC. Nevertheless, with increas-
ing demand from the community to have access to newer-generation novel agents, the
financial burden of cancer care has risen dramatically over the past decade. Emerging
evidence suggests that real-world data provide relevant information on challenges to im-
plement evolving therapeutic options in routine practice and the impact of increasing costs
in widening social gaps and disparities in access to optimal health care [45]. Given the
inherent heterogeneity of the analyzed cohort and complexities of decision making to treat
MBC, we acknowledge the limitations of our data. However, the findings of this study may
provide unique insights into the dynamics of practice patterns and outcomes, which may
be used by healthcare authorities to identify whether the adoption of modern treatment
options has improved survival and to shed light on future interventions to enhance quality
of care.
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Simple Summary: In this study, we trained and evaluated several machine-learning models with
the aim of predicting breast cancer lymph node metastasis in patients eligible for neoadjuvant
treatment. In neoadjuvantly treated patients, radiological and clinical methods are primary ways
for determining axillary lymph node status, and radiological methods misdiagnose up to 30% of
the patients. Hence, there is an unmet need for supplementary methods to aid oncologists and
their multidisciplinary teams in assessing metastatic lymph node status and, consecutively, defining
optimal treatment strategies. Good performance was achieved with a random forest algorithm (AUC:
0.79). We explored model explainability and, through it, exhibited how the models learned genuine
relationships that were determined in previous studies. Such models can lead to more accurate
disease stage prediction and consecutively better treatment selection, especially for NST patients,
where radiological and clinical findings are often the only way of lymph node assessment.

Abstract: Background: Due to recent changes in breast cancer treatment strategy, significantly more
patients are treated with neoadjuvant systemic therapy (NST). Radiological methods do not precisely
determine axillary lymph node status, with up to 30% of patients being misdiagnosed. Hence,
supplementary methods for lymph node status assessment are needed. This study aimed to apply
and evaluate machine learning models on clinicopathological data, with a focus on patients meeting
NST criteria, for lymph node metastasis prediction. Methods: From the total breast cancer patient
data (n = 8381), 719 patients were identified as eligible for NST. Machine learning models were
applied for the NST-criteria group and the total study population. Model explainability was obtained
by calculating Shapley values. Results: In the NST-criteria group, random forest achieved the highest
performance (AUC: 0.793 [0.713, 0.865]), while in the total study population, XGBoost performed the
best (AUC: 0.762 [0.726, 0.795]). Shapley values identified tumor size, Ki-67, and patient age as the
most important predictors. Conclusion: Tree-based models achieve a good performance in assessing
lymph node status. Such models can lead to more accurate disease stage prediction and consecutively
better treatment selection, especially for NST patients where radiological and clinical findings are
often the only way of lymph node assessment.

Keywords: machine learning; breast cancer; neoadjuvant systemic treatment; lymph node metastasis
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1. Introduction

Breast cancer is the most common cancer in women and contributes the most to
women’s cancer mortality, which defines its public health importance [1,2]. Notably, 95%
of newly diagnosed breast cancer patients are diagnosed in an early, locoregional, non-
metastatic stage of the disease, when a cure is a realistic goal [3].

After the introduction of adjuvant and neoadjuvant therapies in the treatment of early
breast cancer, the probability of 5-year survival almost doubled in the last 50 years [4].
Prognostic and predictive factors, biomarkers, and, recently, genetic panels are crucial in
defining an optimal treatment strategy [5]. Still, one of the most important prognostic and
treatment decision-making factors is the positivity of metastatic axillary lymph nodes [6].

Due to a recent change in the treatment strategy, significantly more patients are treated
with neoadjuvant systemic therapy (NST). The NST is assigned based on the tumor biology
characteristics and radiological findings [7]. The neoadjuvant concept allows in vivo testing
of treatment sensitivity, further personalization of the adjuvant part of systemic therapy,
and provides the way to receive accelerated approval of new treatments. It is also valid
for the development of predictive biomarkers and reduces patient numbers in clinical
trials by the usage of new surrogate endpoints such as the pathological complete response
(pCR) [8,9].

It is known that axillary lymph node status is not precisely determined by radiological
tests, ending up with close to 30% of patients being misdiagnosed and potentially not
directed to NST [10].

After NST, the initial status of axillary lymph nodes is often questionable due to
metastases completely responding to the NST, which consequently highlights the problem
in defining treatment intensity for HER2 positive patients, for example, to continue or not
with dual antiHER2 blockade with pertuzumab and trastuzumab [11].

Despite all the breakthroughs in our understanding of breast tumor biology, adju-
vant/neoadjuvant therapy in early breast cancer therapy is still significantly based on
the stage of the disease, whereas lymph node positivity usually prevents de-escalation
of systemic therapy or omittance of lymph node radiotherapy [7]. Therefore, our knowl-
edge about the tumor’s ability to metastasize and the actual status of lymph nodes is of
paramount importance in our decision-making process.

Since NST is used more often and based on the rather limited accuracy of imaging
methods applied in lymph node metastasis assessment, there is an unmet need for supple-
mentary methods to aid oncologists and their multidisciplinary teams in the assessment of
axillary lymph node status and consecutive definitions of optimal treatment strategies.

Due to exponential growth in oncology patient data, “Data Science” and machine
learning techniques are extensively researched and applied as possible solutions to various
clinical problems [12–14].

Machine learning, as a computational method that maps a mathematical function
to a dataset in order to predict/classify the target variable, differs from traditional pro-
gramming in that it directly learns from the data, without the need for explicit step-wise
programming [15]. Traditional machine learning algorithms, such as support vector ma-
chines (SVM) and random forests (RF), have been successfully used to classify breast cancer
into triple negative and non-triple negative types, predict the metastatic status of patients,
and aid in detecting early disease recurrence [16,17]. Furthermore, more complicated
models, such as the gradient-boosted trees and eXtreme Gradient Boosting (XGBoost),
were used to predict survival outcomes in patients with epithelial ovarian cancer and the
prediction of metastatic status in breast cancer, respectively [18,19]. The latest machine
learning studies that focus on breast cancer achieved excellent performances, and are using
deep learning techniques with radionics to classify breast cancer in radiological images or
histopathological slides [20–23]. On the other hand, there are not many studies that utilize
only clinicopathological features.

In this research, we trained and evaluated several machine learning models trained
on multiple clinicopathological features obtained from the national-level breast cancer
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registry, with the goal of predicting patient axillary lymph node status accurately. By using
a novel model explainability framework (SHAP), we presented how the model obtained its
decision-making process. The study aims to evaluate explainable machine learning models
for patients eligible for NST, as well as to assess how well the models can classify metastatic
lymph nodes using only clinicopathological features.

This study’s main contributions are:

• machine learning model training, optimization, and evaluation curated specifically for
patients eligible for NST;

• exhibiting what the model learned and which predictors were the most important in
its decision-making process through the use of Shapley values;

• presenting model results for our whole breast cancer population (n = 8381).

2. Materials and Methods
2.1. Data Source and Preparation

Data examined in this study were collected from all Croatian hospitals in which breast
cancer patients are diagnosed and treated. The data were acquired by searching through
the hospital information systems during a five-year period, from January 2017 to January
2022. Pathohistological and demographic data were obtained for all patients that contained
MKB code 50 (code for breast cancer). Pathohistological data was in a standardized format
that follows ASCO/CAP guidelines, which all Croatian hospitals use [24].

The Ethics Committee of the University Hospital of Split approved the study protocol
(2181-147/01/06/M.S.-22-02). The study was performed in accordance with the World
Health Organization Declaration of Helsinki of 1975 as revised in 2013, and the International
Conference on Harmonization Guidelines on Good Clinical Practice [25,26]. We fully
protected the patients’ anonymity. The study was not preregistered.

The collected data consists of ten features: patient age at the time of diagnosis, tumor
size (in cm), pathohistological type, immunophenotype, pathohistological grade, estrogen
(ER) and progesterone (PR) receptor quantities (0–100), HER-2 levels (0–3), Ki-67 index
(0–100), and lymph node metastasis status (0/1).

The case group was defined as patients with evidence of breast cancer axillary lymph
node metastasis. Consequently, the control group was defined as patients without evidence
of lymph node metastasis. Tumor samples were obtained via surgery and core needle
biopsies, while the target variable ground truth (axillary lymph node positivity) was estab-
lished by post-surgical lymph node pathohistological examination. While the tumor size
was mostly obtained post-surgically, we argue how the model can also use radiologically
determined tumor size (ultrasound, MRI, mammography, or CT), due to high concordance
between the diagnostic methods and the final pathological measurement of tumor size
(differences in tumor diameters <5 mm) [27,28].

Initial data set contained 13,580 entries, from which 3875 entries had various missing
values, ranging from the target variable (lymph node metastasis status) to pathohistological
type and grades. After we omitted the missing values, we were left with 9705 entries with
complete data. From those 9705 entries, 1324 patients received neoadjuvant therapy, while
8381 received initial surgical treatment. We excluded 1324 neoadjuvantly treated patients
from the analysis due to confounding effects of NST (NST would lead to lymph node
negativity in up to 50% initially positive patients) [29].

Since the model’s target population is patients who would potentially receive neoad-
juvant therapy, we identified those patients from our study population (all patients that
initially received surgical treatment) using the following criteria:

• all tumors with size >5 cm (irrespective to subtype),
• tumors with size ≥2 cm of triple-negative or HER-2 positive subtype,
• tumors of inflammatory subtype [30].

By applying the NST criteria stated above, 719 patients were identified for final analysis.
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In addition to the model based only on patients who would potentially receive neoad-
juvant treatment, we also trained a broader model that generalizes to our entire breast
cancer population (n = 8381), to see if similar performances are obtained and to analyze
feature importance. Study workflow with methods for model optimization and validation
is presented in Figure 1.
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2.2. Prediction Model Training, Optimization and Validation

We trained different models using three algorithms: logistic regression, random
forest classifier, and eXtreme gradient boosting (XGBoost) classifier. Random forest and
XGBoost were selected because of their high-ranking performances on tabular data, whereas
logistic regression was chosen as a base classifier for comparison [31,32]. Furthermore, for
evaluation purposes, univariate logistic regression was trained only on one feature (tumor
size) as a baseline.

For all models, we first split the data into a training (80% of data) and test batch (20%
of data). The NST-criteria dataset is fairly balanced when concerning the target variable
(55% vs. 45%), whereas due to the unbalance in total study population (34% vs. 66%)
the train-test split was stratified on the target variable. To further compensate for the
unbalanced target variable, we used threshold shifting (by maximizing the f1-score), and
balanced class weights were used for the random forest (where weights are automatically
adjusted inversely proportional to class frequencies in the input data).

Categorical variables were “dummy encoded” (encoding the categorical variables
to ones and zeroes). We then performed a stratified 5-fold cross-validation on the train-
ing sample to train and validate our model (Figure 1). The model’s hyperparameters
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were optimized by performing a grid search (Figure 1). For the random forest we opti-
mized the following hyperparameters: (1) maximal tree depth, (2) minimal number of
samples required to split an internal node, (3) minimal number of samples required at a
leaf node, (4) number of estimators. Whereas for XGBoost, the following hyperparame-
ters were optimized: (1) maximal tree depth, (2) learning rate, (3) number of estimators,
(4) minimum weight required to create a new node (“min_child_weight”), (5) gamma
(pseudo-regularization parameter), (6) alpha (L1-regularization of leaf weights), (7) sub-
sample (randomly selected training data prior to fitting to base learner), (8) subsample
ratio of columns when constructing each tree (“colsample_bytree”), (9) subsample ratio of
columns for each tree depth level (“colsample_bylevel”). Lastly, for logistic regression, we
optimized for (1) solver (algorithm to use in the optimization problem), (2) regularization,
and (3) regularization strength (C).

Additionally, since XGBoost can algorithmically deal with missing values, a subanaly-
sis was performed on a dataset with missing values (after dropping the rows that miss the
target variable; total n = 10,540, NST-criteria n = 1389).

Finally, the performance of the models was assessed on the test set, and the confidence
intervals of the performance metrics were estimated using the bootstrap method of re-
sampling with replacement (2000 bootstrapped samples). Modeling was performed using
Python Programming Language (version 3.9.5, Python Software Foundation, Wilmington,
DE, USA) using libraries “numpy”, “pandas”, “scikit-learn”, and “xgboost”, and with the
R programming language (R Core Team, 2022, Vienna, Austria) using the “tidymodels”,
“ranger”, “xgboost”, “pROC”, and “fastshap” packages.

2.3. Model Evaluation

Final evaluation and predictions were made on the test sample (20% of data). ROC
curve was plotted, and areas under the curve (AUC) were obtained for each model with
the following formula: AUC =

∫ 1
0 TPR dFPR, where TPR = TP

TP+FN = sensitivity, and
FPR = FP

TN+FP = 1 − specificity.
2000 bootstrap samples obtained by resampling with replacement from the test set

were used to determine the mean AUC values and calculate the 95% confidence intervals.
F1-score (harmonic mean between sensitivity and positive predictive value), precision
(positive predictive value), negative predictive value, sensitivity and specificity were also
determined. The model with the highest AUC was selected for further investigation. The
optimal cut-off points for sensitivity and specificity were based on the F1 score [33].

2.4. Feature Importance Analysis and Model Explainability

We assessed feature importance by using SHAP (SHapley Additive exPlanations), a
unified framework for interpreting model predictions [34]. The method computes Shapley
values from coalitional game theory. The baseline for these values is the mean of all
predictions. Shapley values explain how much each of the features moves the estimate
from the baseline in order to obtain the final probability. When conditioning on a selected
feature (predictor), the Shapely values attribute the change in the expected model prediction
to that feature [34]. Hence, Shapley values can be used to explain machine learning
model predictions.

2.5. Statistical Analysis

Descriptive statistical analysis was performed to analyze the characteristics of the case
(positive lymph node) and control (negative lymph node) groups. Concerning numerical
data, Student’s t-test was used to assess the comparison of means. Whereas for categorical
variables, χ2 test was used. Calculations were performed with Python Programming
Language (version 3.9.5, Python Software Foundation) using the “scipy” library. Statistical
significance was set at p < 0.05 for all comparisons.
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3. Results
3.1. Patient Characteristics

In total, 5845 (69.7%) patients were identified as controls (no lymph node metastasis),
while 2536 (30.3%) patients were identified as cases (positive lymph node/s) (Table 1).
Statistically significant differences between cases and controls were observed in “Tumor
size”, “PR”, “HER-2”, and “Ki-67” features (Table 1).

Table 1. Patient characteristics (total population case/control comparison).

Variable Cases, Lymph Node
Metastasis Group (n = 2536)

Controls, Non-Lymph Node
Metastasis Group (n = 5845)

Total
(n = 8381) p-Value

Age (range) 63.6 (21–92) 62.3 (25–89) 62.7 (12.6) 0.535 *
Tumor Size (cm) 2.7 (1.9) 1.7 (1.1) 2.01 (1.5) <0.001 *

Ki-67 29.7 (18.7) 25.1 (18.4) 26.5 (18.7) <0.001 *
ER 80.7 (33.7) 83.1 (32.2) 82.4 (32.7) 0.064 *
PR 50.8 (39.5) 54.3 (39.4) 53.2 (39.4) <0.001 *

Tumor Grade (%) <0.001 †
1 376 (14.8) 1638 (28) 2014 (24)
2 1460 (57.6) 3148 (53.8) 4608 (54.9)
3 700 (27.6) 1059 (18.2) 1759 (20.9)

HER-2 (%) <0.001 *
0 1092 (43.1) 2776 (47.5) 3868 (46.2)
1 815 (32.1) 1953 (33.4) 2768 (33)
2 344 (1.3) 629 (10.8) 914 (10.9)
3 285 (11.2) 487 (8.3) 831 (9.9)

Histological Type (%) <0.001 †
NOS-invasive 2055 (81) 4586 (78.5) 6641 (79.2)

Lobular Invasive 324 (12.8) 693 (11.9) 1017 (12.1)
Ca with Medullary

Characteristics 24 (0.9) 47 (0.8) 71 (0.8)

Other (Rare Types) 133 (5.2) 519 (8.9) 652 (7.8)
Immunophenotype (%) <0.001 †

Luminal B 1517 (59.8) 3154 (53.9) 4671 (55.7)
Luminal A 429 (16.9) 1628 (27.8) 2057 (24.6)

Luminal B-her2 310 (12.3) 508 (8.8) 818 (9.8)
Triple Negative 160 (6.3) 407 (6.9) 567 (6.7)
HER2 Positive 120 (4.7) 148 (2.6) 268 (3.2)

Data are presented as mean (standard deviation) and count (percentage); *—t-test for independent variables, †—χ2

test; Ki-67—cellular proliferation index, ER—estrogen receptor index, PR—progesterone receptor index, HER-2—
human epidermal growth factor receptor, NOS- not otherwise specified histological type. Other rare histological
types include: mucinous invasive, micropapillary invasive, cribriform invasive, and inflammatory types).

In the NST criteria group, there were 426 (55%) patients with lymph node metastasis
and 350 (45%) patients without metastasis. Since lymph node metastasis is present in 55%
of the target population, we can see that our target variable is fairly balanced (55% vs. 45%),
which differs from the total population where the ratio favors the non-metastasis group
(34% vs. 66%).

Moreover, for the NST criteria group, while “Tumour size”, “PR” and “Ki-67” also
showed significant differences, there were also significant differences in “Age” and “ER”
features and no significant difference in “HER-2” (Table 2).

Table 2. Patient characteristics (NST criteria group).

Variable Cases, Lymph Node Metastasis
Group (n = 392)

Controls, Non-Lymph Node
Metastasis Group

(n = 327)

Total
(n = 719) p-Value

Age (range) 66.9 (21–92) 64.2 (25–87) 65.7 (14.6) 0.016 *
Tumor Size (cm) 5.7 (3.02) 3.9 (2.5) 4.9 (2.9) <0.001 *

Ki-67 43.4 (23.3) 50.6 (25.7) 46.7 (24.7) <0.001 *
ER 40.01 (45.9) 13.7 (32.6) 28.1 (42.5) <0.001 *
PR 21.8 (35.04) 7.51 (22.5) 15.2 (30.6) <0.001 *
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Table 2. Cont.

Variable Cases, Lymph Node Metastasis
Group (n = 392)

Controls, Non-Lymph Node
Metastasis Group

(n = 327)

Total
(n = 719) p-Value

Tumor Grade (%) 0.027 †
1 14 (3.6) 8 (2.4) 22 (3)
2 133 (33.9) 97 (29.6) 230 (32)
3 245 (62.5) 222 (68) 467 (65)

HER-2 (%) 0.060 *
0 180 (46) 173 (53) 353 (49.1)
1 79 (20.1) 55 (16.8) 134 (18.7)
2 35 (8.9) 42 (12.8) 77 (10.7)
3 98 (25) 57 (17.4) 155 (21.5)

Histological Type (%) <0.001 †
NOS-invasive 282 (71.9) 252 (77.2) 534 (74.3)

Lobular Invasive 63 (16.1) 20 (6.1) 83 (11.5)
Ca with Medullary

Characteristics 15 (3.8) 12 (3.6) 27 (3.7)

Other (Rare Types) 32 (8.2) 43 (13.1) 75 (10.4%)
Immunophenotype (%) <0.001 †

Luminal B 111 (28.4) 35 (10.7) 146 (20.3)
Luminal A 26 (6.6) 7 (2.3) 33 (4.6)

Luminal B-her2 35 (8.9) 8 (2.4) 43 (5.9)
>Triple Negative 137 (34.9) 210 (64.2) 347 (48.4)
HER-2 Positive 83 (21.2) 67 (20.4) 150 (20.8)

Data are presented as mean (standard deviation) and count (percentage); *—t-test for independent variables,
†—χ2 test;).

3.2. Prediction Model Performance
3.2.1. Performance on NST Criteria Group

After training three different models on the NST-criteria group data (n = 621), vali-
dating and optimizing them via 5-fold cross-validation, and then evaluating them on the
holdout test set (n = 155), the random forest classifier produced the highest result. (Table 3).
Using default settings, the random forest classifier achieved an AUC of 0.76, whereas,
after hyperparameter optimization, the score rose to 0.793 (95% CI 0.713–0.865) (Figure 2,
Table 3). At the baseline decision threshold of 0.5, F1-score was 0.750 (95% CI: 0.690–0.812),
sensitivity was 0.809 (95% CI 0.718–0.885), specificity 0.570 (95% CI 0.446–0.692), negative
predictive value 0.714 (95% CI 0.615–0.820) and the precision (positive predictive value)
0.694 (95% CI: 0.630–0.759). Another tree-based model, XGBoost, achieved an AUC of 0.783
(95% CI: 0.703–0.858) on the test set (Table 3). Finally, Logistic Regression has achieved
an AUC of 0.763 (95% CI: 0.683–0.838), while univariate Logistic Regression (trained on
“Tumor size”) achieved an AUC of 0.688 (95% CI: 0.626–0.745) (Table 3).

Table 3. Model performances for predicting lymph node metastasis (NST criteria group).

Model Mean AUC (95% CI)

Random Forest 0.793 (0.713–0.865)
XGBoost 0.783 (0.703–0.858)

Logistic Regression 0.763 (0.683–0.838)
Univariate Logistic Regression 0.645 (0.556–0.726)

Values are presented as mean (95% Confidence interval); AUC—area under the receiver operating characteris-
tic curve.
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ing characteristic curve, AUC—area under the curve, SENS—sensitivity, SPEC—specificity, PPV—
positive predictive value, NPV—negative predictive value).

When evaluating XGBoost on the NST-criteria dataset that contained missing values
(n = 1389), somewhat worse performances were obtained, with an AUC of 0.724 (95% CI:
0.654–0.785).

3.2.2. Performance on Entire Population

Due to a higher n, instead of 20%, we held out 10% of the data for the test set in
the entire population. Therefore, 7543 rows of data were used for the training set, while
838 rows were held out in the test set. A 10-fold cross-validation scheme was performed on
the training data to train and validate the models. Finally, their individual performances
were assessed on the test set and standard deviations were obtained with the bootstrap
method (Table 4). XGBoost ranked highest with a mean AUC of 0.762 (95% CI: 0.726–
0.794), closely trailed by Random Forest with an AUC of 0.760 (95% CI: 0.71–0.78) (Table 4).
Just like with Random Forest and XGBoost, Logistic Regression and Univariate Logistic
Regression also scored lower than in the NST criteria group, with a mean AUC of 0.741
(95% CI: 0.706–0.775) and 0.589 (95% CI 0.577–0.614), respectively (Table 4). Concerning
XGBoost’s performance on other metrics at the baseline threshold, it achieved an F1 score
of 0.448 (95% CI: 0.389–0.507), a sensitivity of 0.344 (95% CI: 0.289–0.403) and specificity
of 0.903 (95%: 0.877–0.926), the positive predictive value of 0.607 (95% CI: 0.539–0.680),
the negative predictive value of 0.761 (95% CI: 0.744–0.778) (Figure 3). To correct the class
imbalance we changed the default threshold by maximizing the F1 score. Lowering the
threshold to 0.28 increased the F1-score to 0.581 (95% CI: 0.545–0.618), sensitivity to 0.732
(95% CI: 0.676–0.787), and negative predictive value to 0.854 (95% CI: 0.827–0.881), while
specificity decreased to 0.676 (95% CI: 0.637–0.714), and positive predictive value to 0.495
(95% CI: 0.461–0.531). When evaluating XGBoost on a total dataset that contained missing
values (n = 10,540), somewhat worse performances were obtained, with an AUC of 0.731
(95% CI: 0.634–0.771).

190



Cancers 2023, 15, 634

Table 4. Model performances for predicting lymph node metastasis (entire population).

Model Mean AUC (95% CI)

XGBoost 0.762 (0.726–0.795)
Random Forest 0.760 (0.724–0.794)

Logistic Regression 0.741 (0.706–0.775)
Univariate Logistic Regression 0.713 (0.686–0.739)

Values are presented as mean (95% Confidence interval); AUC—area under the receiver operating characteris-
tic curve.
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3.2.3. Feature Importance for Predicting Lymph Node Metastasis

After calculating Shapely values for the NST criteria group, tumor size was the most
important feature, followed by ER, PR, and HER2 status (Figure 4).
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Lymph node metastasis showed a linear dependence on tumor size up to 5 cm, after
which a plateau is reached (Figure 5). Concerning age, there is a clear and sharp rise in
dependency after the age of 75 (Figure 5). ER and PR status show a growing trend, with
larger values more associated with nodal involvement, while hormone receptor negativity
is associated with an absence of metastasis (Figure 5). Notably, this is highly correlated
to tumor size, because most high ER and PR tumors were of luminal A and luminal B
histological types, which have to be >5 cm in size to adhere to NST criteria.
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Figure 5. Dependency plot for Shapley values (NST criteria group).

For HER-2, the model associated HER-2 positivity with a higher chance of lymph
node metastasis (Figure 5). Interestingly, Ki-67 exhibits an increase in Shapley values from
0 to 25%, after which it gradually decreases, with a sudden drop in values at around 75%.
However, after a more detailed inspection, we can see that these values are predominantly
associated with the triple-negative immunophenotype (Figure 5). Finally, the model asso-
ciated lobular invasive histological type with a higher chance of lymph node metastasis
(Figure 5).

While tumor size was also the most important feature when Shapley values were
calculated on the total study population, the second most important feature was Ki-67,
followed by age and tumor grade (Figure 6).
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For tumor size, the trend from the NST criteria group was confirmed on the total study
population (growing dependency, with a plateau after 5 cm) (Figure 7). The same holds for
HER-2 status, where HER-2 positivity is associated with lymph node metastasis (Figure 7).
Tumor grade also shows a clear increasing trend (Figure 7). For Ki-67, there is a noticeable
increase in Shapley values at index values of 25%, along with a decrease at around 75%.
However, the Shapley values exhibit a high level of dispersion (Figure 7), indicating a de-
pendence on the value of other variables. Age shows an interesting non-linear dependency,
where patients younger than 40 and patients older than 75 were associated with a higher
chance of metastasis (Figure 7).
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4. Discussion

In order to improve treatment outcomes, an increasing number of early breast cancer
patients are treated with NST. To achieve optimal treatment strategy for every patient,
and implement precision oncology, due to nonoptimal performance of existing diagnostic
tools, there is a growing need for additional methods of axillary lymph node metastasis
status evaluation. Additionally, to determine axillary lymph node status in patients with
breast cancer who are initially treated with surgical therapy, sentinel lymph node dissection
is recommended. It was reported that sentinel lymph node dissection has a usual false
negative range of 7.5%, but can reach up to 27.3%, resulting in unradical axillary surgery
and consequently suboptimal adjuvant therapy strategies based on wrong staging [35,36].
Therefore, other than patients receiving NST, patients receiving initial surgical therapy can
also benefit from supplementary non-invasive methods for the determination of the lymph
node status.

In this study, we trained, optimized, and validated multiple machine-learning models
that can effectively help us predict axillary breast cancer lymph node metastasis. The
random forest algorithm, an ensemble-based method, has produced the highest mean
AUC score (0.793 for the NST criteria group, 0.760 for the total study population). Since
the random forest algorithm consists of multiple decision trees and later combines their
predictions, it reduces the risk of overfitting and thus provides a more robust model [37].
XGBoost, another robust ensemble tree-based model, produced a somewhat better result
than random forest on the total study population. This is in line with previous studies
showing that XGBoost and Random forest generally achieve comparable results, but based
on the exact dataset, one will outperform the other [16,38]. Lastly, both models achieved
improved performances when compared to the baseline univariate model that only used
tumor size as a predictor.

When considering feature importance by Shapley values, the most important features
in the NST criteria group were tumor size, ER, PR and HER2 status. Nodal involvement
grew with tumor size up to 5 cm, and hence our findings corroborate the findings of Sopik
and Narod, where a plateau in nodal metastasis was also reached after approximately 5 cm
in tumor size [39]. For the NST-criteria group, Shapley values display a growing trend with
an increase in ER and PR levels. Although this is surprising at first glance, this finding is
probably an artifact of selection criteria. Namely, based on the selection criteria, tumors
with high ER and/or PR values, corresponding to luminal A and B immunophenotypes,
were only included if the tumor size was greater than 5 cm. This leads to an artificial
correlation between high ER values and the probability of lymph node metastasis, which
is actually based on the influence of tumor size. Consequently, the results concerning the
effect of ER and PR were not confirmed when feature importance was examined in the total
study population. The literature is also conflicted concerning the role of ER in predicting
nodal involvement. For example, in a study by Alsumai et al., positive ER status was a
significant predictor of nodal metastasis, whereas in another study ER and PR held no
significant effect on axillary lymph node metastasis [40,41].

Furthermore, Shapley values for patient age showed that nodal involvement grows
after 75 years of age. Similar results were reported by Wildiers et al., where nodal involve-
ment grew after the age of 70 [42].

While tumor size was also the most important feature in the total study population, it
was shown that the second most important feature was Ki-67, followed by tumor grade.
Interestingly, when Shapley values for patient age were calculated on the total study
population, a non-linear trend was observed, where both patients younger than 40 and
patients older than 75 were associated with nodal involvement. This higher occurrence
of lymph node metastasis in patients younger than 40 was also reported in previous
studies [43,44]. Concerning Ki-67, higher values are generally associated with higher
probabilities for metastasis. Interestingly, for Ki-67 values > 75%, Shapley values are mostly
negative. However, when accounting for immunophenotype, this trend reversal is only
visible for triple-negative carcinomas. Previous studies also showed that Ki-67 > 20% was
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positively correlated with lymph node metastasis, albeit they used pre-defined categories
of <20% and >20% and did not account for differences in immunophenotype [45,46].
Hence, they potentially missed a more complex relationship that was explained through
Shapley values.

Likewise, higher tumor grade is commonly associated with nodal metastasis [43].
Concerning HER-2, our model associates HER-2 positivity with nodal involvement. HER-2
was also a significant predictive factor for axillary nodal involvement (with a regression
coefficient of 0.30) in another study where researchers developed a Lasso regression model
to predict non-sentinel breast cancer lymph node metastasis [47]. Taken together, we can
conclude that our model’s decision-making process can be clinically explained because it
has learned relationships whose importance was also confirmed by other studies.

Aside from the above observations, it is also worth noting that Shapley analysis
has independently identified the commonly used cutoff points for ER, PR, Ki-67, and
HER2 positivity.

Currently, we are witnessing a great interest in studies based on radiomics, combining
radiological findings and deep learning methods to predict breast cancer lymph node
status [48–51]. An interesting study by Zheng et al. joined deep learning radiomics of
conventional ultrasound and shear wave elastography of breast cancer with clinicopatho-
logical data and obtained excellent results with an AUC of 0.902 (95% CI: 0.843–0.961) [52].
They also applied a model that was trained just with features from clinicopathological
data, which produced a weaker AUC in comparison to ours (0.72 [95% CI: 0.63–0.82] vs.
0.79 [95% CI 0.72–0.87], respectively) [52]. This relatively poorer artificial neural networks
(ANN) performance could potentially be explained by a relative underperformance of
neural networks on tabular data [31]. It was shown that tree-based models (random forest
and XGBoost) outperform deep learning methods on datasets with up to 10 000 training
examples [31].

Similarly, another study that evaluated ANN trained on clinicopathological features
for predicting breast cancer lymph node involvement achieved an AUC of 0.74 (95%
CI: 0.72–0.76) [53]. However, one of their most predictive features was a lymphovascular
invasion, a feature that is not always obtainable on core-needle biopsy and is not used by
our model [54].

Random forest was also the best-performing algorithm in the study by Tseng et al.,
with performances similar to ours (mean AUC of 0.75) [17]. Another tree-based model
(XGBoost), was shown to be the best-performing model in a study by Li et al., where the
authors utilized tumor gene signatures to predict metastatic status in breast cancer [19].
Their optimized model achieved an AUC of 0.82 (SD ± 0.15) [19]. Likewise, in a study by
Meng et al., a Lasso regression-based model achieved an AUC of 0.77 (95% CI 0.69–0.86)
for the prediction of non-sentinel lymph node metastasis status [47]. Moreover, an older
study that combined clinicopathological findings with diagnostic mammography and
ultrasonography findings achieved an AUC of 0.77 (95% CI: 0.689–0.856) in breast cancer
lymph node prediction with an alternating decision tree (ADTree) [55]. Therefore, our
results are comparable with the results of other studies that predicted breast cancer lymph
nodes and general metastasis [17,19,47,52,55] (Table 5).

Table 5. Comparison with other studies that used clinicopathological features for breast cancer lymph
node classification.

Study (Algorithm Type) Total
Patients Mean AUC (95% CI)

This study (XGBoost) 8381 0.76 (0.73–0.80)
Takada et al. [55] (ADTree) 467 0.77 (0.69–0.86)

Zheng et al. [52] (without radiomics, neural network) 1342 0.72 (0.63–0.82)
Dihge et al. [53] (neural network) 800 0.74 (0.72–0.76)

Meng et al. [47] (non-sentinel lymph node prediction,
Lasso regression) 714 0.77 (0.69–0.86)
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We believe that similar models could be locally optimized and validated to aid clin-
icians in their multidisciplinary workflow. Especially when dealing with patients who
would receive NST, since lymph node status is an essential factor that affects optimal
treatment selection and prognosis. Moreover, other beneficial tumor/patient data that can
be obtained, such as gene expression and serum biomarkers, could lead to better model
performances. Accordingly, future research can assess whether the addition of genetic and
biomarker data increases the accuracy of machine-learning models.

Our study contains several limitations. Firstly, it was performed only on the Croatian
population of early breast cancer patients. Thus, similar models should be validated on
other population groups to provide better generalizability. Another limitation of this study
is its retrospective nature, even though the data originated from a prospectively maintained
database. Perhaps the most important limitation of the study was the relatively large
number of patients who were excluded from the analysis due to incomplete data. Of
course, we have no evidence that these data are missing completely at random (MCAR).
Furthermore, a possible minor limitation of the generalizability of the results of this analysis
could have been caused by the fact that part of the data was collected during the lockdown
to control the COVID-19 pandemic.

Finally, this study offers novelty by presenting an explainable machine-learning frame-
work with a clinically relevant decision-making process. A further strength of the present
study is that it provides a unique perspective in which a multicenter dataset was obtained,
and from subjects that were initially treated surgically, an additional subset was extracted
by applying the NCCN criteria for NST [7]. In this way, the model was curated for NST-
eligible patients, who could extract the greatest benefit from such a non-invasive method
for determining axillary lymph node metastasis status.

5. Conclusions

We have shown that explainable tree-based machine learning methods trained on
patient and tumor features obtained during regular pre-operative/pre-NST procedures
achieve a good performance in predicting breast cancer axillary lymph node metastasis.
Such models can lead to more accurate diagnosis and better treatment selection, especially
for NST patients, where radiological and clinical findings are often the only way of lymph
node assessment. Potential upstage of diagnosis based on machine learning models for
some patients would result in NST and, consecutively, potentially more adjuvant therapy
with non-cross resistant treatments and better patient outcomes. The addition of genetic
and biomarker data and subsequent validation in multinational/multicenter studies is
expected from future studies.
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Simple Summary: Poly(adenosine diphosphate-ribose) polymerase inhibitors have recently been
shown to be effective for patients with human epidermal growth factor receptor 2—negative (HER2−)
advanced breast cancer (ABC) who have a germline mutation in their breast cancer susceptibility
gene 1 or 2 (BRCA1/2mut). This study evaluated differences in patient demographics, clinical
characteristics, and BRCA1/2mut testing within the United States (US), European Union 4 (EU4;
France, Germany, Italy, and Spain), and Israel in a real-world patient population with HER2− ABC.
In the US, EU4, and Israel, 73%, 42%, and 99% of patients were tested for BRCA1/2mut, respectively.
In the US and the EU4, patients who were not tested versus tested for BRCA1/2mut were more likely
to have hormone receptor–positive (HR+)/HER2− ABC than triple-negative breast cancer, less likely
to have a known family history of BRCA1/2-related cancer and were older. Efforts should be made to
improve BRCA1/2 testing rates in the US and Europe.

Abstract: Poly(adenosine diphosphate-ribose) polymerase inhibitors are approved to treat patients
harboring a germline breast cancer susceptibility gene 1 or 2 mutation (BRCA1/2mut) with human
epidermal growth factor receptor 2—negative (HER2−) advanced breast cancer (ABC). This study
evaluated differences in patient demographics, clinical characteristics, and BRCA1/2mut testing
within the United States (US), European Union 4 (EU4; France, Germany, Italy, and Spain), and
Israel in a real-world population of patients with HER2− ABC. Oncologists provided chart data
from eligible patients from October 2019 through March 2020. In the US, EU4, and Israel, 73%, 42%,
and 99% of patients were tested for BRCA1/2mut, respectively. In the US and the EU4, patients who
were not tested versus tested for BRCA1/2mut were more likely to have hormone receptor—positive
(HR+)/HER2− ABC (US, 94% vs. 74%, p < 0.001; EU4, 96% vs. 78%, p < 0.001), less likely to have
a known family history of BRCA1/2-related cancer (US, 6% vs. 19%, p = 0.002; EU4, 10% vs. 28%,
p < 0.001), and were older (US, 68.9 vs. 62.5 years, p < 0.001; EU4, 66.7 vs. 58.0 years, p < 0.001).
Among tested patients, genetic counseling was received by 45%, 53%, and 98% with triple-negative
breast cancer, and 36%, 36%, and 98% with HR+/HER2− ABC in the US, EU4, and Israel, respectively.
Efforts should be made to improve BRCA1/2 testing rates in the US and Europe.

Keywords: advanced breast cancer; breast cancer susceptibility genes 1 and 2; genetic testing; human
epidermal growth factor receptor 2—negative; poly(adenosine diphosphate-ribose) polymerase
inhibitors; real-world
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1. Introduction

An estimated 5% to 10% of breast cancers are caused by a genetic predisposition
resulting from a mutation in a gene that increases the risk of breast cancer [1]. The genes
most commonly affected in hereditary breast cancer and ovarian cancer are breast cancer
susceptibility genes 1 and 2 (BRCA1/2) [2]. Approximately 3% to 6% of all breast cancer
cases are caused by a BRCA1/2 mutation (BRCA1/2mut) [3–5], and women with a genetic
BRCA1/2mut have a cumulative 45% to 66% risk of developing breast cancer by 70 years
of age [2]. Accordingly, genetic testing for breast cancer susceptibility has become an
important part of disease management [1].

Tumors with a BRCA1/2mut are highly sensitive to inhibition of poly(ADP-ribose)polymerase
(PARP) [6]. In 2018, the PARP inhibitors (PARPi) olaparib and talazoparib were approved
by the US Food and Drug Administration (FDA) for treatment of patients with human
epidermal growth factor receptor 2—negative (HER2−) advanced breast cancer (ABC) har-
boring a germline BRCA1/2mut (gBRCA1/2mut) and are now available in many countries
for the treatment of gBRCA1/2mut HER2− ABC [7–9]. The approvals were based primarily
on findings from the OlympiAD and EMBRACA randomized, open-label trials, which
demonstrated a significantly improved progression-free survival, manageable adverse
event profile, and improved patient-reported outcomes in patients with gBRCA1/2mut
HER2− ABC who received olaparib or talazoparib compared with patients who received
physician’s choice of chemotherapy (OlympiAD: olaparib versus capecitabine, vinorelbine,
or eribulin; EMBRACA: talazoparib versus capecitabine, vinorelbine, eribulin, or gemc-
itabine) [10–14]. These findings underscore that, in addition to hormone receptor (HR)
status, HER2 status, and programmed death ligand 1 (PD-L1) status in triple-negative
breast cancer (TNBC), information about BRCA1/2mut status is also an essential factor in
determining choice of therapy.

With the approval of PARPi for germline (though not somatic) mutations, and the po-
tential for effective therapeutic intervention in patients with a BRCA1/2mut, national and
international guidelines have broadened eligibility criteria for gBRCA1/2mut testing [15,16].
The present analyses evaluated differences in patient demographics and clinical character-
istics in a real-world population of patients with HER2− ABC to identify potential factors
contributing to physicians’ decisions to test for a BRCA1/2mut within the United States,
European Union 4 (EU4; France, Germany, Italy, and Spain), and Israel. We also evaluated
whether, and when, patients had undergone genetic counseling for BRCA1/2mut testing.

2. Methods
2.1. Data Source and Study Design

Data were obtained from the Adelphi Real World Disease Specific Programme (DSPTM)
for ABC, and the study was conducted from October 2019 through March 2020 in the
United States, the EU4, and Israel. DSPs are large, multinational, point-in-time surveys of
physicians and their patients presenting in a real-world clinical setting that assess disease
management, disease-burden impact, and associated treatment effects [17].

Participating physicians were medical oncologists evaluating ≥5 patients with ABC
per month, were actively involved in treating patients, and were recruited by local study
teams. Physicians provided patient record forms (PRFs) for the next 8 eligible consulting
patients: 4 patients receiving first-line advanced treatment and 4 receiving second- or
later-line advanced treatment. Eligible patients were ≥18 years of age with stage IIIb to
IV HER2− breast cancer and receiving therapy for ABC at the time of data collection;
patients participating in a clinical trial were not eligible. Physicians reported on biomarker
testing, including but not limited to homologous recombination repair genes, HER2, PD-L1,
progesterone and estrogen receptor, PIK3CA, and BRCA1/2, and were asked the proportion
of patients tested and the proportion of positive tests. Physicians were asked to report
if testing was performed on blood, saliva, or buccal samples, and this information was
used to confirm that BRCA1/2mut testing was germline. For US-based patients, this was
also verified by inquiring the name of the laboratory where the testing was performed,
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whereas data for laboratory confirmation of test type were not available for the EU4 or
Israel (Figure 1).
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Figure 1. BRCA1/2 mutation status testing. ABC = advanced breast cancer; BRCA1/2 = breast cancer
susceptibility gene 1 or 2; HER2− = human epidermal growth factor receptor 2 negative. * Includes
not tested; not known to have a germline BRCA1/2 mutation (BRCA1/2mut) test result; not known to
have BRCA1/2mut germline and somatic wildtype test results.

The PRF included detailed questions on patient demographics, clinical assessments
and outcomes, adverse events experienced at the time of data collection, treatment history,
and physician-rated satisfaction with treatment. Physicians completed the PRFs using
patient medical records as well as clinical judgment and diagnostic skills consistent with
their decision-making process during routine clinical practice. Each patient with a PRF
was invited to complete an optional patient form by pen and paper independently of their
physician immediately after the consultation. The patient form included questions on their
education, employment status, input to treatment decisions, and current disease status, as
well as patient-reported outcome questionnaires that assessed their quality of life.

Patients provided informed consent for use of their anonymized and aggregated
data for research and in scientific publications. Data were aggregated and de-identified
before receipt by Adelphi Real World. The study was conducted in accordance with the
Declaration of Helsinki and was approved by the Western Institutional Review Board (study
protocol AG8643). Data collection was undertaken in line with European Pharmaceutical
Market Research Association guidelines [18] and as such did not require ethics committee
approval. Each survey was administered in full accordance with relevant legislation at the
time of data collection, including the US Health Insurance Portability and Accountability
Act of 1996 [19].

2.2. Outcomes and Measures

BRCA1/2 mutation testing rates and characteristics of patients undergoing testing
were stratified by the type of test performed: any BRCA1/2mut, gBRCA1/2mut with or
without a somatic BRCA1/2mut (g +/− sBRCA1/2mut), sBRCA1/2mut-only, unknown
BRCA1/2mut (i.e., the physician was not aware of testing results, or it could not be verified
if mutations were somatic or germline), and no BRCA1/2mut testing. Results were also
stratified by HR status (i.e., HR+/HER2− or TNBC), practice setting, age, and family
history of BRCA1/2-related cancer, and between-group comparisons were performed to
identify possible factors that may have contributed to the decision to test patients within
each region. Rates and timing of genetic counseling (i.e., before and/or after BRCA1/2mut
testing) within each BRCA1/2mut testing group were also determined. Genetic counseling
was performed by a geneticist or the treating physician.
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2.3. Statistical Analysis

Descriptive summary statistics, including the mean, standard deviation, median, and
range, were calculated for continuous variables. Frequency counts and percentages were
calculated for categorical variables. Differences in demographics and clinical characteristics
among BRCA1/2mut testing status groups were analyzed by Student’s t-tests or Fisher exact
tests. Values with p < 0.05 were considered statistically significant. A binomial exact test
was performed to compare patients who received versus did not receive genetic counseling.
Percentages and 95% CIs were reported; 95% CIs that did not cross 50%, or 0.50, indicated
a significant difference (p < 0.05). Missing data were not imputed; thus, the sample size
varied among variables assessed and is reported separately for each analysis. Analyses
were performed with IBM® SPSS® Data Collection Survey Reporter Version 6 or later
(International Business Machines Corp., Armonk, NY, USA) and STATA version 16.1 or
later (StataCorp, College Station, TX, USA).

3. Results
3.1. BRCA1/2 Mutation Testing in the United States

Physicians completed PRFs for 407 US patients. Patients had a mean age of 64.2 years,
6% (n = 26) were premenopausal, 15% (n = 63) had a known family history of BRCA1/2-
related cancer, 80% (n = 325) had HR + /HER2− disease, and 20% (n = 82) had TNBC.
US patient characteristics stratified by BRCA1/2mut testing status are shown in Table 1.
Overall, 73% (n = 298) of patients were tested for any type of BRCA1/2mut (germline,
somatic, or unknown); among these, 47% (n = 190) received a g +/− sBRCA1/2mut test,
18% (n = 75) received an sBRCA1/2mut-only test, and 8% (n = 33) received an unknown type
of BRCA1/2mut test. Those who were not tested for any BRCA1/2mut were significantly
older than those who were tested (68.9 vs. 62.5 years; p < 0.001) and significantly less likely
to be employed (18% vs. 33%; p = 0.003), premenopausal (2% vs. 8%; p = 0.022), have a
family history of BRCA1/2-related cancer (6% vs. 19%; p = 0.002), have TNBC (6% vs. 26%;
p < 0.001), or be tested in an academic setting (28% vs. 41%; p = 0.021) versus those who
were tested.

Evaluating associations between BRCA1/2mut testing rates and HR+/HER2− and
TNBC subtypes among US patients indicated that those with TNBC were tested for
a g +/− sBRCA1/2mut at significantly higher rates compared with patients with HR+/HER2−
disease (61% vs. 43%; p = 0.004; Table 2). sBRCA1/2mut-only testing rates were similar
between patients with TNBC and those with HR+/HER2− disease (20% vs. 18%; p = 0.75).

Among patients with HR+/HER2− disease, fewer patients received any BRCA1/2mut
testing in a community medical center compared with those in an academic medical center
(64% vs. 75%, p = 0.048; Table 3). Those receiving treatment in an academic medical
center were significantly more likely to receive g +/− sBRCA1/2mut testing but less likely
to receive sBRCA1/2mut-only testing compared with those receiving care in a commu-
nity medical center (g +/− sBRCA1/2mut, 54% vs. 37%, p = 0.004; sBRCA1/2mut-only,
12% vs. 22%, p = 0.039). Testing rates for each of the BRCA1/2mut testing groups among
patients with TNBC were not significantly different across academic and community
medical centers.

Among patients with HR+/HER2− ABC, overall BRCA1/2mut testing rates were
lower for those who had no known family history of BRCA1/2-related cancer compared
with those who did have a family history (67% vs. 84%, p = 0.030; Table 4). Among patients
with TNBC, testing rates across all testing groups were not significantly different in patients
with and without a known family history of BRCA1/2-related cancer.
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Table 3. BRCA1/2mut testing rates by practice setting among patients with HER2—ABC in the United
States and the EU4.

United States EU4

Academic Community p Value Academic Community p Value

HR+/HER2− (n = 121) (n = 204) (n = 951) (n = 752)

Any BRCA1/2mut testing 91 (75) 131 (64) 0.048 386 (41) 245 (33) 0.001
g +/− sBRCA1/2mut testing 65 (54) 75 (37) 0.004 236 (25) 165 (22) 0.168
sBRCA1/2mut-only testing 15 (12) 44 (22) 0.039 109 (11) 46 (6) <0.001
Unknown BRCA1/2mut testing 11 (9) 12 (6) 0.274 41 (4) 34 (5) 0.905

No BRCA1/2mut testing 30 (25) 73 (36) 565 (59) 507 (67)

TNBC (n = 32) (n = 50) (n = 123) (n = 100)

Any BRCA1/2mut testing 31 (97) 45 (90) 0.396 109 (89) 65 (65) <0.001
g +/− sBRCA1/2mut testing 24 (75) 26 (52) 0.063 77 (63) 50 (50) 0.077
sBRCA1/2mut-only testing 4 (13) 12 (24) 0.259 25 (20) 6 (6) 0.003
Unknown BRCA1/2mut testing 3 (9) 7 (14) 0.733 7 (6) 9 (9) 0.436

No BRCA1/2mut testing 1 (3) 5 (10) 14 (11) 35 (35)

All values are n (%). ABC = advanced breast cancer; BRCA1/2mut = breast cancer susceptibility gene
1 or 2 mutation; EU4 = European Union 4 (France, Germany, Italy, and Spain); g = germline; HER2− = human epi-
dermal growth factor receptor 2–negative; HR+ = hormone receptor–positive; s = somatic; TNBC = triple-negative
breast cancer.

Table 4. BRCA1/2mut testing rates by family history of BRCA1/2-related cancer * among patients
with HER2– ABC in the United States, the EU4, and Israel.

United States EU4 Israel

Family
History

No
History

p
Value

Family
History

No
History

p
Value

Family
History

No
History

p
Value

HR+/HER2− (n = 43) (n = 234) (n = 280) (n = 1356) (n = 101) (n = 39)

Any BRCA1/2mut testing 36 (84) 156 (67) 0.030 173 (62) 437 (32) <0.001 100 (99) 38 (97) 0.481
g +/− sBRCA1/2mut testing 22 (51) 99 (42) 0.317 120 (43) 274 (20) <0.001 98 (97) 37 (95) 0.618
sBRCA1/2mut-only testing 11 (26) 45 (19) 0.408 33 (12) 111 (8) 0.063 1 (1) 0 (0) 1.00
Unknown BRCA1/2mut testing 3 (7) 12 (5) 0.711 20 (7) 52 (4) 0.024 1 (1) 1 (3) 0.481

No BRCA1/2mut testing 7 (16) 78 (33) 107 (38) 919 (68) 1 (1) 1 (3)

TNBC (n = 20) (n = 57) (n = 57) (n = 157) (n = 30) (n = 20)

Any BRCA1/2mut testing 20 (100) 53 (93) 0.568 51 (89) 118 (75) 0.023 30 (100) 20 (100) 1.00
g +/− sBRCA1/2mut testing 14 (70) 35 (61) 0.594 38 (67) 86 (55) 0.158 30 (100) 20 (100) 1.00
sBRCA1/2mut-only testing 4 (20) 12 (21) 1.00 6 (11) 24 (15) 0.505 0 (0) 0 (0) 1.00
Unknown BRCA1/2mut testing 2 (10) 6 (11) 1.00 7 (12) 8 (5) 0.125 0 (0) 0 (0) 1.00

No BRCA1/2mut testing 0 (0) 4 (7) 6 (11) 39 (25) 0 (0) 0 (0)

All values are n (%). ABC = advanced breast cancer; BRCA1/2mut = breast cancer susceptibility gene
1 or 2 mutation; EU4 = European Union 4 (France, Germany, Italy, and Spain); g = germline; HER2− = human
epidermal growth factor receptor 2–negative; HR+ = hormone receptor –positive; s = somatic; TNBC = triple-
negative breast cancer. * Defined as a family history of breast, ovarian, peritoneal, prostate, pancreatic, gastric,
and/or fallopian tube cancer.

When stratified by age group, BRCA1/2mut testing rates among patients with
HR+/HER2− ABC declined with age, with 100%, 92%, 75%, and 60% of patients < 45,
45 to 54, 55 to 64, and ≥65 years of age, respectively, having any type of BRCA1/2mut
test (Figure 2A). Among patients with TNBC, testing rates only slightly declined with
age, with all patients < 55 years of age, 95% of patients 55 to 64 years of age, and 85% of
patients ≥ 65 years of age having received a BRCA1/2mut test.
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Figure 2. BRCA1/2mut testing rates by age group among patients with HER2− ABC in (A) the United
States, (B) the EU4, and (C) Israel. Percentages may not add to exactly 100 because of rounding.
ABC = advanced breast cancer; BRCA1/2mut = breast cancer susceptibility gene 1 or 2 mutation;
g = germline; EU4 = European Union 4 (France, Germany, Italy, and Spain); HER2− = human
epidermal growth factor receptor 2–negative; HR+ = hormone receptor–positive; s = somatic;
TNBC = triple-negative breast cancer.

Among US patients with HR+/HER2− ABC tested for any BRCA1/2mut, 36% received
genetic counseling (73 [91%] from a genetic counselor and 8 [10%] from the treating physi-
cian), 52% did not receive counseling (received vs. did not receive counseling: binomial test
proportion 0.41 [95% CI, 0.34−0.48]), and, for 12% of patients, it was unknown if they re-
ceived genetic counseling (Figure 3A). Approximately equal percentages of patients within
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this group received counseling before (13%), after (13%), or both before and after (9%)
genetic testing; for 1% of patients, the timing of counseling was unknown (Figure 3A). The
g +/− sBRCA1/2mut and sBRCA1/2mut-only testing subgroups had similar percentages
of patients who received genetic counseling, 34% and 47%, respectively, but varied by the
distribution of time points at which counseling was received. Among the patients with
TNBC tested for any BRCA1/2mut, 45% received genetic counseling (88% from a genetic
counselor and 12% from the treating physician), 37% did not receive counseling (received
vs. did not receive counseling: binomial test proportion 0.54 [95% CI, 0.42−0.68]), and,
for 18% of patients, it was unknown if they received genetic counseling (Figure 3A). As
with the patients with HR+/HER2− ABC tested for any BRCA1/2mut, similar percentages
of the patients with TNBC tested for any BRCA1/2mut received counseling before (16%),
after (16%), or both before and after (13%) genetic testing (Figure 3A).
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Figure 3. Receipt of genetic counseling by BRCA1/2mut testing type among patients with HER2−
ABC in (A) the United States, (B) the EU4, and (C) Israel. Percentages may not add to exactly
100 because of rounding. * Indicates a statistically significant difference between those who had
and did not have genetic counseling. ABC = advanced breast cancer; BRCA1/2mut = breast cancer
susceptibility gene 1 or 2 mutation; g = germline; EU4 = European Union 4 (France, Germany,
Italy, and Spain); HER2− = human epidermal growth factor receptor 2–negative; HR+ = hormone
receptor–positive; s = somatic; TNBC = triple-negative breast cancer.
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3.2. BRCA1/2 Mutation Testing in the European Union 4

Physicians completed PRFs for 1926 EU4 patients. Patients had a mean age of
63.1 years, 8% (n = 151) were premenopausal, 17% (n = 337) had a known family his-
tory of BRCA1/2-related cancer, 88% (n = 1703) had HR+/HER2− disease, and 12% (n = 223)
had TNBC. EU4 patient characteristics stratified by BRCA1/2mut testing status are shown
in Table 5. Overall, 42% (n = 805) of the patients were tested for any type of BRCA1/2mut;
among these, 27% (n = 528) received a g +/− sBRCA1/2mut test, 10% (n = 186) received
an sBRCA1/2mut-only test, and 5% (n = 91) received an unknown type of BRCA1/2mut
test. Those who were not tested for a BRCA1/2mut were significantly older than those
who were tested (66.7 vs. 58.0 years; p < 0.001) and significantly less likely to be employed
(11% vs. 26%; p < 0.001), be premenopausal (3% vs. 15%; p < 0.001), have a family history
of BRCA1/2-related cancer (10% vs. 28%; p < 0.001), have TNBC (4% vs. 22%; p < 0.001), or
be tested in an academic setting (52% vs. 61%; p < 0.001).

Table 5. Patient demographics and clinical characteristics by BRCA1/2mut testing status among
patients with HER2– ABC in the EU4.

p Value (vs. Not Tested)

Any
BRCA1/2mut

Testing
(n = 805)

g +/−
sBRCA1/2mut

Testing
(n = 528)

sBRCA1/2mut-
Only Testing

(n = 186)

Unknown
BRCA1/2mut

Testing
(n = 91)

No
BRCA1/2mut

Testing
(n = 1121)

All
Tested

g
+/− s

s
Only Unknown

Mean patient age, y 58.0 57.9 59.7 55.3 66.7 <0.001 <0.001 <0.001 <0.001
Race

White/Caucasian 752 (93) 489 (93) 180 (97) 83 (91) 1063 (95) 0.199 0.092 0.357 0.148
Employed 206 (26) 124 (23) 51 (27) 31 (34) 124 (11) <0.001 <0.001 <0.001 <0.001
Premenopausal 118 (15) 75 (14) 25 (14) 18 (20) 33 (3) <0.001 <0.001 <0.001 <0.001
Family history of
BRCA1/2-related cancer * 224 (28) 158 (30) 39 (21) 27 (30) 113 (10) <0.001 <0.001 <0.001 <0.001

HR status
HR+/HER2− 631 (78) 401 (76) 155 (83) 75 (82) 1072 (96)

<0.001 <0.001 <0.001 <0.001TNBC 174 (22) 127 (24) 31 (17) 16 (18) 49 (4)
Academic medical center 495 (61) 313 (59) 134 (72) 48 (53) 579 (52)

<0.001 0.004 <0.001 0.913Community-based center 310 (39) 215 (41) 52 (28) 43 (47) 542 (48)

Values are n (%) unless noted otherwise. ABC = advanced breast cancer; BRCA1/2mut = breast cancer susceptibility
gene 1 or 2 mutation; EU4 = European Union 4 (France, Germany, Italy, and Spain); g = germline; HER2− = human
epidermal growth factor receptor 2–negative; HR+ = hormone receptor–positive; s = somatic; TNBC = triple-
negative breast cancer. * Defined as a family history of breast, ovarian, peritoneal, prostate, pancreatic, gastric,
and/or fallopian tube cancer.

Patients in the EU4 with TNBC were tested for a g +/− sBRCA1/2mut at significantly
higher rates compared with patients with HR+/HER2− disease (57% vs. 24%; p < 0.001);
the same was true for sBRCA1/2mut-only testing (14% vs. 9%; p = 0.029; Table 2). For
patients with HR+/HER2− disease and those with TNBC, patients in academic medical
centers were more likely to receive any BRCA1/2mut testing compared with those treated
in community medical centers (HR+/HER2−, 41% vs. 33%; TNBC, 89% vs. 65%; both
p < 0.001; Table 3). Considering family history, patients in the EU4 with HR+/HER2− ABC
who had no known BRCA1/2-related family history were tested for any BRCA1/2mut at
significantly lower rates than those who did have a family history (32% vs. 62%; p < 0.001;
Table 4). For patients with TNBC, testing rates were only significantly lower for any
BRCA1/2mut testing among those with no family history (75% vs. 89%; p = 0.023).

BRCA1/2 mutation testing rates among patients in the EU4 with HR+/HER2− ABC
declined with age, with 89%, 53%, 41%, and 25% of patients < 45, 45 to 54, 55 to 64, and
≥65 years of age, respectively, receiving any type of BRCA1/2mut testing (Figure 2B). The
same trend was observed among patients with TNBC, although, as noted, testing rates
were generally lower among patients with HR+/HER2− disease compared with patients
with TNBC.

Among EU4 patients with HR+/HER2− disease tested for any BRCA1/2mut,
36% received genetic counseling (177 [77%] from a genetic counselor and 57 [25%] from the
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treating physician), 60% did not receive counseling (received vs. did not receive counseling:
binomial test proportion 0.38 [95% CI, 0.34–0.42]) and, for 4% of patients, it was unknown
if they received counseling. Among the patients with TNBC tested for any BRCA1/2mut,
53% received genetic counseling (73 [79%] from a genetic counselor and 23 [25%] from the
treating physician), 41% did not receive counseling (received vs. did not receive counseling:
binomial test proportion 0.56 [95% CI, 0.48–0.64]) and, for 6% of patients, it was unknown
if they received counseling. In patients with HR+/HER2− disease and those with TNBC,
counseling was most often received before genetic testing (Figure 3B). Within each popula-
tion, the percentage of patients who received genetic counseling was lowest among those
tested for an sBRCA1/2mut only.

3.3. BRCA1/2 Mutation Testing in Israel

Physicians completed PRFs for 194 Israeli patients. Patients had a mean age of
56.7 years, 27% (n = 52) were premenopausal, 68% (n = 131) had a known family his-
tory of BRCA1/2-related cancer, 73% (n = 141) had HR+/HER2− disease, and 27% (n = 53)
had TNBC. Overall, 99% (n = 192) of the patients were tested for any type of BRCA1/2mut;
among these, 96% (n = 186) received a g +/− sBRCA1/2mut test, 2% (n = 3) received an
sBRCA1/2mut-only test, and 2% (n = 3) received an unknown type of the BRCA1/2mut
test. No significant differences in patient characteristics were observed among those who
were tested for a BRCA1/2mut compared with those who were not. All patients received
treatment at an academic medical center.

As expected, based on the nearly ubiquitous nature of BRCA1/2mut testing among
Israeli patients, no significant differences were seen in testing rates by HR subtypes (Table 2)
or BRCA1/2-related family history (Table 4). When stratified by HR subtype and age group,
all patients received BRCA1/2mut testing, except for 2 with HR+/HER2− disease who
were ≥65 years of age (Figure 2C). Nearly all Israeli patients who received BRCA1/2mut
testing (98% for both HR+/HER2− and TNBC) also received genetic counseling, with
most patients (77% of patients with HR+/HER2− and 92% of those with TNBC) receiving
counseling after genetic testing (Figure 3C). All patients who received genetic counseling
received it from a genetic counselor.

4. Discussion

Based on the efficacy of PARPi demonstrated in clinical trials and their subsequent
approval for treatment of patients with gBRCA1/2mut HER2− ABC, guidelines on testing
for gBRCA1/2mut have expanded to include new therapeutic indications in addition to
clinical criteria such as patients diagnosed at an early age and patients with a strong
family history (e.g., a first-degree relative diagnosed with breast cancer at an early age
or with TNBC, two or more close relatives with breast cancer at any age, two or more
close blood relatives with breast, pancreatic or prostate cancer at any age or a known
BRCA1/2 mutation in the family) [10,11,20]. The National Comprehensive Cancer Network
Clinical Practice Guidelines in Oncology (NCCN Guidelines®) now recommend testing
for a gBRCA1/2mut in all patients with recurrent or metastatic breast cancer to identify
candidates for PARPi treatment [20]. The European Society for Medical Oncology (ESMO)
international consensus guidelines recommend that patients with ABC be tested for a
gBRCA1/2mut “as early as possible” [9].

This study used the Adelphi Real World DSP to evaluate BRCA1/2mut testing rates
and related characteristics among patients with HER2− ABC in the United States, the EU4,
and Israel during October 2019 to March 2020. We had previously assessed BRCA1/2mut
testing rates in the United States and the EU5 (France, Germany, Italy, Spain, and the United
Kingdom) in 2015 and 2017 to provide a historical baseline for BRCA1/2mut testing [21].
Average rates of testing for any BRCA1/2mut in 2015–2017 for patients with HR+/HER2−
ABC and those with TNBC were 43% and 72%, respectively, in the United States and 18%
and 33%, respectively, in the EU5. Testing rates were substantially higher in the current
study; testing rates for any BRCA1/2mut in patients with HR+/HER2− ABC and those with
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TNBC were 68% and 93%, respectively, in the United States and 37% and 78%, respectively,
in the EU4. The FDA approval in 2018 and the subsequent European Medicines Agency
authorization of PARPi for the treatment of patients with HER2− ABC likely contributed
to the increase in BRCA1/2mut testing rates from 2015 and 2017 to 2019 and 2020. Despite
the increased rates of BRCA1/2mut testing in the current study, gBRCA1/2mut testing
rates were still relatively low among some patient groups. Testing rates for patients with
HR+/HER2− ABC were lower in both the United States and the EU4 compared with
patients with TNBC, with only 37% of patients with HR+/HER2− ABC in the EU4 being
tested for any BRCA1/2mut. The relatively higher rates of testing in patients with TNBC
likely reflects the increased awareness of the prevalence of gBRCA1/2mut among these
patients [22]. However, a substantial percentage of patients with TNBC, particularly in
the EU4 (49 of 223 [22%]), were not tested for any BRCA1/2mut, underscoring the need for
testing to inform treatment decisions for patients with such limited options [22].

BRCA1/2 mutation testing rates in older patients were also relatively low in both the
United States and the EU4, particularly for those with HR+/HER2− ABC. For example,
among patients with HR+/HER2− ABC tested for any BRCA1/2mut in the United States,
60% of those who were ≥65 years of age and 100% of those <45 years of age were tested; in
the EU4, only 25% of patients ≥ 65 years of age were tested, while 89% of those <45 years
of age were tested. Testing rates in the United States and the EU4 were also generally
lower among those who were postmenopausal, had no known BRCA1/2-related family
history of cancer, and were treated in community medical centers (vs. academic medical
centers). These findings highlight the need for increased gBRCA1/2mut testing, with efforts
specifically concentrated among patients with these demographic or clinical characteristics,
to aid in identification of patients eligible for PARPi treatment.

There were also appreciable numbers of patients in the United States (18%) and
the EU4 (10%), but not Israel, who received sBRCA1/2mut-only testing. Although pa-
tients with metastatic breast cancer with an sBRCA1/2mut have been shown to respond to
PARPi [23,24], PARPi have not been approved to treat this patient group. The ESMO inter-
national consensus guidelines indicate that the therapeutic implications of sBRCA1/2mut
in patients with breast cancer need further evaluation and should not be used for decision-
making in clinical practice [9]. Because patients who were enrolled in clinical trials were
excluded from this study, the reason some patients received sBRCA1/2mut-only testing is
uncertain, but it is possible that they provided tissue samples for experimental studies.

BRCA1/2 mutation testing rates were notably higher in Israel compared with the
United States and the EU4. This is likely related to the high percentages of Israeli patients
with Ashkenazi Jewish ethnicity, which is associated with an approximately 10-fold in-
crease in the prevalence of BRCA1/2mut relative to the general population (approximately
2.0% vs. 0.2%) [25]. Possibly related to this risk factor, the percentage of patients with
BRCA1/2-related family history was much higher in Israel (68%) compared with the United
States or EU4 (15% and 17%, respectively), and the mean age among Israeli patients was
lower compared with patients in the United States or EU4 (56.7 vs. 64.2 and 63.1 years,
respectively). In addition, the proportion of patients who were premenopausal was much
higher in Israel (27%) compared with the United States (6%) and EU4 (8%). An awareness
that breast cancer incidence is higher in younger patients (i.e., premenopausal patients)
who carry a BRCA1/2mut may have also contributed to the high rate of BRCA1/2mut testing
in Israel. Although we did not identify patients of Ashkenazi Jewish ethnicity in the United
States or EU4, rates of BRCA1/2mut testing among Ashkenazi Jews in the United States
and the EU4 may be higher than the general population.

The study also identified considerable gaps in genetic counseling among patients
tested for a BRCA1/2mut in the United States and the EU4, particularly in patients with
HR+/HER2− ABC, where less than half of those who were tested received genetic counsel-
ing. Genetic counseling is important because it informs patients and their family members
not only about genetic predisposition but also different therapeutic strategies for treatment
of their cancer. The ESMO international consensus guidelines recommend that genetic
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counseling be provided to patients with ABC and their families if a pathogenic germline
mutation is identified [9]. A rapidly increasing demand for genetic counseling resulting
from the recent expansion of indications of PARPi among patients with ABC, as well as
patients with ovarian and prostate cancer, with a deleterious BRCA1/2mut may be con-
tributing to the relatively low rate of patients receiving genetic counseling observed in this
study. Our findings indicate that improved awareness of and access to genetic counseling is
needed in the United States and the EU4. In Israel, as with gBRCA1/2mut testing, essentially
all patients received genetic counseling; most (up to 92%) received posttest counseling
only. In Israel, as well as in Germany, genetic counseling is a legal requirement as a part of
genetic testing [26]. Furthermore, Israel has one of the highest levels of genetic counselors
per capita, second only to Cuba and the United States [27]. These factors, along with the
high level of awareness and genetic testing, likely contribute to the high rate of genetic
counseling in Israel.

The strengths of this study include the use of real-world data, which are important for
informing patient care [28], across a large patient population spanning multiple countries.
The generalizability of study results may be limited in that the DSP only includes data from
physicians willing to take part; furthermore, patients may not be fully representative of the
broader patient population because data were more likely to be collected from patients who
frequently consulted their physicians. Data quality is also subject to accurate reporting by
physicians and patients and may be subject to recall bias. Additionally, patient diagnosis
was determined by physician judgment and diagnostic skills rather than a formalized
checklist; however, this process is reflective of disease diagnosis in the real world. The
high testing rate in Israel may also be due to tests occurring before the illness or during the
initial breast cancer diagnosis. In addition, physician-reported mutation testing in blood
was used as a proxy for gBRCA1/2mut testing. Because blood is used as source material for
the testing of circulating tumor DNA, it cannot be verified that all testing conducted on
blood samples was germline testing only.

5. Conclusions

Substantial percentages of patients with HER2− ABC in the United States and the
EU4 do not undergo BRCA1/2mut testing, which is important for identifying patients
who may benefit from PARPi treatment. Efforts should be made to increase testing rates,
especially among older or postmenopausal patients and patients with HR+/HER2− ABC
(vs. those with TNBC), without a known BRCA1/2-related family history, or who are treated
in community medical centers.

Author Contributions: Conceptualization: R.M., A.N., B.A., A.R., K.L. and M.P.L.; Methodology:
R.M., A.N., B.A., A.R., K.L. and M.P.L.; Formal Analysis: R.M., A.N., B.A., K.L., L.M. and M.P.L.;
Investigation: R.M., A.N., B.A., K.L., L.M. and M.P.L.; Writing—Review and Editing: R.M., A.N., B.A.,
A.R., K.L., L.M. and M.P.L.; Visualization: A.N., B.A., A.R. and K.L.; Supervision: A.N., B.A., A.R.
and K.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was sponsored by Pfizer Inc. Pfizer was involved in study design; interpretation
of data; writing the report; and the decision to submit the report for publication.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and was approved by the Western Institutional Review Board (study protocol AG8643).

Informed Consent Statement: Patients provided informed consent for use of their anonymized and
aggregated data for research and in scientific publications.

Data Availability Statement: Data collection was undertaken by Adelphi Real World as part of
an Adelphi DSP independent survey sponsored by multiple pharmaceutical companies, of which
one was Pfizer Inc. Publication of study results was not contingent on the sponsor’s approval or
censorship of the manuscript. All data that support the findings of this study are the intellectual
property of Adelphi Real World. All requests for access should be addressed directly to Katie Lewis
at katie.lewis@adelphigroup.com.

211



Cancers 2022, 14, 5399

Acknowledgments: Medical writing support was provided by John Teiber of ICON (Blue Bell, PA)
and funded by Pfizer.

Conflicts of Interest: R.M.: contracted research funding from Genentech; consultant for Pfizer,
Eli Lilly, Merck, Novartis, Daiichi-Sankyo, Sanofi, Seattle Genetics, Gilead, Genentech, Hologic,
Eisai, AstraZeneca, Puma, Agendia, and Amgen. A.N., B.A.: employees of and own stock in
Pfizer Inc. K.L., A.R., L.M.: employees of Adelphi Real World. M.P.L.: honoraria for lectures,
consulting or advisory role for Eli Lilly, AstraZeneca, M.S.D., Novartis, Pfizer, Eisai, Exact Sciences,
Daiichi-Sankyo, Grünenthal, Gilead, Pierre Fabre, PharmaMar, Onkowissen, and Roche; fees for
travel, accommodations, expenses from Roche and Pfizer; editorial board member of Medac; fees
for non-CME services from Eli Lilly, Roche, M.S.D., Novartis, Pfizer, Exact Sciences, Daiichi-Sankyo,
Gilead, Grünenthal, AstraZeneca, and Eisai.

References
1. Gadzicki, D.; Evans, D.G.; Harris, H.; Julian-Reynier, C.; Nippert, I.; Schmidtke, J.; Tibben, A.; van Asperen, C.J.; Schlegelberger, B.

Genetic testing for familial/hereditary breast cancer—Comparison of guidelines and recommendations from the UK, France, the
Netherlands and Germany. J. Community Genet. 2011, 2, 53–69. [CrossRef] [PubMed]

2. Pujol, P.; Barberis, M.; Beer, P.; Friedman, E.; Piulats, J.M.; Capoluongo, E.D.; Garcia Foncillas, J.; Ray-Coquard, I.;
Penault-Llorca, F.; Foulkes, W.D.; et al. Clinical practice guidelines for BRCA1 and BRCA2 genetic testing. Eur. J. Cancer
2021, 146, 30–47. [CrossRef] [PubMed]

3. Fasching, P.A.; Yadav, S.; Hu, C.; Wunderle, M.; Haberle, L.; Hart, S.N.; Rubner, M.; Polley, E.C.; Lee, K.Y.; Gnanaolivu, R.D.; et al.
Mutations in BRCA1/2 and other panel genes in patients with metastatic breast cancer—Association with patient and disease
characteristics and effect on prognosis. J. Clin. Oncol. 2021, 39, 1619–1630. [CrossRef]

4. Tung, N.; Lin, N.U.; Kidd, J.; Allen, B.A.; Singh, N.; Wenstrup, R.J.; Hartman, A.R.; Winer, E.P.; Garber, J.E. Frequency of germline
mutations in 25 cancer susceptibility genes in a sequential series of patients with breast cancer. J. Clin. Oncol. 2016, 34, 1460–1468.
[CrossRef]

5. Meynard, G.; Villanueva, C.; Thiery-Vuillemin, A.; Mansi, L.; Montcuquet, P.; Meneveau, N.; Chaigneau, L.; Bazan, F.; Almotlak, H.;
Dobi, E.; et al. Real-life study of BRCA genetic screening in metastatic breast cancer. Ann. Oncol. 2017, 28, V94. [CrossRef]

6. Neviere, Z.; De La Motte Rouge, T.; Floquet, A.; Johnson, A.; Berthet, P.; Joly, F. How and when to refer patients for oncogenetic
counseling in the era of PARP inhibitors. Ther. Adv. Med. Oncol. 2020, 12, 1758835919897530. [CrossRef]

7. US Food and Drug Administration. FDA Approves Olaparib for Germline BRCA-Mutated Metastatic Breast Cancer. Available
online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-olaparib-germline-brca-mutated-
metastatic-breast-cancer (accessed on 31 January 2022).

8. US Food and Drug Administration. FDA Approves Talazoparib for gBRCAm HER2-Negative Locally Advanced or Metastatic
Breast Cancer. Available online: https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-talazoparib-
gbrcam-her2-negative-locally-advanced-or-metastatic-breast-cancer (accessed on 31 January 2022).

9. Cardoso, F.; Paluch-Shimon, S.; Senkus, E.; Curigliano, G.; Aapro, M.S.; Andre, F.; Barrios, C.H.; Bergh, J.; Bhattacharyya, G.S.;
Biganzoli, L.; et al. 5th ESO-ESMO international consensus guidelines for advanced breast cancer (ABC 5). Ann. Oncol. 2020, 31,
1623–1649. [CrossRef]

10. Robson, M.; Im, S.A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.; Armstrong, A.; et al. Olaparib
for metastatic breast cancer in patients with a germline BRCA mutation. N. Engl. J. Med. 2017, 377, 523–533. [CrossRef]

11. Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Gonçalves, A.; Lee, K.-H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.;
Martin, M.; et al. Talazoparib in patients with advanced breast cancer and a germline BRCA mutation. N. Engl. J. Med.
2018, 379, 753–763. [CrossRef]

12. Robson, M.; Ruddy, K.J.; Im, S.A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Li, W.; Tung, N.; Armstrong, A.; et al.
Patient-reported outcomes in patients with a germline BRCA mutation and HER2-negative metastatic breast cancer receiving
olaparib versus chemotherapy in the OlympiAD trial. Eur. J. Cancer 2019, 120, 20–30. [CrossRef]

13. Hurvitz, S.A.; Goncalves, A.; Rugo, H.S.; Lee, K.H.; Fehrenbacher, L.; Mina, L.A.; Diab, S.; Blum, J.L.; Chakrabarti, J.;
Elmeliegy, M.; et al. Talazoparib in patients with a germline BRCA-mutated advanced breast cancer: Detailed safety anal-
yses from the phase III EMBRACA trial. Oncologist 2020, 25, e439–e450. [CrossRef] [PubMed]

14. Im, S.A.; Xu, B.; Li, W.; Robson, M.; Ouyang, Q.; Yeh, D.C.; Iwata, H.; Park, Y.H.; Sohn, J.H.; Tseng, L.M.; et al. Olaparib
monotherapy for Asian patients with a germline BRCA mutation and HER2-negative metastatic breast cancer: OlympiAD
randomized trial subgroup analysis. Sci. Rep. 2020, 10, 8753. [CrossRef] [PubMed]

15. Daly, M.B.; Pal, T.; Berry, M.P.; Buys, S.S.; Dickson, P.; Domchek, S.M.; Elkhanany, A.; Friedman, S.; Goggins, M.; Hutton, M.L.; et al.
Genetic/familial high-risk assessment: Breast, ovarian, and pancreatic, version 2.2021, NCCN Clinical Practice Guidelines in
Oncology. J. Natl. Compr. Cancer Netw. 2021, 19, 77–102. [CrossRef]

16. Gonzalez-Santiago, S.; Ramon, Y.C.T.; Aguirre, E.; Ales-Martinez, J.E.; Andres, R.; Balmana, J.; Grana, B.; Herrero, A.; Llort, G.;
Gonzalez-Del-Alba, A.; et al. SEOM clinical guidelines in hereditary breast and ovarian cancer (2019). Clin. Transl. Oncol. 2020,
22, 193–200. [CrossRef] [PubMed]

212



Cancers 2022, 14, 5399

17. Anderson, P.; Benford, M.; Harris, N.; Karavali, M.; Piercy, J. Real-world physician and patient behaviour across countries:
Disease-Specific Programmes—A means to understand. Curr. Med. Res. Opin. 2008, 24, 3063–3072. [CrossRef] [PubMed]

18. European Pharmaceutical Market Research Association. EphMRA Code of Conduct. 2020. Available online: https://www.
ephmra.org/sites/default/files/2022-08/EPHMRA%202022%20Code%20of%20Conduct.pdf (accessed on 1 September 2021).

19. US Department of Health & Human Services. Summary of the HIPAA Privacy Rule. Available online: https://www.hhs.gov/
hipaa/for-professionals/privacy/laws-regulations/index.html (accessed on 26 May 2021).

20. Referenced with Permission from the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) for Breast Cancer
V.4.2022. © National Comprehensive Cancer Network, Inc. 2022. All Rights Reserved. Accessed July 5, 2022. To View the Most
Recent and Complete Version of the Guideline, NCCN Makes No Warranties of Any Kind Whatsoever Regarding Their Content,
Use or Application and Disclaims any Responsibility for Their Application or Use in any Way. Available online: NCCN.org
(accessed on 1 September 2021).

21. Lux, M.P.; Lewis, K.; Rider, A.; Niyazov, A. Real-world multi-country study of BRCA1/2 mutation testing among adult women
with HER2-negative advanced breast cancer. Future Oncol. 2022, 18, 1089–1101. [CrossRef]

22. Bayraktar, S.; Gutierrez-Barrera, A.M.; Liu, D.; Tasbas, T.; Akar, U.; Litton, J.K.; Lin, E.; Albarracin, C.T.; Meric-Bernstam, F.;
Gonzalez-Angulo, A.M.; et al. Outcome of triple-negative breast cancer in patients with or without deleterious BRCA mutations.
Breast Cancer Res. Treat. 2011, 130, 145–153. [CrossRef]

23. Walsh, E.M.; Mangini, N.; Fetting, J.; Armstrong, D.; Chan, I.S.; Connolly, R.M.; Fiallos, K.; Lehman, J.; Nunes, R.; Petry, D.; et al.
Olaparib use in patients with metastatic breast cancer harboring somatic BRCA1/2 mutations or mutations in non-BRCA1/2, DNA
damage repair genes. Clin. Breast Cancer 2022, 22, 319–325. [CrossRef]

24. Russo, A.; Incorvaia, L.; Capoluongo, E.; Tagliaferri, P.; Gori, S.; Cortesi, L.; Genuardi, M.; Turchetti, D.; De Giorgi, U.;
Di Maio, M.; et al. Implementation of preventive and predictive BRCA testing in patients with breast, ovarian, pancreatic, and
prostate cancer: A position paper of Italian Scientific Societies. ESMO Open 2022, 7, 100459. [CrossRef]

25. US National Institutes of Health. BRCA Gene Mutations: Cancer Risk and Genetic Testing. Available online: https://www.cancer.
gov/about-cancer/causes-prevention/genetics/brca-fact-sheet#r18 (accessed on 27 April 2022).

26. The Health Policy Partnership. Genetic Testing for BRCA Mutations: A Policy Paper. Available online: https://www.
healthpolicypartnership.com/app/uploads/Genetic-testing-for-BRCA-mutations-a-policy-paper.pdf (accessed on 23 May 2022).

27. Abacan, M.; Alsubaie, L.; Barlow-Stewart, K.; Caanen, B.; Cordier, C.; Courtney, E.; Davoine, E.; Edwards, J.; Elackatt, N.J.;
Gardiner, K.; et al. The global state of the genetic counseling profession. Eur. J. Hum. Genet. 2019, 27, 183–197. [CrossRef]

28. Sherman, R.E.; Anderson, S.A.; Dal Pan, G.J.; Gray, G.W.; Gross, T.; Hunter, N.L.; LaVange, L.; Marinac-Dabic, D.; Marks, P.W.;
Robb, M.A.; et al. Real-world evidence—What is it and what can it tell us? N. Engl. J. Med. 2016, 375, 2293–2297. [CrossRef]
[PubMed]

213



Citation: Dannehl, D.; Engler, T.;

Volmer, L.L.; Staebler, A.; Fischer,

A.K.; Weiss, M.; Hahn, M.; Walter,

C.B.; Grischke, E.-M.; Fend, F.; et al.

Recurrence Score® Result Impacts

Treatment Decisions in Hormone

Receptor-Positive, HER2-Negative

Patients with Early Breast Cancer in a

Real-World Setting—Results of the

IRMA Trial. Cancers 2022, 14, 5365.

https://doi.org/10.3390/

cancers14215365

Academic Editors: Naiba Nabieva

and Javier Cortes

Received: 22 September 2022

Accepted: 22 October 2022

Published: 31 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

Recurrence Score® Result Impacts Treatment Decisions in Hormone
Receptor-Positive, HER2-Negative Patients with Early Breast
Cancer in a Real-World Setting—Results of the IRMA Trial
Dominik Dannehl 1,* , Tobias Engler 1 , Lea L. Volmer 1, Annette Staebler 2, Anna K. Fischer 2 , Martin Weiss 1 ,
Markus Hahn 1, Christina B. Walter 1, Eva-Maria Grischke 1, Falko Fend 2 , Florin-Andrei Taran 3, Sara Y. Brucker 1

and Andreas D. Hartkopf 1,4

1 Department for Womens’ Health, Tuebingen University, 72076 Tübingen, Germany
2 Department for Pathology and Neuropathology, Tuebingen University, 72076 Tübingen, Germany
3 Department for Gynecology and Obstetrics, Freiburg University, 79085 Freiburg im Breisgau, Germany
4 Department for Gynecology and Obstetrics, Ulm University, 89081 Ulm, Germany
* Correspondence: dominik.dannehl@med.uni-tuebingen.de

Simple Summary: Hormone receptor-positive (HR+), HER2-negative (HER2−) is the most common
breast cancer subtype (approximately 75% of all breast cancer cases). Adjuvant chemotherapy can be
administered to patients that undergo operative tumor removal with only few metastatic axillary
lymph nodes (0–3). However, using classical risk biomarkers to guide adjuvant chemotherapy
recommendation leads to overtreatment of patients including unnecessary possible chemotherapy-
related toxicities. This prospective study assessed whether the multigene-expression assay Oncotype
DX® that has been validated in two large clinical phase III trials, effectively reduces adjuvant
chemotherapy recommendation in a real-world setting. This study could demonstrate that absolute
adjuvant chemotherapy recommendation can be reduced by nearly 15% using Oncotype DX®.
Furthermore, this study could show that the Oncotype DX® recurrence score correlates to classic
biomarkers that are commonly used to classify the aggressiveness of breast cancer.

Abstract: Background: Patients with hormone receptor-positive (HR+), HER2-negative (HER2−)
early breast cancer (eBC) with a high risk of relapse often undergo adjuvant chemotherapy. However,
only a few patients will gain benefit from chemotherapy. Since classical tumor characteristics (grade,
tumor size, lymph node involvement, and Ki67) are of limited value to predict chemotherapy efficacy,
multigene expression assays such as the Oncotype DX® test were developed to reduce over- and
undertreatment. The IRMA trial analyzed the impact of Recurrence Score® (RS) assessment on
adjuvant treatment recommendations. Materials and methods: The RS result was assessed in patients
with HR+/HER2− unilateral eBC with 0–3 pathologic lymph nodes who underwent primary surgical
treatment at the Department for Women’s Health of Tuebingen University, Germany. Therapy
recommendations without knowledge of the RS result were compared to therapy recommendations
with awareness of the RS result. Results: In total, 245 patients underwent RS assessment. Without
knowledge of the RS result, 92/245 patients (37.6%) would have been advised to receive chemotherapy.
After RS assessment, 56/245 patients (22.9%) were advised to undergo chemotherapy. Chemotherapy
was waived in 47/92 patients (51.1%) that were initially recommended to receive it. Chemotherapy
was added in 11/153 patients (7.2%) that were recommended to not receive it initially. Summary:
Using the RS result to guide adjuvant treatment decisions in HR+/HER2− breast cancer led to a
substantial reduction of chemotherapy. In view of the results achieved in prospective studies, the RS
result is among other risk-factors suitable for the individualization of adjuvant systemic therapy.

Keywords: oncotype DX; recurrence score; breast cancer; individualized therapy
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1. Introduction

Breast cancer is the most common cancer in women in Germany and worldwide [1,2].
The most frequent tumor subtype is hormone receptor-positive (HR+), HER2-negative
(HER2−) early breast cancer (eBC). Patients with no or 1–3 involved pathologic lymph
nodes account for approximately 70% of all breast cancer cases [3,4]. Patients with high
clinicopathologic risk factors, such as large tumor size, high tumor grade, lymph node
involvement, or a high proliferative index (Ki67) often undergo chemotherapy to reduce
the risk of recurrence [5,6]. Yet, many of these patients may not benefit from chemotherapy.
Hence, recent research has focused on biomarkers that can predict chemotherapy benefit in
eBC, and several multigene-expression assays have been developed and validated in large
prospective phase III trials [7–11].

One of the various commercially available multigene-expression assays is the Onco-
type DX® test. It analyzes the expression pattern of 16 breast cancer-related genes and
5 reference genes to calculate a Recurrence Score® (RS) result, ranging from 1 to 100, to
identify patients at a high risk of recurrence [12]. Retrospective analyses of biomaterial from
the prospective NSABP B-20 (lymph node negative) and SWOG-8814 (lymph node positive)
studies were able to demonstrate that patients with a high Recurrence Score (RS > 30) result
are likely to benefit from chemotherapy [13–15]. The prospective randomized TAILORx
clinical trial subsequently found that endocrine therapy is non-inferior to chemoendocrine
therapy in node negative patients with an RS 11–25 [10]. In node-positive patients (RxPON-
DER trial), however, only postmenopausal women with an RS < 26 did not benefit from
chemotherapy [11].

The IRMA (impact of Recurrence Score on adjuvant treatment decisions and tumor
cell dissemination in estrogen receptor-positive and HER2-negative patients with early
breast cancer) trial was designed to prospectively evaluate the impact of RS testing on
adjuvant therapy recommendations in a clinical real-world setting. The primary end-
point was to evaluate the change in adjuvant chemotherapy recommendation after RS
testing as compared to chemotherapy recommendation without knowledge of the RS re-
sult. Secondary endpoints were the influence of the RS result on tumor cell dissemination
(which will be reported elsewhere), and to assess the association of the RS result with
clinicopathologic factors.

2. Materials and Methods

IRMA is a prospective, single-center investigator-initiated registry study. It was
conducted according to the guidelines of the Declaration of Helsinki and approved by the
Ethics Committee of Tuebingen University (789/2018BO2). Furthermore, the study was
registered under the ID NCT03961880. The study was supported by Exact Sciences.

All patients included in this analysis were treated for eBC at the Department for Women’s
Health of Tuebingen University Hospital, Germany. Only patients with HR+/HER2− uni-
lateral eBC without extensive lymph-node involvement (0–3 positive lymph nodes) who
underwent complete surgical resection at the Department for Women’s Health of Tubingen
University were eligible for this study. To facilitate decision making, enrollment into the
IRMA study could be based on clinical lymph node status. Exclusion criteria were primary
systemic therapy, recurrent or metastatic disease, bilateral breast cancer, or a previous
history of secondary malignancy.

Tumors were counted as HR+ if they had a positive estrogen receptor (ER) and/or
a positive progesterone receptor (PR) expression according to immunohistochemistry
(≥10% positive cells for ER, ≥10% positive cells for PR). The HER2-status was assessed
to local standards by using the HERCEPT test (DAKO, Glostrup, Denmark). Expression
of HER2 was scored on a 0 to +3 scale. Tumors with a score of +3 were considered HER2-
positive. In case of a score of +2, HER2 amplification was determined by fluorescence
in-situ hybridization using the Pathvysion® Kit (Vysis, Downers Grove, IL, USA). Ki67 was
assessed using the M7240 monoclonal mouse anti-human Ki67 antibody MIB-1 (Agilent
Dako, Santa Clara, CA, USA). The number of Ki67 positive cell nuclei was estimated for
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the entire core biopsy in a semiquantitative evaluation in steps of 10% by a board certified
pathologist as part of the clinical routine workup. Based on St. Gallen consensus for breast
cancer, Ki67 values were divided into two prognostic groups: 0–19% (Ki67 low) and ≥20%
(Ki67 high) [16]. For Oncotype DX analyses, paraffin-embedded tumor tissue samples were
submitted to Exact Sciences (Redwood City, CA, USA), according to guidelines provided
by the manufacturer. Based on the classification that was used in TAILORx, patients were
divided into two prognostic groups: 0–25 (RS low) and ≥26 (RS high) [10,11].

Surgery and radiation therapy were administered according to national guidelines.
Postoperative systemic treatment recommendation was assessed twice: first, an inter-
disciplinary tumor conference at Tuebingen University Hospital advised the receipt of
chemotherapy or not without knowledge of the RS results. Subsequently, in a further
tumor conference after receipt of the RS result, a new decision on adjuvant chemotherapy
was made.

Data processing and statistical analysis were performed using Jupyter Notebook
(Version 6.3.0, Project Jupyter, open-access and community developed) on Anaconda
(Version 3.0, Anaconda Inc., Austin, TX, USA) with the Python extension packages pandas
(Version 1.4.1, open-access and community developed), numeric Python (Version 1.22.2,
open-access and community developed), and scientific Python (Version 1.8.0, open-access
and community developed). Data visualization was achieved using the Python extension
packages Matplotlib (Version 3.5.0, open-access and community developed) and Plotly
(Version 3.5.0, open-access and community developed). Lucid® (Lucid Software Inc.,
South Jordan, UT, USA) was used for designing flow charts and data visualization.

Normality distribution was assessed using the Shapiro–Wilk test. Normally dis-
tributed data were tested for significance using two-sided Student’s t-test with a significance
level of α = 0.05. Non-normally distributed data were analyzed using the Mann–Whitney-U
test with a significance level of α = 0.05 as well. The relationship between nominally scaled
independent variables was assessed using the x2-test.

3. Results
3.1. Patient Characteristics

In total, 245 patients were included in this study. Table 1 displays the main patient
characteristics. Of all patients, 34.7% were premenopausal, whereas 65.3% were post-
menopausal. Mean age (±SD) was 57.0 ± 11.3 years. The most common histology was no
special type (76.7%). The most common grading was G2 (75.5%) while the most frequent
tumor classifications were T1 (55.1%) and N0 (72.2%). Mean Ki67 values were 19.6 ± 12.5%
and mean RS values were 16.9 ± 10.2.

Table 1. Overall patient characteristics.

Items Overall RS < 26 RS ≥ 26 p-Value

Patients 245 209 36 <0.0001
100.0% 85.3% 14.7%

Age 57.0 ± 11.3 57.5 ± 11.0 54.4 ± 12.8 0.1383

Menopausal status
Premenopausal 85 70 15 0.4460

34.7% 33.5% 41.7%
Postmenopausal 160 139 21

65.3% 66.5% 58.3%

Histology
NST 188 158 30 0.5891

76.7% 75.6% 83.3%
ILC 49 44 5

20.0% 21.1% 13.9%
Other 8 7 1

3.3% 3.4% 2.8%
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Table 1. Cont.

Items Overall RS < 26 RS ≥ 26 p-Value

Grading
G1 32 29 3 <0.0001

13.1% 13.9% 8.3%
G2 185 170 15

75.5% 81.3% 41.7%
G3 28 10 18

11.4% 4.8% 50.0%

Tumor size
pT1 135 120 15 0.1156

55.1% 57.4% 41.7%
pT2-4 110 89 21

44.9% 42.6% 58.3%

Nodal involvement
pN0 177 153 24 0.5433

72.2% 73.2% 66.7%
pN1 68 56 12

27.8% 26.8% 33.3%

Ki67 19.6 ± 12.5% 16.3 ± 7.6% 31.5 ± 20.3% <0.0001

RS 16.9 ± 10.2 13.8 ± 5.8 35.4 ± 10.6 <0.0001
NST = Non-special type, ILC = Invasive lobular carcinoma, RS = Recurrence Score.

3.2. Recurrence Score Results

A total of 14.7% of patients had an RS result ≥ 26 (Table 1). Tumor grade was associated
with the RS result (p < 0.0001, x2-test). The most frequent grade in the RS high group was
G3 (50%) and G2 (81.3%) in the RS low group. There was no association between the RS
result and age, menopausal status, histology, tumor size, or lymph node involvement.

Patients with an RS result ≥ 26 exhibited a significantly higher mean Ki67 proliferation
index (RS high vs. RS low: 31.5 ± 20.3% vs. 16.3 ± 7.6%; p < 0.0001, Mann–Whitney U-test).
Nevertheless, a concordant classification of Ki67 and RS result in the categories “high” and
“low” was found in only 60.8% of the cases (49.4% concordant “low”, 11.4% concordant
“high”). In 39% of all cases a discordant classification can be observed. However, in 35.9%
a low RS is associated with a high Ki67 and only in 3.3% a high RS result is associated with
a low Ki67. Figure 1 displays the distribution of RS and Ki67.
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Figure 1. Correlation of Recurrence Score and Ki67: A clinical cut-off value for the Recurrence
Score (RS) is ≥26 and for Ki67 is ≥20% (blue lines). Patients with concordant RS and Ki67 values
are displayed in green. Discordant RS and Ki67 values are highlighted in red. The yellow line
extrapolates the correlation coefficient (Rho = 0.54).
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4. Chemotherapy Recommendation

Without knowledge of the RS result, 92/245 patients (37.6%) would have received
chemotherapy (Figure 2). After RS assessment, 56/245 patients (22.9%) were advised to
undergo chemotherapy. Chemotherapy was waived in 47/92 patients (51.1%) that were
initially recommended to receive it. Chemotherapy was added in 11/153 patients (7.2%)
that were initially recommended to not receive it. Furthermore, 62/245 patients (25.3%)
actually started with adjuvant chemotherapy.
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Figure 2. Changes in treatment recommendation due to Recurrence Score (RS) assessment and final
treatment decision.

Without knowledge of the Recurrence Score, 92/245 patients were recommended
chemotherapy and 153/245 patients were recommended to not undergo chemotherapy (left
column). After knowledge of the RS result, chemotherapy recommendation was changed
in 58 patients: 56/245 patients were recommended chemotherapy and 189/245 patients
were recommended to not undergo chemotherapy (middle column). After patient informed
consent, 62/245 patients eventually started chemotherapy (right column).

After awareness of the RS result, 22.9% of all patients were recommended chemother-
apy. Mean age of patients in the chemotherapy group was 52.2 ± 11.9 years (Table 2). These
patients were significantly younger compared to patients that were not recommended to re-
ceive chemotherapy (58.5 ± 10.8 years; p = 0.0002, t-test). There was an association between
menopausal status and recommendation for chemotherapy. Whereas 29.1% of patients
in the no chemotherapy group were premenopausal, 53.6% of patients that were recom-
mended to receive chemotherapy were premenopausal (p = 0.0013, x2-test). High tumor
grade was also significantly associated with the recommendation to receive chemotherapy
(p < 0.0001, x2-test). 41.1% of all patients in the chemotherapy group had G3 compared to
2.7% in the no chemotherapy group. Furthermore, larger tumor size significantly corre-
lates to chemotherapy recommendation (p = 0.0106, x2-test). In the chemotherapy group,
60.7% of all patients had larger tumors (pT2-4) compared to 40.2% in the no chemotherapy
group. Moreover, pathologic lymph node involvement was also correlated with chemother-
apy recommendation (p = 0.0454, x2-test). The Ki67 proliferation index was significantly
higher in patients that were recommended to receive chemotherapy (chemo vs. no chemo:
29.3 ± 17.7% vs. 16.7 ± 8.6%; p < 0.0001, Mann–Whitney U-test). The RS result was also sig-
nificantly higher in patients in the chemotherapy group (chemo vs. no chemo: 29.6 ± 11.9
vs. 13.2 ± 5.7; p < 0.0001, Mann–Whitney U-test). Consequently, significantly more patients
in the chemotherapy group were classified in the RS high group (RS ≥ 26: 64.3%; p < 0.0001,
x2-test).
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Table 2. Patient characteristics compared with chemotherapy recommendation in knowledge of
Recurrence Score result.

Items Overall No Chemo Chemo p-Value

Patients 245 189 56
100.0% 77.1% 22.9%

Age 57.0 ± 11.3 58.5 ± 10.8 52.2 ± 11.9 0.0002

Menopausal status
Premenopausal 85 55 30 0.0013

34.7% 29.1% 53.6%
Postmenopausal 160 134 26

65.3% 70.9% 46.4%

Histology
NST 188 158 46 0.5159

76.7% 75.1% 82.1%
ILC 49 40 9

20.0% 21.2% 16.1%
Other 8 7 1

3.3% 3.7% 1.8%

Grading
G1 32 28 4 <0.0001

13.1% 14.8% 7.1%
G2 185 156 29

75.5% 82.5% 41.8%
G3 28 5 23

11.4% 2.7% 41.1%

Tumor size
pT1 135 113 22 0.0106

55.1% 59.8% 39.3%
pT2-4 110 76 34

44.9% 40.2% 60.7%

Nodal involvement
pN0 177 142 34 0.0454

72.2% 75.7% 60.7%
pN1 68 46 22

27.8% 24.3% 39.3%

Ki67 19.6 ± 12.5% 16.7 ± 8.6% 29.3 ± 17.7% <0.0001

RS 16.9 ± 10.2 13.2 ± 5.7 29.6 ± 11.9 <0.0001

RS Group
Low 209 189 20 <0.0001

85.3% 100% 35.7%
High 36 0 36

14.7% 0% 64.3%
NST = Non-special type, ILC = Invasive lobular carcinoma, RS = Recurrence Score.

5. Discussion

The IRMA trial is a prospective study that demonstrates how treatment recommen-
dations in clinical routine are impacted using multigene-expression assays. Using the RS
result, chemotherapy was spared in approximately half of the patients that were recom-
mended to receive it by means of “classical” clinicopathologic risk factors. Conversely,
RS result could identify a small group of patients who might benefit from chemotherapy,
although they were initially recommended to not receive it. These findings are highly
comparable with the REMAR trial, a multicentric prospective trial that also aimed at char-
acterizing changes in treatment recommendation after the use of Oncotype DX assay [17].
Both the IRMA and the REMAR trials found that using the RS result leads to a mean-
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ingful reduction of chemotherapy use and, with respect to the results of TAILORx and
RxPONDER trials, can reduce overtreatment [10,11].

Multiple studies aim at assessing the influence of classical clinicopathologic risk factors
such as tumor size, tumor grade, Ki67, lymph node involvement, age, ER, and PR status
on the results of multigene-expression assays [8,18,19]. This information can be used to
select patients that mostly benefit from the use of multigene expression assays [20,21]. The
MINDACT trial validated the use of the 70-gene signature to assess a low-risk group with
an excellent prognosis [8]. Patients that either had a low genomic with a high clinical risk,
or a low clinical with a high genomic risk did not benefit from adjuvant chemotherapy
regarding distant recurrence or OS [8]. In contrast, the TAILORx and RxPONDER trials
did not answer the question whether patients with a high RS result, but a low clinical
risk, can safely omit chemotherapy or whether patients with a low RS result, but a high
clinical risk, would have gained benefit from chemotherapy administration. In the IRMA
trial, 29/62 patients (46.8%) actually received chemotherapy with an RS result < 26 while
3/183 patients (1.6%) did not receive chemotherapy although they had an RS > 26.

Moreover, statistical models that condense clinicopathologic and genetic risk fac-
tors were developed [22]. Whereas a secondary analysis of all patients (pre- and post-
menopausal) of the TAILORx trial could demonstrate that patients with an RS < 16 do
not gain additional prognostic information by including clinicopathologic risk factors, pre-
menopausal lymph node-negative patients with an RS result between 16 and 25 and a high
clinicopathologic risk have increased distant recurrence rates. In particular, women younger
than 50 with an RS result between 16 and 25 seem to benefit from additional chemother-
apy [10,18,23]. In the IRMA trial, 19/245 (7.8%) patients aged <50 years exhibited an RS
result between 16 and 25, yet 12 of these (63.2%) did not receive chemotherapy. Moreover,
in the RxPONDER trial, premenopausal patients with lymph-node involvement did benefit
from chemotherapy regardless of the RS result and there was no statistical association
between RS result and the efficacy of chemotherapy when considering a Recurrence Score
of 0–25. [11]. In our current trial, 26/245 patients were premenopausal and displayed node-
positive eBC. Prior to the publication of the RxPONDER results on 9 December 2020, 5/16
premenopausal node-positive patients (31.3%) were recommended to receive chemother-
apy. Yet, after publication of the RxPONDER results, 8/10 premenopausal node-positive
patients (80%) were advised to receive chemotherapy.

Further studies are required to elucidate why, in contrast to postmenopausal pa-
tients, premenopausal women with high clinicopathologic risk factors do benefit from
chemotherapy administration even in case of a low-risk RS result. A popular hypothesis is
that chemotherapy induces ovarian function suppression in premenopausal women [24].
Although there are emerging data that the addition of ovarian function suppression to
endocrine treatment positively impacts prognosis, no study has investigated whether this
approach can be used to replace adjuvant chemotherapy. Moreover, retrospective analyses
may suggest that RS result partially depends on the menstrual cycle, since key genes
that comprise the RS algorithm are expressed differently in the different menstrual cycle
phases [25].

According to recent German guidelines, multigene-expression assays can be used in
HR+/HER2− patients with 0–3 involved lymph nodes if established clinical and patho-
logical factors do not allow therapy decisions regarding the use of chemotherapy [26].
However, the IRMA trial clearly shows that even highly experienced oncologists working
in a large tertiary care center are not able to correctly classify the risk of recurrence in
HR+/HER2− eBC by solely using “classical” clinicopathologic risk factors. In comparison,
the recent national comprehensive cancer network (NCCN) guidelines recommend that the
use of multigene-expression assays should be considered in patients with HR+/HER2−
eBC based on lymph node involvement. Patients with no pathologic lymph nodes involved
(pN0) should be recommended to assess RS if the tumor size is larger than 0.5 cm. Patients
with one to three involved pathologic lymph nodes (pN1) should be considered to undergo
RS testing if they are eligible for chemotherapy administration [27].
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Since additional use of multigene-expression assays implies further financial burden
for the health care system, models have been developed to describe the cost-effectiveness
of these tests [28–30]. A recently published study demonstrated that the use of multigene-
expression assays in Canada could significantly reduce chemotherapy prescription in the RS
low group. Interestingly, they also highlighted that RS testing is associated with excess costs
in 70- to 80-year-old patients. In this cohort, chemotherapy prescription is not concordant
to RS testing result [30]. Thus, the authors underlined the importance of careful patient
selection in these age groups. Moreover, another recently published study, evaluating
the cost-effectiveness of different multigene-expression assays in Germany, showed that
all available assays (Oncotype DX, Mammaprint, Prosigna, Endopredict) reduce overall
treatment costs [29]. Several statistical models using clinicopathologic risk factors to identify
patients that will most likely benefit from RS testing are currently available, which might
help to further reduce overall treatment costs [20,21,31].

In the absence of multigene-expression assays, clinical decision-making regarding
chemotherapy use is based on the presumed molecular subtype of the tumor [32]. To classify
HR+/HER2− tumors into luminal A-like and luminal B-like, most clinicians are using
the proliferation marker Ki67. The International Ki67 Working Group (IKWG) reported
that very low (<5%) and high values (>30%) of Ki67 are well defined cut-off values to
recommend chemotherapy or not [33]. A predefined secondary analysis of the monarchE
trial recently found that Ki67 values ≥ 20% are prognostic of a worse prognosis [34].
However, Ki67 assessment is prone to a high interrater variability, pointing out the need
for a more standardized Ki67 assessment [33]. In line with previous studies, we found
a modest correlation between RS and Ki67 results [19,35]. Using a threshold of 20%, as
recently validated in the monarchE trial [34], we found a concordance rate of 60.8% as
compared to the RS low and high groups. The correlation was highest among high-risk
patients (high Ki67 and high RS, Rho = 0.71). Nevertheless, in 35.2% of all cases high Ki67
values were associated with low RS values, highlighting that a high Ki67 value is not a valid
surrogate for the RS result. Yet, a low Ki67 value correlates with low RS values in 93.8%,
suggesting that Ki67 values should be partially implemented in preclinical risk scores to
assess which patient needs to undergo RS testing.

The strength of this study is its prospective design, and that the IRMA trial was
incorporated into the clinical routine. Thus, the IRMA trial was able to describe the
influence of RS testing on therapy recommendation in a real-world situation. The reduced
deviation from therapy recommendation after awareness of the RS result compared to
similar studies may be attributed to the single center interdisciplinary tumor board at a
tertiary care center of the highest standard [17]. However, some patients diverge from final
therapy recommendation: 8/11 patients (72.7%) that were not recommended to undergo
chemotherapy after RS result, but eventually received chemotherapy, were recommended to
undergo chemotherapy based on clinicopathologic risk factors. The remainder stated they
wanted to receive chemotherapy due to elevated security needs. All patients (100%) that
did not undergo chemotherapy albeit a high RS also would have received a chemotherapy
recommendation based on clinicopathologic risk factors. However, contraindications to
chemotherapy were only reported in 1/5 (20%) patients. Although the results of IRMA
were similar to comparable multicentric studies, the single center approach limits external
validity of IRMA [17]. Another limitation of this study is that follow-up data are not
available, and it is therefore not possible to assess how clinicopathologic factors, information
on the RS result, and treatment recommendations will impact survival.

6. Conclusions

This prospective study, which was closely related to clinical practice, showed that the
use of adjuvant chemotherapy was substantially reduced by determining the RS result.
Only a few patients who would not have been recommended adjuvant chemotherapy if
the RS result had not been determined were recommended to receive it after obtaining
the RS result. In addition to other clinicopathologic risk factors, the RS result is useful
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for individualizing adjuvant therapy recommendations in patients with HR+/HER2−
breast carcinoma.
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Simple Summary: Tumor heterogeneity plays an important role in malignant behaviors and treat-
ment responses. This study aimed to evaluate the temporal and spatial heterogeneity in clinical
practice and investigate its impact on the treatment outcome of pyrotinib in patients with HER2-
positive metastatic breast cancer. Temporal heterogeneity was evaluated by the discordance between
primary and metastatic immunohistochemistry results. 18F-FDG uptake heterogeneity on baseline
PET/CT scan was assessed to reflect spatial tumor heterogeneity among metastases. Our results
showed that heterogeneous HER2 status between primary and metastatic lesions and spatial 18F-FDG
uptake heterogeneity were predictive of poorer outcomes of pyrotinib treatment. The best method to
evaluate tumor heterogeneity in clinical practice still needs to be identified. Temporal heterogeneity
of HER2 expression and spatial heterogeneity of 18F-FDG uptake provided practically applicable
methods to assess tumor heterogeneity and potential guidance for treatment decisions.

Abstract: Background: This study aimed to evaluate tumor heterogeneity of metastatic breast cancer
(MBC) and investigate its impact on the efficacy of pyrotinib in patients with HER2-positive MBC.
Methods: MBC patients who underwent 18F-FDG PET/CT before pyrotinib treatment were included.
Temporal and spatial tumor heterogeneity was evaluated by the discordance between primary and
metastatic immunohistochemistry (IHC) results and baseline 18F-FDG uptake heterogeneity (intertu-
moral and intratumoral heterogeneity indexes: HI-inter and HI-intra), respectively. Progression-free
survival (PFS) was estimated by the Kaplan–Meier method and compared by a log-rank test. Results:
A total of 572 patients were screened and 51 patients were included. In 36 patients with matched IHC
results, 25% of them had HER2 status conversion. Patients with homogenous HER2 positivity had the
longest PFS, followed by patients with gained HER2 positivity, while patients with HER2 negative
conversion could not benefit from pyrotinib (16.8 vs. 13.7 vs. 3.6 months, p < 0.0001). In terms of
spatial heterogeneity, patients with high HI-intra and HI-inter had significantly worse PFS compared
to those with low heterogeneity (10.6 vs. 25.3 months, p = 0.023; 11.2 vs. 25.3 months, p = 0.040).
Conclusions: Temporal heterogeneity of HER2 status and spatial heterogeneity of 18F-FDG uptake
could predict the treatment outcome of pyrotinib in patients with HER2-positive MBC, which provide
practically applicable methods to assess tumor heterogeneity and guidance for treatment decisions.

Keywords: metastatic breast cancer; heterogeneity; HER2; 18F-fluorodeoxyglucose positron emission
tomography/computed tomography; pyrotinib; therapy response

225



Cancers 2022, 14, 3973

1. Introduction

Breast cancer (BC) remains the most common cancer and the leading cause of cancer-
related death in women worldwide. Approximately, 15–20% of BCs are human epidermal
growth factor receptor 2 (HER2)-positive, which used to be considered an aggressive
phenotype with poor prognosis until the development of anti-HER2 targeted therapy [1–5].

Pyrotinib is an orally available, irreversible pan-Erb receptor tyrosine kinase inhibitor
that targets HER1, HER2, and HER4. The phase II study demonstrated that the com-
bination of pyrotinib and capecitabine significantly prolonged the PFS of patients with
HER2-positive MBC previously treated with taxanes, anthracyclines, and/or trastuzumab
compared with lapatinib and capecitabine (18.1 months vs. 7.0 months, hazard ratio, 0.36;
95% confidence interval [CI], 0.23–0.58; p < 0.001) [6]. Based on the impressive improvement
in PFS, pyrotinib has been granted accelerated but conditional approval for the treatment
of metastatic HER2-positive BC, regardless of prior exposure to trastuzumab, in China in
August 2018. PHENIX, a double-blinded, multicenter, randomized phase III study, showed
that pyrotinib plus capecitabine significantly prolonged PFS (11.1 months vs. 4.1 months,
p < 0.001) and had a better overall response rate (ORR) (68.6% vs. 16.0%, p < 0.001) than
capecitabine monotherapy [7]. PHOBE, another phase III randomized controlled trial of
pyrotinib, directly compared pyrotinib and capecitabine with lapatinib and capecitabine
in HER2-positive MBC patients who had been previously treated with trastuzumab and
taxanes. The median PFS of pyrotinib and capecitabine was 12.5 months, significantly
longer than that of 6.8 months in lapatinib (p < 0.0001) [8]. Pyrotinib gained full approval
in July 2020 based on the results of the PHENIX and PHOBE trials and has been covered by
national medical insurance since November 2019.

Due to the fact that trastuzumab emtansine (T-DM1) has not been approved in China
for the treatment of MBC until June 2021 and is not covered by national medical insurance
till now, pyrotinib has been an important treatment option for HER2-positive MBC. A
multicenter, observational, large-scale, real-world study has been conducted to evaluate
the efficacy of pyrotinib in China in daily clinical practice [9]. Among 862 MBC patients
enrolled in this study, 31.1%, 35.7% and 33.2% received pyrotinib as first-line, second-line
and third- or later-line treatment, respectively.

Despite the promising results in clinical trials, not all patients benefited from pyrotinib
treatment in real-world clinical practice [10,11]. Therefore, it is important to identify
biomarkers to predict response to pyrotinib-based therapy as it may lead to optimization
of treatment selection strategy for thousands of patients in China.

Tumor heterogeneity plays an important role in the malignant behaviors and treatment
responses of different cancers [12–15]. At an individual level, tumor heterogeneity can
manifest as temporal heterogeneity, the molecular evolution of the tumor over time, and as
spatial heterogeneity, which describes the uneven distribution of genetically diverse tumor
subpopulations across different disease sites or within a single disease site or tumor [16].

Tumor heterogeneity can be detected by conventional immunohistochemistry (IHC),
gene expression profiling, or other methods. In breast cancer, the discordance of estrogen
receptor (ER), progesterone receptor (PR), and HER2 expression levels between matched
primary and metastatic lesions could reflect temporal intratumor heterogeneity. A meta-
analysis evaluated receptor discordance rates between primary and metastatic breast cancer
in 47 studies with 3384 paired samples. The median discordance rates for ER, PR and
HER2 were 14% (0–67%), 21% (0–62%) and 10% (0–44%), respectively [17]. A large-scale
real-world study has compared matched IHC results in 1677 MBC patients and reported a
change in HR and HER2 expression of 14.2% and 7.8%. In terms of subtypes, more than
half of patients (53%) with primary HR+/HER2+ disease showed status change [18]. As a
therapeutic target, the evaluation of HER2 is of great importance. Another meta-analysis
evaluated the HER2 status in the primary tumor and corresponding distant metastasis in
35 studies. The discordance rate was assessed in 2440 patients for HER2. The studies were
subdivided into three groups—studies using FISH only, studies using IHC only, and studies
using a combination of IHC and FISH (in case of 2+/equivocal IHC)—to assess receptor
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status. No significant difference was seen between the total discordance percentages of
these groups (p = 0.25) [19]. Despite technical reasons that may affect the examination of
IHC results, the discordance of ER, PR and HER2 between primary and metastatic disease
is considered a truly existing biological phenomenon. Tumor heterogeneity is one of the
most important reasons behind this phenomenon. Due to the fact that therapeutic strategy
is highly dependent on the IHC evaluation of these markers, the re-biopsy of the metastatic
lesion, especially when metastasis is diagnosed for the first time, has been recommended
by several international guidelines.

In terms of spatial heterogeneity, however, multiple biopsies of different metastatic
sites or multi-region sampling within a single lesion are required for comprehensive
assessment, which could not be widely adopted owing to prohibitive risks of biopsy. In this
case, functional molecular imaging can serve as an alternative option to characterize tumor
spatial heterogeneity noninvasively. 18F- fluorodeoxyglucose (FDG) PET-CT provides
the metabolic activity of various lesions, which could reflect regional variation in tumor
function in solid tumors. The predictive value of intratumoral heterogeneity of baseline 18F-
FDG uptake in various tumors has been proved [20–24]. Common methods to examine this
include textural analysis, coefficient of variance (COV), cumulative standardized uptake
value (SUV)-volume histogram (CSH), the area under the CSH, and fractal analysis [25–30].
However, these methods are still too complicated to be widely applicable for metastatic
disease in clinical practice, particularly if there are multiple metastatic lesions. Our previous
study introduced simplified quantitative parameters to represent the inter- and intratumoral
heterogeneous characteristics of metastatic disease and proved their value in predicting the
response to treatment in patients with triple-negative and hormone receptor (HR)-positive
BC [31–34]. In this study, we evaluated 18F-FDG uptake heterogeneity in HER2 positive
MBC to reflect spatial tumor metabolic heterogeneity among metastases and explored its
predictive value for the treatment outcome of pyrotinib.

This study aimed to evaluate the temporal heterogeneity between primary and
metastatic lesions and spatial heterogeneity among metastatic lesions in HER2-positive
MBC and to explore their ability to predict patient outcomes under pyrotinib treatment.

2. Materials and Methods
2.1. Patients

A total of 572 patients with MBC treated with pyrotinib in the Fudan University
Shanghai Cancer Center (FUSCC) between 1 September 2018 and 24 July 2021 were screened.
Patients who underwent whole-body FDG PET/CT within 4 weeks before the initiation of
pyrotinib were included in this study. Patients without detailed medical history or who
were lost to follow-up were excluded. Data were retrospectively obtained from the patients’
medical history.

2.2. IHC Evaluation

The ER, PR and HER2 status was derived from pathological reports. According to
the Standard Operating Procedure (SOP) of FUSCC, pathology consultation should be
recommended before initiating treatment for patients who were not diagnosed in our center,
except for those who were not able to provide archived tumor tissue. Pathology reports
were evaluated through an independent review of two committee-certified pathologists
with expertise in breast cancer. The discrepancies between the two pathologists were
resolved through a review of a third pathologist. Immunohistochemical staining for ER,
PR, HER2 was performed with antibodies against ER (SP1, Roche Ventana), PR (IE2, Roche
Ventana), HER2 (4B5, Roche Ventana), as previously reported [35]. PathVysion HER2 DNA
Probe Kit (Abbott Molecular, Abbott Park, Illinois) was used for HER2 FISH following
the manufacturer’s instructions [35]. HR positivity was defined according to national
guidelines with a cutoff level of 1% [36]. HR status in this article was defined as “positive”
or “negative”. For further exploration, tumors were stratified into four groups based on
the percentage of ER+: ER negative (<1%), low ER (1–10%), intermediate ER (10–50%) and
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high ER (>50%). “HR expression change” in this article refers to the change between low,
intermediate and high expression of HR. HER2 status was interpreted using the updated
2018 ASCO/CAP guideline recommendations for HER2 testing, based on IHC and FISH
results [37]. For further exploration, tumors were stratified into four groups based on HER2
IHC results: HER2 negative (0), HER2 low (+, ++ and FISH-), HER2 positive with IHC
(+~++, FISH+) and HER2 positive with IHC (+++). “HER2 expression change” in this
article refers specifically to the conversion between these groups. The subtype referred to
in this study included HR+/HER2+, HR-/HER2+, HR+/HER2− and HR-/HER2− based
on the defined thresholds.

2.3. PET/CT Imaging
18F-FDG was produced automatically by cyclotron (Siemens CTI RDS Eclips ST,

Siemens, Knoxville, TN, USA) using the Explora FDG4 module in our center. The ra-
diochemical purity was over 95%.

Patients were required to fast for at least 6 h before the 18F-FDG PET/CT scan, and
blood glucose levels were to be <200 mg/dL at the time of injection. Sixty minutes following
intravenous 18F-FDG administration (mean dose 3.7–7.4 MBq/kg), patients underwent
PET/CT from the mid-skull to the mid-thigh (Siemens Biograph 16HR PET/CT or mCT
Flow PET/CT scanner, Siemens Medical solutions, USA). Low-dose CT was performed
during tidal breathing to correct for attenuation, followed by a PET emission scan that
covered the identical transverse field of view.

2.4. Image Interpretation
18F-FDG PET/CT images were reviewed and evaluated independently by two board-

certified nuclear medicine physicians using a multimodality computer platform (Syngo,
Siemens, Knoxville, TN, USA). In the event of disagreement between the two readers, a
consensus was reached on a final reading for the statistical analyses. All hypermetabolic
metastatic lesions were picked for analysis, whereas hypermetabolic foci judged to be
inflammation or normal physiological activity were not considered.

Semiquantitative analysis of tumor metabolic activity was obtained using SUV nor-
malized to body weight. The maximum SUV (SUVmax) and mean SUV (SUVmean) for
each metastatic lesion were recorded by manually placing an individual region of interest
(ROI) around each tumor on all consecutive slices that contained the lesion on co-registered
and fused transaxial PET/CT images. The SUVmax across all metastatic lesions was then
evaluated. Then, the metabolic tumor volume (MTV) was automatically extracted from
the software based on an SUV threshold of 40. Total lesion glucose (TLG) was calculated
according to the formula: TLG = SUVmean × MTV. A quantitative measure of intratumoral
heterogeneity, the intratumoral heterogeneity index (HI-intra), was measured by dividing
the SUVmax of each lesion by the SUVmean of that lesion [31,34,38,39]. The mean HI-intra
of all lesions was selected to represent the intratumoral heterogeneity for each patient. In-
tertumoral heterogeneity was evaluated by the COV and intertumoral heterogeneity index
(HI-inter), another parameter we proposed. The COV of metastatic lesions was calculated
from the SUVmax of every ROI as the ratio of the standard deviation to the mean [40].
The HI-inter was the maximum value of the SUVmax divided by the minimum value
of the SUVmax for all metastatic lesions [32]. Considering the partial volume effect and
repeatability, only lesions no less than 10 mm in diameter were included in further analysis.
Bone lesions with confirmation by CT or magnetic resonance imaging were included.

2.5. Statistical Analyses

Data are presented as medians (ranges) or numbers of patients (percentages). Treat-
ment outcome was assessed as PFS, which was measured from the date of pyrotinib
initiation to the first documented disease progression or death. Disease progression was
determined by the Response Evaluation Criteria in Solid Tumors version 1.1. Overall
survival (OS) was measured from the date of pyrotinib initiation to the date of death or
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the last follow-up. Kaplan–Meier method was conducted for estimating survivals and
log-rank test for comparisons. Mann–Whitney U test was applied for comparison between
groups with quantitative variables with non-normal distribution. Analyses of factors po-
tentially associated with temporal and spatial tumor heterogeneity were performed using
the Chi-squared test or the Fisher exact test.

Time-dependent survival receiver operating characteristic (ROC) analysis had an
advantage in assessing the prognostic value of the biomarkers and determining optimal
cutoff values by maximizing both sensitivity and specificity of the event-time outcome [41].
PET/CT parameters cutoff values were determined by survival ROC library in R. Other
statistical analyses were conducted by SPSS IBM® version 22 (SPSS Inc., Chicago, IL, USA).
All p-values were two-sided, and p < 0.05 was considered significant.

3. Results
3.1. Patient Baseline Characteristics and Their Association with PFS

There were 51 MBC patients that met the criteria of undertaking 18F-FDG PET/CT
within 4 weeks before the initiation of pyrotinib and were included in the analysis. The
demographic and clinical characteristics of the patients are summarized in Table 1.

Table 1. Patients and tumor characteristics.

Characteristics
Patients (n = 51)

No. %

Age (years)
Median 54
Range 23–74

Menopausal status
Postmenopausal 36 70.6
Premenopausal 15 29.4

HR status a

Positive 20 39.2
Negative 31 60.8

De novo breast cancer
Yes 6 11.8
No 45 88.2

Histological Grade b

Grade 2 13 25.5
Grade 3 35 68.6

Disease-free interval
<24 months 31 68.9
>24 months 14 31.1

Number of metastatic sites
1 16 31.4
2 14 27.5
≥3 21 41.2

Metastatic sites
Lung 10 19.6
Liver 12 23.5
Bone 23 45.1
Brain 10 19.6
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Table 1. Cont.

Characteristics
Patients (n = 51)

No. %

Visceral disease 25 49.0

Treatment line c

1 21 41.2
2 23 45.1
≥3 7 13.7

Previous anti-HER2
treatment

Trastuzumab 47 92.2
Pertuzumab 13 25.5

Lapatinib 4 7.8
Trastuzumab emtansine 1 2.0

a In patients with discordant HR status, the most recent results were presented. b Nottingham System, WHO 2019.
Three patients did not have results. c Treatment line in which pyrotinib was administered. Abbreviations: HR,
hormone receptor; No., Number.

The median patient age was 54 years (range 23–74 years). 39.2% of the patients had
HR-positive disease. Six patients were diagnosed with de novo stage IV disease. In patients
who received radical treatment, 68.9% had disease relapse within two years. Twenty-one
patients (41.2%) had ≥3 metastatic sites, and the common sites of metastases were the bone
(45.1%), liver (23.5%), brain (19.6%) and lung (19.6%). Around half of the patients (49.0%)
had visceral involvement. Most patients received pyrotinib as the first or second treatment
(86.3%). Of the patients, 78.4% received pyrotinib and capecitabine and other patients
received combinational agents such as vinorelbine. Additionally, 92.2% of the patients had
been treated with trastuzumab and 25.5% of the patients had prior pertuzumab exposure.

At the time of analysis, 26 patients had documented disease progression (51%). The
median PFS was 13.7 months (95% CI, 9.3–18.2). The data for OS were immature at the time
of analysis. In 41 patients with evaluable disease, the objective response rate was 48.8%.

The associations between clinical factors and PFS are shown in Table 2. Patients who
received pyrotinib as first or second-line treatment had a significantly longer median PFS
than patients who received pyrotinib as third- or later-line treatment (15.7 vs. 10.6 months,
p = 0.017). Patients with one metastatic site had better outcomes compared with patients
with a higher tumor burden (25.3 vs. 11.2 months, p = 0.015). HR status did not affect the
PFS of pyrotinib treatment (13.7 vs. 13.4 months, p = 0.930). Tumors were stratified into
four groups based on the percentage of ER+ percentage on the most recent IHC results:
ER negative (<1%, n = 33), low ER (1–10%, n = 4), intermediate ER (10–50%, n = 5) and
high ER (>50%, n = 9). The median PFS for these patients were 13.4 months, 10.2 months,
16.8 months and 15.7 months, respectively (p = 0.343). It seems that patients with low ER
had the worse outcome. Tumors were stratified into four groups based on HER2 expression
on the most recent IHC results: HER2 negative (0, n = 1), HER2 low (+, ++ and FISH-,
n = 3), HER2 positive with IHC (+~++, FISH+) (n = 12), HER2 positive with IHC (+++)
(n = 35). The median PFS for these patients were 3.6 months, 5.8 months, 13.7 months and
16.8 months, respectively (p < 0.0001).
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Table 2. Analysis of factors associated with PFS.

Factors No. of Patients PFS (Months) 95% CI p-Value

Clinical risk factors

Age ≥54 years 26 13.4 7.2–19.5 0.456
<54 years 25 14.4 9.1–19.7

HR status a Positive 20 13.7 8.9–18.5 0.930
Negative 31 13.4 8.8–17.9

Histological Grade Grade 2 13 10.6 9.7–11.5 0.365
Grade 3 35 13.7 10.8–16.6

Disease-free interval
>24 months 14 13.7 1.5–26.0 0.872
<24 months 31 12.4 9.3–15.6

Treatment line b
First- or

second-line 44 15.7 4.1–27.3 0.017 *

Third- or later-line 7 10.6 10.2–11.1

Resistance to previous trastuzumab c Yes 26 12.4 3.6–21.2 0.432
No 25 15.7 9.4–22.06

No. of metastatic sites
1 16 25.3 NR 0.015 *
≥2 35 11.2 8.9–13.5

Visceral disease
Yes 25 11.2 9.6–12.9 0.280
No 26 16.8 7.4–26.2

Combinational agent Capecitabine 40 13.4 7.1–19.6 0.911
Others 11 14.4 8.7–20.1

Tumor heterogeneity

Temporal tumor heterogeneity between primary and metastatic disease

HR status
heterogeneous 10 11.1 8.6–13.6 0.887
homogeneous 26 16.8 8.5–25.1

HR expression heterogeneous 15 13.7 9.5–18.0 0.541
homogeneous 21 16.8 8.5–25.1

HER2 status
heterogeneous 9 5.8 3.0–8.6 0.001 *
homogeneous 27 16.8 4.5–29.1

HER2 expression heterogeneous 12 5.8 3.7–8.0 0.001 *
homogeneous 24 NR NR

Spatial tumor heterogeneity in terms of 18F-FDG uptake

HI-intra
>1.69 26 10.6 9.5–11.7 0.023 *
<1.69 25 25.3 5.9–44.8

HI-inter
>1.15 31 11.2 7.3–15.1 0.040 *
<1.15 20 25.3 NR

a In patients with discordant HR status, the most recent results were presented. b Treatment line in which pyrotinib
was administered. c Resistance to trastuzumab was defined as relapse during or within 6 months after adjuvant
trastuzumab or progression within 3 months of trastuzumab treatment for metastatic disease [8]. Abbreviations:
No., Number; PFS, progression-free survival; CI, confidence interval; NR, not reached; HR, hormone receptor;
HER2, human epidermal growth factor receptor 2; FDG, fluorodeoxyglucose; HI-intra, intratumoral heterogeneity
index; HI-inter, intertumoral heterogeneity index. * p < 0.05 is considered significant.

3.2. Temporal Tumor Heterogeneity and Its Association with PFS

Of patients enrolled in this study, 88.2% (45/51) had tumor IHC results confirmed
by the Department of Pathology in FUSCC. Among 51 patients enrolled in this study,
46 of them (90.2%) had had re-biopsy before the initiation of pyrotinib and 36 patients
(70.6%) had matched primary and metastatic IHC results. Thus, the following evaluation
of temporal heterogeneity in terms of IHC was performed in 36 patients with matched IHC
results. There were 24 patients’ primary sites and metastases IHC results that had both
been evaluated in FUSUCC.
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The discordance rate for HR and/or HER2 status between primary and metastases
was 41.7% (15/36).

The change rate of HER2 status was 25% (9/36), with a positive conversion of 55.6%
(5/9) and a negative conversion of 44.4% (Figure 1). Twelve patients (33.3%) showed
heterogeneous HER2 expression between primary and metastatic IHC, with a change of
gain in 50% and loss in 50%. The change rate for HR status was 27.8% (10/36), with a
positive conversion and a negative conversion of 50% each. Fifteen patients (41.7%) showed
heterogenous HR expression between primary and metastatic IHC, with a gain of 46.7%
and a loss of 53.3%.
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Figure 1. Temporal tumor heterogeneity in terms of IHC discordance between primary and metastatic
tumors. (A) HER2 status. (B) HER2 expression. (C) HR status. (D) HR expression. Abbreviations:
IHC, immunohistochemistry; HR, hormone receptor expression; HER2, human epidermal growth
factor receptor 2. HR expression change was defined as conversion between HR negative (<1%), low
HR (1–10%), intermediate HR (10–50%) and high HR (>50%). HER2 expression change was defined
as conversion between HER2 negative (0), HER2 low (+, ++ and FISH−), HER2 positive with IHC
(+~++, FISH+) and HER2 positive with IHC (+++).

In terms of subtype, 41.7% of patients (15/36) showed disordinate subtypes between
primary and metastatic lesions. In 21 patients with HR-/HER2+ primary disease, 15 pa-
tients (71.4%) showed homogenous IHC results in metastatic sites, while 6 patients changed
into HR+/HER2+ (n = 2), HR+/HER2− (n = 2), and HR−/HER2− (n = 2). In 10 patients
with HR+/HER2+ breast cancer, 6 patients (60%) remained HR+/HER2+, while 4 patients
had HR loss and changed into HR−/HER2+ disease. In addition, 3 of 4 patients with
HR+/HER2− primary disease changed into HR+/HER2+ subtype and one patient changed
into HR−/HER2+ subtype. One patient with HR−/HER2− breast cancer changed into
HR+/HER2+ subtype in metastatic disease.
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The association between baseline clinical factors and temporal heterogeneity in terms
of HER2 status was evaluated and shown in Table S1. HER2 status discordance was not
associated with the treatment line or resistance to previous trastuzumab.

Heterogeneity in HER2 status was significantly associated with shorter PFS of py-
rotinib (5.8 vs. 16.8 months, p = 0.001, Figure 2A). Patients with HER2 negative con-
version, positive conversion and homogenous status between primary and metastatic
disease showed a median PFS of 3.6 months, 13.7 months and 16.8 months (p < 0.0001).
Patients with discordant HER2 expression in IHC also showed worse outcomes (5.8 vs. NR,
p = 0.001). The PFS for patients with HER2 loss, gain and unchanged were 4.8 months,
13.7 months and not reached, respectively (p < 0.0001).
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Figure 2. Kaplan–Meier curve of PFS stratified according to the temporal heterogeneity of IHC results
(A,B) and spatial heterogeneity of 18F-FDG uptake (C,D) in patients with HER2-positive metastatic
breast cancer. (A) HER2 status heterogeneity between primary and metastatic tumors. (B) HR
status heterogeneity between primary and metastatic tumors. (C) Intratumoral heterogeneity of
18F-FDG uptake. (D) Intertumoral heterogeneity of 18F-FDG uptake. Abbreviations: PFS, progression-
free survival; FDG, fluorodeoxyglucose; IHC, immunohistochemistry; FDG, fluorodeoxyglucose;
HER2, human epidermal growth factor receptor 2; HR, hormone receptor; HI-intra, intratumoral
heterogeneity index; HI-inter, intertumoral heterogeneity index.
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Heterogeneity in HR status did not seem to affect the treatment outcome of pyrotinib-
based treatment (11.1 vs. 16.8 months, p = 0.887, Figure 2B). Patients with HR negative
conversion, positive conversion and homogenous status between primary and metastatic
disease showed a median PFS of 11.1 months, 12.4 months and 16.8 months (p = 0.800).
The discordance of HR expression was not associated with efficacy either (p = 0.541). The
median PFS for patients with HR loss, gain and unchanged were 13.7 months, 12.4 and
16.8 months, respectively (p = 0.763).

Patients with phenotypic heterogeneity between primary and metastatic disease had
worse PFS, though not significantly (11.1 vs. 25.3 months, p = 0.195). The median PFS for
patients with metastatic HR+/HER2+, HR−/HER2+, HR+/HER2− and HR−/HER2−
disease was 16.8 months, 11.2 months, 3.6 months and 2.0 months, respectively (p = 0.0003).

Seven patients had multiple IHC results of the breast prior and after neoadjuvant
therapy. The associations between HR, HER2 conversion and PFS of pyrotinib were
consistent if changes during neoadjuvant therapy were also included in temporal tumor
heterogeneity analyses.

3.3. Spatial Tumor Heterogeneity and Its Association with PFS

Comprehensive assessment of spatial intratumor heterogeneity required multiple
biopsies of different metastatic sites or multi-region sampling within a single lesion, which
was difficult to obtain due to practical reasons. Among patients enrolled in this study, only
eight patients were able to evaluate spatial tumor heterogeneity in terms of IHC.

Functional molecular imaging offers an alternative option to characterize tumor spatial
heterogeneity in a noninvasive way. 18F- FDG PET/CT could demonstrate the metabolic
activity of various metastatic lesions at once. A total of 318 metastatic lesions on baseline
PET-CT were measured and analyzed. The optimal cutoff values of PET/CT parameters
were determined by time-dependent survival ROC analysis.

The association between baseline clinical factors and spatial heterogeneity in terms of
FDG uptake was shown in Table S1. HI-intra was not associated with any bassline tumor
characteristics. Patients with high HI-inter were more common in those with multiple
metastases (≥2) and visceral metastasis.

Patients with a high HI-intra (>1.69) had a median PFS of 10.6 months, which was
significantly shorter than patients with low HI-intra (PFS: 25.3 months, p = 0.023, Figure 2C).
Univariate analysis showed that patients with higher intertumoral heterogeneity (measured
by classical COV) had worse PFS (11.1 months vs. 25.3 months, p = 0.026, Table S2).
Simplified measurement of intertumoral heterogeneity- HI -inter could also discriminate
patients into two groups (11.2 months and 25.3 months, p = 0.040, Figure 2D). Representative
examples of patients’ images are shown in Figure 3.

Exploratory analysis to investigate the predictive value of other PET parameters was
conducted and shown in Table S2. SUVmax uptake and TLG were also significantly associ-
ated with PFS. The median PFS of patients with high SUVmax (>7.96) was significantly
shorter than that of patients with low SUVmax (11.1 months vs. Not reached, p = 0.008).
Higher TLG was also associated with significantly shorter PFS (11.2 months vs. Not reached,
p = 0.024). SUVmean and MTV, on the other hand, were not predictive for PFS.

234



Cancers 2022, 14, 3973
Cancers 2022, 14, x FOR PEER REVIEW 11 of 19 
 

 

 

Figure 3. Representative cases of tumoral heterogeneity on 18F-FDG PET/CT and response to pyro-

tinib. (A–E) A 56-year-old woman underwent 18F-FDG PET/CT ((A), maximum intensity projection 

[MIP] image). The left cervical lymph node lesion had the highest uptake (B), CT image; (C), PET 

image; SUVmax = 7.94, SUVmean = 5.09), whereas the liver lesion had the lowest uptake ((D), CT; 

(E), PET, SUVmax = 6.94, SUVmean = 3.84). This patient’s median HI-intra was 1.68, and her HI-

inter was 1.14. She has received pyrotinib treatment for 39.7 months and has not yet experienced 

tumor progression. (F–J) A 61-year-old woman who underwent 18F-FDG PET/CT ((F), MIP) showed 

multiple bone and lymph nodes metastases, with the highest uptake in the cervical vertebrae ((G), 

CT; (H), PET image; SUVmax = 21.72, SUVmean = 13.16) and the lowest uptake in the left axillary 

lymph node ((I), CT; (J), PET; SUVmax = 4.73, SUVmean = 3.19). This patient’s median HI-intra was 

1.70, and her HI-inter was 4.59. She experienced disease progression after 3.6 months of pyrotinib 

treatment. Abbreviations: FDG, fluorodeoxyglucose; PET/CT, positron emission tomography/com-

puted tomography; SUVmax, maximum standardized uptake value; SUVmean, mean standardized 

Figure 3. Representative cases of tumoral heterogeneity on 18F-FDG PET/CT and response to
pyrotinib. (A–E) A 56-year-old woman underwent 18F-FDG PET/CT ((A), maximum intensity
projection [MIP] image). The left cervical lymph node lesion had the highest uptake (B), CT image;
(C), PET image; SUVmax = 7.94, SUVmean = 5.09), whereas the liver lesion had the lowest uptake
((D), CT; (E), PET, SUVmax = 6.94, SUVmean = 3.84). This patient’s median HI-intra was 1.68,
and her HI-inter was 1.14. She has received pyrotinib treatment for 39.7 months and has not yet
experienced tumor progression. (F–J) A 61-year-old woman who underwent 18F-FDG PET/CT ((F),
MIP) showed multiple bone and lymph nodes metastases, with the highest uptake in the cervical
vertebrae ((G), CT; (H), PET image; SUVmax = 21.72, SUVmean = 13.16) and the lowest uptake
in the left axillary lymph node ((I), CT; (J), PET; SUVmax = 4.73, SUVmean = 3.19). This patient’s
median HI-intra was 1.70, and her HI-inter was 4.59. She experienced disease progression after
3.6 months of pyrotinib treatment. Abbreviations: FDG, fluorodeoxyglucose; PET/CT, positron
emission tomography/computed tomography; SUVmax, maximum standardized uptake value;
SUVmean, mean standardized uptake value; HI-intra, intratumoral heterogeneity index; HI-inter,
intertumoral heterogeneity index.
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3.4. Association between Temporal and Spatial Heterogeneity

The association between temporal and spatial tumor heterogeneity was shown in
Table S3. In terms of temporal tumor heterogeneity, patients with heterogeneous HER2
status between primary and metastatic disease showed higher HI-inter value (z = −2.289;
p = 0.022) and similar HI-intra value (z = −0.785, p = 0.432).

In terms of spatial tumor heterogeneity, 36.4% of patients with high HI-inter showed
temporal HER2 discordance compared to 7.1% of patients in the low HI-inter group
(p = 0.062). In addition, all three patients with synchronous heterogenous IHC results
were classified in the high HI-inter group.

Thirteen patients had received circulating tumor DNA (ctDNA) analysis and next
generation sequencing (NGS) test before the treatment of pyrotinib and ten of them showed
gene abnormalities, including TP53 mutation (n = 7), ERBB2 amplification (n = 6), PIK3CA
mutations (n = 3), Myc amplification (n = 3) and BRCA2 mutation (n = 2). The proportion
of abnormal NGS results in patients with high HI-inter and low HI-inter was 90% (9/10)
and 33.3% (1/3), respectively (p = 0.108).

4. Discussion

Drug resistance has been a heated research topic for decades. Accumulating evidence
suggests that tumor heterogeneity resulting from clonal evolution limits the efficacy of
BC treatment [42–45]. Therefore, the assessment of tumor clonal heterogeneity could pro-
vide important information for the prediction of treatment outcomes. The best method
to evaluate tumor heterogeneity in clinical practice still needs to be identified. HR and
HER2 expression changes between primary and metastatic lesions may be the most evident
demonstration of temporal tumor heterogeneity. Spatial tumor heterogeneity could be
hard to evaluate due to the difficulty of multiple biopsies in practice. Functional molecular
imaging offers an alternative and noninvasive method for characterizing tumor spatial het-
erogeneity. FDG uptake among metastatic lesions was under the influence of many factors,
such as proliferation, vascularization, cellular hypoxia and necrosis. These factors are also
fundamental physiological mechanisms of tumor behaviors and treatment resistance [46].
Thus, FDG uptake heterogeneity could reflect tumor biological heterogeneity to some ex-
tent. Our previous work introduced a simplified quantitative index, the HI, to represent the
heterogeneous characteristics of metastatic disease and proved the predictive value of the
baseline HI in patients with triple-negative breast cancer and HR+/HER2− MBC [32–34].
In this study, we first applied this method to patients with HER2-positive MBC.

HER2-positive BC is a highly heterogeneous disease. Pathologists have noticed cell-to-
cell variations in HER2-positive tumors since HER2 was first introduced as a diagnostic
marker. Over the years, guidelines of the American Society of Clinical Oncology/College
of American Pathologists (ASCO/CAP) are continually making efforts to optimize the
thresholds to define HER2 positivity [37]. Multiple studies have reported the intratumoral
heterogeneity of HER2 gene amplification. One of the most crucial mechanisms of anti-
HER2 treatment therapy resistance was the heterogeneous expression of the therapeutic
target within the tumor. The clinical impact of the intratumoral heterogeneity of HER2
copy number levels and regional variation of HER2 gene amplification on the prognosis of
patients and the efficacy of anti-HER2 targeted therapy has been studied [47–50]. Neoadju-
vant treatment has provided an important platform for exploration. A phase II neoadjuvant
trial of T-DM1 and pertuzumab conducted at the Dana-Farber Cancer Institute first defined
HER2 heterogeneity as an area with ERBB2 amplification in >5% but <50% of tumor cells,
or a HER2-negative area by FISH. Their results showed that none of the 10 patients with
HER2 heterogeneity achieved a pathological complete response rate (pCR), whereas 55%
of patients not classified as HER2 heterogeneous had a pCR (p < 0.0001) [51]. Biomarker
analysis from the neoadjuvant KRISTINE study in HER2-positive early breast cancer also
showed that pCRs were higher in patients with HER2 IHC (+++) disease than HER2 IHC
(++) (60.8% vs. 20.0%). HER2 IHC 2+/3+ fraction, defined as the sum of IHC2+ and IHC3+
staining percentage, was also evaluated. Patients with homogeneous HER2 IHC 2+/3+
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fraction (≥80%) had the highest pCR compared to those with focal (<30%) and variable
fractions (30–79%) [52]. However, the intratumoral heterogeneity of HER2-positive MBC
has not been fully examined.

In this study, we enrolled 51 patients treated with pyrotinib-based therapy with a
whole-body PET/CT scan prior to treatment. The treatment lines of patients in this study
(1st: 41.2%; 2nd: 45.1%; 3rd or later: 13.7%) were similar to those in the phase III trial
of pyrotinib (1st: 43%, 2nd: 42%, 3rd: 16%), but earlier to those reported in real-world
study (1st: 31.1%, 2nd: 35.7%, 3rd or later: 33.2%) [8,9]. A possible reason for the high rate
of frontlines was selection bias. Only patients who underwent 18F-FDG PET/CT within
4 weeks before the initiation of pyrotinib were included in this study. Whole-body 18F-
FDG PET/CT was more likely to be recommended for patients with suspicious metastatic
disease, thus the proportion for patients who were first diagnosed was higher. The median
PFS was 13.7 months (95% CI, 9.3–18.2) in this study, comparable to that reported in the
phase III trial (12.5 months), further proving the efficacy of pyrotinib [9]. Vinorelbine has
been an alternative combinational agent for pyrotinib in patients with previous exposure to
capecitabine [53].

In this study, tumors were stratified into four groups based on HER2 IHC expression
on the most recent IHC results: HER2 negative, HER2 low, HER2 positive with IHC (+~++)
and HER2 positive with IHC (+++). The median PFS for these patients were 3.6 months,
5.8 months, 13.7 months and 16.8 months, respectively (p < 0.0001). In the MARIANNE
study, MBC patients were randomized to first-line trastuzumab plus taxane, T-DM1 plus
placebo, or T-DM1 plus pertuzumab. Biomarkers showed that focal HER2 expression (IHC
3+ or IHC 2+) was present in 3.8% of patients and was associated with numerically shorter
PFS [54]. We also evaluated the association between ER expression and PFS of pyrotinib.
Interestingly, we found that patients with ER low positivity (1–10%) had the shortest PFS,
consistent with the previous report of neoadjuvant trastuzumab and chemotherapy [50].

Temporal tumor heterogeneity in this study was evaluated by the IHC conversion
between primary and metastatic sites, the most common method used by clinicians in daily
practice. In 36 patients with matched primary and metastatic IHC results, the change rate
of HER2 status was 25%, with a positive conversion of 55.6% and a negative conversion
of 44.4%. Heterogeneity in HER2 status was significantly associated with shorter PFS of
pyrotinib (5.8 vs. 16.8 months, p = 0.001). Various discordant rates of HER2 status between
primary and metastatic breast cancers have been reported [18,19]. Population selection
strategy may affect this result since patients with HER2 negative conversion are less likely
to be given anti-HER2 treatment in metastatic settings. The association between baseline
clinical factors and HER2 status heterogeneity was evaluated (Table S1). HER2 status dis-
cordance was not associated with the treatment line or resistance to previous trastuzumab.
Another study selected patients who were receiving trastuzumab and reported a HER2
status discordant rate of 37.8%, with 67.9% of patients gaining HER2 amplification and
32.1% losing HER2 expression. Patients with HER2 negative conversion had significantly
lower PFS for taxane–trastumab–pertuzumab (PFS 5.5 months), compared to HER2 un-
changed patients (PFS 9 months, p = 0.01) and patients with HER2 positive conversion (PFS
14 months, p = 0.01) [55]. However, patients with positive conversion (PFS =1.0 months)
did not seem to benefit from later-line T-DM1 treatment (PFS for HER2 unchanged was 6.0
months, for HER2 negative conversion was 1.5 months). Our study showed that patients
with homogenous HER2 positivity throughout the disease had the highest PFS of pyrotinib,
followed by positive conversion and negative conversion (16.8 vs. 13.7 vs. 3.6 months,
p < 0.0001). These studies showed that patients with HER2 gained amplification could
benefit from trastuzumab/pertuzumab and pyrotinib treatment but might predict TDM1
resistance. However, both studies were retrospective studies with relatively small sample
sizes. Caution should be taken when interpreting these results referring to the treatment
outcome of HER2 gained amplifications. Regardless of HER2 status, our study also showed
that heterogeneous HER2 expression level between primary and metastatic IHC was also
associated with shorter PFS (5.8 vs. Not reached, p = 0.001). PFS for patients with HER2
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IHC expression loss, gain and unchanged were 4.8 months, 13.7 months and not reached,
respectively (p < 0.0001).

Spatial tumor heterogeneity was assessed by 18F-FDG uptake on PET/CT scan. Our
results showed that baseline spatial heterogeneity could predict the treatment efficacy of
pyrotinib in HER2-positive MBC. Patients with a high HI-intra had significantly shorter
PFS than patients with a low HI-intra (10.6 months vs. 25.3 months; p = 0.023, Figure 1A).
In terms of intertumoral heterogeneity, COV is the conventional method for discriminating
heterogeneity, but it can be time-consuming to calculate with the presence of multiple
metastases. Our results showed that our simplified method of HI-inter can also represent
the intertumoral heterogeneity in patients with MBC. Univariate analysis showed that
patients with a high HI-inter tended to have worse PFS than those with a low HI-inter
(11.2 months and 25.3 months, p = 0.040). No significant association was found between
HI-intra and baseline tumor characteristics. HI-inter, which reflects the heterogeneity
among different metastatic lesions, was higher in patients with multiple metastases (≥2)
and visceral metastasis (Table S1). Several studies have indicated that SUVmax was higher
in visceral metastases but no correlation has been established between visceral metastasis
and metabolic heterogeneity [56,57].

Our study demonstrated that tumor heterogeneity had a significant impact on the
efficacy of pyrotinib, which was consistent with a previous finding from ctDNA analysis.
Translational exploration of the phase I study of pyrotinib performed ctDNA analyses
and target-capture deep sequencing in 37 patients with HER2-positive MBC treated with
pyrotinib alone or in combination with capecitabine [58]. Patients with three or more
mutation clusters (defined as high tumor heterogeneity in this article) had significantly
worse PFS, with a median PFS of 30 weeks, compared with 60 weeks for patients with fewer
mutation clusters (HR 2.9, 95% CI 1.2–6.4; p = 0.02). Moreover, the multivariate analysis
further confirmed that high heterogeneity in terms of mutations was a prognosticator of
poor PFS [58]. These data suggest that baseline tumor heterogeneity evaluated by ctDNA
or 18F-FDG PET/CT could be both used as potential biomarkers of response to pyrotinib in
HER2-positive MBC. PET imaging could provide a whole picture of metastatic disease and
is a widely accepted diagnostic tool in BC while ctDNA analyses could reflect tumor status
more dynamically. There were 13 patients in our study who had received both ctDNA
NGS test and PET/CT before the treatment of pyrotinib. 10 of them showed abnormal
gene variations. 90% of patients with high HI-inter disease on PET/CT had abnormal NGS
results compared with 1/3 of patients in the low HI-inter group. Possible mechanisms for
tumor temporal and spatial heterogeneity included differentiation state of cell-of-origin, cell
plasticity, genetic evolution of cancer and microenvironment. Gene sequencing analyses
offer an important way for a deeper understanding of the nature of tumor heterogeneity.

The SUVmax has been proven to be prognostic in various primary tumors [25,59–62].
Previous studies have shown that the SUVmax has predictive and prognostic value in
patients with MBC [57,63,64]. Our study showed that SUVmax and TLG could also serve
as potential markers for predicting pyrotinib treatment outcomes in patients with HER2-
positive BC.

To the best of our knowledge, our study is the first to evaluate pyrotinib PFS in
metastatic breast cancer by temporal HER2 concordance. Our results showed that patients
with homogenous HER2 positivity had significantly longer PFS, followed by patients with
gained HER2 positivity. Patients with HER2 negative conversion had little benefit from
pyrotinib. Clinicians should pay more attention to the changes in a tumor’s biological
behaviors during a patient’s therapeutic journal, which has profound implications for
treatment outcomes. 18F-FDG uptake heterogeneity was applied to reflect tumor spatial
heterogeneity. In our previous work, we have established novel parameters to represent the
intra- and intertumoral heterogeneities among metastatic lesions on PET scans, and they
have proven to be effective predictive markers in clinical practice. This study is the first to
apply this method in HER2-positive BC. As far as we are concerned, this is also the first
research to investigate the predictive value of 18F-FDG heterogeneity in patients with HER2-
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positive MBC. Heterogeneity in pretreatment PET/CT could help oncologists gain a better
understanding of patients’ tumor heterogeneity and identify patients that would benefit
from pyrotinib such that they could adapt treatment strategies for individual patients.

There are some limitations to this study. First, this study was an exploratory study
based on a small cohort. Furthermore, the temporal heterogeneity in terms of IHC was only
performed in patients with matched IHC results, which was 71% of the cohort. Validation
is needed for further investigation. In addition, not all primary samples had a central
pathology review of IHC results. Differences in the interpretation of IHC might introduce
bias. Small changes in HR/HER2 expression were not considered as conversion in order
to minimize the effect of technical reasons. In addition, enrollment criteria in this study
included whole-body PET/CT scan prior to pyrotinib treatment. There may have been
selection bias since PET/CT scans are more likely to be recommended in patients with a
more complicated disease. Due to drug availability, only a small percentage of patients
had prior pertuzumab or T-DM1 exposure in this population, which was consistent with
the case in real-world practice in China. However, results from this study were difficult
to be extrapolated directly to MBC patients in other areas. Last, HER2 heterogeneity at
the gene level could provide more information. Translational studies investigating the
biological mechanisms of inter- and intratumoral heterogeneity in HER2-positive MBC are
still needed.

5. Conclusions

This article evaluated tumor heterogeneity in clinically applicable methods and in-
vestigated their impact on the efficacy of pyrotinib in MBC patients. Temporal tumor
heterogeneity was evaluated by the discordance between primary and metastatic IHC
results. Conversion of HER2 status was seen in 25% of these patients. Patients with
homogenous HER2 positivity had significantly longer PFS, followed by patients with
gained HER2 positivity. HER2 negative conversion, however, was predictive of poor
outcome.18F-FDG uptake heterogeneity was applied to reflect spatial tumor heterogeneity
among metastases. Baseline HI-intra and HI-inter could both predict the treatment efficacy
of pyrotinib in patients with HER2-positive BC. This study underlines the importance of
re-biopsy and adapting treatment with tumor heterogeneity taken into consideration.
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Simple Summary: About 10–20% of breast cancer patients have a heterogeneous estrogen receptor
expression. The diagnosis and treatment strategy remains controversial in these patients, especially
regarding the metastatic pattern. The aim of our study was to investigate the occurrence and
properties of estrogen receptor heterogeneity and to evaluate the following treatment efficacy among
a certain group of metastatic breast cancer patients. We found the novel 18F-FES PET/CT method
could identify patients with estrogen receptor heterogeneity, and chemotherapy showed a better
efficacy compared with endocrine therapy in these patients. Our findings could give valuable
suggestions to physicians and researchers in clinical practice.

Abstract: Background: The heterogeneity of estrogen receptor (ER) expression has long been a chal-
lenge for the diagnosis and treatment strategy of metastatic breast cancer (MBC). A novel convenient
method of ER detection using 18F-fluoroestradiol positron emission tomography/computed tomog-
raphy (18F-FES PET/CT) offers a chance to screen and analyze MBC patients with ER uncertainty.
Methods: MBC patients who received 18F-FES PET/CT were screened and patients with both FES
positive (FES+) and negative (FES-) lesions were enrolled in this study. Progression-free survival
(PFS) was estimated using the Kaplan–Meier method and was compared using the log-rank test.
Results: A total of 635 patients were screened and 75 of 635 (11.8%) patients showed ER uncertainty;
51 patients received further treatment and were enrolled in this study. Among them, 20 (39.2%)
patients received chemotherapy (CT), 21 (41.2%) patients received endocrine-based therapy (ET),
and 10 (19.6%) patients received combined therapy (CT + ET). CT showed a better progression-free
survival (PFS) compared with ET (mPFS 7.1 vs. 4.6 months, HR 0.44, 95% CI 0.20–0.93, p = 0.03).
CT + ET did not improve PFS compared with either CT or ET alone (mPFS 4.4 months, p > 0.2). All
three treatment options were well tolerated. Conclusions: 18F-FES PET/CT could identify patients
with ER heterogeneity. Patients with bone metastasis are more likely to have ER heterogeneity.
Patients with ER heterogeneity showed better sensitivity to CT rather than ET. Combined therapy of
CT + ET did not improve the treatment outcome.

Keywords: breast cancer; ER heterogeneity; 18F-FES PET/CT; diagnosis; treatment pattern
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1. Introduction

Breast cancer is the most common malignancy accounting for 30% of female cancers
and is the second leading cause of cancer death in women [1]. Estrogen receptor positive
(ER+) breast cancer constitutes more than 70% of all breast cancers [2]. Normally, ER+ breast
cancer patients have lower rates of recurrent disease and a better prognosis compared
with other molecular subtypes [3]. However, more and more research points out that
the heterogeneity of ER could affect the treatment response and overall prognosis [4–6].
Furthermore, whether traditional endocrine therapy (ET) is still applicable in tumors with
ER uncertainty remains controversial.

Novel methods of detection for ER heterogeneity are warranted because multiple patho-
logical punctures are often infeasible, especially for metastatic patients. 18F-fluoroestradiol
(18F-FES) positron emission tomography/computed tomography (PET/CT) is a non-
invasive, molecular imaging technique to observe and quantify ER status in vivo [7].
18F-FES is now widely used in the diagnosis and treatment prediction of breast cancer
patients [8,9]. Moreover, studies have demonstrated that 18F-FES uptake correlates well
with ICH scoring for ER [10,11]. It has been reported that a conspicuous number of patients
present with discordant ER expression between primary tumor and metastasis, and 18F-FES
PET/CT is used to reveal the existence and prognostic effects of ER heterogeneity [7,12–14].

Previous studies indicate that patients with low positive ER (ER expression 1–10%)
have unique molecular features and thus are more sensitive to chemotherapy (CT) rather
than endocrine therapy (ET) [15]. We considered whether a similar situation happens in
patients with ER heterogeneity.

Few studies focus on ER heterogeneity among MBC patients because of the difficulties
in ER detection among multiple lesions. Therefore, the purpose of our study is to investigate
the occurrence and properties of ER heterogeneity using 18F-FES PET/CT and to evaluate
the following treatment efficacy among a certain group of MBC patients.

2. Methods
2.1. Patients

We screened all MBC patients who received 18F-FES PET/CT in Fudan University
Shanghai Cancer Center from 2017–2021. Patients who had both FES positive (FES+) and
negative (FES−) lesions were enrolled in this study. Patients who did not receive further
treatments or who had incomplete medical records were excluded.

MBC was defined as unresectable, recurrent, or metastatic breast cancer. Medical and
PET/CT data were collected retrospectively from the electronic medical database system.

Fudan University Shanghai Cancer Center Ethics Committee and Institutional Review
Boards approved this clinical study. All of the techniques and methods were conducted in
accordance with the Declaration of Helsinki and the relevant guidelines. This research is
registered under clinicaltrials.gov (NCT05392985).

2.2. 18F-FES PET/CT Imaging

All of the chemicals were obtained from commercial sources and were used without
further purification. The MMSE precursor and the authentic 18F-FES was purchased
from Jiangsu Huayi Chemical Co, Ltd. (Suzhou, Jiangsu, China). 18F-FES was prepared
according to the published methods [16]. To prevent 18F-FES false-negative results, ER
antagonists were discontinued for a minimum of 5 weeks before the study. The use
of aromatase inhibitors was allowed [17]. All of the patients received an injection of
approximately 222 MBq (6 mCi) of 18F-FES over 2 min. Scanning consisted of a whole-body
PET/CT examination (2–3 min per table position) initiated 1 h after the administration of
the tracer on a Siemens biograph 16HR PET/CT scanner. The transaxial intrinsic spatial
resolution was 4.1 mm (full width at half maximum) in the center of the field of view.
The PET/CT data acquisition protocol was as follows: CT scanning was first acquired
from the proximal thighs to the head using a low-dose technique (120 kV, 80–250 mA,
pitch 3.6, rotation time 0.5 ms). Immediately after the CT scan, a PET emission scan that
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covered the identical transverse field-of-view was obtained. We used a Gaussian-filter
iterative reconstruction method to reconstruct the PET images. The coregistered images
were displayed on a workstation.

2.3. Image Interpretation

A multimodality computer platform (Syngo, Siemens, Knoxville, TN, USA) was
utilized for image review and manipulation. Two experienced board-certified nuclear
medicine physicians evaluated the images independently and reached a consensus in cases
of discrepancy. Lesions in 18F-FES PET/CTs were identified using paired 18F-FDG PET/CT
images. Semiquantitative analysis of the tumor metabolic activity was obtained using SUV
normalized to body weight. The maximum SUV (SUVmax) for each metastatic lesion was
recorded by manually placing an individual ROI around each tumor on all consecutive
slices that contained the lesion on coregistered and fused transaxial PET/CT images. We
used a cut-off value of SUVmax ≥ 1.82 or SUVmean ≥ 1.21 to dichotomize the results as
either ER positive and negative [18,19]. Patients with both ER positive and negative lesions
were defined as having ER heterogeneity.

2.4. Outcome Measurements

The primary outcome measurement was PFS of different treatment groups (ET, CT,
and ET + CT); secondary measurements were the incidence and characteristics of ER
heterogeneity as well as treatment safety. PFS was defined as the time from the first dose of
treatment to disease progression or death from any cause. The National Cancer Institute
Common Terminology Criteria for Adverse Events (CTCAE) version 4.03 was used to
evaluate safety. Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 was
used for the tumor response: complete response (CR), partial response (PR), stable disease
(SD), and progressive disease (PD).

2.5. Statistical Analysis

The quantitative data were presented as medians (range) or number of patients, and
the categorical data were shown as counts (percentage). Descriptive statistics were used in
the clinicopathologic characteristics and the Chi square test was used to compare between
groups. Descriptive statistics were also used to depict the secondary outcomes. The survival
analyses were evaluated with Kaplan–Meier method, and the hazard ratios (HRs) and
corresponding 95% confidence intervals (CIs) were estimated using the Cox proportional
hazard model. Prognostic factors were investigated using the Cox regression model with a
95% confident interval in both the univariate and multivariate models. A p value less than
0.05 was considered statistically significant. All statistical analyses were managed using
SPSS (IBM) version 23.0 or R language (R i386 4.0.2).

3. Results
3.1. FES Results and Treatment Options

A total of 635 MBC patients who received 18F-FES PET/CT were screened, and
560 patients had confirmed ER positive or negative expression, while 75 of 635 (11.8%)
patients showed ER heterogeneity. Among the 75 patients with a heterogeneous ER expres-
sion, 51 patients received further treatment, met our inclusion criteria, and were enrolled
in our study. With regards to the treatment alternatives, 20 (39.2%) patients received
chemotherapy (CT), 21 (41.2%) patients received endocrine-based therapy (ET), and 10
(19.6%) patients received combined therapy (CT + ET) (Figure 1).
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3.2. Patient Characteristics

The baseline patient characteristics between the three treatment groups are summa-
rized in Table 1. The median ages of the ET and CT groups were 55, and the ET + CT group
was 48. A majority of patients had surgery before, while 14%, 10%, and 20% of patients
were de novo stage IV patients in the ET, CT, and ET + CT groups, respectively. Most of the
patients were in good status. Visceral metastasis occupied about half of patients, while the
majority of patients had bone metastasis (over 80%). The median treatment lines were the
first and second lines for three groups. Overall, no significant differences were observed in
the baseline characteristics between the three groups.

Table 1. Baseline characteristics of the patients.

Characteristics
Endocrine-Based

Therapy (ET)
N = 21
n (%)

Chemotherapy
(CT)

N = 20
n (%)

ET + CT
N = 10
n (%)

p Values

Median age 55 55 48 0.39
(range) (29–73) (39–70) (32–68)

Age > 48 16 15 7 0.93

Median disease-free interval 3 3 2
0.76(range) (0–13) (0–12) (0–15)

De novo stage IV 3 (14) 2 (10) 2 (20)

ECOG score
0–1 19 (90) 19 (95) 9 (90) 0.84≥2 2 (10) 1 (5) 1 (10)

Number of metastatic sites
1 10 (48) 11 (55) 6 (60)

0.782 8 (38) 7 (35) 4 (40)
≥3 3 (14) 2 (10) 0 (0)

Metastatic sites
Visceral 11 (52) 10 (50) 4 (40) 0.81

Liver 3 (14) 3 (15) 1 (10) 0.92
Lung 10 (48) 6 (30) 2 (20) 0.26
Bone 18 (85) 16 (80) 10 (100) 0.32

Median treatment lines 1 1 2 0.12
(range) (1–4) (1–6) (1–5)

3.3. Treatment Efficacy

The most frequently applied (>20%) CT regimens were the combined treatment of
two chemotherapy regimens (55%) and capecitabine (30%); ET regimens were aromatase
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inhibitor/fulvestrant (42.8%) and CDK4/6 inhibitors plus aromatase inhibitor/fulvestrant
(28.6%); and the ET + CT regimens were capecitabine plus aromatase inhibitor/fulvestrant (90%).

At the median 18-month follow-up, 38 of the 51 patients experienced progressive
disease. The median PFS of the CT group was 7.1 months (95% CI 3.8–10.5), the ET group
was 4.6 months (95% CI 1.8–7.4), and the ET + CT group was 4.4 months (95% CI 0.5–8.3).
CT showed better mPFS compared with ET (HR 0.44, 95% CI 0.20–0.93, p = 0.03, Figure 2A).
CT + ET did not improve the PFS compared with either CT (HR 1.32, 95% CI 0.81–2.17,
p = 0.26) or ET alone (HR 0.66, 95% CI 0.24–1.81, p = 0.42) (Figure 2B,C). The multivariate
analysis showed CT treatment as an independent prognostic factor, even after balancing
the DFI, age, visceral metastasis, number of metastatic sites, and prior MBC treatment lines
(adjusted HR 0.46, 95% CI 0.22–0.98, p = 0.043). The analysis examples of the CT and ET
group are shown in Figures 3 and 4.
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Figure 4. Analysis examples: A 53 year old female had both FES positive and negative lesions in the
bone and received capecitabine treatment with a PFS of 15 months.

3.4. Safety

We collected and analyzed the grade 3/4 adverse events of different treatment groups
(Table 2). Only one diarrhea and leukopenia case were seen in the ET group, while more
hematologic toxicity and peripheral neurotoxicity were observed in the CT group. Palmar-
plantar erythrodysesthesia syndrome was seen in both the CT and ET + CT groups. Overall,
the three groups all showed an acceptable safety profile without a significant statistical
difference (p = 0.14).

Table 2. Adverse events (grade 3/4).

Adverse Events (Grade 3/4)
ET

N = 21
n (%)

CT
N = 20
n (%)

ET + CT
N = 10
N (%)

Diarrhea 1 (4.8) 0 1 (10)

Leukopenia 1 (4.8) 4 (20) 0

Anemia 0 1 (5) 0

Thrombocytopenia 0 1 (5)

Palmar-plantar erythrodysesthesia syndrome 0 1 (5) 1 (10)

Peripheral neurotoxicity 0 2 (10) 0

All 2 (9.5) 7 (35) 2 (20)

4. Discussion

This study uncovered the real-world prevalence of MBC patients with ER heterogene-
ity using the 18F-FES PET/CT method and evaluated the strategy, efficacy, and safety of the
following treatments. As far as we know, this is the first investigation in ER heterogeneity
using 18F-FES PET/CT method.

In terms of the incidence of ER heterogeneity, among all 635 MBC patients who
received an FES scan, 11.8% patients had ER heterogeneity, which was lower than a
previous study showing a 32.4% change in ER status in recurrent tumors compared with
the primary tumors [20]. It is reasonable that for traditional study, only one metastatic
site could be evaluated using the IHC method, thus increasing the false positive and false
negative results. Interestingly, the incidence is similar to patients with a ER low expression
reported before (6–11%), which might suggest a similar biological feature between ER
heterogeneity and a low ER expression [15].

We found a majority of patients with ER heterogeneity had bone metastasis (86%).
Previous preclinical study demonstrated that the osteogenic niche could reversibly reduce
ER expression and activities in bone micrometastases, thus leading to endocrine resis-
tance [21]. Our data, to some extent, proved this phenomenon in a clinical setting, which
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should further remind physicians to double check the ER status of MBC patients with bone
metastasis in the case of ER heterogeneity in clinical practice.

With regards to treatment alternatives, about 40% patients received ET or CT, and the
remaining 20% patients chose ET combined with CT. The current data fully indicated the
clinical dilemma in patients with ER heterogeneity. Endocrine therapy remains to be the
first choice for the first line treatment of luminal type MBC patients, both in guidelines and
clinical practice [22,23]. However, among patients with a low ER expression, endocrine
therapy seems to be less effective [15]. Traditionally, we tend not to use combined treat-
ment of ET and CT because of the antagonism of chemotherapy-induced cytotoxicity by
antiestrogens [24]. However, more and more research hint to the synergistic effect of ET
plus CT, making it a relatively reasonable choice [25].

The current study revealed the superiority of CT over ET with regards to PFS. As for
ER positive MBC patients, real-world data from Holland indicate that initial ET had an
overwhelming advantage compared with CT in both PFS and OS settings [26]. Another
propensity score analysis revealed that ET was not inferior to CT in first line treatment
of ER positive MBC patients [27]. Our results showed the opposite results, which further
demonstrated that patients with ER heterogeneity had a completely different biological
behavior and treatment response from ER positive patients. On the other hand, besides the
fact that ET is not suitable for ER/PR negative patients, researchers also found that patients
with a ER low expression had worse treatment outcomes for ET and overall survival
compared with a ER high expression [15]. This phenomenon, to some extent, suggests
that patients with ER heterogeneity might be similar to those with a low ER expression or
negative ER expression.

In our study, the combined treatment of ET and CT did not improve the treatment
efficacy compared with either ET or CT alone. Although ET plus CT is not a common
treatment option clinically, some studies have explored its feasibility. First, the SWOG-
8814 trial revealed that the sequential use of cyclophosphamide, doxorubicin, fluorouracil
(CAF), and tamoxifen (CAF-T) was better than concurrent CAF and tamoxifen (CAFT),
although not reaching statistical significance [28]. However, the exploratory analysis of
the TEXT/SOFT study showed that the concurrent use of triptorelin with chemotherapy
was not associated with a significant difference in breast cancer-free interval compared
with sequential triptorelin post-chemotherapy [29]. In an advanced setting, a phase II trial
used fulvestrant with metronomic capecitabine on luminal-type MBC patients and found
a mPFS of 15 months, which gave confidence on this treatment pattern [25]. Our study
suggested little benefit gained from ET in patients with ER heterogeneity.

As expected, more 3/4 adverse events were observed in the CT group, although this
did not reach statistical difference, partly because of the sample limits. Capecitabine plus
aromatase inhibitors/fulvestrant were well tolerated in the ET + CT group. All adverse
events were reversed after symptomatic treatment. Notably, patients needed to suspend or
reduce the treatment dose after the diagnosis of grade 3 peripheral neurotoxicity, which
were mostly caused by capecitabine according to previous study [30].

In conclusion, this study revealed the incidence and treatment pattern of patients
with ER heterogeneity using the 18F-FES PET/CT method. Patients with bone metastasis
are more likely to have ER heterogeneity. Patients with ER heterogeneity showed better
sensitivity to CT rather than ET. The combined therapy of CT + ET did not improve the
treatment outcome. Capecitabine-based treatments were well tolerated.

As this study is exploratory, more randomized controlled trials (RCT) are warranted
to give more evidence regarding treatment among ER heterogenous patients. In this era of
precision medicine, more and more novel methods in multidisciplinary cooperation will
bring about the best benefit to patients.

5. Conclusions

This study revealed the incidence and treatment pattern of patients with ER hetero-
geneity using the 18F-FES PET/CT method. Patients with bone metastasis are more likely
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to have ER heterogeneity. Patients with ER heterogeneity showed better sensitivity to CT
rather than ET. The combined therapy of CT + ET did not improve the treatment outcome.
Capecitabine-based treatments were well tolerated. Our findings not only provided a novel
way of detecting ER heterogeneity, but also suggested a better efficacy of CT compared with
ET among patients with ER heterogeneity, which could help physicians to make decisions.
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Simple Summary: A high adenosine level is an important characteristic of the tumor microenviron-
ment (TME) in breast cancer. Pannexin 1 (PANX1) can release intracellular ATP to the extracellular
space and elevate extracellular ATP (exATP) levels under physiological conditions. PANX1 has been
found to be a poor prognostic factor in breast cancer, however, the role of PANX1 in breast cancer
remains unknown. In this study, we performed RNA sequencing, bioinformatics analysis, surgical
specimen histological validation, and exATP/extracellular adenosine (exADO) assays to reveal the
role of PANX1 in regulating the immune microenvironment of basal-like breast cancer. The results
revealed that PANX1 acted as a poor prognostic factor for breast cancer and had high expression in
basal-like breast cancer. PANX1 expression was positively correlated with exATP and exADO levels in
basal-like breast cancer TME. PANX1 expression was also positively correlated with tumor-associated
neutrophil (TAN) infiltration in breast cancer TME, and TANs highly expressed CD39/CD73, which
synergistically build a high exADO immunosuppressive TME and promote tumor progression. This
study suggests that high PANX1 expression is associated with high TAN infiltration and adenosine
production to induce local immunosuppression in basal-like breast cancer TME.

Abstract: Background: A high adenosine level is an important characteristic of the tumor microenvi-
ronment (TME) in breast cancer. Pannexin 1 (PANX1) can release intracellular ATP to the extracellular
space and elevate extracellular ATP (exATP) levels under physiological conditions. Methods: We
performed public database bioinformatics analysis, surgical specimen histological validation, RNA
sequencing, and exATP/extracellular adenosine (exADO) assays to reveal the role of PANX1 in
regulating the immune microenvironment of basal-like breast cancer. Results: Our results revealed
that PANX1 acted as a poor prognostic factor for breast cancer and had high expression in basal-like
breast cancer. PANX1 expression was positively correlated with exATP and exADO levels in basal-like
breast cancer TME. PANX1 expression was also positively correlated with tumor-associated neu-
trophil (TAN) infiltration in breast cancer TME and TANs highly expressed ENTPD1 (CD39)/NT5E
(CD73). Conclusions: This study suggests that high PANX1 expression is associated with high TAN
infiltration and adenosine production to induce local immunosuppression in basal-like breast cancer
TME.

Keywords: pannexin 1 (PANX1); neutrophils; adenosine; tumor microenvironment (TME); breast
cancer
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1. Introduction

Breast cancer is the most common malignant tumor in women. Basal-like breast cancer,
as an important breast subtype, is a heterogeneous group of tumors defined by negative
immunohistochemical staining for estrogen receptor (ER) and progesterone receptor (PR)
and a lack of overexpression of human epidermal growth factor receptor 2 (HER2) with
different levels of expression in basal cell keratins and myoepithelial markers [1,2]. Basal-
like breast cancer is prone to recurrence and metastasis and has a poor prognosis due
to the lack of specific treatments [3,4]. According to the PAM50 algorithm, 71% of triple
negative breast cancer (TNBC) was found to be basal-like breast cancer [2]. Basal-like breast
cancer is a clinically exclusive diagnosis that needs to be more precisely characterized
at the molecular level. Compared with other subtypes, the immune status of the tumor
microenvironment (TME) has a significant impact on the treatment and prognosis in
basal-like breast cancer [5,6]. Therefore, it is of clinical importance to investigate the key
regulatory genes related to the immune TME of basal-like breast cancer.

Pannexin 1 (PANX1), a member of the gap junction protein family, mediates the release
of intracellular ATP to the extracellular microenvironment in its full-length form [7]. Extra-
cellular ATP (exATP) and its metabolite extracellular adenosine (exADO) are important
factors that regulate local immune TME [8]. Under physiological conditions, exATP released
by PANX1 promotes innate and adaptive immune responses by attracting immune cells [9].
In the TME, this process is disrupted, and exATP is rapidly metabolized by nucleotidases
ENTPD1 (CD39) and NT5E (CD73) to generate exADO [10]. In the TME, exADO is a key
factor that contributes to local immunosuppression [11]. Recently, PANX1 expression was
found to be important in suppressing airway inflammation in the asthma mouse model,
and the knockdown of PANX1 resulted in increased airway inflammation [12]. In breast
cancer, PANX1 was overexpressed and promoted the transformation of tumor cells to the
epithelial-to-mesenchymal transition (EMT) phenotype; breast cancer patients with high
PANX1 expression had a poor clinical prognosis [13]. However, the way in which PANX1
affects tumor-infiltrating immune cells (TIICs) and the immune TME by regulating exATP
levels has not been reported.

This study revealed that basal-like breast cancer tissues had high PANX1 expres-
sion, which was positively correlated with tumor-associated neutrophils (TANs) and the
accumulation of exADO, forming an immunosuppressive TME.

2. Materials and Methods
2.1. Data Acquisition

The TCGA-BRCA RNA-Seq gene expression matrix data with clinical information
were downloaded from the TCGA data portal (https://portal.gdc.cancer.gov/) (accessed
on 5 April 2021) and normalized using R package TCGAbiolinks [14–16]. METABRIC [17]
microarray (Illumina HT-12 v3) normalized gene expression data were downloaded from
the cBioPortal website (https://www.cbioportal.org) (accessed on 7 April 2021) [18]. The
GSE103091 dataset (normalized gene expression data, GPL570, Affymetrix Human Genome
U133 Plus 2.0 Array) [19,20] was downloaded from the GEO database (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE103091) (accessed on 12 April 2021) using R
package GEOquery for further CIBERSORT analysis. The METABRIC and TCGA-BRCA
samples were classified into molecular subtypes using the PAM50 algorithm [21] using R
package genefu [22].

2.2. Clinical Specimen Collection

Formalin-fixed paraffin-embedded (FFPE) sections from 12 TNBC patients who under-
went surgery at the Second Affiliated Hospital of Zhejiang University School of Medicine
(SAHZU) were collected from March 2020 to December 2020. Fresh surgical tumor speci-
mens from 21 patients with TNBC and 12 patients with Luminal A cancer who underwent
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surgery at SAHZU were collected from March 2020 to April 2022 (with paired peripheral
blood samples in 6 patients). Clinicopathological and survival information was also col-
lected after receipt of informed consent and approval from the ethics committee. Clinical
baseline characteristics of the included patients and corresponding experimental proce-
dures for the surgical specimens have been summarized in Table 1, and detailed patient
information was included in Supplementary Table S1. The percentage of stromal tumor-
infiltrating lymphocytes (TILs) in breast cancer was evaluated under recommendations of
the International TILs Working Group [23].

Table 1. Clinical baseline characteristics of the included patients and corresponding experimental
procedures for the specimens.

No. Age ER PR HER2 Ki-67 Subtype WHO
Grade Stage Stromal

TILs%

Bulk
RNA-
Seq

PAM50 Barcode IHC IF
TAN
RNA-
seq

Paired
PBN
RNA-
seq

ATP/ADO
Assay

PT01 50 Neg Neg Neg 20% TNBC 3 IIA 5.0% NA Yes
PT02 37 Neg Neg Neg 70% TNBC 3 IIA 30.0% NA Yes
PT03 41 Neg Neg Neg 40% TNBC 3 IIIC 7.0% NA Yes
PT04 48 Neg Neg 1+ 50% TNBC 3 IIB 30.0% Yes Basal-like TNBC08 Yes
PT05 62 Neg Neg Neg 40% TNBC 3 IIA 65.0% Yes Basal-like TNBC02 Yes Yes Yes Yes
PT06 61 Neg Neg 1+ 30% TNBC 3 IIA 10.0% Yes Basal-like TNBC07 Yes Yes Yes
PT07 44 Neg Neg Neg 70% TNBC 3 IIA 20.0% NA Yes
PT08 47 Neg Neg Neg 70% TNBC 3 IIA 7.0% NA Yes
PT09 54 Neg Neg 1+ 15% TNBC 2 IIA 3.0% Yes Basal-like TNBC06 Yes
PT10 48 Neg Neg Neg 15% TNBC 3 I 60.0% Yes Basal-like TNBC05 Yes Yes
PT11 59 Neg Neg Neg 30% TNBC 2 I 10.0% Yes Basal-like TNBC09 Yes Yes
PT12 53 Neg Neg 1+ 40% TNBC 3 IIA 40.0% Yes Basal-like TNBC03 Yes

PT13 61 Pos Pos 1+ 8% Luminal
A 2 IIA 5.0% NA Yes

PT14 59 Pos Pos 1+ 5% Luminal
A 2 IIA 5.0% NA Yes

PT15 87 Pos Pos 1+ 5% Luminal
A 2 IIA 5.0% NA Yes

PT16 61 Pos Pos 1+ 10% Luminal
A 3 IIA 5.0% Yes Luminal-

A LUM03

PT17 47 Pos Pos 1+ 10% Luminal
A 3 IIB 4.0% NA Yes

PT18 51 Pos Pos 1+ 15% Luminal
A 2 IIA 10.0% Yes Luminal-

A LUM01

PT19 66 Pos Pos 1+ 5% Luminal
A 2 I 5.0% NA Yes

PT20 61 Pos Pos Neg 5% Luminal
A 2 IIA 7.0% NA Yes

PT21 73 Pos Pos 1+ 15% Luminal
A 3 IIA 5.0% Yes Luminal-

A LUM02

PT22 61 Pos Pos Neg 5% Luminal
A 2 IIA 2.0% NA Yes

PT23 76 Pos Pos Neg 10% Luminal
A 3 IIA 2.0% NA Yes

PT24 52 Pos Pos Neg 10% Luminal
A 2 IIA 5.0% NA Yes

PT25 55 Neg Neg Neg 40% TNBC 2 IIA 55.0% Yes Basal-like TNBC04 Yes Yes Yes Yes
PT26 35 Neg Neg 1+ 10% TNBC 2 IIB 20.0% Yes Basal-like TNBC10 Yes Yes Yes
PT27 52 Neg Neg Neg 15% TNBC 2 IIA 12.0% Yes Basal-like TNBC01 Yes Yes Yes Yes
PT28 45 Neg Neg Neg 70% TNBC 3 IIB 25.0% Yes Basal-like TNBC11
PT29 51 Neg Neg Neg 65% TNBC 3 I 45.0% Yes Basal-like TNBC12
PT30 28 Neg Neg Neg 60% TNBC 3 IIA 50.0% Yes Basal-like TNBC13
PT31 60 Neg Neg Neg 75% TNBC 3 IIB 30.0% Yes Basal-like TNBC14
PT32 71 Neg Neg Neg 45% TNBC 3 IIB 10.0% Yes Basal-like TNBC15
PT33 43 Neg Neg Neg 50% TNBC 2 IIA 7.0% Yes Basal-like TNBC16

ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2; IHC: immuno-
histochemistry; IF: immunofluorescence; TAN: tumor-associated neutrophil; PBN: peripheral blood neutrophil.

2.3. Cell Lines and Culture Conditions

The MDA-MB-231, HCC-1937, and MCF-7 human breast cancer cell lines were all
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). MDA-
MB-231 and MCF-7 cells were cultured in DMEM with 10% fetal bovine serum, while
HCC-1937 cells were cultured in RPMI 1640 medium with 10% fetal bovine serum. All cell
lines were grown with 5% CO2 at 37 ◦C.
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2.4. RNA Sequencing

Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) and RNeasy
mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. For clinical
samples, single-end libraries were subsequently constructed using the standard protocol
provided by BGI (BGI, Shenzhen, China) and were then sequenced on the BGISEQ-500
platform. Clinical sample RNA sequencing was performed in 19 fresh surgical samples
(TNBC: 16; Luminal A: 3) and tumor-associated neutrophils with paired peripheral blood
neutrophils sorted from 6 TNBC patients (Table 1). For cell lines, RNASeq library was
prepared using Illumina TruSeq RNA sample preparation kit (Illumina, San Diego, CA,
USA) and RNA sequencing was performed by Illumina HiSeq 2500 platform in MDA-MB-
231 and HCC-1937 cells (WT/shPANX1/shCTRL).

2.5. Bulk Transcription Data Analysis

The relative proportions of tumor-infiltrating immune cells were inferred using TIMER
(TCGA-BRCA data and own data) [24,25] (V1: https://cistrome.shinyapps.io/timer; V2:
http://timer.comp-genomics.org/) (accessed on 21 March 2021) and CIBERSORT LM22
(TCGA-BRCA data) (accessed on 9 April 2021) [26] (22 immune cell reference profiles:
https://cibersort.stanford.edu/). For CIBERSORT processed data relating to neutrophil
infiltration, we screened for and removed all outliers (2 standard deviations above or
below the mean) for further linear regression analysis. For RNA-seq data of fresh surgical
specimens, the fractions of tumor-infiltrating immune cells were inferred using TIMER
V2 and quanTIseq [27] (http://timer.comp-genomics.org/) (accessed on 3 May 2021).
GEPIA2 [28] was used to detect the top 250 genes related to PANX1 (https://gepia2
.cancer-pku.cn/) (accessed on 2 May 2021). A list of human immune-related genes was
derived through the Immunology Database and Analysis Portal (ImmPort) [29] (https:
//www.immport.org/) (accessed on 2 May 2021). The Lehmann’s TNBC typing had
been adopted to evaluate the PANX1 expression in different TNBC subtypes by using
the webtool TNBCtype [30,31] (https://cbc.app.vumc.org/tnbc/) (accessed on 12 April
2022). The enriched gene ontology (GO) immune-related pathways were identified via
the ClueGO v2.5.8 plugin in Cytoscape 3.8.2 software [32,33]. Using TCGA-BRCA and
METABRIC data with clinical information, the overall survival (OS) status in different
PAM50 subtypes of breast cancer under PANX1 high/low expression (median as the cut-off)
was analyzed by R package Survminer and Survival. All packages used in this study were
run in R environment 4.0.5.

2.6. Single Cell Transcription Data Analysis

The TNBC single-cell dataset [34] was downloaded from the Broad Institute Single
Cell Portal (https://singlecell.broadinstitute.org/single_cell/study/SCP1106/) (accessed
on 7 September 2021). The dataset was analyzed using the Seurat R package. Nonlinear di-
mensional reduction (tSNE) was used to visualize clustering results. Epithelial cell clusters
with highly variable CNVs were determined to be malignant by the inferCNV R package.
The SingleR R package was used for cell type annotation, and the default annotated file
(Wu_EMBO_metadata.csv) was used as a reference. The single-cell dataset was divided
into PANX1 high and low expression groups according to the PANX1 expression of each
tumor sample in the count matrix. We calculate the average PANX1 expression for each
tumor sample and choose the median value as the cut-off (PANX1 low expression tumor
group: CID4513, CID4515, and CID44971 (included cell number = 9623); PANX1 high
expression tumor group: CID44041 and CID44991 (included cell number = 4252)).

2.7. Immunofluorescence Staining

Gene colocalization was validated by monoclonal antibody-based immunofluores-
cence. FFPE sections were subjected to antigen retrieval by heating the slides in citrate
buffer for 2 min, after which they were incubated with primary antibodies (anti-human
PANX1 (#AB139715, 1:500, Abcam, Cambridge, MA, USA) and anti-human MPO (#AF3667,
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1:300, R&D Systems, Minneapolis, MN, USA) antibodies) at 4◦C overnight. Then, the slides
were incubated with fluorescein-labeled secondary antibodies (Cy3-conjugated donkey
anti-rabbit IgG (#AP182C, 1:200, Merck, Darmstadt, Germany), Alexa Fluor 488-conjugated
donkey anti-goat IgG (#A11055, 1:100, ThermoFisher, Waltham, MA, USA)) at room temper-
ature, stained with DAPI, and photographed under a laser confocal microscope (OLYMPUS
IX83-FV3000-OSR).

2.8. Immunohistochemical Staining

Gene expression was validated by monoclonal antibody-based immunohistochemistry.
Immunohistochemical staining of FFPE slides, which were deparaffinized and rehydrated
before the antigen retrieval step, was performed using the Envision method. Endoge-
nous peroxidase was blocked by incubating the slides with 3% H2O2. FFPE slides were
heated in citrate buffer for 2 min, incubated with primary antibodies (rabbit anti-human
PANX1(#AB139715, 1:500, Abcam, Cambridge, MA, USA)/mouse anti-human ENTPD1
(clone A1, 1:300, Biolegend, San Diego, CA, USA)/anti-human NT5E antibodies (clone
AD2, 1:300, Biolegend, San Diego, CA, USA)) at 4 ◦C overnight, and then incubated with
the secondary antibody (HRP-conjugated goat anti-mouse IgG, #AB205719, 1:2000, Abcam;
HRP-conjugated goat anti-rabbit IgG, AB205718, 1:5000, Abcam, Cambridge, MA, USA)
for 30 min at room temperature. 3,3′-Diaminobenzidine (DAB) chromogen (Zhongshan
Jinqiao Biotech, Beijing, China) was used for visualization. The intensity and frequency
were used as evaluation indexes based on PANX1 staining. The expression intensity was
divided into 4 subgroups: negative (0), weakly positive (1), positive (2), and strong positive
(3). The expression frequency was divided into 5 subgroups: 0–10% (1), 11–30% (2), 31–50%
(3), 51–75% (4), and 76–100% (5). PANX1 comprehensive score = intensity*frequency. The
TNBC specimens included in immunofluorescence and immunohistochemical staining
were subjected to transcriptomic analysis and confirmed to be basal-like subtype using the
PAM50 algorithm (Table 1). The samples with the upper 50% of PANX1 comprehensive
scores were defined as the PANX-high group (n = 3), while the samples with the lower
50% of PANX1 comprehensive scores were defined as the PANX-low group (n = 3). We
quantitatively assessed the ENTPD1 and NT5E protein expression levels by ImageJ FIJI
software [35] using the method developed by Alexandra Crowe and Wei Yue [36].

2.9. Neutrophil Isolation

Fresh surgical specimens were cut into small pieces and digested in medium containing
1 mg/mL collagenase IV (#V900893, Sigma-Aldrich, Saint Louis, MO, USA) at 37 ◦C in
a constant temperature shaker for 2 h. The cell suspension was filtered through 40 µm
nylon mesh (BD FALCON, #352340) for subsequent detection or culture. The separation of
neutrophils from surgical specimens and peripheral blood was performed with a human
neutrophil isolation kit according to the manufacturer’s protocol (Miltenyi Biotec, Auburn,
CA, USA). For the neutrophils RNA-seq data, key immune-related gene expression was
analyzed, and the heatmap was generated by the ComplexHeatmap R package.

2.10. ShRNA Knockdown of PANX1

MDA-MB-231 and HCC-1937 cells were transfected using the PANX1 human shRNA
plasmid kit (OriGene, Rockville, MD, USA) (sequence: 5′-CGCAATGCTACTCCTGACAAA
CCTTGGCATGTCAAGAGCATGCCAAGGTTTGTCAGGAGTAGCATTGTT-3′). The PANX1/
ENTPD1/NT5E expression was evaluated by RNA sequencing using Illumina HiSeq
2500 platform in MDA-MB-231 and HCC-1937 cells (WT/shPANX1/shCTRL). Single-cell
colonies of PANX shRNA-expressing cells were selected with puromycin and examined for
PANX1 knockdown. Stable knockdown samples showed a 70–90% reduction in PANX1 ex-
pression. Cells were maintained under puromycin selection pressure and were periodically
examined for effective PANX1 knockdown using western blot.
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2.11. Extracellular ATP/ADO Assay

In 24-well plates, 2× 104 cells (MDA-MB-231/MDA-MB-231 shPANX1/MDA-MB-231
shControl/HCC-1937/HCC-1937 shPANX1/HCC-1937 shControl/MCF-7) per well were
allowed to adhere overnight after which they were removed by centrifugation at 4 ◦C for
10 min (MCF-7 as a representative of luminal breast cancer cell lines). For probenecid
(PRB) treatment group, the MDA-MB-231/HCC-1937 cells were pretreated for 10 min with
1 mM PRB (#P8761, Sigma-Aldrich, Saint Louis, MO, USA). The supernatant was then
collected for ATP/ADO detection assays. Fresh surgical TNBC tissues and normal breast
tissue specimens were cut into small pieces and digested in medium containing 1 mg/mL
collagenase IV (#V900893, Sigma-Aldrich, Saint Louis, MO, USA) at 37 ◦C at a constant
temperature. The cell suspension was then filtered through 40 µm nylon mesh (#352340, BD
FALCON) for subsequent ATP/ADO detection assays. ATP/ADO levels were measured
using the ATP/ADO Assay Kit (fluorometric) (Abcam, Cambridge, MA, USA) according to
the manufacturer’s protocol.

2.12. Statistical Analyses

Statistical significance was determined using unpaired two-tailed Student’s t-tests
or analysis of variance (ANOVA) followed by Tukey’s test. Pearson’s correlation and
Spearman’s rank correlation statistics were used to determine the correlation for linear
regression. A log-rank test was performed to assess PANX1 as a survival biomarker. For all
in vitro assays, data are representative of at least three independent experiments, which
each included three technical replicates unless otherwise stated. Differences in PANX1
expression in different subtypes were assessed using one-way ANOVA (Tukey’s test).
Paired differences in ATP/ADO levels and ENTPD1/NT5E expression between different
groups were assessed using two-tailed t-tests. Statistical analyses were performed using
GraphPad Prism software (version 9.0) and R software (version 4.0.5, R Core Team, http:
//www.R-project.org/) (accessed on 5 April 2021). The results are given as mean ± S.D.
and p values < 0.05 were considered significant (unless otherwise stated). The details of the
statistical analysis are provided in the results section and figure legends.

3. Results
3.1. PANX1 Was Highly Expressed in Basal-like Breast Cancer

Compared with normal tissues, we found that PANX1 was highly expressed in breast
cancer (BRCA), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), head and
neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), lung adenocar-
cinoma (LUAD), lung squamous cell carcinoma (LUSC), and stomach adenocarcinoma
(STAD) based on the web tool TIMER (TCGA-BRCA data) (p < 0.001 was significant) (Fig-
ure 1A). Using TCGA-BRCA (n = 1083) and METABRIC (n = 1699) data, high PANX1
expression suggested poor prognosis for basal-like breast cancer in terms of overall sur-
vival (OS) (p < 0.05), while not for Luminal A, Luminal B, HER2-enriched, or normal-like
subtype (PAM50 algorithm) (Figures 1B and S1A). To further investigate the role of PANX1
expression in breast cancer, we analyzed TCGA-BRCA and METABRIC transcriptome
data and confirmed that PANX1 was highly expressed in the basal-like subtype (TCGA-
BRCA (n = 1083) and METABRIC (n = 1699) data, PAM50 algorithm) (Figure 1C,D). We
also explored PANX1 expression in different TNBC subtypes (Lehmann’s TNBC typing;
TCGA-BRCA-TNBC (n = 157) and METABRIC-TNBC (n = 158) data) and found there was
no significant difference of PANX1 expression among different TNBC subtypes (p > 0.05)
(Supplementary Figure S1B). Using TCGA-BRCA data, we further explored the relation-
ship between PANX1 expression and tumor stage and found no significant differences in
PANX1 expression across stages in all breast cancer samples or basal subtype (p > 0.05)
(Supplementary Figure S1C). The above results suggested that, as a poor prognostic factor
in breast cancer, PANX1 was highly expressed in basal-like breast cancer.
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Figure 1. (A) PANX1 was highly expressed in breast cancer (BRCA), colon adenocarcinoma (COAD),
esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), kidney chromo-
phobe (KICH), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and stomach
adenocarcinoma (STAD) compared with normal tissues (p < 0.001 as significant; Student’s t test)
(TCGA-BRCA data; red bar: tumor tissue; blue bar: normal tissue); (B) correlation between PANX1
expression and overall survival (OS) in breast cancer under PAM50 molecular intrinsic subtypes (All
(n = 1083), Luminal A (n = 560), Luminal B (n = 215), HER2-enriched (n = 82), Basal (n = 186), and
Normal (n = 40)); (C,D) PANX1 expression under different PAM50 breast cancer molecular intrinsic
subtype (TCGA-BRCA (n = 1083) and METABRIC (n = 1699) data, PAM50 algorithm; Turkey’s test)
(* p < 0.05; ** p < 0.01; *** p < 0.001).

3.2. PANX1 Expression Positive Correlated with ENTPD1/NT5E Expression in the TME

PANX1 is acknowledged as a dominant regulator of exATP release, while exATP and
its metabolite exADO are believed to induce an immune-suppressive TME [10]. An analysis
of TCGA-BRCA and METABRIC basal-like subtype transcriptome data revealed that the
group with high expression of PANX1 (top 50%) had higher ENTPD1 and NT5E expression
levels than the group with low expression (bottom 50%) (p < 0.001, TCGA-BRCA (n = 186)
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and METABRIC (n = 199)) (Figure 2A). Further linear analysis suggested a positive correla-
tion between PANX1 expression and ENTPD1 (R2 = 0.47 (TCGA) and 0.14 (METABRIC);
p < 0.001) and NT5E (R2 = 0.39 (TCGA) and 0.08 (METABRIC); p < 0.001) expression in
TCGA-BRCA and METABRIC basal-like subtype transcriptome data (Figure 2B). The RNA-
seq data of surgical breast cancer specimens (basal-like PANX1 high: n = 6; basal-like
PANX1 low: n = 6; Luminal subtype: n = 3) suggested a higher expression of ENTPD1 and
NT5E in the basal-like PANX1-high group compared to basal-like PANX1-low and Luminal
group (p < 0.05) (Figure 2C). According to immunohistochemistry of basal-like surgical
specimens, the expressions of ENTPD1 and NT5E were higher in the PANX1 high group
(n = 3) than in the PANX1 low group (n = 3) (Table 2, Figures 2D and S2A,B). The above
results indicated that PANX1 expression was positive correlated with ENTPD1 and NT5E
expression in the basal-like breast cancer TME.
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Figure 2. (A) ENTPD1 and NT5E expression in basal-like breast cancer under high and low level of
PANX1 expression (p < 0.01) (TCGA-BRCA (n = 186) and METABRIC (n = 199) basal-like subtype data;
Student’s t test); (B) ENTPD1 and NT5E expression was positively correlated with PANX1 expression
in basal-like breast cancer (p < 0.001) (TCGA-BRCA and METABRIC basal-like subtype data; Pearson’s
correlation); (C) ENTPD1 and NT5E expression in breast cancer specimens (Basal-like PANX1 high
subgroup: n = 6; basal-like PANX1 low subgroup: n = 6; Luminal subtype: n = 3) (p < 0.05; Turkey’s
test); (D) ENTPD1 and NT5E expression in basal-like breast cancer surgical specimens with different
PANX1 expression levels by immunohistochemistry at 10× and 20× magnifications (* p < 0.05;
** p < 0.01; *** p < 0.001).

Table 2. Clinical characteristics of the included samples for immunohistochemistry.

No. Age Subtypes Ki-67 WHO Grade Stage Stromal
TILs%

Bulk
RNA-Seq PAM50 Barcode IHC IHC-PANX1

PT05 62 TNBC 40% 3 IIA 65.0% Yes Basal-like TNBC02 Yes High
PT25 55 TNBC 40% 2 IIA 55.0% Yes Basal-like TNBC04 Yes High
PT27 52 TNBC 15% 2 IIA 12.0% Yes Basal-like TNBC01 Yes High
PT09 54 TNBC 15% 2 IIA 3.0% Yes Basal-like TNBC06 Yes Low
PT12 53 TNBC 40% 3 IIA 40.0% Yes Basal-like TNBC03 Yes Low
PT26 35 TNBC 10% 2 IIB 20.0% Yes Basal-like TNBC10 Yes Low

TILs: tumor infiltrating lymphocytes; IHC: immunohistochemistry.
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3.3. PANX1 Expression Was Positively Correlated with TAN Infiltration in Basal-like
Breast Cancer

Using CIBERSORT LM22, we analyzed the effect of PANX1 expression on basal-like
breast cancer immune microenvironment in TCGA-BRCA (n = 186) data and GSE103091
(n = 238) dataset. We found that the abundances of infiltrating neutrophils (p < 0.05), resting
memory CD4+ T cells (p < 0.05), follicular helper T cells (p < 0.05), monocytes (p < 0.05),
CD8+ T cells (p < 0.05), and activated natural killer (NK) cells (p < 0.05) were significantly
different between PANX1 high expression (top 50%) and low expression (bottom 50%)
tumors (Figure 3A). Coexpressed PANX1-related genes were obtained using GEPIA2; the
immune-related GO analysis suggested that PANX1 and its coexpressed genes were related
to granulocyte migration, neutrophil activation, etc. (p < 0.01) (Figure 3B). Furthermore,
the relationship between PANX1 expression and TIICs was assessed using TIMER in the
TCGA-BRCA basal-like subtype data, and a positive correlation was indicated between
PANX1 and the infiltration level of TANs and CD4+ T cells (p < 0.05) (Figure 3C). Using
TCGA-BRCA data and the CIBERSORT algorithm, we verified the positive correlation
between PANX1 expression and TANs infiltration in the basal-like subtype (n = 25, outliers
have been filtered; R2 = 0.32; p = 0.003; Pearson’s correlation) (Figure 3D).
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(top 50%)/low (bottom 50%) PANX1 expression in basal-like subtype breast cancer (The key dif-
ference immune cells are shown by star (* p < 0.05); TCGA-BRCA basal-like subtype (n = 186) and
GSE103091(n = 238) data); (B) GO analysis of PANX1 and its coexpression immune-related genes;
(C) TIMER analysis of PANX1 expression and TIIC correlation (TCGA-BRCA data; n = 1083; Spear-
man’s rank correlation); (D) neutrophil abundance was positively correlated with PANX1 expression
in METABRIC basal-like subtype data (R2 = 0.32; p = 0.003; Pearson’s correlation) (CIBERSORT algo-
rithms; n = 25, outliers have been filtered); (E) MPO (neutrophil marker) expression was positively cor-
related with PANX1 expression in TCGA-BRCA basal-like subtype data (n = 186; R2 = 0.19; p < 0.001;
Pearson’s correlation); (F) immunofluorescence detection of PANX1/MPO coexpression in basal-like
breast cancer paraffin-embedded pathological specimens (DAPI, 4′,6-diamidino-phenylindole; MPO,
myeloperoxidase).

In addition, the PANX1 expression was positively correlated with myeloperoxidase
(MPO) expression in the TCGA-BRCA basal-like subtype (R2 = 0.19; p < 0.001) (Figure 3E).
Moreover, the coexpression of PANX1 and MPO in basal-like breast cancer paraffin-
embedded surgical specimens was also observed using immunofluorescence (Figure 3F).
PANX1 and MPO expression was positive correlated, indicating that high PANX1 expres-
sion might promote TAN infiltration in basal-like breast cancer TME. However, the way in
which PANX1 establishes an immunosuppressive microenvironment with TANs should be
further explored.

3.4. Immunosuppressive TANs Demonstrated More Infiltration in Basal-like Breast Cancer with
High PANX1 Expression

quanTIseq and TIMER deconvolution methods were reported to have high deconvo-
lution performance for RNA-seq data from different tumor types and could be suitable
tools for the further exploration of tumor-infiltrating neutrophils [37]. RNA-seq data
from fresh surgical specimens were converted into infiltrating immune cell information
by quanTIseq and TIMER. The results revealed that basal-like breast cancer with high
PANX1 expression (n = 6) had more infiltrating TANs than basal-like breast cancer with low
PANX1 expression (n = 6) and Luminal subtype (n = 3) (p < 0.05 for TIMER and quanTIseq
method) (Figure 4A–C). In addition, the relationship between ENTPD1/NT5E expression
and the infiltration level of TANs in basal-like subtype was evaluated. In TCGA-BRCA
data, ENTPD1/NT5E expression was positively correlated with the infiltration level of
TANs in basal-like subtype (p < 0.05) (Figure 4D: CIBERSORT method; Figure 4E: TIMER
method). Neutrophils were purified from fresh basal-like breast cancer surgical specimens
(n = 6) and paired peripheral blood samples (n = 6). Transcriptome analysis revealed TANs
had higher expressions of nucleotidases ENTPD1 and NT5E (p < 0.05) and higher expres-
sions of immunosuppressive cell recruitment-related cytokines CCL2 and CCL17 (p < 0.05)
compared with peripheral blood neutrophils (Figure 4F). The above results suggested that
PANX1 expression was positively associated with the TANs infiltration in TME, and TANs
could convert exATP to exADO by highly expressing ENTPD1 and NT5E.
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Figure 4. (A) The proportion of infiltrating TANs in Luminal (n = 3) and basal-like subtype (High
PANX1 expression: n = 6; low PANX1 expression: n = 6) surgical specimens; (B,C) basal-like breast
cancer with high PANX1 expression had more infiltrating TANs than basal-like breast cancer with low
PANX1 expression and the Luminal subtype (p < 0.05 for TIMER; p = 0.11 for quanTIseq; Student’s t
test); (D) the correlation between ENTPD1/NT5E expression and TAN infiltration in basal-like breast
cancer (n = 25; p < 0.05; R2 = 0.28 (ENTPD1) and 0.23 (NT5E); Pearson’s correlation; TCGA-BRCA
data; CIBERSORT-LM22 algorithms; outliers have been filtered); (E) TIMER analysis suggested a
positive correlation between ENTPD1/NT5E expression and TAN infiltration in the basal-like subtype
(n = 186; p < 0.01; Rho = 0.35 (ENTPD1) and 0.26 (NT5E); Spearman’s rank correlation; TCGA-BRCA
data); (F) heatmap of the transcriptome analysis of TANs (n = 6) and PBNs (n = 6) in basal-like breast
cancer (TANs, tumor-associated neutrophils; PBNs, peripheral blood neutrophils) (* p < 0.05).

3.5. High PANX1 Expression Induced a High exADO Immunosuppressive TME in Basal-like
Breast Cancer

To clarify whether high PANX1 expression in basal-like breast cancer could establish an
immunosuppressive TME with local high exADO levels, we measured exATP and exADO
levels in the supernatant of cultured breast cancer cell lines and found that exATP and
exADO levels in MDA-MB-231 and HCC-1937 (basal-like subtype cell lines) cell culture
media were significantly higher than those in MCF-7 (Luminal subtype cell line) cell
culture media (n = 19 for each group; p < 0.05) (Figure 5A). Knocking down PANX1 and
probenecid treatment in MDA-MB-231 and HCC-1937 cell lines led to a downregulation
of exATP and exADO levels in the cell culture media (n = 19 for each group; p < 0.05)
(Figure 5A). Moreover, exATP and exADO levels in digested tissue supernatant of basal-
like breast cancer surgical samples were significantly higher than those in Luminal A breast
cancer surgical samples (n = 9 for each group; p < 0.05) (Figure 5B). In MDA-MB-231
and HCC-1937 cell lines (WT/shPANX1/shCTRL), we explored the relationship between
PANX1 expression and ENTPD1/NT5E expression and found no significant correlation
between PANX1 expression and ENTPD1/NT5E expression at the cell line level (p > 0.05;
Turkey’s test; Supplementary Figure S2C,D). The above results suggest that the correlation
between PANX1 expression and ENTPD1/NT5E expression at the tissue level may be
due to the recruitment of immune cells with high expression of ENTPD1/NT5E in TME.
The correlation between PANX1 expression and TIIC infiltration in TCGA-BRCA basal-
like subtype was analyzed by TIMER. The results indicated that PANX1 expression was
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positively correlated with the infiltration level of neutrophils, regulatory T cells (Tregs),
M2-like macrophages, and myeloid-derived suppressor cells (MDSCs) (p < 0.05) and was
negatively correlated with the infiltration level of CD8+ T cells and NK cells (p < 0.05)
(Figure 5C) in basal-like breast cancer. For HER2-enriched and Luminal B subtypes, PANX1
expression was also positively correlated with the infiltration level of neutrophils (p < 0.05),
but it was negatively correlated with the infiltration level of CD8+ T cells and NK cells
only in HER2 enriched subtype (p < 0.05) (Figure 5C). The single-cell transcriptome data
revealed that TNBC tumor samples with high PANX1 expression had lower infiltration
of B cells, CD4+ T cells, CD8+ T cells, myeloid cells, NK cells, and NK T cells and higher
infiltration of cancer-associated fibroblasts (CAFs), plasma cells, and Tregs (Supplementary
Figure S2E,F). The above results suggested that PANX1 might be a key gene responsible
for exADO accumulation and establishment of an immunosuppressive TME in basal-like
breast cancer.
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Figure 5. (A) Levels of exATP and exADO in MDA-MB-231, HCC-1937 and MCF-7 cell culture media;
PANX1 knock down and probenecid (PRB) treatment reduced the levels of exATP and exADO in the
supernatant of MDA-MB-231 and HCC-1937 cells (n = 19 for each group; p < 0.05; Student’s t test);
(B) levels of exATP and exADO in the supernatant of digested tissue from triple-negative and Luminal
A breast cancer surgical specimens (p < 0.05; n = 9 for each group; Student’s t test); (C) the correlation
between PANX1 expression and infiltration levels of neutrophils, Tregs, M2-like macrophages, MDSC
cells, CD8+ T cells, and NK cells in the tumor microenvironment for Luminal B, HER2 enriched and
basal-like breast cancer by TIMER (TCGA-BRCA data; Spearman’s rank correlation). (* p < 0.05;
** p < 0.01).

4. Discussion

Malignant tumors are known as “never healing wounds”, and chronic inflammation
is one of the key features of malignancy. Chronic inflammatory processes are involved
in tumorigenesis and tumor progression. Purine nucleosides (ATP and ADO) exert a
strong immunomodulatory ability in TME, and exATP/exADO can regulate local immune
responses by activating immune cell purinergic P2 receptors. This study suggested that
PANX1 was highly expressed in basal-like breast cancer and might be a poor prognostic
factor. High PANX1 expression was associated with high TANs infiltration. PANX1 might
play an important role in promoting TAN infiltration by increasing exATP levels. TANs
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could highly express ENTPD1/NT5E, which synergistically contributes to an immunosup-
pressive environment with high exADO levels in basal-like breast cancer.

In this study, we investigated the effect of PANX1 in basal-like breast cancer primary
lesions. We found that PANX1 was highly expressed in basal-like breast cancer and could
increase the exATP level in the TME and that high PANX1 expression was associated with
poor prognosis in basal-like breast cancer. PANX1 knock down and probenecid (PRB)
treatment reduced the levels of exATP and exADO. Although the relationship between
PANX1 and exATP/exADO has been reported [38,39], the immunomodulatory role of
PANX1 in the tumor microenvironment still requires further investigation. It was reported
that PANX1 had certain effect on the prognosis and metastasis of various tumor, such as pro-
carcinogenic effects in pancreatic adenocarcinoma [40], breast cancer [13,41], hepatocellular
carcinoma [42], testicular carcinoma [43], melanoma [44], and anticarcinogenic effects in
rhabdomyosarcoma [45]. Stewart et al. found that PANX1 expression was required for
breast development during lactation and that high PANX1 expression was associated with
worse clinical outcomes in breast cancer [13]. However, previous studies were mainly
focused on the effects of PANX1 on breast cancer tumor cells [13,41], and the role of PANX1
in the formation of the immunosuppressive microenvironment has not been fully explored.
Our study first proposed that the high expression of PANX1 might be one of the reasons
for high infiltration of immune cells but local immunosuppression in basal breast cancer,
indicating PANX1 might play an important role in constructing pro-tumor TME.

In addition, the key target cells of PANX1 in breast cancer TME need to be further
explored. We found that the TANs infiltration was significantly higher in PANX1 high
expression basal-like breast cancer and that the genes coexpressed with PANX1 were
related to granulocyte migration and neutrophil activation. In the early stage of tumor
development, as the first immune cells to enter the tumor microenvironment, neutrophils
mediate subsequent immune responses and regulatory processes [46,47]. The exATP
secreted by PANX1 was considered to be an important damage-associated molecular
pattern (DAMP) signal [48]. Neutrophils, as the target cells of PANX1, could respond to
elevated ATP concentrations [9]. exATP could exacerbate the local immune response by
mediating NLRP3 inflammasome activation and IL-1β secretion via the P2Y7 receptor
(P2 × 7R) on neutrophils [49]. Moreover, exATP could also delay neutrophil apoptosis via
the P2Y11 receptor (P2Y11R) [50].

This study demonstrated that TANs expressing high levels of ENTPD1/NT5E could
promote the hydrolysis of exATP to exADO to aggravate the immunosuppressive TME.
This result was consistent with the results of studies in lipopolysaccharide (LPS)-induced
inflammatory states [51,52]. Chen et al. demonstrated that neutrophils were chemotactic to
exATP and hydrolyzed exATP to exADO by NT5E to promote cell migration [52,53]. In ad-
dition, exADO inhibits neutrophil adhesion and the release of TNF-α and chemokines from
LPS-stimulated neutrophils [54]. Neutrophil-expressed adenosine A2A receptor (A2AR)
could inhibit the neutrophil recruitment cascade [55]. Previous studies also revealed that
the purinergic receptor P2Y6 receptor (P2Y6R) [56], adenosine A2B receptor (A2BR) [57],
and adenosine A3 receptor (A3R) [58] on neutrophils were involved in the regulation of
neutrophil extracellular traps (NETs) in inflammatory states. Whether exATP/exADO can
regulate NETs or the N1/N2-like subtype transition of TANs through purinergic recep-
tors and further affect the development and metastasis of breast cancer requires further
investigation. In addition, our study results also suggested some CCLs, such as CCL3 and
CCL4 as well as vascular endothelial growth factor (VEGF) and baculoviral IAP repeat
containing 5 (BIRC5), were highly expressed in TANs transcriptome analysis. CCLs were
reported to have played an important role of breast tumor cell–neutrophil interactions in
regulating pro-tumor characteristics in neutrophils [59,60]. VEGF was known as a primary
stimulant of angiogenesis, and it was a macrophage chemotactic cytokine [61]. It was
reported that VEGF level was correlated with MPO [62]. Moreover, BIRC5 was reported to
play an important role in carcinogenesis by influencing cell division and proliferation and
inhibiting apoptosis [63].
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Our study demonstrated that ENTPD1 and NT5E expressions were higher in the
PANX1 high expression basal-like breast cancer and PANX1 upregulated exADO levels
in the TME. At the tissue level, there was a positive correlation between the expression
of PANX1 and the expression of ENTPD1 and NT5E. At the cell line level, the expression
of ENTPD1 and NT5E was not affected by the expression of PANX1. This suggests that
a high expression of PANX1 may lead to high expression of ENTPD1 and NT5E at the
tissue level by recruiting high expression of ENTPD1 and NT5E immune cells. PANX1 was
an important immunomodulator in the TME. When combining the results of single-cell
transcriptome data analysis with TCGA-BRCA data analysis in basal-like breast cancer, we
found that PANX1 expression was negatively correlated with the infiltration levels of CD8+

T cells and NK cells, and it was positively correlated with the infiltration levels of Tregs.
Higher PANX1 expression caused an increase in exATP, which was further catabolized by
ENTPD1 and then converted to adenosine by NT5E [64]. Thus, the prognostic value of
PANX1 was not independent of NT5E/ENTPD1. Previous studies mainly focused on the
role of the nucleotidases ENTPD1 and NT5E in exADO production [65,66]. As the upstream
source of exATP, PANX1 could be a potential and effective therapeutic target. Previous
studies also showed that PANX1 promoted the activation of NLRP3 (NOD-, LRR- and
pyrin domain-containing protein 3) inflammasome and increased the level of interleukin
1β (IL-1β) in the local microenvironment [67]. In-depth investigations of PANX1 may help
elucidate tumor-inflammation interactions.

There are also some limitations in our study. First, we selected representative PAM50
basal-like subtype for analysis rather than TNBC. As a group with strong heterogeneity,
TNBC can be further divided into more subtypes. As the subtype with the highest propor-
tion in TNBC, studying the TME characteristics of basal-like subtype could help deepen our
understanding of TNBC. Second, although our study results indicated that high PANX1
expression was closely related to high ENTPD1/NT5E expression in the basal-like breast
cancer TME, we could not draw definitive conclusions on cause-effect correlations, as the
sample size for verifying the bioinformatics analysis was relatively small and we did not
perform in vivo experiments. However, a correlation could spawn hypotheses, which then
can be tested in future studies. The cause–effect correlations need to be confirmed by
further experimental validation in vivo and in vitro in the future. Third, we mainly focused
on the effect of PANX1 expression levels on breast cancer TME in this study. However, as a
channel protein, the structure and activity of PANX1 are crucial for its function. The effects
of different structures and different activation levels of PANX1 on the state of the breast
cancer TME deserve further investigation.

5. Conclusions

In summary, the expression of PANX1 was positively correlated with TANs infiltration
through exATP secretion in basal-like breast cancer. The high expression of ENTPD1/NT5E
in TANs could synergistically establish an immunosuppressive TME with high exADO
levels. In this study, the relationship between high exATP/exADO levels and TANs was
investigated to elucidate the properties of PANX1 and its ability to reshape the metabolic-
immunosuppressive TME and provide new targets and strategies for breast cancer treatment.
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