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Simple Summary: Due to the variability of an individual’s prognosis and the variety of treatment
options available to breast cancer (BC) patients with brain metastases (BM), establishing the proper
therapy is challenging. Since 1997, several prognostic tools for BC patients with BM have been
proposed with variable precision in determining the overall survival. The majority of prognostic
tools include the performance status, the age at BM diagnosis, the number of BM, the primary
tumor phenotype/genotype and the extracranial metastases status as an outcome of systemic therapy
efficacy. It is necessary to update the prognostic indices used by physicians as advances in local and
systemic treatments develop and change the parameters of survival. Free access to prognostic tools
online may increase their routine adoption in clinical practice. Clinical trials on BC patients with BM
remains a broad field for the application of prognostic tools.

Abstract: Background: Determining the proper therapy is challenging in breast cancer (BC) patients
with brain metastases (BM) due to the variability of an individual’s prognosis and the variety of
treatment options available. Several prognostic tools for BC patients with BM have been proposed.
Our review summarizes the current knowledge on this topic. Methods: We searched PubMed for
prognostic tools concerning BC patients with BM, published from January 1997 (since the Radiation
Therapy Oncology Group developed) to December 2021. Our criteria were limited to adults with
newly diagnosed BM regardless of the presence or absence of any leptomeningeal metastases. Results:
31 prognostic tools were selected: 13 analyzed mixed cohorts with some BC cases and 18 exclusively
analyzed BC prognostic tools. The majority of prognostic tools in BC patients with BM included: the
performance status, the age at BM diagnosis, the number of BM (rarely the volume), the primary
tumor phenotype/genotype and the extracranial metastasis status as a result of systemic therapy. The
prognostic tools differed in their specific cut-off values. Conclusion: Prognostic tools have variable
precision in determining the survival of BC patients with BM. Advances in local and systemic
treatment significantly affect survival, therefore, it is necessary to update the survival indices used
depending on the type and period of treatment.

Keywords: brain metastases; breast cancer; prognostic index; nomogram

1. Introduction

Brain metastases (BM) are a serious consequence of breast cancer (BC) progression.
They occur in up to a half of patients with metastatic human epidermal growth factor
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receptor 2 (HER2) positive or triple-negative BC and frequently occur in luminal phenotypes
with PIK3CA alterations [1-4]. The incidence of BM is increasing; this may be due to
improvements in imaging and prolonged survival due to advances in systemic therapy:.

Currently, the treatment of BM in BC patients includes neurosurgery, stereotactic ra-
diotherapy (SRS), whole-brain radiotherapy (WBRT) and systemic therapy (chemotherapy,
hormonal therapy, targeted therapy and supportive care) [5].

Due to the variability of an individual’s prognosis and the variety of treatment options
available to BC patients with BM, establishing the proper therapy is challenging. A patient’s
stratification into prognostic classes includes factors related to the patient and his or her
disease(s). Beginning in the 1990s, there was a growing interest in developing prognostic
tools to provide accurate prognoses, to guide treatment decision making, provide appropri-
ate and cost-effective care and direct clinical trial design. Several prognostic tools in BC
patients with BM have been proposed. Our review summarizes the current knowledge on
this topic.

2. Materials and Methods

The present review compares different prognostic tools based on a systematic literature
search on PubMed /MEDLINE. It is limited to adult patients with newly diagnosed BM
regardless of the presence or absence of leptomeningeal metastases. The keywords used
were “brain metastases/brain metastasis” with “prognostic index” with “breast cancer” or
“nomogram” or “prognostic score” and “validation studies” for studies published between
January 1997 and December 2021.

3. Results

31 prognostic tools were selected: 13 analyzed mixed cohorts with BC cases and
18 were specific to BC. Table 1 chronologically presents prognostic scores developed on
mixed groups of patients and Table 2 presents prognostic models constructed on BC-
specific groups. The statistically significant prognostic factors included in the 18 BC-specific
prognostic tools are presented in Table 3.

Table 1. Prognostic tools developed on mixed groups of patients with BM (from year 1997 to 2021).

Author, Prognostic Tool, Year

Prognostic Class/Groups

N (Total and BC) Prognostic Factors Included into Index

of Publication and OS (m)
Gaspar [6], Recursive KPS (>70 vs. <70), age (>65 vs. <65), .71
Partitioning Analysis (RPA), 1200/137 primary lesion status (controlled vs. 1I: 4.2
1997 uncontrolled), ECM (single vs. multiple) III: 2.3
Lagerwaard [7], The ECOG performance status (0-3), clinical I.6.3
Rotterdam Scoring System, 1292/213 response to steroids (good, moderate, 1I: 3.4
1999 little), ECM (no vs. limited vs. extensive) II: 1.3
Age (>60 vs. 51-59 vs. <50), KPS (<50
Weltman [8], Score Index for vs. 60-70 vs. >70), ECM status: (NED/CR I:'2.9
Radiosurgery (SIR), 2000 65/5 vs. PR/SD vs. PD), largest lesion volume 1I: 7.0
! (>13 vs. 5-13 vs. <5 cm?) and number of I: 31.0
lesions (>3 vs. 2 vs. 1)
. . . 1:32.0
Lorenzoni [9], Basic Score for KPS (50-70, 80-100), primary tumor I 13.0
Brain Metastases (BS-BM), 110/20 control (yes vs. no), ECM status II.I' 3'3
2004 (yes vs. no) IV: 1.9
KPS (>70 vs. <70), age (<60 vs. >60), 6-m. OS
ECM (n ) and interval between [: 76%
Rades [10], Rades score, 2008 1085/207 O VS yes) andnterva, be I1: 43%
tumor diagnosis and WBRT I0I: 15%

(<6 vs. >6 months) IV: 6%
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Table 1. Cont.

Author, Prognostic Tool, Year
of Publication

N (Total and BC)

Prognostic Factors Included into Index

Prognostic Class/Groups
and OS (m)

Sperduto [11], Graded
Prognostic Assessment (GPA),
2008

1960/222

KPS (<70 vs. 70-80 vs. 90-100), age (<50
vs. 50-59 vs. >60), number of BM (1 vs.
2-3 vs. >3), ECM status (no vs. yes)

I:2.6
1I: 3.8
III: 6.9
Iv:11.0

Rades [12], Rades score
(updated), 2011

1797 /UN

KPS (>70 vs. <70), age (<60 vs. >60),
ECM status (no vs. yes) and interval
between tumor diagnosis and WBRT
(£6 vs. >6 months), number of BM
(1 vs. 2-3 vs. >4)

6-m. OS
A: 9%
B: 41%
C:78%

Barnholtz-Sloan [13],
Nomogram, 2012

2367/291

Primary site and histology (breast and
adenocarcinoma, breast and other, lung
and adenocarcinoma, lung and large cell,
lung and other, lung and small cell, lung
and squamous cell, other and
adenocarcinoma, GI and other, renal and
other, squamous cell and other), status of
primary disease (controlled vs.
uncontrolled), ECM (present vs. absent),
age, KPS (>70 vs. <70), number of BM
(single vs. multiple)

Individual estimate of OS,
no prognostic groups

Yamamoto [14], RPA
sub-classification, 2012

3753/282

Class II: KPS (90-100% vs. 70-80%),
number of BM (solitary vs. more),
primary tumor status (controlled vs.
uncontrolled), ECM (yes vs. no)

RPA Class II: Breast
IIa: 20.4
IIb: 11.6
Ilc: 5.9

Lee [15], Prognostic Index for
Brain Metastases (PIBM), 2019

311/48

KPS (60-80 vs. 90-100), primary tumor
status (stable vs. progressed)

1:44
II: 8.5
III: 20.0

Sato [16], Graded Prognostic
Model (GPM > 3 Ys), 2021

3237/370

Number of BM (1 vs. 2—4 vs. >5), gender
(female/male), KPS (>80 vs. <80), type
of primary (breast/lung/gastrointestinal
tract/other), volume of BM (<10 vs.
>10 cc) status of primary cancer
(controlled vs. uncontrolled), ECM
(yes vs. no)

I.3.6
1I: 6.8
III: 15.8
1V: 32.8

Zhou [17], Nomogram, 2021

356/38

KPS (>70 vs. <70), gene mutation (EGFR,
ALK in NSCLC), LDH level (<200 vs.
>300 U/L), cumulative tumor volume
(<3.5vs. >3.5 cm?)

Estimate 12 and 24-m. OS;
Risk groups: high,
medium, low

Fan [18], Nomogram, 2021

230/33

Age, cancer diagnosis (lung
adenocarcinoma, breast, kidney, other,
lung non-adenocarcinoma, small cell
lung cancer, melanoma, gastrointestinal),
KPS (<70, 80, 90-100), ECM (controlled
vs. uncontrolled), number of BM (single,
multiple), systemic therapy before WBRT
and systemic therapy after WBRT

Estimate 6 and 12-m. OS

N, number of patients; BC, breast cancer patients; BM, brain metastases; ECM, extracranial metastases; KPS,
Karnofsky Performance Status; ECOG, Eastern Cooperative Oncology Group; WBRT, whole brain radiotherapy;
NSCLC, non-small-cell lung cancer; EGFR, epidermal growth factor receptor, ALK, anaplastic lymphoma kinase;
UN, unknown; m, months; NED, no evidence of disease; PD, progressive disease; PR, partial remission; SD, stable
disease; CR, complete clinical remission.
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Table 2. Prognostic tools developed on breast cancer patients with brain metastases (from year 2005

to 2021).

Author, Prognostic Tool, Year

Prognostic Groups and

of Publication N Prognostic Factors Included into Tool Survival (Months)
Claude [19], Claude predictive 120 PS ECOG (0-1 vs. >1), lymphocyte count I:7.0
model for OS, 2005 (700 > vs. <700 G/L) II: 2.0
Hormone receptor status (negative vs. I 15.0
Le Scodan [20], Le Scodan 17 positive), lymphocyte count >700 vs. Ii' 5'0
score, 2007 <700 G/L, KPS (<70 vs. >70), IIf' 3 0
RTOG-RPA o
PS ECOG (>0-1 vs. >2), HER2-positivi 1490
Park [21], Prognostic factors, Pt pos! ty II: 10.6
2009 125 (yes vs. no), additional systemic I 4.4
treatment (yes vs. no) IV: 2.2
KPS (<70 vs. >70), ECM (yes vs. no), 1:16.0
Nieder [22], Nieder Score, 83 number of BM (1 vs. more), median time II: 5.5
2009 interval from breast cancer diagnosis to III: 3.6
BM (<38 vs. >38 months) v:2.7
Sperduto [23], Breast-Graded KPS (50, 60, 70-80, 9.0—100), b101.og1ca1 1:34
. subtype (basal, luminal A, luminal B, II: 7.7
Prognostic Assessment 400 . . )
(Breast- GPA), 2012 HER2), age (only for patients with KPS III: 15.0
! 60-80) IV: 25.0
Niwinska [24], Breast Cancer KPS (100 vs. <60), number of BM (1-2 vs. 1:29.0
Recursive Partitioning 441 >2), ECM status (no/controlled 1I: 9.0
Analysis (Breast RPA), 2012 vs. uncontrolled) I: 2.4
KPS (>70 vs. <70), age > 70 vs. <70), 3.7
Ahn [25], BC-specific blologlca.l .sqbtype: TNBC (yes vs. no), 78
nomosram. 2012 171 HER?2 positivity (yes vs. no), ECM status - 10.7
gram, (CR, PR, SD vs. PD), trastuzumab use IV: 19‘2
(yes vs. no) e
Dimension of the largest BM, number of
CNS metastases, KPS (30-100), age at BC 1-year survival
Marko [26], Nomogram, 2012 261 BM, ECM status (non-CNS Mets no vs. 3-year survival
yes), expression (positive vs. negative): 5-year survival
ER, PR, HER2 and BC stage (I, IL, III, IV)
KPS (<70 vs. >70), age (<50 vs. >50),
lymphopenia at BM diagnosis (>700 vs. 1:195
Le;f)‘;g?ﬂ [i?t’e 5‘; i%‘;czlan 130 <700), biological subtype (HR— /HER2—; II: 12.5
P ¢ HR+/HER2—; HR 4+ /HER2+), 1r: 3.5
treatment with trastuzumab (yes vs. no)
6-month survival
Rades [28], Simple Survival I: 10%
Score, 2013 230 KPS (<70 vs. >70), ECM (yes vs. no) 1I: 55%
III: 78%
KPS (50, 60, 70-80, 90-100), biological
Ahluwalia [29], Revised subtype (basal, lummaI.A, lum1nal B, 143
. . ” HER?2), age (only for patients with KPS
Diagnosis-Specific GPA 371 60-80), number of ECM (0-1; >1), status II: 11.9
(Revised Breast-GPA), 2014 - o III: 23.4
of the primary tumor control (yes vs. no),
and LEP (present vs. absent)
. 1:9.2
Point Scoring System [30], Number of BM (1 vs. .2_3)’.ECM (active II: 15.6
2014 136 vs. absent/stable), biological subtype 1I: 25.0

(TNBC the worst)

IV:45.0
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Table 2. Cont.

Author, Prognostic Tool, Year

Prognostic Groups and

of Publication N Prognostic Factors Included into Tool Survival (Months)
KPS (<50 vs. 60 vs. 70-80 vs. 90-100), 126
Subbiah [31], Modified biological subtype (TNBC vs. H.' 9 2
Breast-GPA Index 1552 ER+/HER2— vs. ER—/HER2+ vs. III" 1 9 9
(MB-GPA), 2015 ER+/HER2+), age (<50 vs. >50), number IV: 28. 8
of BM (1-3 vs. >3) T
KPS (70-80 vs. <70), biological subtype of
breast cancer (luminal A, luminal B,
triple negative, HER2), LEP (yes vs. no), l-vear survival
Huang [32], Nomogram, 2018 411 number of BM (<3 vs. >3), ECM (CR, PR, 2_}7 ival
SD) vs. uncontrolled (PD) and yearsurviva
disease-free survival (>36 vs.
<36 months)
Age (18-49, 50-64, >65), tumor subtype
(luminal A, luminal B, triple negative, .
. HER? positive), chemotherapy (yes vs. 6-months sur'v1va1
Xiong [33], Nomogram, 2019 789 ! 1-year survival
no)), surgery (yes vs. no), the number of 5. ival
ECM sites (0, 1, 2, 3) and the median year surviva
household income (high vs. low)
Sperduto [34], Updated Breast Age (<60 vs. >60), KPS (<60 vs. 70-80 vs. I: 6.0
Graded Prognostic 2473 90-100), tumor subtype (TNBC the worst, II: 12.9
Assessment (updated Breast- ER/PR+ HER2+ the best), number of BM III: 23.5
GPA), 2020 (1 vs. >1), ECM (present vs. absent) IV: 36.3
Weykamp [35], Breast Cancer KPS (<70 vs. 80 vs. 90-100), 1:9.0
Stereotactic Radiotherapy 95 HER?2-receptor expression (negative vs. II: 16.5
Score (bSRS), 2020 positive) and ECM control (yes vs. no) 1II: 46.0
Age (<40, 4049, 50-59, 60-69, 70-79,
>80), race (White, Black, Hispanic,
Asian/Pacific, Islander, other), surgery
(performed, UNK, not performed), 6-month survival
Liu [36], NCCBM, 2021 975 laterality (bilateral, UNK, right, left), 1-year survival
grade (I, I, III, IV, unknown), subtype 2-year survival
(HR+/HER2—; HR+/HER2+;
HR—/HER2+; HR— /HER2—; UNK),
ECM (UNK, 0,1, 2, 3)
N, number of patients; BC, breast cancer patients; BM, brain metastases; ECM, extracranial metastases; CR,
complete remission, PR, partial remission; SD, stable disease vs. PD, progressive disease; ER, estrogen receptor;
PR, progesterone receptor; HER2, human epidermal growth factor receptor type 2; HR, hormone receptor; LEP,
leptomeningeal metastasis; TNBC, triple negative breast cancer; ER, estrogen receptor; PR, progesterone receptor;
HER2, human epidermal growth factor receptor type 2; KPS, Karnofsky Performance Status; ECOG, Eastern
Cooperative Oncology Group; RTOG-RPA, Radiation Therapy Oncology Group Recursive Partitioning Analysis;
UNK, unknown.
Table 3. Factors related to OS in prognostic tools, in BC patients with brain metastases published
from 1997 to 2021.
Authors PS Age ECM NBM CS PR HER2 BS STH LC IT DLBM LEP PTC S MHI Other
Claude et al. [19] ECOG + RTOG-RPA
Le Scodan et al. [20] KPS + +
Park et al. [21] ECOG + +
Nieder et al. [22] KPS + + +
Sperduto et al. [23] KPS +1 +
Niwiriska et al. [24] KPS + +
Ahn et al. [25] KPS + + + + + T +
Marko et al. [26] KPS + + + + + +
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Table 3. Cont.
Authors PS Age ECM NBM CS ER PR HER2 BS STH LC IT DLBM LEP PTC S MHI Other
Le Scodan et al. [27] KPS + + T +
Rades et al. [28] KPS +
Ahluwalia MS et al. [29] KPS +1 + + + +
Yang et al. [30] + + +
Subbiach et al. [31] KPS + + +
Huang et al. [32] KPS + + + + +
Xiong et al. [33] + +2 + CHT + o+
Sperduto et al. [34] KPS + + + +
Weykamp et al. [35] KPS + +
Race,
Liu et al. [36] + + + + + + CHT + laterality,
grade

PS, performance status; KPS, Karnofsky Performance Status; ECOG, Eastern Cooperative Oncology Group; 1 only
for patients with KPS 60-80; 2 sites number; NB, number of brain metastases; ECM, extracranial metastases;
BC, breast cancer; CS, clinical stage; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal
growth factor receptor type 2; BS, biological subtype; LC, lymphocyte count; IT, interval time from breast cancer
diagnosis and brain metastases; STH, systemic therapy (yes vs. no); DLBM, Dimension of the largest BM; CHT,
chemotherapy; T, trastuzumab; LEP, leptomeningeal metastases (yes vs. no); PTC, primary tumor control (yes
vs. no); S, surgery (yes vs. no); MHI, Median household income (high vs. low); RTOG-RPA, Radiation Therapy
Oncology Group Recursive Partitioning Analysis.

3.1. General Prognostic Models in BM

In 1997, the Radiation Therapy Oncology Group (RTOG) developed the first prognostic
score for BM patients by using a Recursive Partitioning Analysis (RPA) strategy [6]. The
study based its analysis on 1200 patients enrolled in 3 RTOG trials conducted from 1979 to
1993 that were investigating WBRT with or without radiosensitizing agents. Breast cancer
patients constituted only 12% of the whole group (N = 137). Out of 13 prognostic variables
analyzed, 4 were statistically significant: KPS, the age, the status of the primary lesion and
evidence of other systemic metastases. Based on these 4 variables, 3 main classes were
established, “class I (KPS > 70, primary lesion controlled, age < 65 years and BM only),
class II (not class I or II) and class III (KPS < 70) with a median overall survival (OS) of 7.1,
4.2 and 2.3 months,” respectively. In 1999, Lagerwaard et al. [7] developed the Rotterdam
Scoring System (RSS) analyzing 1292 patients with BM retrospectively, in whom 213 (16%)
were BC patients. Out of the 12 variables, 3 were statistically significant predictors of OS:
performance status ECOG scale, clinical response to steroids (good, moderate, little) and
extracranial disease/metastases (ECM) status (no, limited, extensive). RSS divided patients
into 3 different groups with a median OS of 6.3, 3.4 and 1.3 months.

In 2000, Weltman et al. [8] developed the Score Index for Radiosurgery in BM (SIR)
based on 65 patients (only 5 BC patients) treated from 1993 to 1997. Out of the 7 analyzed
variables, 5 were included into the SIR: age (>60 vs. 51-59 vs. <50), KPS (<50 vs. 60-70 vs.
>70), ECM, the largest lesion volume (>13 vs. 5-13 vs. <5 cm?®) and the number of lesions
(>3 vs. 2 vs. 1). The median OS within the 3 SIR groups was 2.9, 7.0 and 31 months.

Lorenzoni et al. [9] proposed the Basic Score for Brain Metastases (BS-BM) based on the
outcome of 110 patients treated with radiosurgery from 1999 to 2003. Out of the 10 potential
prognostic factors, three built BS-BM: KPS (50-70, 80-100), primary tumor control (yes
vs. no) and ECM (yes vs. no). The four prognostic groups were selected with a median
survival of 32, 13, 3.3 and 1.9 months.

To predict the survival of BM patients treated with WBRT, Rades et al. [10] created a
scoring system by retrospectively analyzing 1085 patients. Four significant factors were
identified: KPS (>70 vs. <70), age (<60 vs. >60), ECM (yes vs. no) and interval between
tumor diagnosis and WBRT and WBRT (<8, >8 months). Patients were divided into four
groups and for each group, survival was compared for a short (5 X 4 Gy) and a longer-
course of WBRT (10 x 3 Gy/20 x 2 Gy). The 6-month survival in 4 groups were 6%, 15%,
43% and 76%, respectively. Based on this data, the authors concluded that patients with a
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better prognosis should receive a longer course of radiation with a lower dose per fraction
to avoid neurotoxicity.

Sperduto et al. [11] analyzed 1960 patients from 5 clinical trials from 1979 to 2001 [6].
There were 222 (11%) BC patients with BM. Out of the 7 prognostic variables analyzed,
4 were significant and those were included in the Graded Prognostic Assessment, “KPS
(<70 vs. 70-80 vs. 90-100), age (>60 vs. 50-59 vs. <50), ECM (yes vs. no) and number of BM
(1 vs. 2-3 vs. >3)”. Each factor was scored (either 0, 0.5 or 1) and the sum (ranging from
0 to 4) was the final prognostic score. They determined four groups with a median OS of
11, 6.9, 3.8 and 2.6 months. This index was compared to the RTOG-RPA, SIR, and BSBM
and it was as prognostic as RPA and more prognostic than the other indices.

Rades et al. [12] updated his index by an analysis of a group of 1797 patients after
WBRT. The rate of BC patients with BM was not reported in this group. Out of the 7 potential
variables, five impacted the OS: KPS (<70 vs. 70 vs. >70), age (<60 vs. >60 years), ECM
(yes vs. no), the interval between the tumor diagnosis and WBRT (<6 vs. >6 months) and
the number of BM (1 vs. 2-3 vs. >4). The 6-month survival rates in the 3 groups were 9%,
41% and 78%.

Barnholtz-Sloan et al. [13] developed a nomogram based on 2367 patients from 7 clini-
cal trials. There were 291 (12%) patients with BC in the analyzed group. The nomogram
included variables as follows: the primary site and histology, the status of primary dis-
ease, ECM, age, KPS, and the number of BM. The authors concluded that the nomogram
provided an individual with an estimate of his or her survival and better informed an
oncologist on the patient’s prognosis.

In 2012, Yamamoto et al. [14] proposed a sub-classification of RPA class II, originally
developed by Gaspar [6], by dividing this class into 3 subclasses. The reason was that in
the RPA classification the majority of patients were in class II and clinical factors varied
widely within the category. In the group of 3753 patients after radiosurgery without WBRT,
282 (7%) were BC patients. The patients were treated from 1998 to 2008. The new index
was the sum of 4 factors: KPS (90-100% vs. 70-80%), the number of BM (solitary vs. more),
the primary tumor status (controlled vs. uncontrolled) and ECM (yes vs. no). In the
subgroup of BC patients, the median OS in RPA class II-a, II-b and II-c were: 20.4; 11.6 and
5.9 months, respectively.

Lee et al. [15] established a simple and practical scoring system for patients treated
with SRS regardless of the type of primary cancer. Based on 311 patients, two significant
prognostic variables were selected: KPS (60-80 vs. 90-100) and the primary tumor status
(stable vs. progressed). The median OS in the 3 prognostic groups was 4.4, 8.5 and
20 months. Only 48 (15%) of the analyzed patients were BC patients.

In 2021, Sato et al. [16] developed a graded prognostic model for patients surviving
3 years or more, based on 3237 patients with different primary tumors treated with SRS.
Seven statistically significant factors were selected: the number of BM (1 vs. 2—4 vs. >5),
gender, KPS (>80 vs. <80), the type of primary tumor (breast/lung/gastrointestinal /other),
the volume of BM (<10 vs. >10 cc), the status of the primary tumor (controlled vs. uncon-
trolled), and ECM (yes vs. no). Four prognostic groups were created, with a median OS of
6.0,12.9, 23.5 and 36.3 months.

Zhou et al. [17] presented a new individualized nomogram for predicting survival
in patients after SRS, utilizing driver genes and volumetric surrogates. The nomogram
integrated four prognostic factors: KPS, gene alterations (EGRF and ALK in lung cancer),
the LDH level (<200 vs. >300 U/L), and the cumulative tumor volume (<3.5 vs. >3.5 cm?).
Three risk groups were selected with a significant difference in OS. In the total group of
356 patients, only 38 (10.7%) were BC patients.

Fan et al. [18] constructed a nomogram predicting the OS based on 230 patients treated
with radiation therapy from 2012 to 2016. BC patients counted for 15% (33) of all patients.
Apart from 5 commonly used prognostic factors (age, cancer diagnosis, KPS, ECM, number
of BM), the new nomogram integrated two new ones: systemic therapy before WBRT and
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systemic therapy after WBRT. The nomogram predicted 6 and 12-month OS probability
after radiotherapy with a concordance index (c-index) of 0.70.

3.2. Breast Cancer-Specific Prognostic Models in BM

In 2005, Claude et al. [19] retrospectively reviewed 120 patients with BC and BM
treated with WBRT. The prognostic factors (age, performance status, tumor characteristics
and pretreatment modalities) were analyzed and two of them had the statistical power to
predict the OS: ECOG 0-1 vs. >1 and lymphopenia <700 G/L vs. >700 G/L. The OS of
patients with good and poor prognoses were 7.0 and 2.0 months.

Le Scodan et al. [20] analyzed 117 BC patients with BM treated with WBRT from 1998
to 2003. Nine prognostic variables were assessed as potential predictors of the OS. Three
adverse prognostic factors were selected: RPA class III or KPS < 70, negative hormone
receptor (HR) status and lymphocyte count <700 G/L. The OS of patients without negative
prognostic factors was 15.0 months, 5 months with one adverse prognostic factor and
3 months with more than one prognostic factor.

In 2009, Park et al. [21] retrospectively analyzed 125 patients with BC and BM. Eight
prognostic factors were analyzed and only three of them (poor performance status ECOG
>2, HER2-positivity and no additional systemic therapy) were identified as risk factors for
a worse prognosis.

Nieder et al. [22] retrospectively developed a prognostic score on 83 BC patients based
on 4 significant variables: KPS (<70 vs. >70), ECM (yes vs. no), the number of BM (1 vs.
more) and the median time interval from breast cancer diagnosis to metastases (<38 vs.
>38 months). In the 3-tiered score, the median survival was 16.0, 5.5, and 2.7 months while
the 4-tiered score was 16.0, 5.5, 3.6, and 2.7 months, respectively.

In 2012, Sperduto et al. [24] developed Breast Graded Prognostic Assessment (Breast
GPA) based on the retrospective analysis of 400 BC patients treated from 1993 to 2010. Out
of the five variables analyzed, three significant prognostic factors were selected: KPS, a
biological subtype of BC (basal, luminal A, luminal B, HER2) and age (only for patients
with KPS 60-80). Four prognostic groups were developed with the median survival time of
3.4,7.7,15.0 and 25.0 months. These data confirmed the value of the tumor subtype and
the OS.

In a prospective study, Niwiriska et al. [23] published a new Breast Cancer Recursive
Partitioning Analysis prognostic index based on 441 consecutive patients treated from 2003
to 2009. Three prognostic classes were selected with a median survival of 29.0, 9.0 and
2.4 months. Class I included patients with 1-2 BM, without or controlled ECM and KPS
of 100. Class II included patients with multiple BM with KPS < 70. Class II included all
other cases. Patients in class I required aggressive treatment, patients in class II required an
individual approach and patients in class III required only WBRT or symptomatic therapy.

Ahn et al. [25] published a new breast cancer-specific nomogram developed on a
retrospective analysis of 171 BC patients from Korea. It included the following variables:
KPS (>70 vs. <70), the age >70 vs. <70), the biological subtype: TNBC (yes vs. no),
HER2-positivity (yes vs. no), ECM controlled (complete (CR) or partial response (PR),
stable disease (SD)) vs. uncontrolled (progressive disease (PD)) and trastuzumab use (yes
vs. no). The four prognostic groups were selected with the median OS from detection of
BM of 3.7,7.8,10.7 and 19.2 months.

In turn, Marko et al. [26] proposed the nomogram predicting OS in BC patients with
BM based on 261 patients treated from 1999 to 2008. Nine factors were included in the
nomogram: the dimension of the largest BM, the number of CNS metastases, KPS, the
age at the detection of BM, ECM (yes vs. no), the BC stage (I, II, I1I, IV) and expression of
the estrogen receptor (ER) (positive vs. negative), progesterone receptor (PR) (positive vs.
negative) and HER2 (positive vs. negative). The c-index was 0.67, which was better than
the concordance of RPA, GPA, DS-GPA and modified DS-GPA (range 0.51-0.61).

Le Scodan et al. [27] developed a new prognostic score including molecular subtypes
of BC and treatment. The analysis included 130 patients with BC and BM. Statistically signif-
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icant prognostic variables were: the biological subtype (hormone receptor, HR—/HER2—,
HR+/HER2—; HR + /HER2+), treatment with trastuzumab (yes vs. no), KPS (>70 vs. 70),
age (>50 vs. <50) and lymphopenia at BM diagnosis (>700 vs. <700). Three classes were
defined with a median OS of 19.5, 12.5, and 3.5 months.

Rades et al. [28] constructed a simple model to estimate the 6-month survival based on
the data of 230 BC patients and BM treated only with WBRT. The two selected prognostic
variables were KPS (<70 vs. >70) and ECM (yes vs. no). Three groups were defined, with
the rate of 6 months survival of 10%, 55% and 78%, respectively.

In 2014, Ahluwalia et al. [29] validated the Breast-GPA (Sperduto 2012) and revealed
that it was prognostic for the OS; however, separation between the groups was variable.
Based on the analysis of 371 patients, they proposed a Revised Diagnosis-Specific GPA
(Revised DG-GPA) by combining Breast-GPA with 3 other factors: number of ECM (0 or 1;
>1), the status of the primary tumor (controlled yes vs. no) and leptomeningeal metastases
(LEP) (present or absent). Three prognostic groups were defined with a median survival of
4.0, 11.9 and 23.4 months, respectively.

Yang et al. [30] developed the Point Scoring System based on 136 BC patients with 1 to
3 BM who underwent SRS from 2000 to 2012. The number of BM (1 vs. 2-3), ECM (active
vs. absent/stable) and the biological subtype (TNBC being the worst) were the factors used
to create the index. The median OS in the four prognostic groups were 9.2, 15.6, 25.0 and
45.0 months.

Subbiach et al. [31] validated the breast-GPA on a cohort of 1552 BC patients. Based
on the breast-GPA developed by Sperduto in 2012, the authors added the number of BM to
the original breast-GPA index, creating a Modified Breast-GPA Index. The median OS of
the four prognostic groups were: 2.6, 9.2, 19.9 and 28.8 months.

Huang et al. [32] proposed a new nomogram for predicting survival in BC patients and
BM. There were 17% of patients with LEP in the assessed group. Based on the retrospective
analysis of 411 patients, the nomogram included 6 significant variables: KPS (70-80 vs.
<70), the biological subtype of BC (luminal A, luminal B, triple-negative, HER2 positive),
LEP (yes vs. no), number of BM (<3 vs. >3), ECM controlled (CR, PR, SD) vs. uncontrolled
(PD) and disease-free survival (>36 vs. <36 months).

Xiong et al. [33] established two new nomograms estimating the individual OS and
BC-specific survival, based on the data of 789 BC patients and BM from the Surveillance,
Epidemiology, and End Results (SEER) program. There were 6 significant variables con-
structed in the nomogram: age (18-49, 50-64, >65), tumor subtype (luminal A, luminal
B, triple-negative, HER2 positive), chemotherapy (yes vs. no)), surgery (yes vs. no), the
number of ECM sites (0, 1, 2, 3) and the median household income (high vs. low).

In 2020, Sperduto et al. [34] published updated the Breast Graded Prognostic As-
sessment (Breast-GPA) analyzing 3 groups of patients treated in different periods of time:
cohort A, N = 642, 1985-2007; cohort B, N = 400, 1993-2010; cohort C, N = 2473, 2006-2017.
The prognostic factors significant for OS were: age (<60 vs. >60), KPS (<60 vs. 70-80 vs.
90-100), tumor subtype (TNBC the worst, ER/PR+ HER2+ the best), the number of BM
(1 vs. >1) and ECM (present vs. absent). Four prognostic groups were created with
a median survival of 6.0, 12.9, 23.5 and 36.3 months. The authors stated that updated
Breast-GPA offered a more accurate method to estimate survival. They concluded that it
facilitated clinical decision-making, end-of-life care and appropriate stratification of future
clinical trials.

In 2020, Weykamp et al. [35] developed a new prognostic index for radiosurgery of
BM in BC patients: the Breast Cancer Stereotactic Radiotherapy Score (bSRS). The variables
included in the score were KPS (<70 vs. 80 vs. 90-100), HER?2 status (negative vs. positive)
and ECM (yes vs. no). This tool discriminated against 3 prognostic groups with a median
OS 0f 9.0, 16.5 and 46.0 months.

Liu et al. [36] proposed and validated a new nomogram, named NCCBM using a
large cohort of 975 BC patients from the SEER database diagnosed from 2011 to 2014. The
following variables were selected: age, race, surgery, radiation therapy, chemotherapy,
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laterality, grade, molecular subtype, and extracranial metastatic sites. The c-index of the
NCCBM was 0.69 (95%CI, 0.67 to 0.71) in the training set and 0.70 (95%CI, 0.68 to 0.73)
in the validation set. The main limitation of this nomogram was that clinical data on the
tumor subtype and distant metastases were collected only after 2010 in the SEER database
and therefore limited the sample size of this study. Further, information about disease
recurrence or subsequent sites of disease involvement was not collected and therefore this
study was unable to investigate patients who developed BM later in their disease course.
Moreover, lack of detailed treatment information for patients with BM and KPS does not
allow for comparison NCCBM to other prognostic models directly.

3.3. External Validation of the Applicability of Different Survival Prognostic Scores

Three separate groups of scientists [20,37,38] confirmed the prognostic value of the
RPA score (Gaspar, 1997) in patients with BC and BM. Nieder et al. [22] in 2009 validated
RPA, GPA, BSBM, SIR and Rades score on the group of 85 BC patients and revealed that the
scores that performed best were RPA and SIR but the c-index was not used. In 2011, Villa
et al. [39] validated 3 prognostic indices: RPA, GPA and BS-BM on a group of 285 patients
(17% BC patients). Harrell’s c-index values were 0.58, 0.61 and 0.58 for the GPA, BSBM
and RPA, respectively. The authors concluded that these indices had a limited long-term
prognostication capability.

Ahn et al. [25] in 2012 validated the Breast-GPA on a group of 171 BC patients treated
from 2000 to 2008. In this cohort, the Breast-GPA did not discriminate among prognostic
classes and the prediction model for the 1-year survival probability (area under the curve
(AUC) of 0.55). In turn, Braccini et al. [40] in 2013 compared 7 published prognostic indexes:
RPA (Gaspar, 1997), GPA (Sperduto, 2008), BS-BM (Lorenzoni, 2004), Breast-RPA (Niwiriska,
2012), Breast-GPA (Sperduto, 2012), Le Scodan’s score (2012) and the clinico-biological score
developed in the phase I study (The Phase 1 Prognostic Score, P1PS) [41] in 250 BC patients
with BM treated from 1995 to 2010. The analysis revealed that all the indices were able to
discriminate patients with statistical significance (p < 0.001) for the OS according to the
prognostic category. Pairwise comparisons of each prognostic index revealed statistically
significant differences in survival between prognostic classes, except for the breast-GPA
classes I vs. II, BS-BM scores 1 vs. 2 and Le Scodan’s scores I vs. II. There were no
significant differences between all prognostic indices concerning the survival predicting
ability. Only minor differences were seen using Harrell’s c-index (range 0.60-0.68). The
authors concluded that RPA seemed to be the most useful score. RPA performed better
than new prognostic indices because it was the most accurate in identifying patients with
long (>12 months) and short (<3 months) survival.

Tabouret et al. [42] in 2014 evaluated the prognostic value and validity of the 6 scoring
systems (Sperduto [24,43], Niwinska [23], Nieder [22], Park [21], Le Scodan [20] and
Claude [19]) in an independent population of 152 BC patients and BM treated from 1995 to
2011. All scores showed significant prognostic value for the OS and discriminative ability.

In 2015, Subbiah et al. [31] validated the Breast-GPA (Sperduto, 2012) on a cohort of
1552 BC patients with BM. Based on the Breast-GPA developed by Sperduto, the authors
added the number of BM to the original Breast-GPA index, creating a Modified Breast-GPA
Index. The c-index for original Breast-GPA was 0.78 and for the Modified Breast GPA it
was 0.84, showing that the latter had a better performance in terms of discrimination.

Castaneda et al. [44] in 2015 validated RPA and Breast-GPA indices on a group of
215 BC patients with BM. The authors stated that both indices were useful in clinical
practice. However, the addition of ECM status to the Breast-GPA score improved the
validity of this index.

Further, Laakmann et al. [45] compared 9 prognostic scores in 139 BC patients and BM
treated with radiation therapy between 2007 and 2012. The prognostic value and accuracy
of RPA, RPA 11, GPA, BS-BM, Breast-GPA, Breast-RPA, Rades Score 2011, Germany Score
and Breast Rades Score were assessed. The analyses revealed that the majority of the scores
were associated with the OS, but the GPA was the most accurate at identifying patients
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with a survival of more than 1 year and Breast-GPA was the best in selecting patients with
a survival of less than 3 months.

Huang et al. [32] in 2018 performed an external validation of the RPA, GPA and Breast-
GPA on a group of 411 patients. The analysis revealed overlapping between groups I and
II in RPA, and between groups II, IIl and IV in GPA, and unsatisfactory discrimination
between groups II and III in Breast-GPA. It was concluded that in those three prognostic
models, the value of differentiating a patient’s survival was not satisfactory. The c-index
was 0.64, 0.61 and 0.63 for the nomogram Breast-GPA, GPA and RPA, respectively.

Znidaric et al. [46] in 2019 validated the applicability of prognostic models based on
423 BC patients, treated from 2005 to 2015. The analyzed prognostic scores were: Breast-
RPA, Breast-GPA, MB-GPA and Simple Survival score for patients with Brain Metastases
(S5-BM). All four prognostic classifications proved to be valuable prognostic tools in
predicting survival with a c-index range of 0.71-0.768.

Similarly, in 2019 Zhuang et al. [47] undertook a validation of Breast-GPA (Sperduto,
2012) and Modified Breast-GPA (Subbiah, 2015) on the Asian cohort of 282 BC patients and
BM diagnosed from 2006 to 2017. Both indices demonstrated moderated discriminative
capabilities for the OS. The c-index for GPA and Breast-Modified Breast-GPA was 0.64 and
0.65, respectively. The authors concluded that the inclusion of ECM status could improve
its prognostic value.

Lee et al. [15] in 2020 proposed a prognostic index for BM (PIBM) and performed a
validation of 4 indices (RPA, SIR, BSBM, GPA) on a group of 311 BC patients treated with
gamma knife radiosurgery. All four indices were comparable in regards to the prognostic
ability (AUC range 0.59-0.63) and PIBM had the highest prognostic power (AUC~0.66).

Weycamp et al. [35] in 2020 validated 9 prognostic indices (RPA [6], Modified RPA [14],
GPA [11], Breast-GPA [24], Modified GPA [31], Updated Breast GPA [34], SIR [8], BS-BM [9]
and Point Scoring System [30]) for SRS in 95 BC patients with BM treated from 2005 to
2016. Only two of them showed a significant c-index: Breast GPA (0.63) and Modified
Breast-GPA (0.66).

4. Discussion

Since the first Recursive Partitioning Analysis published in 1997, a series of prognostic
tools have been developed in BC patients with newly diagnosed BM to facilitate clinical
decision-making and appropriate stratification to local and systemic therapy. This review
of prognostic tools illustrates how over time, progress in the understanding of the biology
of BC and new effective systemic treatments have influenced the prognosis of patients with
BM [6-35].

The majority of prognostic tools in BC patients with BM include the performance
status, the age at BM diagnosis, the number of BM (rarely volume), the primary tumor
phenotype/genotype and the ECM status as an outcome of the systemic therapy efficacy
(Table 3) [19-35]. Although the results of several analyses agree that patients with better
performance status achieve a longer survival, several researchers emphasize that this crite-
rion carries a risk of bias because the clinical assessment of performance status is subjective.
The most often used scale to assess the performance status was Karnofsky’s scale with a
cut-off point of 70 (i.e., the patient could not work, but did not require care) (Tables 2 and 3).
Some studies described 3 prognostic subgroups: patients in a very good general condi-
tion (90-100 points), patients in a poor general condition (<60 points, or <70 points) and
the intermediate group (61-90 points or 70-89 points). Similar controversies concern age
because the biological age often differs from the chronological age. The most often used
cut-off for age in prognostic tools was 60 or 65 years, less often 50 (Tables 2 and 3). Also,
the prognostic significance of the number of BM has not been clearly defined. Currently,
when dealing with 1 to 10 BMs for treatment qualification, BM volume and lesion location
seem to be more important than the number alone [5,48,49].

On the other hand, the BC phenotype or genotype is a main predictive factor of
systemic therapy efficacy and ECM control. However, studies assessing ECM status as
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a prognostic factor used various definitions. Typically, it was the presence of distant
metastases outside the brain or their absence [22,26,28,30,34,35]. Others analyzed the
ECM site (e.g., bone metastases vs. metastases to parenchymal organs or metastases in
the liver vs. metastases in other sites) as well as the number of organs outside the brain
with metastases [6,33]. ECM was also analyzed in terms of its activity and classified as
controlled or uncontrolled [23,25,32]. Furthermore, the disease progression was defined as
the appearance of new lesions or the progression of previous lesions found in computed
tomography 3 months before radiotherapy or if the examination was not performed, one
month after irradiation. Still, uncontrolled ECM in BC patients was associated with a worse
prognosis of patients and a shorter overall survival [22,23,25-28,30,32-35].

Advanced TNBC and HER2-positive BC have a higher risk of BM [2,3]. It is a natural
course of advanced disease. On the other hand, an effective anti-HER2 therapy allows
one to extend the time until symptomatic BM. An exploratory analysis from a phase III
trial CLEOPATRA suggests that pertuzumab, trastuzumab, and docetaxel in a one line
setting in HER2-positive advanced breast cancer delays the onset of CNS [50]. Similarly, in
the NEfERT-T study, neratinib-paclitaxel delayed the onset and reduced the frequency of
central nervous system progression [51]. Moreover, an effective anti-HER?2 treatment after
BM improved the OS, and new drugs that penetrate the blood-brain barrier were active in
the brain and in the ECM [52]. According to the literature, the median OS in BC patients
with BM is the longest in patients with HER2-positive treated with anti-HER?2 regiments,
then with luminal HER-2-negative and the shortest in TNBC [53,54]. Other prognostic
factors included in prognostic tools, e.g., the time of diagnosis to the occurrence of BM, or
disturbances in laboratory parameters (lymphopenia, increase in lactate dehydrogenase)
seem to be derivative of the disease control [17,19,20,27].

Predicting the survival of BC patients with BM is difficult; therefore, prognostic tools
are crucial in stratifying different patients’ outcomes. However, they are limited by their
retrospective nature and may underestimate survival in the modern era with the growing
number of effective systemic agents. Furthermore, the prognostic tool developed for single
institution cohorts might be biased by institutional practice patterns; therefore, external
validation for new prognostic tools are the gold standard and should be obtained whenever
possible [55,56]. Moreover, this validation should be performed in a cohort of patients
with similar characteristics and demographics, and treated during a similar time period.
The diversity of populations between cohorts may explain discrepancies in results and
may reveal that they are not as predictive for the OS as the original one and may even
underestimate the real survival [57].

International multidisciplinary recommendations, EANO-ESMO and NCCN, do not
recommend prognostic tools in BC patients with BM [5,49]. The eligibility criteria in clinical
trials with new systemic therapies in these patients are based mainly on the performance
status, stabilization after local treatment (surgery and/or WBRT), the need for immediate
local therapy (in patients with untreated BM) and the need for a daily dose of corticos-
teroids to control symptoms of BM. Furthermore, patients with leptomeningeal disease are
usually excluded from clinical studies dedicated to BM (www.clinicaltrials.gov; accessed
on 25 January 2022).

In clinical practice, the decision on the treatment sequence of BC patients with newly
diagnosed BM should be made by a multidisciplinary team including a medical oncologist,
radiotherapist and neurosurgeon, according to the accepted standard operating procedures
(SOP). In the management algorithm, it is crucial to provide supportive care to patients
with a poor prognosis and an expected survival of less than 3 months; for example, patients
with uncontrolled ECM and/or more than 10 BM where systemic pharmacotherapy and
WBRT are mainly used. In turn, for the minority of patients, with small and few lesions
(1 to 10) depending on the volume (<15 mL), who may experience long-term survival or
even cure, several approaches are used in combination (surgery followed by SRS/SRT or
systemic pharmacotherapy, SRS/SRT or systemic pharmacotherapy) [5,49].


www.clinicaltrials.gov

Cancers 2022, 14, 1099 13 of 16

The universal, ideal prognostic tool should be simple and easily usable. Electronic
access to such indices improves their usefulness in clinical practice, e.g., for the modified
updated Breast GPA index (a free online calculator available at brainmetgpa.com). Further-
more, new prognostic tools in BC patients with BM should be used more in clinical trials.

5. Conclusions

Prognostic tools have variable precision in determining the survival of BC patients
with BM. Progress in local and systemic treatment significantly affects the parameters of
survival. Hence, it is necessary to update the prognostic indices used, depending on the
period of treatment. Free access to prognostic tools online may increase the frequency of
their use in clinical practice. Clinical trials in BC patients with BM remain a broad field for
the application of prognostic tools.

Author Contributions: Conceptualization, ].K.-G., B.S.R. and R.D.; resources: ] K.-G., B.S.R., AN,,
S.A., TM. and R.D. project administration: ].K.-G. and R.D.; formal analysis: ] K.-G., B.S.R., AN,,
S.A., TM. and R.D.; writing original draft: ] K.-G., B.S.R., AN,, S.A. and R.D.; critical revision: ] K.-G.,
B.SR., AN, S. A, TM. and R.D,; supervision: R.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: ].-K.G. has received a travel and speaker honorarium from Company Roche,
Novartis, Pfizer, Astra Zeneca, Teva, Pierre Fabre, Egis, E. Lilly. A.N. has received founds from
Roche and Pfizer Companies to pay entry fee for oncological congresses and has been involved
as a consultant and expert witness in Novartis. K.P. is a speaker for AstraZeneca, Roche, Pfizer,
Novartis, Eli Lilly, Gilead, BMS, Teva, Egis, Vipharm and has advisory roles for AstraZeneca, Gilead;
and receives travel support from Pfizer and AstraZeneca. B.S.R. has received a travel and speaker
honorarium from Company AstraZeneca, Amgen, BMS, Gilead, Lilly, Merck, MSD, Novartis, Pfizer,
Pierre-Fabre, Roche, Servier. R.D. has received a speaker honorarium from Company Roche, Pfizer,
Novartis, AstraZeneca, Exact Sciences. R.D. has been involved as a consultant and expert witness in
Gilead, AstraZeneca, Novartis, Lilly. The other authors declare no conflict of interest.

References

1. Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef]

2. Kennecke, H.; Yerushalmi, R.; Woods, R.; Cheang, M.C.U.; Voduc, D.; Speers, C.H.; Nielsen, T.O.; Gelmon, K. Metastatic behavior
of breast cancer subtypes. J. Clin. Oncol. 2010, 28, 3271-3277. [CrossRef]

3. Lin, N.U,; Vanderplas, A.; Hughes, M.E.; Theriault, R.L.; Edge, S.B.; Wong, Y.-N.; Blayney, D.W.; Niland, J.C.; Winer, E.P.; Weeks,
J.C. Clinicopathologic features, patterns of recurrence, and survival among women with triple-negative breast cancer in the
National Comprehensive Cancer Network. Cancer 2012, 118, 5463-5472. [CrossRef]

4. Morgan, A.J.; Giannoudis, A.; Palmieri, C. The genomic landscape of breast cancer brain metastases: A systematic review. Lancet
Oncol. 2021, 22, e7—-e17. [CrossRef]

5. Le Rhun, E.; Guckenberger, M.; Smits, M.; Dummer, R.; Bachelot, T.; Sahm, E; Galldiks, N.; de Azambuja, E.; Berghoff, A.S.;
Metellus, P; et al. EANO-ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up of patients with brain
metastasis from solid tumours. Ann. Oncol. 2021, 32, 1332-1347. [CrossRef]

6.  Gaspar, L.; Scott, C.H.; Rotman, M.; Asbell, S.; Phillips, T.; Wasserman, T.; McKenna, W.G.; Byhardt, R. Recursive partitioning
analysis (RPA) of prognostic factors in three radiation yherapy oncology group (RTOG) brain metastases trials. Int. |. Radiat.
Oncol. Biol. Phys. 1997, 37, 745-751. [CrossRef]

7. Lagerwaard, F].; Levendag, P.C.; Nowak, PJ.; Eijkenboom, W.M.; Hanssens, P.E.; Schmitz, PI. Identification of prognostic factors
in patients with brain metastases: A review of 1292 patients. Int. ]. Radiat. Oncol. Biol. Phys. 1999, 43, 795-803. [CrossRef]

8. Weltman, E.; Salvajoli, ].V.; Brandt, R.A.; Morias Hanriot, R.; Prisco, FE.; Cruz, ].C.; de Oliveira Borges, S.R.; Wajsbrot, D.B.

Radiosurgery for brain metastases: A score index for predicting prognosis. Int. |. Radiat. Oncol. Biol. Phys. 2000, 46, 1155-1161.
[CrossRef]


http://doi.org/10.3322/caac.21492
http://doi.org/10.1200/JCO.2009.25.9820
http://doi.org/10.1002/cncr.27581
http://doi.org/10.1016/S1470-2045(20)30556-8
http://doi.org/10.1016/j.annonc.2021.07.016
http://doi.org/10.1016/S0360-3016(96)00619-0
http://doi.org/10.1016/S0360-3016(98)00442-8
http://doi.org/10.1016/S0360-3016(99)00549-0

Cancers 2022, 14, 1099 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lorenzoni, J.; Devriendt, D.; Massager, N.; David, P; Ruiz, S.; Vanderlinden, B.; van Houtte, P; Brotchi, J.; Levivier, M.
Radiosurgery for treatment of brain metastases: Estimation of patient eligibility using three stratification systems. Int. J. Radiat.
Oncol. Biol. Phys. 2004, 60, 218-224. [CrossRef]

Rades, D.; Dunst, J.; Schild, S.E. A new scoring system to predicting the survival of patients treated with whole-brain radiotherapy
for brain metastases. Strahlenther. Onkol. 2008, 184, 251-255. [CrossRef]

Sperduto, PW.; Berkey, B.; Gaspar, L.E.; Mehta, M.; Curran, W. A new prognostic index and comparison to three other indices
for patients with brain metastases: An analysis of 1960 patients in the RTOG database. Int. ]. Radiat. Oncol. Biol. Phys. 2008, 70,
510-514. [CrossRef]

Rades, D.; Dziggel, L.; Haatanen, T.; Veninga, T.; Lohynska, R.; Dunst, J.; Schild, S.E. Scoring systems to estimate intracerebral
control and survival rates of patients irradiated for brain metastases. Int. J. Radiat. Oncol. Biol. Phys. 2011, 80, 1122-1127.
[CrossRef]

Barnholtz-Sloan, ].S.; Yu, C.; Sloan, A.E.; Vengoechea, J.; Wang, M.; Dignam, ].J.; Vogelbaum, M.A.; Sperduto, PW.; Mehta, M.P,;
Machtay, M.; et al. A nomogram for individualized estimation of survival among patients with brain metastasis. Neuro. Oncol.
2012, 14, 910-918. [CrossRef]

Yamamoto, M.; Yasunori, S.; Serizawa, T.; Kawabe, T.; Higuchi, Y.; Nagano, O.; Barfod, B.E.; Ono, ]J.; Kasuya, H.; Urakawa, Y.
Subclassification of recursive partitioning analysis class II patients with brain metastases treated radiosurgically. Int. J. Rad. Oncol.
Biol. Phys. 2012, 83, 1399-1405. [CrossRef]

Lee, S.R;; Roh, TH,; Jeong, D.H.; You, N.; Jang, A.H.; Seo, M.R,; Choung, ].H.; Park, B.; Kim, S.H. A simple and practical scoring
system for radiosurgical treatment in patients with brain metastases. Stereotsct. Funct. Neurosurg. 2020, 98, 278-285. [CrossRef]
Sato, Y.; Yamamoto, M.; Serizawa, T.; Yamada, K.I; Higuchi, Y.; Kasuya, H. A graded prognostic model for patients surviving
3 years or more (GPM > 3Ys) after stereotactic radiosurgery for brain metastasis. Radiother. Oncol. 2021, 156, 29-35. [CrossRef]
Zhou, C.; Shan, C; Lai, M.; Zhou, Z.; Zhen, ].; Deng, G.; Li, H; Li, J.; Ren, C.; Wang, J.; et al. Individualized nomogram
for predicting survival in patients with brain metastases after stereotactic radiosurgery utilizing driver gene mutations and
volumetric surrogates. Front. Oncol. 2021, 11, 659538. [CrossRef]

Fan, K.Y;; Lalani, N.; LeVasseur, N.; Krauze, A.; Hsu, F.; Gondara, L.; Willemsma, K.; Nichol, A.M. Type and timing of systemic
therapy use predict overall survival with brain metastases treated with radiation therapy. J. Neurooncol. 2021, 151, 231-240.
[CrossRef]

Claude, L.; Perol, D.; Ray-Coquard, L; Petit, T.; Blay, ].Y.; Carrie, C.; Bachelot, T. Lymphopenia: A new independent prognostic
factor for survival in patients treated with whole brain radiotherapy for brain metastases from breast carcinoma. Radiother. Oncol.
2005, 76, 334-339. [CrossRef]

Le Scodan, R.; Massard, C.; Mouret-Fourme, E.; Guinebretierre, ].M.; Cohen-Solal, C.; de Lalande, B.; Moisson, P.; Breton-Callu,
C.; Gardner, M.; Goupil, A.; et al. Brain metastases from breast carcinoma: Validation of the Radiation Therapy Oncology Group
Recursive Partitioning Analysis classification and proposition of a new prognostic score. Int. J. Radiat. Oncol. Biol. Phys. 2007, 69,
839-845. [CrossRef]

Park, B.B.; Uhm, J.E.; Cho, E.Y.; Choi, Y.L.; Ji, S.H.; Nam, D.H.; Lee, ].I; Park, W.; Huh, S.J.; Park, Y.H.; et al. Prognostic factor
analysis in patients with brain metastases from breast cancer: How can we improve the treatment outcomes? Cancer Chemother.
Pharmacol. 2009, 63, 627-633. [CrossRef]

Nieder, C.; Marienhagen, K.; Astner, S.T.; Molls, M. Prognostic scores in brain metastases from breast cancer. BMC Cancer 2009,
9, 105. [CrossRef]

Sperduto, PW.; Kased, N.; Roberge, D.; Xu, Z.; Shanley, R.; Lou, X.; Sneed, PK.; Chao, S.T.; Weil, RJ.; Suh, J.; et al. Effect of tumor
subtype on survival and the graded prognostic assessment for patients with breast cancer and brain metastases. Int. J. Radiat.
Oncol. Biol. Phys. 2012, 82, 2111-2117. [CrossRef]

Niwiriska, A.; Murawska, M. New Breast Cancer Recursive Partitioning Analysis prognostic index in patients with newly
diagnosed brain metastases. Int. J. Radiat. Oncol. Biol. Phys. 2012, 82, 2065-2071. [CrossRef]

Ahn, HK;; Lee, S.; Park, YH.; Sohn, ].H.; Jo, ].C.; Ahn, ].H.; Jung, K.H.; Park, S.; Cho, E.Y,; Lee, ].1; et al. Prediction of outcomes
for patients with brain parenchymal metastases from breast cancer (BC): A new BC-specific prognostic model and a nomogram.
Neuro-Oncology 2012, 14, 1105-1113. [CrossRef]

Marko, N.E; Xu, Z.; Gao, T.; Kattan, M.W.; Weil, R.]. Predicting survival in women with breast cancer and brain metastasis: A
nomogram outperforms current survival prediction models. Cancer 2012, 118, 3749-3757. [CrossRef]

Le Scodan, R.; Massard, C.; Jouanneau, L.; Coussy, F.; Gutierrez, M.; Kirova, Y.; Lerebours, E; Labib, A.; Mouret-Fourme, E. Brain
metastases from breast cancer: Proposition of new prognostic score including molecular subtypes and treatment. . Newurooncol.
2012, 106, 169-176. [CrossRef]

Rades, D.; Dziggel, L.; Segedin, B.; Oblak, I.; Nagy, V.; Marita, A.; Schild, S.E.; Trang, N.T.; Khoa, M.T. A simple survival score for
patients with brain metastases from breast cancer. Strahlenther. Onkol. 2013, 189, 664—667. [CrossRef]

Ahluvalia, M.S.; Du, L.; Venur, V.A.; Angelov, L.; Chao, S.T.; Elson, P.; Mohammadi, A.M.; Peereboom, D.M.; Budd, G.T.; Barnett,
G.H.; et al. New graded prognostic index for breast cancer patients with brain metastases. J. Clin. Oncol. 2014, 32, 637. [CrossRef]
Yang, T.J.; Oh, ] H.; Folkert, M.R.; Gupta, G.; Shi, W.; Zhang, Z.; Morikawa, A.; Seidman, A.; Brennan, C.; Yamada, Y.; et al.
Outcomes and prognostic factors in women with 1 to 3 breast cancer brain metastases treated with definitive stereotactic
radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 2014, 90, 518-525. [CrossRef]


http://doi.org/10.1016/j.ijrobp.2004.02.017
http://doi.org/10.1007/s00066-008-1831-5
http://doi.org/10.1016/j.ijrobp.2007.06.074
http://doi.org/10.1016/j.ijrobp.2010.03.031
http://doi.org/10.1093/neuonc/nos087
http://doi.org/10.1016/j.ijrobp.2011.10.018
http://doi.org/10.1159/000507338
http://doi.org/10.1016/j.radonc.2020.11.024
http://doi.org/10.3389/fonc.2021.659538
http://doi.org/10.1007/s11060-020-03657-8
http://doi.org/10.1016/j.radonc.2005.06.004
http://doi.org/10.1016/j.ijrobp.2007.04.024
http://doi.org/10.1007/s00280-008-0779-6
http://doi.org/10.1186/1471-2407-9-105
http://doi.org/10.1016/j.ijrobp.2011.02.027
http://doi.org/10.1016/j.ijrobp.2010.10.077
http://doi.org/10.1093/neuonc/nos137
http://doi.org/10.1002/cncr.26716
http://doi.org/10.1007/s11060-011-0654-x
http://doi.org/10.1007/s00066-013-0367-5
http://doi.org/10.1200/jco.2014.32.15_suppl.637
http://doi.org/10.1016/j.ijrobp.2014.06.063

Cancers 2022, 14, 1099 15 of 16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Subbiach, LM.; Lei, X.; Weinberg, ].S.; Sulman, E.P.; Chavez-MacGregor, M.; Tripathy, D.; Gupta, R.; Varma, A.; Chouhan, J;
Guevarra, R.P; et al. Validation and development of a modified breast graded prognostic assessment as a tool for survival in
patients with breast cancer and brain metastases. J. Clin. Oncol. 2015, 33, 2239-2245. [CrossRef] [PubMed]

Huang, Z; Sun, B.; Wu, S.; Meng, X.; Cong, Y.; Shen, G.; Song, S. A nomogram for predicting survival in patients with breast
cancer brain metastasis. Oncol. Lett. 2018, 15, 7090-7096. [CrossRef] [PubMed]

Xiong, Y.; Cao, H.; Zhang, Y.; Pan, Z.; Dong, S.; Wang, G.; Wang, F; Li, X. Nomogram-predicted survival of breast cancer brain
metastasis: A SEER-based population study. World. Neurosurg. 2019, 128, 823-834. [CrossRef] [PubMed]

Sperduto, PW.; Mesko, S.; Li, ].; Cagney, D.; Aizer, A.; Lin, N.U.; Nesbit, E.; Kruser, T.].; Chan, J.; Braunstein, S.; et al. Beyond an
updated prognostic assessment (Breast GPA): A prognostic index and trends in treatment and survival in breast cancer brain
metastases from 1985 to today. Int. J. Radiat. Oncol. Biol. Phys. 2020, 107, 334-343. [CrossRef] [PubMed]

Weykamp, E; El Shafie, R.A.; Konig, L.; Seidensaal, K.; Forster, T.; Arians, N.; Regnery, S.; Hoegen, P.; Deutsch, T.M.; Schneeweiss,
A_; et al. Validation of nine different prognostic grading indexes for radiosurgery of brain metastases in breast cancer patients and
development of an all-encompassing prognostic tool. Front. Oncol. 2020, 10, 1557-1572. [CrossRef]

Liu, Q.; Kong, X.; Wang, Z.; Wang, X.; Zhang, W.; Ai, B.; Gao, R.; Fang, Y.; Wang, ]. NCCBM, a Nomogram Prognostic Model in
Breast Cancer Patients With Brain Metastasis. Front. Oncol. 2021, 11, 642677. [CrossRef]

Mahmoud-Ahmed, A.S; Suh, ]. H.; Lee, S.Y.; Crownover, R.L.; Barnett, G.H. Results of whole brain radiotherapy in patients with
brain metastases from breast cancer: A retrospective study. Int. J. Radiat. Oncol. Biol. Phys. 2002, 54, 810-817. [CrossRef]

Viani, G.A.; Castilho, M.S,; Salvajoli, J.V.; Pellizzon, A.C.; Novaes, PE.; Guimaraes, ES.; Conte, M.A.; Fogaroli, R.C. Whole brain
radiotherapy for brain metastases from breast cancer: Estimation of survival using two stratification systems. BMC Cancer 2007,
7,53. [CrossRef]

Villa, S.; Weber, D.C.; Moretones, C.; Manes, A.; Combescure, C.; Jove, J.; Puyalto, P.; Cuadras, P.P; Bruna, J.; Verger, E.; et al.
Validation of the new graded prognostic assessment scale for brain metastases: A multicenter prospective study. Radiat. Oncol.
2011, 6, 23-30. [CrossRef]

Braccini, A.L.; Azria, D.; Thezenas, S.; Romieu, G.; Ferrer, ].M.; Jacot, W. Comparative performances of prognostic indexes for
breast cancer patients presenting with brain metastases. BMC Cancer 2013, 13, 70. [CrossRef]

Nieder, C.; Dalhaug, H. A new prognostic score derived from phase I study participants with advanced solid tumors is also valid
in patients with brain metastasis. Anticancer Res. 2010, 30, 218-224.

Tabouret, E.; Metellus, P.; Goncalves, A.; Eastern, B.; Charaffe-Jauffret, E.; Viens, P.; Tallet, A. Assessment of prognostic scores in
brain metastases from breast cancer. Neuro-Oncology 2014, 16, 421-428. [CrossRef] [PubMed]

Sperduto, PW.; Kased, N.; Roberge, D.; Xu, Z.; Shanley, R.; Luo, X.; Sneed, PK.; Chao, S.T.; Weil, R]J.; Suh, J.; et al. Summary
report on the graded prognostic assessment: An accurate and facile diagnosis-specific tool to estimate survival for patients with
brain metastases. J. Clin. Oncol. 2012, 30, 419-425. [CrossRef] [PubMed]

Castaneda, C.A.; Flores, R.; Rojas, K.Y.; Castillo, M.; Dolores-Cerna, K.; Flores, C.; Belmar-Lopez, C.; Milla, E.; Gomez, H.
Prognostic factors for patients with newly diagnosed brain metastasis from breast cancer. CNS Oncol. 2015, 4, 137-145. [CrossRef]
[PubMed]

Laakmann, E.; Riecke, K.; Goy, Y.; Kersten, J.F.; Krull, A.; Muller, V.; Petersen, C.; Witzel, I. Comparison of nine prognostic scores
in patients with brain metastases of breast cancer receiving radiotherapy of the brain. J. Cancer. Res. Clin. Oncol. 2016, 142,
325-332. [CrossRef]

Znidaric, T.; Gugic, ].; Marinko, T.; Gojkovic-Horvat, A.; Paulin-Kosir, M.S.; Golo, D.; Ivanetic-Pantar, M.; Ratosa, I. Breast cancer
patients with brain metastases or leptomeningeal disease: 10-Year results of a national cohort with validation of prognostic
indexes. Breast J. 2019, 25, 1117-1125. [CrossRef]

Zhuang, Q.; Wong, R.X,; Lian, W.X,; Li, Y.Q.; Wong, EY. Validation of modified Breast Graded Prognostic Assessment for breast
cancer patients with brain metastases: Extra-cranial disease progression is an independent risk factor. Ann. Palliat. Med. 2019, 8,
390-400. [CrossRef]

Yamamoto, M.; Serizawa, T.; Shuto, T.; Akabane, A.; Higuchi, Y.; Kawagishi, J.; Yamanaka, K.; Sato, Y.; Jokura, H.; Yomo, S.; et al.
Stereotactic radiosurgery for patients with multiple brain metastases (JLGK0901): A multi-institutional prospective observational
study. Lancet. Oncol. 2014, 15, 387-395. [CrossRef]

Central Nervous System Cancers. Available online: https://www.ncen.org/guidelines/guidelines-detail?category=1&id=1425
(accessed on 9 January 2022).

Swain, S.M.; Baselga, J.; Miles, D.; Im, Y.H.; Quah, C.; Lee, L.E; Cortés, J. Incidence of central nervous system metastases in
patients with HER2-positive metastatic breast cancer treated with pertuzumab, trastuzumab, and docetaxel: Results from the
randomized phase III study CLEOPATRA. Ann. Oncol. 2014, 25, 1116-1121. [CrossRef]

Awada, A.; Colomer, R.; Inoue, K.; Bondarenko, I.; Badwe, R.A.; Demetriou, G.; Lee, S.C.; Mehta, A.O.; Kim, S.B.; Bachelot, T.;
et al. Neratinib Plus Paclitaxel vs Trastuzumab Plus Paclitaxel in Previously Untreated Metastatic ERBB2-Positive Breast Cancer:
The NEfERT-T Randomized Clinical Trial. JAMA Oncol. 2016, 2, 1557-1564. [CrossRef]

Lin, N.U.; Borges, V.; Anders, C.; Murthy, R.K.; Paplomata, E.; Hamilton, E.; Hurvitz, S.; Loi, S.; Okines, A.; Abramson, V.; et al.
Intracranial Efficacy and Survival with Tucatinib Plus Trastuzumab and Capecitabine for Previously Treated HER2-Positive
Breast Cancer with Brain Metastases in the HER2CLIMB Trial. J. Clin. Oncol. 2020, 38, 2610-2619. [CrossRef] [PubMed]


http://doi.org/10.1200/JCO.2014.58.8517
http://www.ncbi.nlm.nih.gov/pubmed/25987700
http://doi.org/10.3892/ol.2018.8259
http://www.ncbi.nlm.nih.gov/pubmed/29725432
http://doi.org/10.1016/j.wneu.2019.04.262
http://www.ncbi.nlm.nih.gov/pubmed/31096027
http://doi.org/10.1016/j.ijrobp.2020.01.051
http://www.ncbi.nlm.nih.gov/pubmed/32084525
http://doi.org/10.3389/fonc.2020.01557
http://doi.org/10.3389/fonc.2021.642677
http://doi.org/10.1016/S0360-3016(02)02967-X
http://doi.org/10.1186/1471-2407-7-53
http://doi.org/10.1186/1748-717X-6-23
http://doi.org/10.1186/1471-2407-13-70
http://doi.org/10.1093/neuonc/not200
http://www.ncbi.nlm.nih.gov/pubmed/24311640
http://doi.org/10.1200/JCO.2011.38.0527
http://www.ncbi.nlm.nih.gov/pubmed/22203767
http://doi.org/10.2217/cns.15.5
http://www.ncbi.nlm.nih.gov/pubmed/25906174
http://doi.org/10.1007/s00432-015-2049-4
http://doi.org/10.1111/tbj.13433
http://doi.org/10.21037/apm.2019.02.05
http://doi.org/10.1016/S1470-2045(14)70061-0
https://www.nccn.org/guidelines/guidelines-detail?category=1&id=1425
http://doi.org/10.1093/annonc/mdu133
http://doi.org/10.1001/jamaoncol.2016.0237
http://doi.org/10.1200/JCO.20.00775
http://www.ncbi.nlm.nih.gov/pubmed/32468955

Cancers 2022, 14, 1099 16 of 16

53.

54.

55.

56.

57.

Eichler, A.F; Kuter, I; Ryan, P,; Schapira, L.; Younger, J.; Henson, ].W. Survival in patients with brain metastases from breast
cancer: The importance of HER-2 status. Cancer 2008, 112, 2359-2367. [CrossRef] [PubMed]

Braccini, A.L.; Azria, D.; Thezenas, S.; Romieu, G.; Ferrero, ].M.; Jacot, W. Prognostic factors of brain metastases from breast
cancer: Impact of targeted therapies. Breast 2013, 22, 993-998. [CrossRef] [PubMed]

Balachandran, V.P.; Gonen, M.; Smith, ].J.; DeMatteo, R.P. Nomograms in oncology: More than meets the eye. Lancet Oncol. 2015,
16, 173-180. [CrossRef]

Nieder, C.; Haukland, E.; Pawinski, A.; Dalhaug, A. Validation of new prognostic and predictive scores by sequential testing
approach. Strahlenther. Onkol. 2010, 186, 169-173. [CrossRef] [PubMed]

Kondziolka, D.; Parry, P.V.; Lunsford, L.D.; Kano, H.; Flickinger, ].C.; Rakfal, S.; Arai, Y.; Loeffler, J.S.; Rush, S.; Knisely, J.P; et al.
The accuracy of predicting survival in individual patients with cancer. J. Neurosurg. 2014, 120, 24-30. [CrossRef] [PubMed]


http://doi.org/10.1002/cncr.23468
http://www.ncbi.nlm.nih.gov/pubmed/18361426
http://doi.org/10.1016/j.breast.2013.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23831232
http://doi.org/10.1016/S1470-2045(14)71116-7
http://doi.org/10.1007/s00066-010-2095-4
http://www.ncbi.nlm.nih.gov/pubmed/20165818
http://doi.org/10.3171/2013.9.JNS13788
http://www.ncbi.nlm.nih.gov/pubmed/24160479

	Introduction 
	Materials and Methods 
	Results 
	General Prognostic Models in BM 
	Breast Cancer-Specific Prognostic Models in BM 
	External Validation of the Applicability of Different Survival Prognostic Scores 

	Discussion 
	Conclusions 
	References

