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Background: Research on the sequencing of brain radiotherapy and targeted chemotherapy after brain metastasis (BM) in HER2-
positive breast cancer patients is limited and inconclusive. This study investigated the efficacy of sequential delivery of radiotherapy
and targeted therapy in patients with human epidermal growth factor receptor 2 (HER2)-positive breast cancer with BM.

Methods: Fifty-seven patients were categorized into two groups: the targeted-radiotherapy group (receiving 2—8 cycles of anti-HER2-
targeted therapy followed by radiotherapy after BM) and the radiotherapy-targeted group (undergoing radiotherapy first, followed by
regular anti-HER2-targeted therapy). The study endpoints were intracranial progression-free survival (iPFS) and overall survival.
Factors associated with intracranial progression and mortality were assessed by univariate and multivariate Cox proportional hazards
analysis.

Results: Patients in the radiotherapy-targeted group had better iPFS (P < 0.001), while there was no significant difference in overall
survival between the two groups (P = 0.145). Multivariate Cox analysis showed that different sequential treatment groups were
independent prognostic factors for iPFS. In patients with a modified breast graded prognostic assessment score of 3.5-4.0, the median
survival time was 26 months in the radiotherapy-targeted group and 22 months in the targeted-radiotherapy group (P = 0.019).
Conclusion: Overall, radiotherapy followed by targeted therapy may improve survival in HER2-positive breast cancer patients with
BM, particularly in those with a modified breast graded prognostic assessment score of 3.5-4.0.
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Introduction

In recent years, breast cancer not only has surpassed lung cancer as the most commonly diagnosed cancer worldwide but
also remains the leading cause of cancer-related death among women.' Approximately 10-30% of breast cancer patients
develop brain metastasis (BM),>* with 20-25% showing over-expression of the human epidermal growth factor receptor
2 (HER2) gene.* HER2 positivity is associated with aggressive behavior, which leads to increased invasion and
proliferation of breast cancer cells.” During the course of the disease, up to 50% of patients with advanced HER2-
positive breast cancer develop BM,%” leading to a poor prognosis.®” Moreover, about 50% of advanced HER2-positive
breast cancer patients succumb to central nervous system progression.'® In addition, there is a high consistency of HER2
expression between the primary tumor and its corresponding BM. "'

Over the years, several therapies have been developed for targeting HER2-positive breast cancer. For example,
trastuzumab, a monoclonal antibody known as Herceptin, has been specifically designed to target HER2 expression.
Trastuzumab can significantly prolong overall survival (OS) in patients with HER2-positive breast cancer.'®'*"'* Soffietti
et al'> pointed out that HER2-targeted drugs (especially trastuzumab) could reduce the risk of BM in patients with
HER2-positive breast cancer and improve the prognosis of patients with BM.

Breast Cancer: Targets and Therapy 2024:16 379-392 379
Received: 26 February 2024 © 2024 Tang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
s 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 11 July 2024
Published: 22 July 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-0544-786X
http://orcid.org/0000-0002-0010-3830
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Tang et al Dove

Besides HER2-targeted drugs, treatment options for breast cancer patients with BM include surgery, whole-brain
radiotherapy (WBRT), and stereotactic radiosurgery (SRS).">”'" Although WBRT is able to significantly improve the
control of intracranial tumors after SRS treatment, it can also negatively impact cognitive function.'®'* Brown et al'®
compared SRS and WBRT after resection of BM in a randomized controlled trial. They discovered that the cognitive
decline of patients in the WBRT group was more frequent than that in the SRS group, but there was no statistical
difference in OS time between the two groups. Therefore, surgery is preferable to radiotherapy alone if pathological
findings need to be determined.

Stemmler et al*” stated that the concentration ratio of trastuzumab in serum to cerebrospinal fluid changed from 420:1
before radiotherapy to 76:1 after radiotherapy, indicating a significant increase in the concentration of trastuzumab in
cerebrospinal fluid.?' Some other studies have also suggested that targeted therapy after radiotherapy can increase
trastuzumab in the cerebrospinal fluid. For example, Dijkers et al*' claimed that a small amount of trastuzumab could
cross the blood-brain barrier (BBB) in HER2-positive breast cancer patients with BM and enter the site of BM.

Patients with BM have a median OS ranging from 2 to 25.3 months.?* Given the wide range in median OS time for
patients with BM, the prognostic score is crucial for these patients.>® Studies reported that the breast graded prognostic
assessment (breast-GPA) score and the modified breast-GPA score could be used to evaluate the survival time of BM
patients.”**> Among 10,000 clinical trials investigating breast cancer treatment, less than 1% have included patients with
BM.?*?7 The sequencing studies of brain radiotherapy and targeted chemotherapy after BM in HER2-positive breast
cancer patients are rare and inconclusive.

This study examined the long-term treatment efficacy of anti-HER2-targeted drugs and craniocerebral radiotherapy
for HER2-positive breast cancer patients with BM. In addition, a modified breast-GPA was applied to assess the
difference in the prognosis of patients.

Methods

Patients

This study enrolled 506 breast cancer patients diagnosed with BM via computed tomography (CT) and magnetic
resonance imaging (MRI) and admitted to Guangxi Medical University Cancer Hospital from January 2010 to
September 2019. Inclusion criteria were shown as follows: (1) age > 18 years old; (2) immunohistochemistry 3+
(>10% of tumor cells showed uniform and strong staining of the membrane) or positive fluorescence in situ hybridization
(FISH) confirmed positive for HER2 gene amplification; (3) all patients underwent radiotherapy combined with targeted
therapy. Exclusion criteria were listed as follows: (1) male breast cancer patients; (2) patients with incomplete clinical
and pathological data; (3) patients undergoing craniocerebral tumor surgery; (4) patients who failed to return to the
hospital for re-examination or gave up continuing treatment; (5) patients with meningeal metastasis.

Fifty-seven HER2-positive breast cancer patients treated with radiotherapy combined with targeted therapy were
finally included. The cut-off date was 2020.12.31. OS was calculated from the date of BM diagnosis to the cut-off date of
follow-up or the date of death; intracranial progression-free survival (iPFS) was calculated from the initial diagnosis of
BM to the progression of the original intracranial tumor or the emergence of a new intracranial BM. iPFS was used to
measure intracranial lesion control.

Grouping
Patients were divided into two groups, namely, the targeted-radiotherapy group (n = 20) and the radiotherapy-targeted
group (n = 37).

Patients in the targeted-radiotherapy group underwent 2—8 cycles of anti-HER2-targeted therapy, followed by periodic
CT or MRI reviews following the development of BM. Radiotherapy was initiated after a clinical evaluation of
intracranial progression. Upon completion of radiotherapy, the radiotherapist recommended whether to continue anti-
HER2-targeted therapy based on the patient’s condition.

Patients in the radiotherapy-targeted group (n = 37) were administered radiotherapy after the onset of BM, followed
by routine anti-HER2-targeted therapy.
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Basic Information

Basic information included time from the first diagnosis to the occurrence of BM, histological type, the location of BM,
clinical stage, receptor status (estrogen receptor, progesterone receptor, HER2 status), Ki-67 levels, molecular subtype,
the first treatment of a local tumor (surgery, breast/chest radiotherapy, targeted therapy, chemotherapy, endocrine
therapy), other metastatic sites (lung, liver, bone), number of BM, Karnofsky Performance Status (KPS) at the diagnosis
of BM, age at BM, treatment after BM (chemotherapy, endocrine therapy), time of intracranial progression, and survival
time after BM.

Radiotherapy

Patients receiving brain radiotherapy were treated with linear accelerator 6MV-X-ray. A total of 36 patients received
WBRT with specific doses of 30 Gy/10F (n = 34) and 40 Gy/20 F (n = 2). Six patients received local dose addition after
complete WBRT: whole-brain: 30 Gy/10 f, the local push of 9-24 Gy/3-8 f (3 Gy/f) or 12-20 Gy/6-10 f (2 Gy/f) for
visible craniocerebral tumor. Fifteen patients received whole-brain synchronous and dose-adding radiotherapy, BM:
52.2-54 Gy/18 F, whole-brain: 37.8-39.6 Gy/18 F (n = 13), BM: 50-54 Gy/ 20 F, whole-brain: 36—40 Gy/20 F (n = 2).
During radiotherapy, mannitol, dexamethasone injection, and glycerin fructose were combined or used alone to reduce
intracranial pressure and cerebral edema.

Targeted Drug Therapy

Fifty-seven patients with BM received trastuzumab at an initial load dose of 8 mg/kg, followed by 6 mg/kg every 3
weeks. A total of 41 patients received chemotherapeutic therapy after BM: capecitabine (n = 6), pemetrexed (n = 4),
pemetrexed plus carboplatin (n = 1), paclitaxel liposome (n = 2), paclitaxel liposome plus carboplatin (n = 4), docetaxel
(n = 10), docetaxel plus carboplatin (n = 5), doxorubicin liposome (n = 2), raltitrexed plus vinorelbine (n = 3), and
temozolomide (n = 4). In addition, six patients were treated with endocrine therapy after BM: tamoxifen plus goserelin
(n = 3), exemestane (n = 1), toremifene (n = 1), and letrozole (n = 1).

Statistical Analysis

SPSS 25.0 software package was used for statistical analysis. Characteristics of patients in the two groups were compared
descriptively. x> test or Fisher’s test was used for categorical variables. Kaplan-Meier analysis was used to assess OS and
iPFS, whereas Log rank testing was used to estimate differences between the groups. Besides, factors associated with
intracranial progression and risk of death were assessed through univariate and multivariate Cox proportional hazards
analysis. Combined with literature data, the covariates of multivariate analysis were determined by univariate Cox
proportional risk model analysis. A P value < 0.05 was considered statistically significant.

Results

Basic Information

A total of fifty-seven patients with pathologically confirmed HER2-positive tumors and BM were included in this study,
achieving a 100% follow-up rate. The flow chart of included patients was shown in Figure 1. Before BM, 41 cases
underwent primary surgical treatment, 52 cases received chemotherapy, 21 cases were given endocrine therapy, 41 cases
received targeted therapy, and 16 cases underwent breast/chest radiotherapy. There were 23 patients with stage IV at first
diagnosis.

At the time of BM diagnosis, the median age was 49 years (27—69 years); the median age of BM diagnosis in the
targeted-radiotherapy and radiotherapy-targeted groups was 48 years (30-69 years) and 50 years (27—65 years),
respectively. The median KPS score was 90 (range: 60—100). Forty-two patients had KPS scores ranging from 90 to
100, and 15 patients had scores ranging from 60 to 80. The median time from the first diagnosis to BM was 29 months
(0—112 months). Besides, there are 50 cases with invasive ductal carcinoma, five cases with lobular carcinoma, and two
cases suffering from ductal carcinoma in situ with microinvasion. The number of BM was 1-3 in 29 cases and > 3 in 28
cases. There were 26 cases of Luminal B (HER2+) type and 31 cases of HER2 over-expression type. BM primarily
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Patients diagnosed with brain metastases in our hospital (n=506)

Excluded patients:

1. Male patients (n=2)

2. Patients with incomplete clinical and
pathological data (n=86)

3. Patients undergoing surgery for craniocerebral
tumors (n=7)

4. Patients with meningeal metastases (n=21)

5. Patients who did not return to hospital for

reexamination and treatment on time (n=83)

\4

| Patients were screened according to exclusion criteria (n=307) |

A 4

| Patients with brain metastases from HER2-positive breast cancer (n=121) |

A 4

Anti-HER2-targeted therapy Brain radiation therapy was Treatment was abandoned after
was given immediately after the | performed immediately after the presence of brain
occurrence of brain metastasis the occurrence of brain metastasis (n=20)
(n=29) metastasis (n=72)
\ 4

Missed radiotherapy Craniocerebral Sequential Without anti-HER2
opportunity after radiotherapy was anti-HER2-targete | targeting therapy
intracranial progression performed after d therapy after after craniocerebral
of anti-HER2-targeted intracranial progression of | craniocerebral radiotherapy (n=35)
therapy (n=9) anti-HER2-targeted radiotherapy

therapy (n=20) (n=37)

A 4

This retrospective study included n=57

Figure | Flow chart of patients included in the study.

concentrated in multiple intracranial locations (9 cases), the left cerebellar hemisphere (6 cases), the right cerebellar
hemisphere (5 cases), bilateral cerebellar hemispheres (4 cases), both cerebral hemispheres and cerebellar hemispheres (6
cases), and the right frontal lobe (4 cases). Other locations included the brain parenchyma, temporal lobe, and occipital
lobe.

After BM, all patients received craniocerebral radiotherapy and targeted therapy, including endocrine therapy in six cases and
chemotherapy in 41 cases. Other metastatic sites mainly included liver, lung, and bone, of which 38 cases had liver metastasis, 32
cases had lung metastasis, and 41 cases had bone metastasis. Figures 2 and 3 showed the MRI images of a patient in the targeted-
radiotherapy group and the radiotherapy-targeted group, respectively, after the occurrence of BM. In addition, 23 cases (40.3%)
presented with metastases at three different sites concurrently. Among 20 patients in the targeted-radiotherapy group who
received targeted therapy after the occurrence of BM, only one patient developed extracranial (liver) progression in addition to
intracranial progression after the completion of 8 cycles of trastuzumab re-examination. Furthermore, three breast cancer patients
with BM exhibited a marked increase in intracranial pressure or reduced muscle strength in one limb due to significant
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Figure 2 Magnetic Resonance Imaging (MRI) for breast cancer combined with brain metastasis in a 45-year-old female patient. TIWI revealed an irregular hypointense
nodule in the right precentral gyrus; T2WI showed a slightly hyperintense signal; T2Flair demonstrated a hyperintense signal; and T 1-CE displayed significant enhancement of
the lesion.

intracranial space occupation before treatment. All three had multiple BMs, with two cases in the targeted-radiotherapy group
and one in the radiotherapy-targeted group.

Comparison of Basic Data Between Two Groups

The modified GPA score of breast cancer was applied to analyze the prognosis, the specific score calculations were listed in
the Appendix 1. The maximum age at the time of BM was set as 50 years old, and the number of BM was set as 1-3, >3.
There was no difference in age at BM, molecular subtype, KPS at the diagnosis of BM, Ki-67 levels, treatment of primary
breast disease (primary surgical treatment, breast/chest radiotherapy, targeted therapy, chemotherapy, endocrine therapy),
and treatment after BM endocrine therapy between the two groups (all 2 > 0.05). However, the number of BM and the
treatment after BM chemical therapy were different (P < 0.05) (Table 1).

Comparison of Intracranial Progression-Free Survival Times

The Evaluation of Intracranial Conditions for the First Time

The median iPFS was 3 months [95% confidence interval (CI), 1.53—4.46] and 16 months (95% CI, 8.78-23.21) in the
targeted-radiotherapy and radiotherapy-targeted groups, respectively (log-rank P < 0.001). Moreover, the intracranial
progression rate was 20 (100%) in the targeted-radiotherapy group and 25 (67.6%) in the radiotherapy-targeted group,
respectively (Figure 4a).
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Figure 3 Magnetic Resonance Imaging (MRI) for breast cancer combined with brain metastasis in a 50-year-old female patient. TIWI revealed an irregular hypointense
nodule in the cerebellar vermis; T2WI and T2Flair showed slightly hyperintense signals; diffusion-weighted imaging (DWI) presented an isointense signal; the mean apparent
diffusion coefficient (ADC) value of the lesions was 0.813 x 10(-3) mm?/s; and T1-CE demonstrated significant enhancement of the lesion.

The Evaluation of Intracranial Conditions for the Second Time

After radiotherapy combined with targeted therapy, the overall objective response rate of the two groups was 24.6%, and
the total disease control rate of the two groups was 40.4%. The overall objective response rate of the targeted-
radiotherapy group and radiotherapy-targeted group was 15% and 29.7%, respectively (Fisher’s test P = 0.336). The
total disease control rate was 50% and 35.1%, respectively (P = 0.275).

The Result of Univariate and Multivariate Cox Analysis

The univariate Cox analysis was conducted to evaluate the factors associated with iPFS, and the evaluation results were
detailed in Table 2. The analysis results revealed that the treatment groups, differentiated by varying time sequences,
were a significant factor affecting iPFS. Subsequently, a multivariate Cox analysis was performed to adjust for potential
confounders and to better understand the independent effects of these variables. Notably, the treatment groups defined by
different time sequences also showed a highly significant association with iPFS (P < 0.001), as shown in Table 3.

Comparison of Overall Survival Time

The median OS of all patients included in this study was 20 months (95% CI, 14.0-26.0). The median OS was 19 months
(95% CI, 13.4-24.6) for patients in the targeted-radiotherapy group and 20 months (95% CI, 12.8-27.2) for patients in
the radiotherapy-targeted group, with no significant difference observed between the two groups (log-rank P = 0.145,
Figure 4b). The 1-year OS rates were 70.0% for the targeted-radiotherapy group and 81.1% for the radiotherapy-targeted
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Table | Characteristics of Patients in the Radiotherapy-Targeted and the Targeted-Radiotherapy Groups

Characteristics Classification Radiotherapy- Targeted- Radiotherapy | %2 P-value
Targeted Group (n) | Group (n)

Patients (n) 37 20

Age at BM (year) <50 22 I 0.106 0.745
> 50 15 9

Number of BM 1-3 15 14 4.508 0.034
>3 22 6

KPS 90-100 26 16 0.634 0.426
60-80 I 4

Molecular subtype (n) Luminal B (HER2+) 16 10 0.239 0.625
HER?2 overexpression 21 10

Ki-67 < 14% 4 2 Fisher’s exact test 1.000
= 4% 33 18

Treatment of Primary breast disease

Primary surgical treatment | Yes 28 13 0.733 0.392
No 9 7

Chemotherapy Yes 35 17 Fisher’s exact test | 0.332
No 2 3

Endocrine therapy Yes 14 7 0.045 0.832
No 23 13

Breast/chest radiotherapy Yes 12 4 0.994 0.319
No 25 16

Targeted therapy Yes 28 13 0.733 0.392
No 9 7

Treatment after BM

Chemotherapy Yes 30 I 4.374 0.036
No 7

Endocrine therapy Yes 4 2 Fisher’s exact test 1.000
No 33 18

Note: Bold values indicate statistically significant differences.
Abbreviations: BM, brain metastasis; KPS, Karnofsky performance status; HER2, human epidermal growth factor receptor 2.

group; the 3-year OS rates were 10.0% and 18.9%, respectively. By the end of the follow-up period, there were 43 deaths
in total, with 17 deaths (85%) in the targeted-radiotherapy group and 26 deaths (68.9%) in the radiotherapy-targeted
group. Of them, 19% (n = 8) died solely due to intracranial progression, including three cases from the targeted-
radiotherapy group and five cases from the radiotherapy-targeted group.

The univariate Cox proportional hazard models were utilized for the analysis of prognostic factors affecting
OS, as detailed in Table 4. Further analysis of multivariable Cox proportional hazard models showed that the time
from the first diagnosis to BM (P = 0.037) and the number of BMs (P = 0.037) were significant factors; these
factors were found to be higher in the radiotherapy-targeted group than in the targeted-radiotherapy group
(Table 5).

Stratified Analysis Based on Modified Breast Graded Prognostic Assessment

Modified breast-GPA was used in this study. In the modified breast-GPA score, HER2 over-expression type and Luminal
B (HER2+) type accounted for 1 and 1.5 points, respectively (the specific score calculation was shown in the
Appendix 1). Therefore, the modified breast-GPA score of all patients in this retrospective study was 2.0—4.0.
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Figure 4 Kaplan-Meier analysis comparing intracranial progression-free survival (a) and overall survival (b) in the radiotherapy-targeted group and the targeted-radiotherapy

group.

Combined with the data collected, the included patients were further divided into subgroup 2.0-3.0 and subgroup 3.5-4.0

Percent survival

a
100+ 100+
—i- Targeted-radiotherapy group
80 —i- Radiotherapy-targeted group 804
. < 2
60 Log-rank P < 0.0001 : 604
n
404 g 40
&
20 204
0-
0 10 20 30 40 50
Intracranial progression-free survival (iPFS, months)

- Targeted-radiotherapy group

—— Radiotherapy-targeted group

Log-rank P = 0.1448

20 30 40

50

Overall survival (OS,months)

for modified breast-GPA.

In the two groups with modified breast-GPA 2.0-3.0, the median OS of the radiotherapy-targeted group and targeted-
radiotherapy group was 16 months and 19 months, respectively (P = 0.602, Figure 5a). In the modified breast-GPA 3.5—
4.0 subgroup, the median OS of radiotherapy-targeted group and targeted-radiotherapy group was 26 months and 22
months, respectively (P = 0.019, Figure 5b). All patients were divided into 4 groups according to modified breast-GPA

score for Kaplan-Meier analysis (P = 0.009, Figure 6).

Table 2 Univariable Analyses of Covariables Associated with Intracranial Progression-

Free Survival

Factors HR 95% CI P-value
Group

Targeted-radiotherapy vs Radiotherapy-targeted 0.178 | 0.088-0.360 | < 0.001I
Age at BM (year)

<50 vs > 50 0.665 | 0.363-1.220 | 0.188
KPS

290 vs < 90 0929 | 0.475-1.815 | 0.829
Number of BM

I-3vs>3 1.144 | 0.635-2.061 | 0.654
Time from the first diagnosis to BM (m)

229 vs <29 0.857 | 0.466-1.576 | 0.62
Molecular subtype (n)

Luminal B (HER2+) vs HER2 overexpression 1.130 | 0.615-2.077 | 0.693
Treatment of Primary breast disease (Targeted therapy)

Yes vs No 1.117 | 0.589-2.119 | 0.734
Primary surgical treatment

Yes vs No 1.808 | 0.932-3.507 | 0.08
Ki-67

2 |4vs< |4 1.515 | 0.631-3.639 | 0.353
Treatment after BM (Chemotherapy)

Yes vs No 0.577 | 0.226-1.471 | 0.249

Abbreviations: HR, hazard ratio; Cl, confidence interval; iPFS, intracranial progression-free survival; BM, brain
metastasis; KPS, Karnofsky performance status; HER2, human epidermal growth factor receptor 2.
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Table 3 Multivariable Analyses of Covariables Associated with Intracranial

Progression-Free Survival

Factors HR 95% ClI P-value
Group

Targeted-radiotherapy vs Radiotherapy-targeted 0.160 0.073-0.352 < 0.001
Time from the first diagnosis to BM (m)

229 vs <29 0.961 0.495-1.866 0.906
Number of BM

1-3vs>3 1.805 0.949-3.433 0.072
Molecular subtype (n)

Luminal B (HER2+) vs HER2 overexpression 0812 0.428-1.539 0.523
Treatment of Primary breast disease

Primary surgical treatment

Yes vs No 0.808 0.394-0.656 0.560
Treatment after BM Chemotherapy

Yes vs No 0.872 0.320-2.375 0.789

Abbreviations: HR, hazard ratio; Cl, confidence interval; iPFS, intracranial progression-free survival;

BM, brain metastasis; HER2, human epidermal growth factor receptor 2.

Table 4 Univariable Analyses of Covariables Associated with Overall Survival

Factors HR 95% CI P-value
Group

Targeted-radiotherapy vs Radiotherapy-targeted 0.636 0.341-1.187 0.156
Age at BM (y)

<50 vs > 50 0910 0.487—1.697 0.766
KPS

290 vs <90 1.038 0.533-2.022 0913
Number of BM

1-3vs>3 1.502 0.807-2.795 0.199
Time from the first diagnosis to BM (m)

229 vs <29 0.585 0.314-1.091 0.092
Molecular subtype (n)

Luminal B (HER2+) vs HER2 overexpression 1.141 0.611-2.132 0.678
Treatment of Primary breast disease (Targeted therapy)

Yes vs No 0.758 0.372-1.548 0.447
Primary surgical treatment

Yes vs No 1.881 0.982-3.605 0.057
Ki-67

214vs< 14 0.905 0.375-2.179 0.823
Treatment after BM

Endocrine therapy

Yes vs No 0.580 0.221-1.523 0.269
Chemotherapy

Yes vs No 0.566 0.199-1.611 0.286

Abbreviations: HR, hazard ratio; Cl, confidence interval; OS, overall survival; BM, brain metastasis; KPS, Karnofsky

performance status; HER2, human epidermal growth factor receptor 2.
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Table 5 Multivariable Analyses of Covariables Associated with Overall Survival

Factors HR 95% CI P-value
Group

Targeted-radiotherapy vs Radiotherapy-targeted 0.690 | 0.344-1.384 | 0.296
Number of BM

1-3vs >3 2.038 | 1.045-3.976 | 0.037
Time from the first diagnosis to BM (m)

229 vs <29 0.508 | 0.268-0.960 | 0.037

Treatment of Primary breast disease (Primary

surgical treatment)

Yes vs No 1.847 | 0.925-3.688 | 0.082
Treatment after BM (Chemotherapy)
Yes vs No 0.646 | 0.216-1.931 | 0.434

Abbreviations: HR, hazard ratio; Cl, confidence interval; OS, overall survival; BM, brain metastasis.

Acute Toxic Reactions

In the radiotherapy-targeted group, there was one case of grade III myelosuppression and one case of apathy caused by
high intracranial pressure delaying radiotherapy; the treatment was successfully completed following active management.
Other patients did not have grade II or higher myelosuppression or gastrointestinal reactions.

Discussion

Evidence from clinical studies suggests that systemic therapy with anti-HER2-targeted agents can increase the median
OS in patients with HER2-positive breast cancer and BM.'%'*"'* For example, trastuzumab can significantly improve OS
and iPFS of HER2-positive breast cancer patients.”®**° However, whether trastuzumab prolongs OS by controlling
extracranial and intracranial diseases remains unclear.>® In this study, intracranial progression was seen in 20 patients
who received targeted drug therapy after BM but not radiotherapy; in addition, one patient developed extracranial
progression. Hence, we concluded that trastuzumab might have better efficacy in controlling extracranial diseases than
intracranial diseases.

Trastuzumab is a monoclonal antibody with a molecular weight of 145,000 Daltons, which theoretically cannot pass
the BBB under normal conditions.”’ However, studies have shown that the integrity of the BBB is compromised in
patients with BM, allowing some trastuzumab to cross. For example, Dijkers et al*? found that the concentration of
zirconium-89 (89Zr)-trastuzumab in BM was 18 times higher than in normal brain tissue, suggesting altered BBB
integrity due to the presence of tumor blood vessels lacking normal BBB function. In this research, radiotherapy followed
by targeted therapy significantly improved iPFS in HER2-positive breast cancer patients with BM. These data are

a b
100+ =~ Targeted-radiotherapy group 1004 —i—Targeted-radiotherapy group
B 80- =i. Radiotherapy-targeted group 80 —4—Radiotherapy-targeted group
H Log-rank P =0.602 3 Log-rank P =0.019
: 60 e 60
® @
§  40- S 40-
H H
20 20
0- 04
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Overall survival (OS,months) Overall Survival (OS,Month)

Figure 5 Kaplan-Meier overall survival curves for modified breast graded prognostic assessment 2.0-3.0 group (a) and 3.5-4.0 group (b) in the radiotherapy-group and the
targeted-radiotherapy group.
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1 00 - s Targeted-radiotherapy group, GPA2.0-3.0

m=des Radiotherapy-targeted group, GPA2.0-3.0

——de Targeted-radiotherapy group, GPA3.5-4.0
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Figure 6 Kaplan-Meier overall survival curves for modified breast graded prognostic assessment scores in the radiotherapy-targeted group and the targeted-radiotherapy
group.

consistent with findings from Kim et al.>* Such effect was particularly evident in patients receiving radiotherapy at the
time of progression, underscoring the critical role of timely radiotherapy. This improvement is likely due to the increased
intracranial concentration of trastuzumab following radiotherapy, which further damages the BBB, enhancing drug
delivery to intracranial lesions.>* Without radiotherapy, the concentration of anti-HER2-targeted drugs in intracranial
lesions may be insufficient for effective disease control. Interestingly, our study observed intracranial progression in all
patients treated with targeted drugs alone, further confirming the benefit of adding radiotherapy.

Additionally, the multivariate analysis revealed that the sequential treatment was an independent prognostic factor for
intracranial progression in HER2-positive breast cancer patients with BM. Although both sequential treatment groups
showed significant improvements in one-year and three-year OS rates compared to previous studies using WBRT,*® the
median OS between the groups did not significantly differ. Hence, the order of therapy administration may not greatly
impact OS. However, the potential influence of trastuzumab following radiotherapy could explain the improved
intracranial disease control in the targeted-radiotherapy group, despite a higher mortality rate. These findings highlight
the importance of radiotherapy in managing BM and suggest that further disruption of the BBB through radiotherapy can
enhance the effectiveness of anti-HER2-targeted therapies. Nonetheless, the relatively short follow-up period and small
sample size are limitations that may affect the generalizability of our results, underscoring the need for further
prospective studies.

The multivariate Cox regression analysis results showed that interval time from the first breast cancer diagnosis to the
occurrence of BM and the number of BM were independent prognostic factors in HER2-positive breast cancer patients

with BM, contrary to the data previously published by Ou et al.*®

The difference may lay in different grouping criteria; in
our study, the interval time from the first diagnosis of breast cancer to the occurrence of BM was divided by 29 months
(median), while in Ou’s study® was divided by 12 months. In addition, the number of BM has been included as a scoring
criterion for breast cancer prognosis with BM.>*

The stratified analysis using the modified breast-GPA demonstrated a clear correlation between higher GPA scores
and improved median OS, consistent with previously reported trends.>” Our findings indicated that the sequence of
radiotherapy and targeted therapy administration could significantly influence outcomes in patients with high GPA
scores. Specifically, the radiotherapy-targeted group exhibited a more favorable prognosis than the targeted-radiotherapy
group. Adverse reactions were generally manageable, with only a few instances of more severe complications, under-
scoring the overall tolerability of the treatment protocols. These results emphasized the importance of treatment
sequencing and provided valuable insights for optimizing therapeutic strategies for HER2-positive breast cancer patients
with BM.
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There also certain limitations in this study. Firstly, this was a retrospective study with inherent flaws in the
experimental design. The data collected spans from 2010 to 2019, predating the most recent international guidelines
which recommend upfront systemic therapy alone in carefully selected, asymptomatic patients, and in cases of advanced
disease. This temporal difference may account for discrepancies between our study design and current practices.
Moreover, retrospective studies have limited the use of second- or third-line targeted therapies (eg, trastuzumab
emtanzine, lapatinib, tucatinib), which may affect treatment outcomes. Secondly, being a single-center retrospective
study, there is an inherent risk of selection bias, which limits the generalizability of the findings to wider populations.
Thirdly, this study had a relatively small sample size, which may affect the statistical power and robustness of the
conclusions. Also, the limited number of patients makes it challenging to detect smaller differences between treatment
groups and may increase the variability of the results. Furthermore, radiological evaluation included both CT and MRI
due to the retrospective nature and varied departmental management, potentially impacting intracranial assessments,
introducing confounding factor. Additionally, the follow-up period was relatively short, which may not capture the long-
term outcomes and potential late effects of the treatments. Consequently, further studies need to strive to include a larger
and more diverse patient population, standardize treatment protocols, and ensure longer follow-up periods. Based on
these, a further validation can be performed to analyze the efficacy and safety of sequential radiotherapy and targeted
therapy in HER2-positive breast cancer patients with BM.

Conclusion

To sum up, our study demonstrated that radiotherapy followed by targeted therapy significantly improved iPFS in HER2-
positive breast cancer patients with BM. The data suggested that the sequence of treatments, specifically administering
radiotherapy before anti-HER2 therapy, plays a pivotal role in disease management. However, additional research is
required to further elucidate the impact of anti-HER2 therapy on intracranial disease control and OS.
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