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Abstract
Purpose With increasing use of human epithelial growth factor receptor two (HER2)-targeted therapies, outcomes for
numerous breast cancer patients have improved. Nevertheless, patients with HER2-positive tumours face a comparatively
heightened risk for developing brain metastases (BM), which are often treated with stereotactic radiosurgery (SRS).
Radionecrosis represents one of the clinically most significant adverse events of SRS. However, a knowledge gap remains
regarding the effects of concurrent use of HER2-targeted therapies with SRS on development of radionecrosis, given
conflicting findings in existing studies.
Methods This systematic review was conducted in May 2024 through a search across electronic databases PubMed/
MEDLINE and Cochrane library and was supplemented by citation searching and an artificial intelligence (AI) search.
Results The literature search yielded 194 articles. After applying eligibility criteria, a total of 13 studies with 3219
patients total were included, with approximately 270 patients in the topic-relevant subgroup. Investigated substances vary
in different publications and include HER2 antibodies, antibody–drug conjugates (ADCs), such as trastuzumab emtansine
(T-DM1), and kinase inhibitors. Four of six studies on ADCs demonstrated a higher risk for radionecrosis with concurrent
administration. Two studies on lapatinib found no significant effects, as did as most studies investigating mainly HER2
antibodies. One publication reported an even lower risk for radionecrosis (RN) with concurrent use of HER2/EGFR tyrosine
kinase inhibitors (TKIs).
Conclusion While concurrent use of T-DM1/ADCs seems associated to elevated radionecrosis risk, an ambiguous situation
for other substances persists. Heterogenous study designs with varying substances, definitions of concurrent use, and
radionecrosis parameters must be considered. Included studies are partly limited by sample size and retrospective study
design. Therefore, clinical implications remain difficult to claim; further research on this topic is needed.
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Introduction

Breast cancer poses a significant global health challenge,
affecting millions of patients each year. Annually there
are approximately 70,000 new cases in Germany, making
breast cancer the most widespread cancer among women
[1]. Within its subtypes, human epidermal growth factor re-
ceptor 2 (HER2)-positive breast cancer represents a special
entity, historically characterized by being more aggressive
and having a poorer prognosis. However, in recent years,
there is a rising importance and growing use of targeted
therapies. HER2-monoclonal antibodies like trastuzumab
and pertuzumab, small molecule drugs/kinase inhibitors
like lapatinib as well as antibody–drug conjugates (ADC),
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like trastuzumab emtansine (T-DM1), have significantly
improved outcomes and overall survival for this patient
subgroup [2].

Brain metastases represent a dreaded complication in the
course of disease, affecting approximately a quarter of pa-
tients with advanced breast cancer [3, 4]. The risk for de-
veloping brain metastases in HER2-positive patients seems
to be higher than in other subtypes [5–7]. Management
options for brain metastases mainly include neurosurgical
resection, systemic therapy, and radiation therapy. As pa-
tients are surviving increasingly longer, therapy-related late
toxicity is becoming more notable. Hence, whole brain ir-
radiation (WBI) is being used more restrictively and most
patients are treated with stereotactic radiosurgery (SRS)
[8–10]. One of the most important and clinically significant
adverse outcomes of SRS is radionecrosis. Known risk fac-
tors for radionecrosis are large treated volumes, prior whole
brain irradiation and higher prescription dose [2, 11, 12].

Despite advances in the oncological therapy of pa-
tients with HER2-positive breast cancer brain metastases
(BCBM), a knowledge gap persists. Regardless of its ef-
ficacy, there remains uncertainty regarding the systemic
treatments adverse events when administered concurrently
with stereotactic radiation of brain metastases. This is espe-
cially the case for a potential higher risk of radionecrosis,
with only little research performed on this specific topic and
different studies showing partly conflicting results [13–15].

Moreover, for targeted therapies such as BRAF/MEK in-
hibitors, an association with increased risk for radionecrosis
when administered simultaneously has been shown [16].

Furthermore, diagnosis of radiation necrosis can be diffi-
cult to achieve. There is no sole method of diagnostic imag-
ing with a specificity high enough to differentiate between
local recurrence and radiation necrosis safely and routinely.
Indicative options for diagnostic imaging include magnetic
resonance imaging (MRI), perfusion MRI and 18F-fluo-
rethylthyrosine-positron emission tomography (FET-PET),
but histology remains the gold standard for definite diagno-
sis [17–19].

Additionally, pathomechanisms underlying the develop-
ment of cerebral radionecrosis remain only partly under-
stood, although a dysregulation of aquaporin 4 channels has
been demonstrated by Stumpf et al. [20]. Other attempts
at explanation include an increased secretion of hypoxia-
inducible factor-1-alpha (HIF-1-α) due to vascular dam-
age, leading to increased vascular endothelial growth factor
(VEGF) [19].

This review will systematically examine the existing lit-
erature to answer the question, what effect the concurrent
use of HER2-targeted therapies has on developing radiation
necrosis after stereotactic radiation of brain metastases. By
giving an overview about existing studies on this topic, we
hope to provide insights into optimizing therapeutic strate-

gies for patients with HER2-positive breast cancer brain
metastases (BCBM) and show implications for future clin-
ical use and directions for research on radionecrosis and
HER2-targeted therapies.

Materials andmethods

This literature review was performed in May 2024 to iden-
tify clinical studies concerning risk of radionecrosis in con-
current use of HER2-targeted therapies with stereotactic
radiation of brain metastases.

Definitions

In this context, it is fundamental to accurately define the
used terminology. A recent guideline published by the Ger-
man Society of Radiation Oncology (DEGRO) proposed
a distinct nomenclature. Due to prolonged survival and
changes in oncological therapies, long-term side effects are
increasing. In terms of cerebral radiosurgery, these often
appear as contrast-enhancing lesions (CEL) on imaging. Al-
though challenging, it is important to differentiate between
the different causes of CEL, as clinical presentations, prog-
nosis and need of treatment varies. Predominantly, CEL can
occur as radiation-induced blood–brain barrier disruption
(BBD), also called “pseudo progression”. BBD typically
occurs earlier and both within and out of field of the high-
dose radiation volume. Usually, symptoms are only mild
and often self-limiting or reversible and oedema is only
small [19].

This has to be differentiated from radiation necrosis
(RN), which is irreversible radiation-induced brain tissue
damage. RN has a clearer dose–volume dependency and
usually manifests in the high-dose-treated region. Due
to differences in the pathomechanism, oedema in RN is
usually more pronounced, causing more and potentially
irreversible, life-threatening symptoms. That said, RN can
also present in an asymptomatic way, but often has a more
progressive and rapid progression pattern. As RN mostly
requires treatment when symptomatic, some clinical studies
opt to employ clinically significant RN (CSRN) or symp-
tomatic RN (SRN) as outcome parameters. RN typically
occurs later (within 6–18 months after RT). However, RN
can also occur shortly after RT as “early RN”, and after
several years as “late/ultra-late RN”. These differences
in timing as well as possible occurrence of mixed forms
(especially after higher-dose RT) and transitions between
both can possibly lead to misdiagnosis and mistreatment as
BBD in the first few months or as tumour progression after
several years [19].
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Search strategy

The search was conducted across electronic databases
PubMed/MEDLINE and Cochrane library. Additionally
relevant studies were identified through citation searching
and searches using common artificial intelligence research
tools, including for example scite.ai and consensus.ai. The
search strategy in electronic databases consisted of terms
and keywords related to HER2-targeted therapies, such as
“HER2”, “HER-2”, “trastuzumab”, “pertuzumab”, “lap-
atinib”, “neratinib”, “tucatinib”, and radionecrosis, such
as “radionecrosis” or “radiation necrosis” in combination
with medical subject headings (MeSH) terms (in particular
“radiosurgery/adverse effects” or “radiosurgery”). The full
search strategy is available upon request. The literature
search and selection process were performed adhering to
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines whenever possible.

Study selection (inclusive inclusion and exclusion
criteria)

Titles and abstracts of search results were screened for
relevance to the subject matter, integrated into the End-
Note 21 citation software, and duplicates were removed.
Articles were retrieved and tested for eligibility based on

Records identified from:
Databases (n = 148)

Records screened
(n = 148)

Records excluded
(n = 101)
Records removed before 
retrieval:

Duplicate records removed  
(n = 19)

Reports sought for retrieval
(n = 28)

Reports not retrieved
(n = 6)

Reports assessed for eligibility
(n = 22)

Reports excluded:
-no clinical study (n = 10)
-no brain metastases (n =0)
-no her2 targeted therapy (n =1)
-no stereotactic radiation (n =2)
-no radionecrosis outcome (n =1)

Records identified from:
Websites (n = 25)
Citation searching (n = 20)
Authors’ files (n=1)

Reports assessed for eligibility
(n = 27)

Reports excluded:
-no clinical study (n = 12)
-no brain metastases (n =1)
-no her2 targeted therapy (n =3)
-no stereotactic radiation (n =3)
-no radionecrosis outcome (n =3)

Studies included in review
(n = 13)

Identification of studies via databases and registers Identification of studies via other methods
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Reports sought for retrieval
(n = 29)

Reports not retrieved
(n = 2)

Records screened
(n = 46)

Records excluded
(n = 0)
Records removed before 
retrieval:

Duplicate records removed 
(n = 17)

Fig. 1 Study selection process: Modified Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 flow diagram for
new systematic reviews which included searches of databases, registers and other sources

the following inclusion criteria: clinical study, stereotactic
radiation, existence of brain metastases, minimum of 5 le-
sions included in the study, HER2 mutation, use of HER2
targeted therapy, English or German language, published in
2010 or later. Papers published as case reports, case series,
reviews, metanalyses, or articles were excluded, as well
as publications not investigating radionecrosis as an end-
point and studies focusing on other radiation techniques like
whole brain irradiation. Due to practical and organizational
reasons the process of search, screening and eligibility test-
ing was only performed by one reviewer.

Data extraction

Data extraction was also performed by one reviewer due
to practical and organizational reasons. Extracted data in-
cluded study characteristics (author, year of publication,
study design), number of participants, definition of concur-
rent use, exact substance, radiation characteristics (dose,
fractions), type of outcomes regarding radionecrosis, ap-
proach to diagnostic confirmation, statistical methods, me-
dian follow-up and results relevant to the research question.
Missing information on collected variables were requested
from the corresponding authors.
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Data synthesis

The results of included studies were synthesized narratively
to account for expected heterogeneity among different stud-
ies.

Results

Summary of findings

Our review identified a total of 194 search results through
the above mentioned search strategies, from which 93 were
categorized as generally relevant to the research topic by the
reviewer. Subsequently, 36 duplicates were eliminated, re-
sulting in 57 references, of which 49 could be successfully
retrieved and evaluated for eligibility. Within this group,
the following 13 studies met all predefined criteria and were
therefore included in this review: [13, 14, 20–30]. A total of
36 titles did not meet the inclusion criteria due to nonsuit-
able publication type (n= 22), not examining brain metas-
tases (n= 1), not analysing HER2-targeted therapies (n= 4),
not evaluating stereotactic radiation in particular (n= 5) or
not providing outcomes on cerebral radionecrosis (n= 4).
The selection process is shown in Fig. 1.

Included studies were published between 2016 and 2024
and collectively represent a total of 3219 participants,
with approximately 270 patients falling within topic-rel-
evant subgroups. All included studies were designed as
retrospective analyses. Within the 13 included studies, six
investigated the administration of T-DM1 or other ADCs
[20–22, 25, 26, 30], while two studies examined lapatinib
[14, 24] and one publication focused on tucatinib [27]. Four
studies included multiple HER2– directed therapies (like
trastuzumab) [13, 23, 28, 29]. Concurrent administration
was defined as occurring within a 6 month window [22],
within a 1 month/30 day/4 week window [20, 25, 28–30],
within a 21 day window [23, 26] and within five biological
half-lives [13, 14, 24]. Additionally, outcome parameters
regarding radionecrosis showed substantial variation, with
ten utilizing general occurrence of radionecrosis over time
[13, 14, 21–25, 27, 28] or 12 months post radiation [29]
and three employing clinically significant radionecrosis
(CSRN) [20] or symptomatic radionecrosis (SRN) [26, 30]
as endpoints. Some additionally covered symptoms and
hospital admissions. Most publications followed similar
multidisciplinary methods and processes for diagnosing
radionecrosis. The statistical analysis was predominantly
performed using competing risk regression analysis, cu-
mulative incidence analysis, logistic regression, and Gray’s
test. However, three studies opted to only describe events of
radionecrosis narratively or with descriptive statistics due
to small sample sizes [22, 23, 25], while one study solely

used descriptive statistics and Pearson’s Chi-squared test
because of a fixed-time outcome measure [29]. One publi-
cation did not provide any information regarding statistical
analysis of radionecrosis [27]. A summary of relevant study
characteristics and main findings can be found in Tables 1
and 2.

Concurrent administration of T-DM1 and SRS

Trastuzumab emtansine (T-DM1) holds a special position
within HER-2 targeted therapies as it is not only an an-
tibody–drug conjugate but is also thought to potentially
penetrate the blood–brain barrier more effectively, result-
ing in improved outcome in patients with brain metastases,
as shown in the EMILIA trial. T-DM1 combines the abili-
ties of targeting HER2 receptors with trastuzumab and the
cytotoxic abilities of the microtubule-inhibitory agent DM1
[31, 32].

Four of the included studies focused solely on concur-
rent use of T-DM1, while two other studies additionally
included the use of trastuzumab deruxtecan, another anti-
body–drug conjugate.

Stumpf et al. retrospectively examined 45 patients, of
which 16 patients received T-DM1 within a 4-week window
of stereotactic radiation. In all, 10 patients (22%) developed
clinically significant radionecrosis (CSRN), with a 13.5-
fold (p= 0.02) increase in CSRN associated with receipt of
T-DM1 (39.1% vs 4.5%). Of 9 patients developing CSRN
with T-DM1, 6 patients received T-DM1 concurrently. No
further statistical analysis between the concurrent and se-
quential group was carried out. Logistic regression showed
increasing numbers of SRS courses and age >45 years as
statistic risk factors for CSRN. Interestingly, the patient co-
hort consisted of patients with BCBM less than 45 years
of age regardless of HER2 status and patients with HER2-
positive BCBM independent of age. This selection could
potentially limit the results, as presumable higher age in the
HER2-positive group may influence the risk of radionecro-
sis, although age as a confounder was considered in the
logistic regression. Despite this limitation, the authors did
not only use a more clinically relevant outcome parameter
(CSRN) but were also able to show molecular mechanisms
behind radionecrosis, such as dysregulation of aquaporin 4
expression especially for T-DM1 [20].

In 12 patients receiving T-DM1—4 of them concurrently
with SRS—the rate of radiation necrosis was higher in
the concurrent group versus the sequential group (50% vs.
28.6%) according to a study by Geraud et al. This study
defined concurrent administration as within a 1-month win-
dow but did not provide the used strategy for diagnosing
radionecrosis or median follow-up and is limited by small
sample size [25].
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Mills et al. also described one case of radionecrosis in
their study (3% rate of radionecrosis) that occurred af-
ter concurrent administration of T-DM1. Sample size was
40 lesions (16 patients) total, of which 19 were treated
concurrently. For this study the different definition of “con-
current” as within a 6-month window is important to take
into consideration.

The heterogenous definition of concurrent use and con-
sideration of timing of drug administration is also noticed
when looking at the study by Id Said et al. Of 67 included
patients with 223 lesions, 29 received T-DM1, but this sub-
group was only divided into administration prior to SRS
(8 patients) and after SRS (21 patients, 14 of those within
1 year). Development of RN was observed in 18 patients
total (27%), and T-DM1 treatment post-SRS as well as ra-
diotherapy dose were identified as independent risk factors.
Median time from SRS to RN was 4.8 months; median fol-
low-up was 15.6 months. Different categorization of timing
reduces significance for our review, but identification of
T-DM1 as a risk factor must be acknowledged [21].

Lebow et al. additionally investigated the effect of a sec-
ond HER2-targeted therapy, trastuzumab deruxtecan. Of
98 patients total, 35 patients were administered concur-
rently one of the two drugs. Radionecrosis was recorded as
symptomatic radionecrosis (SRN); concurrent was defined
as delivery within 7 days before or 21 days after SRS (ap-
proximately three half-lives). Considering a radiographic
median follow-up of 12.4 months, concurrent administra-
tion of ADCs was associated with a higher risk for SRN
(subdistribution hazard ratio [SHR] 4.01; 95% confidence
interval [CI] 1.79–9.01; p< 0.001 [univariate analysis] and
SHR 4.31; 95% CI 1.95–9.50; p< 0.001 [multivariate anal-
ysis]). This increased risk also applies for previously ra-
diated lesions (42.0% vs. 9.4%) and grade 4 to 5 SRN
(7.1% vs 0.7%) [26]. The significance of this study for our
specific research question is compromised by the fact that
mentioned statistical analyses were only carried out for all
ADCs together, including a third substance, sacituzumab
govitecan, which is not HER2-targeted. However, this af-
fects only a small portion in the concurrent subgroup, as
7 of 42 patients received sacituzumab govitecan.

A second included study also investigated other ADCs.
Koide et al. focused on impact of concurrent ADCs and
radiotherapy on symptomatic radiation necrosis (SRN) in
168 patients. Used substances were trastuzumab emtansine
(T-DM1) and trastuzumab deruxtecan (T-DXd). Concur-
rent administration took place in 19 of 63 HER2-positive
patients and was defined as within 4 weeks before or after
the first day of radiotherapy. Although this patient subgroup
consisted of patients treated with different doses and frac-
tionation of SRS (13 patients) as well as patients treated
with WBRT (6 patients), the long median follow-up of
31 months and a multicenter study design must be rec-

ognized. Use of ADC in general—disregarding radiation
differences—was associated with a significantly higher in-
cidence of SRN (26.3% vs 8.7% total; 2-year cumulative
incidence 27.4% vs 7.0%, p= 0.014). Results did not in-
clude comparison of both substances as 44 of 48 patients
received T-DM1 and only 4 T-DXd [30].

Concurrent administration of lapatinib and SRS

Lapatinib is a kinase inhibitor targeting HER2 receptors. It
is administered orally and is typically prescribed in com-
bination with capecitabine, trastuzumab or an aromatase
inhibitor [33]. Two studies in this review investigated the
concurrent use of lapatinib with stereotactic radiation.

Of 487 brain metastases in the study by Kim et al., 132
(27%) were treated concurrently. The 12-month cumulative
incidences of radiation necrosis in the concurrent therapy
group did not significantly differ from patients treated with-
out concurrent lapatinib (1.0%, 95% CI 0.0–2.8% vs 3.5%,
95% CI 0.2–5.4%, p= 0.134), but risk factors for radiation
necrosis such as larger lesion size could be confirmed. The
control group in this study were patients not receiving lap-
atinib, but partly receiving other systemic therapies, which
implies only a similar risk compared to other systemic ther-
apies but not SRS alone. Furthermore, 87 of 132 lesions
that were treated simultaneously with lapatinib, received
additional trastuzumab during radiation, which was not ac-
counted for in statistical analysis. Therefore, a potentially
different influence of lapatinib compared to trastuzumab
could be masked. Radiographic median follow-up in this
study were only 8.2 months [34].

Parsai et al. included 126 patients with 47 lesions, of
which 24 patients received lapatinib concurrent with SRS.
The concurrent time window in this study was rather short
with 5 days but was equivalent with five half-lives of the
drug. The authors state that concurrent lapatinib was not
associated with increased cumulative incidences of RN af-
ter 6, 12, and 24 months, but with increased lesion volume.
Median radiographic follow-up was 17.1 months. In diver-
gence to some other included studies, Parsai et al. analysed
local failure and radiation necrosis on a per-patient basis
instead of a per-lesion basis. Furthermore, 42 of 47 patients
receiving lapatinib received an additional HER antibody
[14].

Concurrent administration of tucatinib and SRS

Tucatinib is a relatively new oral tyrosine kinase inhibitor
targeting HER2 receptors. It was approved by the Euro-
pean Medicines Agency (EMA) in 2021 for use in patients
who received at least two prior HER2– directed therapies
[35]. The HER2CLIMB clinical trial not only showed pro-
longated survival but also reduced risk of intracranial pro-
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gression and included a notably high percentage of patients
with baseline brain metastases (46%) [36].

We could include one clinical study that investigated
concurrent treatment with tucatinib and stereotactic ra-
diosurgery for brain metastases in 22 patients with 135
lesions during 39 treatment sessions. Seventeen radiation
sessions were delivered concurrently with tucatinib [27].
Khatri et al. report that 6 of 135 irradiated lesions devel-
oped symptomatic radiation necrosis after a median time
of 9.5 months (range 7.4–20.73 months), but did not state
whether those were in the concurrent or sequential therapy
subgroup. While the authors themselves noted limitations
due to retrospective design and small sample size, the rela-
tively long median follow-up of this study with 20.8 months
must be acknowledged, even if this median follow-up starts
with first tucatinib administration. Furthermore, it is im-
portant to consider that daily oral treatment with tucatinib
usually includes concurrent treatment with capecitabine
and trastuzumab. Therefore, effects on various outcome
parameters and especially risk of radionecrosis cannot be
assigned to a singular substance.

Basket studies on concurrent administration of
various HER2-targeted therapies and SRS

Four included studies considered various HER2-directed
therapies instead of a singular substance or substance group.
This resulted in partly larger sample sizes, although effects
sometimes could obviously not be attributed to singular
substances in some studies.

Miller et al. included 547 patients with 3224 BM, of
which a quite large subgroup (479 lesions) was HER2-
positive. Within these, 109 (80%) received a HER2 anti-
body (mostly trastuzumab) concurrent with radiation ther-
apy and 84 (38%) received a HER2/EGFR TKI (e.g. la-
patinib) concurrently. Concurrent therapy was defined as
within 5 biological half-lives for each drug. The authors re-
ported a lower 12-month cumulative incidence of radiation
necrosis for concurrent use of HER2/EGFR TKI with SRS
(1.3% vs 6.3%; p= 0.001; HR: 0.23; 95% CI 0.07–0.78 [p=
0.02]), but no significant effect of concurrent HER2 anti-
bodies on 12-month cumulative incidences (4.3% vs 5.8%;
p= 0.30). Median radiographic follow-up was 10.1 months
[13].

In a previous study with 1939 patients (but only
47 HER2-positive patients), Miller et al. analysed the
concurrent use of HER2-targeted therapies on the risk for
radiation necrosis and a window of 30 days around SRS
was established for all substances. Even though HER2-
positive histology doubled incidences of RN, the use of
targeted therapies did not increase rates of RN significantly
(5.9% vs 7.9%, p= 0.50 for HER2 antibodies and 0% vs

9%, p< 0.01 for lapatinib). Median radiographic follow-up
was 12 months [28].

In this context, it is essential to highlight that the patients
included in the two studies mentioned last, as well as the
patient sample in the study by Parsai et al., most likely
originate from the same hospital [13, 14, 28]. However, we
still included all three publications as they partly analyse
different aspects or slightly different cohorts.

Ippolito et al. [23] investigated the effect of trastuzumab
combined with pertuzumab in 49 patients. Ten patients with
32 lesions received treatment within a 21-day window of
SRS and one of them developed symptomatic radionecrosis.
No further statistical analyses were carried out on this mat-
ter, but the authors stated that the larger lesion size in this
patient could have influenced the occurrence of RN. Me-
dian follow-up in this study was comparatively long with
18.3 months.

A different, fixed-time outcome measure was used by
Park et al. [29]. Radionecrosis after 12 months was assessed
in 46 patients, of which 24 received various HER2 systemic
treatment simultaneously (within a 4-week window) with
SRS. This study observed that patients who were adminis-
tered higher number of HER2-directed drugs during SRS,
had a higher risk of developing radionecrosis (35.7% vs
5.6%, p= 0.047), but HER2-targeted therapy itself during
SRS was not significant as a risk factor for development of
RN (p= 0.59). In total, a rather large proportion with 16 of
the 24 patients mentioned above developed RN. Patients not
receiving systemic treatment in the same hospital where ra-
diation took place (n= 68) were excluded in this study, as
well as patients with death or loss to follow-up before the
12-month MRI. Especially the last exclusion criteria could
distort results, as 12-month survival is not always reached
in patients with advanced cancer [29].

Discussion

This review highlights once more the partly conflicting
research results on risk of radionecrosis after concurrent
HER2 treatment with SRS.

While the two studies focusing on concurrent lapatinib
could show no effect on risk for development of radionecro-
sis, the study focusing on tucatinib did not differ between
sequential and concurrent use [14, 24, 27]. Concurrent ad-
ministration of T-DM1 or other ADCs seems to be asso-
ciated with higher risk of radionecrosis as four of six in-
cluded studies state significant effects, while the other two
described cases of RN narratively [20–22, 25, 26]. Studies
investigating various substances, mainly HER2 antibodies,
mostly found no significant effect, although one study re-
ported an even lower risk for RN with concurrent use of
HER2/EGFR TKI (lapatinib) [13, 23, 28, 29].
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Table 2 Radiotherapy characteristics (prescription dose and fractionization)

Author/year SRS (rate and characteristics) FSRT (rate and characteristics) WBI (rate and charac-
teristics)

Id Said et al./ 2022
[21]

78%
(15–24Gy/1 fraction)

22%
(24–32Gy/3–5 fractions)

–

Mills et al./ 2021
[22]

60%
(median dose 21Gy (14–24Gy)/
1 fraction)

40%
(median dose 25Gy (20–30)/
median fractions 5 (3–5))

–

Stumpf et al./ 2019
[20]

For RN lesions: median dose 20Gy (18–25), median fractions 1 (1–5) –

Ippolito et al./ 2022
[23]

– 100%
(median dose 27Gy (12–27)/
median dose per fraction 9Gy (4–9))

–

Miller et al./ 2017
[13]

100%
(24Gy (IQR 18–24))

– –

Kim et al./ 2019
[24]

100%
(median dose 24Gy (18–24))

– –

Geraud et al./ 2017
[25]

100%
No details available

– –

Lebow et al./ 2023
[26]

73.85%
(59% 21Gy/1 fraction,
13.8% 18Gy/1 fraction, 1.05% other)

26.05%
(16.3% 27Gy/3 fractions,
8.7% 30Gy/5 fractions, 1.05% other)

–

Khatri et al./ 2023
[27]

72%
(median dose 24Gy (16–24))

28%
(median dose 27Gy (20–50))

–

Parsai et al./ 2019
[14]

Dose according to RTOG 90–05 protocol:
18Gy for tumours< /= 20mm, 15Gy for 21–30mm; 12Gy for 31–40mm

–

Miller et al./ 2016
[28]

100%
(median dose 24Gy (18–24))

– –

Park et al./ 2022
[29]

60.9%
(1 fraction)
(total median dose 20Gy)
(total mean dose 21.9Gy)

39.1%
(5 fractions)
(total median dose 20Gy)
(total mean dose 21.9Gy)

–

Koide et al./ 2024
[30]

27.4%
(18–22Gy in 1 fraction)

32.1%
(17.3% 27–30Gy in 3 fractions; 12.5%
30–35Gy in 5 fractions; 2.4% 40Gy in
8–10 fractions)

40.5%
(30Gy in 10 fractions)

Values are presented as percent or median (range), if not stated otherwise.
SRS stereotactic radiosurgery, FSRT fractionated stereotactic radiotherapy, WBI whole brain irradiation, Gy Gray, RN radionecrosis

Similar results are reported in other reviews, which also
found possible increased radionecrosis risk for concurrent
T-DM1 but not HER2 inhibitors [37]. This heightened risk
was also confirmed in two other meta-analyses [38, 39].
Khan et al. even reported a reduced risk for radionecrosis
with administration of lapatinib in a systematic review and
metanalysis with six studies. However, this review did not
differentiate between SRS and whole brain irradiation and
did not investigate effects of timing [40].

Furthermore, it is crucial to mention that although
our review aimed to focus on a very specific substance
group, a very heterogenous selection of studies was ulti-
mately included, making them less comparable. Variations
ranged from different sample sizes to varying definitions
of concurrent use and different outcome parameters re-
garding radionecrosis. Median follow-up ranged from
8.2 to 31 months. Length of follow-up holds particular
significance in investigating RN, as typical RN occurs

6–18 months after RT but also much later as “late RN”
or “ultra-late RN”. Although follow-up can be limited due
to death from extracranial progression or other reasons,
striving for follow-ups as long as possible, increases value
of clinical studies regarding RN [19]. Other aspects con-
tributing to heterogeneity have emerged from differences
in radiation parameters as presented in Table 2. What
all included studies have in common is a partly limiting
retrospective study design.

When statistically evaluating substance induced effects
on occurrence of radiation necrosis as a study endpoint,
a variety of confounding factors must be considered, as pa-
tient and radiation characteristics may influence occurrence
rates [2, 11, 12]. This can be achieved through utilization of
different statistical methods such as regression analyses. As
mentioned in the results part of this review, mostly compet-
ing risk regression analysis, cumulative incidence analysis,
logistic regression, and Gray’s test were performed. How-
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ever, the included studies lack comparability in terms of
how confounders were statistically addressed. In general,
covariates often seem to be chosen considering “previously
identified risk factors for RN, variables prognostic for sur-
vival, and biological variables” as Miller et al. stated [28].
For instance, Id Said et al. utilized age, RT dose, lesion vol-
ume, intracranial location, number of BM and prior whole
brain RT as covariates in their competing risk regression
analysis [21]. Miller et al. additionally considered sex, ex-
tracranial metastases, disease histology, mutational status,
treatment with systemic therapies, prior surgery, conformal-
ity index, heterogeneity index, lesion laterality and maxi-
mum diameter as possible confounders [13, 28]. Other pub-
lications included did not disclose confounders or methods
in detail or were unable to account for confounders due to
smaller sample size and therefore not meeting requirements
for such analyses. These include for example publications
from Geraud et al. (smaller sample size with descriptive
statistics), Lebow et al., Mills et al., Park et al. and Ippolito
et al. [22, 23, 25, 26, 29].

Additionally, this research topic depicts not the only ex-
isting knowledge gap as definite diagnosis of radionecro-
sis represents a challenge to this day. Diagnosis of radi-
ation necrosis can be difficult to achieve as there is no
sole method of diagnostic imaging with high enough speci-
ficity to differentiate between local recurrence and radia-
tion necrosis with sufficient reliability and frequency. In-
dicative options for diagnostic imaging include magnetic
resonance imaging (MRI), perfusion MRI and 18F-fluo-
rethylthyrosine-positron emission tomography (FET-PET),
but histology remains the gold standard for definite diagno-
sis [17, 18].

Moreover, an association with increased risk of ra-
dionecrosis has also been shown for other targeted therapies
when administered concurrently. This includes BRAF/MEK
inhibitors, epidermal growth factor receptor (EGFR)-TKIs
and vascular endothelial growth factor receptor (VEGFR)-
TKIs [16, 41].

Limitations of this review include that only databases
PubMed/Medline and Cochrane library were searched and
that most steps in search, eligibility testing and data extrac-
tion were only performed by one reviewer due to practical/
organizational reasons.

As clinical implications still appear difficult to claim due
to conflicting results and various limitations, more research
on the specific matter of this review is unquestionably
needed. Related to this, it appears reasonable to strive for
a standardization of terminology, particularly the definition
of “concurrent use”, for better comparability of research re-
sults. Despite the findings of Stumpf et al. which provided
indications on the pathomechanisms of radionecrosis by
demonstrating dysregulation of aquaporin 4 channels, the
underlying mechanisms remain mostly unclear and require

more research as well. Other factors like VEGF expression,
hypoxia pathways and disruption of blood–brain barrier
also seem to play a role [19, 42, 43].

Conclusion

The concurrent use of trastuzumab emtansine (T-DM1)
and other antibody–drug conjugates (ADCs) appears to
be linked with a heightened risk for development of ra-
dionecrosis. Risk for radionecrosis (RN) associated with
other HER2-targeted therapies remains mostly unclear.
When evaluating included studies, it is crucial to con-
sider the heterogenous study selection with different used
substances and varying definitions of concurrent use and
radionecrosis as well as different outcome parameters. Ad-
ditionally, included studies are partly limited by sample
size and retrospective study designs. As a result, clinical
implications remain challenging to establish, highlighting
the need for further research on this topic.
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