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Abstract To investigate late toxicity among patients with
newly-diagnosed brain metastases undergoing stereotac-
tic radiosurgery (SRS) with concurrent systemic therapies
with or without whole-brain radiation therapy (WBRT).
Patients with newly-diagnosed brain metastasis who under-
went SRS at a single tertiary-care institution from 1997 to
2015 were eligible for inclusion. The class and timing of
all systemic therapies were collected for each patient. The
primary outcome was the cumulative incidence of radio-
graphic radiation necrosis (RN). Multivariable competing
risks regression was used to adjust for confounding. Dur-
ing the study period, 1650 patients presented with 2843
intracranial metastases. Among these, 445 patients (27%)
were treated with SRS and concurrent systemic therapy.
Radiographic RN developed following treatment of 222
(8%) lesions, 120 (54%) of which were symptomatic. The
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12-month cumulative incidences of RN among lesions
treated with and without concurrent therapies were 6.6 and
5.3%, respectively (p=0.14). Concurrent systemic therapy
was associated with a significantly increased rate of RN
among lesions treated with upfront SRS and WBRT (8.7
vs. 3.7%, p=0.04). In particular, concurrent targeted thera-
pies significantly increased the 12-month cumulative inci-
dence of RN (8.8 vs. 5.3%, p<0.01). Among these thera-
pies, significantly increased rates of RN were observed
with VEGFR tyrosine kinase inhibitors (TKIs) (14.3 vs.
6.6%, p=0.04) and EGFR TKIs (15.6 vs. 6.0%, p=0.04).
Most classes of systemic therapies may be safely delivered
concurrently with SRS in the management of newly-diag-
nosed brain metastases. However, the rate of radiographic
RN is significantly increased with the addition of concur-
rent systemic therapies to SRS and WBRT.

Keywords Radiation necrosis - Brain metastasis -
Concurrent therapy - Targeted therapy

Introduction

Brain metastases are the leading cause of cancer-related
neurological morbidity in the United States, affecting
15-30% of cancer patients [1, 2]. Local therapies include
resection, stereotactic radiosurgery (SRS), whole-brain
radiation therapy (WBRT), or a combination of these
modalities. However, the potential for increased toxic-
ity when combining local and systemic therapies remains
poorly understood.

SRS is a treatment option that offers high rates of local
control [3]. However, radiation necrosis (RN) is the pri-
mary dose-limiting toxicity following SRS, occurring fol-
lowing 5-10% of treatments [4—-6]. RN is symptomatic
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in 50% of cases, and may worsen neurologic deficits and
necessitate prolonged treatment with steroids or anti-angi-
ogenic agents. Recently reported data have suggested that
systemic therapies may be safely delivered with SRS, but
given the rarity of RN, these studies have been underpow-
ered to detect which specific agents may increase the rate
of RN [7]. To our knowledge, no studies have investigated
whether the addition of upfront WBRT to SRS with mod-
ern concurrent systemic therapies increases the risk of RN.

In the present study, we sought to define the relationship
between RN and the timing of SRS in relation to cytotoxic
chemotherapy, hormone therapy, targeted therapies, and
immunotherapy. We hypothesized the following: (1) the
rate of radiographic RN is not significantly increased with
the addition of concurrent systemic therapies to SRS alone;
(2) the rate of RN is significantly increased with the addi-
tion of concurrent systemic therapies to SRS+ WBRT; (3)
the rates of RN are increased only with the use of specific
targeted agents.

Methods and materials
Patient selection and data collection

We conducted an IRB-approved retrospective cohort study
including all patients with newly-diagnosed brain metas-
tasis between 1997 and 2015 who underwent SRS with or
without WBRT or resection at a single tertiary-care institu-
tion. Patients treated with surgery and/or WBRT alone were
excluded, as were patients without radiographic follow-up.

The following data were collected in an IRB-approved
registry: age, gender, primary pathology, Karnofsky per-
formance status (KPS), survival, number of brain metasta-
ses, presence of extracranial metastases, graded prognostic
assessment (GPA) [8], overall survival, lesion laterality,
location, maximum diameter, volume, prescription dose,
maximum dose, conformality index, heterogeneity index,
gradient index [9], and timing of systemic therapies, SRS,
WBRT, and surgical resection.

Systemic therapies

All cytotoxic, hormone, cytokine (interleukins, interfer-
ons), and targeted systemic therapies were collected for
each patient. Cytotoxic agents were divided into the follow-
ing classes: alkylating agents, nucleoside analogs, folate
analogs, intercalating agents, platinum-containing agents,
taxanes, topoisomerase inhibitors, and vinca alkaloids.
Targeted therapies were divided into the following classes:
VEGF antibodies, VEGFR tyrosine kinase inhibitors
(TKIs), HER2 antibodies (trastuzumab and pertuzumab),
EGFR TKIs (including lapatinib, a dual HER2/EGFR
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TKI), ALK TKIs, BRAF inhibitors, mTOR inhibitors, and
PD-1/CTLA-4 inhibitors. Concurrent systemic therapy
was defined as an agent administered on the same day as
SRS, or within five biological half-lives of the date of SRS
(corresponding to ~97% metabolism or elimination). Each
agent’s biological half-life was recorded from the adult
Lexi-Drug® database [10]. Systemic therapies that were
stopped more than five biological half-lives before SRS, or
initiated more than five biological half-lives after SRS were
not considered concurrent therapies.

Stereotactic radiosurgery delivery and clinical
follow-up

SRS was delivered with a 201- or 192-source Gamma
Knife system (models B, C, 4C, and Perfexion, Elekta
Instruments AB, Stockholm, Sweden). For planning, the
dose prescribed to the peripheral margin was typically cho-
sen based on lesion size according to RTOG 90-05 [11].
Patients were seen in clinic with repeat MRIs 4-6 weeks
after SRS, and were subsequently followed every 3 months.

Outcome measures

The primary outcome was the cumulative incidence of
radiographic RN, calculated from the date of SRS. RN
was defined on the basis of pathologic and/or radiographic
evidence. In general, ring-enhancing lesions demonstrat-
ing enlargement with surrounding edema were suspicious
for RN [12, 13]. Short-interval follow-up imaging was per-
formed to distinguish progressive disease from RN using
an institutional algorithm [12]. For equivocal cases, a mul-
tidisciplinary brain tumor board met to achieve a clinical
consensus. If a consensus was not reached, patients typi-
cally underwent positron emission tomography (PET), MRI
with cerebral blood volume, short interval imaging follow-
up, or biopsy/resection to differentiate tumor recurrence
from RN. The secondary outcome was overall survival, cal-
culated from the date of first brain metastasis.

Statistical analysis

For baseline characteristics, continuous data were com-
pared across cohorts with Student’s #-tests or Wilcoxon
rank-sum tests, while categorical data were compared with
Fisher’s exact or Chi-squared tests. The Kaplan—Meier
method was used to estimate overall survival. Differences
in survival were compared using log-rank tests. Cumulative
incidences were used to estimate the time-dependent risk
of RN for each lesion [14]. Non-informative censoring was
performed only at loss to radiographic follow-up. Death
was a second competing cause. To test for differences in
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cumulative incidences across cohorts, Gray’s tests were uti-
lized [14, 15].

Multivariable analysis for overall survival was conducted
on a per-patient basis using Cox proportional hazards mod-
eling. Multivariable analysis for RN was conducted on a
per-lesion basis using the competing risk model described
by Fine and Gray [16]. Models were adjusted for the fol-
lowing covariates, with death as a competing risk: use of
concurrent systemic therapy, age, gender, presence of
extracranial metastases, number of brain metastases, KPS,
primary pathology, prior/concurrent WBRT, prior surgery,
lesion location, maximum diameter, prescription dose, con-
formality index, heterogeneity index, and gradient index.
Covariates were chosen based upon previously-identified
risk factors for RN, variables prognostic for survival, and
systemic therapies to test the research hypothesis. Covari-
ates demonstrating association (p <0.10) with survival or
RN on univariate analysis were evaluated in a multivari-
able model including all two-way interactions. Analyses
were conducted using R and the cmprsk statistical software
package [17, 18]. Two-sided tests with p<0.05 were con-
sidered statistically significant.

Results
Patient characteristics

In this study, 1650 patients presented with 2843 intracranial
metastases and met inclusion criteria. Excluded patients
from the registry were 2246 patients with brain metasta-
sis who did not undergo SRS within the study period, 289
patients who underwent SRS only in the salvage setting,
and 182 patients who did not undergo follow-up imaging
after upfront SRS. Among the 1650 included patients, 445
(27%) were treated with a concurrent systemic therapy at
the time of upfront SRS (Table 1).

Systemic therapies

Among these 445 patients, 218 (49%) received concurrent
targeted therapies, 179 (40%) received concurrent hormone
therapies, 126 (28%) received concurrent cytotoxic thera-
pies, and 7 (2%) received concurrent cytokine therapies.
The most commonly utilized targeted and cytotoxic agents
were HER2 antibodies (69 patients, 16%), VEGFR TKIs
(60 patients, 13%), nucleoside analogs (46 patients, 10%),
and taxanes (36 patients, 8%).

Overall survival

Unadjusted median survival was significantly greater
among patients receiving concurrent therapy (12.4 vs. 10.5

months, p=0.01, Table 2). However, this did not remain
significant after multivariable analysis (Table 3, HR 0.90,
95% C10.78-1.03, p=0.11).

In the subsets of patients treated with upfront WBRT
(12.4 vs. 10.3 months, p=0.07) and without upfront
WBRT (12.4 vs. 10.7, p=0.13), median survival was not
significantly greater with the use of concurrent therapy.
However, among patients with breast cancers, median sur-
vival was extended with concurrent therapy (18.2 vs. 13.8
months, p<0.01). Concurrent therapy was not associated
with extended median survival in other pathologies, includ-
ing molecular subtypes of NSCLC and melanoma.

Lesion characteristics and radiation necrosis

Among the 2843 metastases treated with SRS, 854 (30%)
were treated with concurrent systemic therapies (Table 4).
On a per-lesion basis, the most commonly utilized cyto-
toxic and targeted therapies were VEGFR TKIs (119
lesions, 14%), HER2 antibodies (111 lesions, 13%), VEGF
antibodies (89 lesions, 10%), and nucleoside analogs (88
lesions, 10%).

Radiographic RN developed following treatment of 222
(8%) lesions. Among these 222 lesions, 120 (54%) were
symptomatic. Confirmatory diagnosis was most commonly
established with serial MRI and tumor board review (45%),
cerebral blood volume MRI (35%), positron emission
tomography (14%), and pathology (6%). The 12-month
cumulative incidences of RN among lesions treated with
and without concurrent therapies were 6.6 and 5.3%,
respectively (Table 2, p=0.14). Concurrent therapy was
associated with a significantly increased rate of RN among
lesions treated with upfront WBRT (8.7 vs. 3.7%, p=0.04,
Fig. 1a). The hazard rate for RN among patients receiving
concurrent systemic therapies was greatest in the 4.5-9
months after SRS; thereafter, few events were observed. In
contrast, among lesions treated with primary SRS (without
upfront WBRT), concurrent systemic therapy was not asso-
ciated with an increased rate of RN (5.7 vs. 6.3%, p=0.61,
Fig. 1b).

Concurrent cytokine therapies (0.0 vs. 5.3%, p=0.41),
cytotoxic therapies (2.7 vs. 5.3%, p=0.07), and hormone
therapy (6.5 vs. 5.3%, p=0.20) were not associated with
significantly greater 12-month cumulative incidences of
RN. Moreover, no individual classes of cytotoxic therapies
were associated with elevated rates of RN (Fig. 2). In con-
trast, concurrent targeted therapies significantly increased
the 12-month cumulative incidence of RN (8.8 vs. 5.3%,
p<0.01). Among these therapies, statistically signifi-
cantly increased rates of RN were observed with the use of
VEGFR TKIs (13.0 vs. 5.3%, p=0.04), HER2 antibodies
(9.0 vs. 5.3%, p=0.01), and EGFR TKIs (14.0 vs. 5.3%,
p=0.01).
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Table 1 Patient characteristics
at presentation with brain
metastasis
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Characteristic Cohort p-value
All patients SRS + concurrent SRS alone
systemic therapy

N 1650 445 (27) 1205 (73)

Age 61+12 58+11 61+12 <0.001

Female 836 (51) 298 (56) 538 (49) 0.03

Extracranial metastasis 1173 (71) 370 (83) 803 (67) <0.001

Karnofsky performance status 80 [40-100] 80 [50-100] 80 [40-100] 0.01

Number of brain metastases 1[1-47] 2 [1-25] 1[1-47] <0.001

GPA group 0.01
0-1 271 (16) 77 (17) 194 (16)
1.5-2.5 1086 (66) 312 (70) 774 (64)

3 204 (12) 40 (9) 164 (14)
3.5-4 89 (5) 16 (4) 73 (6)

Pathology <0.001

NSCLC 699 (42) 126 (28) 573 (48)
Breast 241 (15) 168 (37) 73 (6)
Renal 231 (14) 61 (13) 170 (14)
Melanoma 184 (11) 48 (10) 136 (11)
SCLC 50 (3) 2(1) 48 (4)
Gastrointestinal 100 (6) 20 (4) 80 (7)
LCLC 41 (2) 3(1) 38 (3)
Gynecologic 27 (2) 8(2) 19 (2)
Genitourinary 15 (1) 2(1) 13 (1)
Sarcoma 15 (1) 3(1) 12 (1)
Head and neck 16 (1) 2(D) 14 (1)

Other/unknown 31(2) 2(D) 29 (2)

Upfront therapy 0.21
SRS 1650 (100) 445 (100) 1205 (100) -
WBRT 650 (39) 150 (34) 500 (41) 0.004
Resection 254 (15) 60 (13) 194 (16) 0.19

Median time to SRS 0.5 [0-3] 0.5 [0-3] 0.5 [0-3] 0.10

Concurrent systemic therapy at SRS 445 (27) 445 (100) 0(0) -
Cytokine therapy 7(1) 7Q2) 0(0) -
Targeted therapy 218 (13) 218 (49) 0(@0) -

VEGEF antibody 35(2) 35(8) 0(0) -
VEGFR TKI 60 (4) 60 (13) 0(0) -
HER?2 antibody 69 (4) 69 (16) 0(0) -
EGFR TKI 30 (2) 30 (7) 0(0) -
ALK TKI 2() 2(1) 0(0) -
BRAF inhibitor 10 (1) 10 (2) 0(0) -
mTOR inhibitor 5() 5(1) 0(0) -
PD-1/CTLA-4 inhibitor 19 (1) 19 (4) 0(0) -
Cytotoxic chemotherapy 126 (8) 126 (28) 00 -
Alkylating agent 19 (1) 19 (4) 00 -
Nucleoside analog 46 (3) 46 (10) 0(0) -
Folate analog 18 (1) 18 (4) 00 -
Intercalating agent 2(1) 2() 0(0) -
Platinum agent 30 (2) 30 (7) 0(0) -
Taxane 36 (2) 36 (8) 0(0) -
Topoisomerase inhibitor 14 (1) 14 (3) 0(0) -
Vinca alkaloid 6 (1) 6 (1) 0 (0) -
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Table 1 (continued)

Characteristic Cohort p-value
All patients SRS + concurrent SRS alone
systemic therapy
Hormone therapy 179 (11) 179 (40) 0 (0) -

Values presented as number (%), median [range], or mean =+ standard deviation. Subtotals may exceed
100% due to patients treated with multiple modalities or systemic therapies

N number, GPA graded prognostic assessment, NSCLC non-small cell lung cancer, SCLC small cell lung
cancer, LCLC large cell lung cancer, SRS stereotactic radiosurgery, WBRT whole-brain radiation therapy,

TKI tyrosine kinase inhibitor

To control for confounding by pathology, subset analy-
ses were performed in the renal, HER2-amplified breast,
and lung adenocarcinoma populations. Among renal metas-
tases, concurrent VEGFR TKIs were associated with a
significantly increased 12-month cumulative incidence of
RN (14.3 vs. 6.6%, p=0.04) (Fig. 3a). This effect appeared
consistent both with (21.4 vs. 0.0%, p=0.03) and without
(13.1 vs. 8.3%, p=0.11) concurrent WBRT. Among HER2-
amplified metastases, concurrent HER2 antibodies (9.0
vs. 7.7%, p=0.83) and lapatinib (12.5 vs. 7.7%, p=0.24)
were not associated with significantly increased 12-month
cumulative incidences of RN. Finally, among lung adeno-
carcinoma metastases, concurrent EGFR TKIs were associ-
ated with an increased 12-month cumulative incidence of
RN (15.6 vs. 6.0%, p=0.04, Fig. 3b). This effect was most
apparent among patients undergoing concurrent WBRT
(20.0 vs. 3.3%, p=0.02) compared to patients undergoing
SRS alone (10.3 vs. 7.9%, p=0.45).

Following multivariable competing risks regression,
concurrent systemic therapies trended toward association
with RN (HR 1.49, 95% CI 0.91-2.02, p=0.08, Table 3).
To confirm the unadjusted results, identical multivariable
models were constructed among lesions treated with or
without upfront WBRT. In the subset of lesions treated with
upfront WBRT, concurrent systemic therapies significantly
increased the rate of RN (HR 2.01, 95% CI 1.19-3.38,
p<0.01). In contrast, the rate of RN was not significantly
increased with the use of concurrent systemic therapies
among the subset of lesions treated without upfront WBRT
(HR 1.29, 95% CI 0.88-1.89, p=0.20). Prognosticators
such as KPS and extracranial disease were highly associ-
ated with RN.

Discussion

To our knowledge, we report the largest and most com-
prehensive evaluation of late toxicity following SRS with
or without WBRT among patients receiving concurrent
systemic therapies. In support of our hypotheses, we
observed that concurrent systemic therapies significantly
increase the rate of radiographic RN when delivered with

SRS and WBRT, but concurrent systemic therapies did
not significantly increase the rate of RN among patients
receiving SRS alone.

The present study builds upon a single-institution ret-
rospective cohort study of toxicity following SRS with
or without concurrent (week of SRS treatment) systemic
therapies [7]. Among 291 SRS treatments, 174 received
SRS alone, while 108 received SRS with concurrent sys-
temic therapy. No significant differences in RN between
the two cohorts were observed (6 vs. 4%, p=0.55). How-
ever, this report was limited by small sample size (only
14 RN events), exclusion of patients undergoing SRS
with WBRT, and lack of time-dependent, competing risk,
or per-lesion analyses.

Cytotoxic chemotherapy

Among the 2843 metastases treated in this study, we
observed no significant difference in the 12-month cumu-
lative incidence of RN between lesions treated with
or without concurrent systemic therapy (6.6 vs. 5.3%,
p=0.14). We performed subset analyses for each class of
systemic therapy and observed no evidence of increased
toxicity with concurrent cytotoxic therapies. Our findings
are supported by Colaco et al., who reported the inci-
dence of RN among 180 patients undergoing SRS with
systemic therapies; in this report, the crude odds of RN
was lower among patients receiving chemotherapy (OR
0.38, p=0.06). However, the authors utilized logistic
rather than time-dependent competing risks regression
[19]. A separate investigation comprising 118 RN events
reported that capecitabine delivered within 1 month
of SRS was associated with an increased risk of symp-
tomatic RN [5], though this finding was not replicated
in our series. A possible explanation for this is that the
authors did not perform subset analyses among individ-
ual pathologies (specifically breast cancers). However,
the present investigation included only 88 lesions treated
with concurrent nucleoside analogs. As more patients
receive capecitabine, its safety profile when delivered
around the time of SRS will require further study.
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Table 2 Survival and toxicity following stereotactic radiosurgery

Characteristic Cohort p-value
All patients SRS + concurrent systemic SRS alone
therapy
Median overall survival 11.0 [10.3-11.8] 12.4 [11.0-14.1] 10.5 [9.6-11.2] 0.01
Pathology
Breast 16.3 [13.8-19.3] 18.2 [14.1-25.6] 13.8 [10.5-17.2] 0.003
Gastrointestinal 8.6 [6.5-10.1] 6.4 [4.9-10.1] 9.3 [6.6-11.0] 0.12
Melanoma 7.0 [5.9-7.6] 8.0[5.4-12.1] 6.7 [5.6-7.5] 0.40
NSCLC 11.1 [9.9-12.0] 11.2 [9.2-13.0] 11.0 [9.6-12.2] 0.89
Renal 12.3 [9.4-14.8] 12.3 [8.0-21.1] 12.1 [8.7-14.6] 0.55
Other pathologies 11.6 [10.6-13.8] 12.1 [7.4-26.0] 11.6 [10.6-13.8] 0.61
Upfront WBRT 10.7 [9.9-11.6] 12.4 [10.1-15.4] 10.3 [8.9-11.3] 0.07
No upfront WBRT 11.2 [10.2-12.3] 12.4 [10.2-12.3] 10.7 [9.3-11.9] 0.13
Characteristic All lesions SRS + concurrent systemic SRS alone p-value
therapy
12-Month radiation necrosis 5.6% [4.8-6.5%) 6.6% [4.8-8.3%] 5.3% [4.3-6.3%] 0.14
Upfront WBRT 4.9% [3.5-6.2%] 8.7% [5.1-12.4%] 3.7% [2.4-5.1%] 0.04
No upfront WBRT 6.1% [5.0-7.3%] 5.7% [3.8-7.8%] 6.3% [4.9-7.7%] 0.61
Cytokine therapy - 0.0% [0.0-0.0%] 5.3% [4.3-6.3%] 0.41
Targeted therapy - 8.8% [6.0-11.5%] 5.3% [4.3-6.3%] 0.006
VEGF antibody - 1.3% [0.0-3.7%] 5.3% [4.3-6.3%] 0.91
VEGFR TKI - 13.0% [6.6-19.4%] 5.3% [4.3-6.3%] 0.04
HER?2 antibody - 9.0% [3.4-14.6%] 5.3% [4.3-6.3%] 0.03
EGFR TKI - 14.0% [4.9-23.1%] 5.3% [4.3-6.3%] 0.01
ALK TKI - 0.0% [0.0-0.0%] 5.3% [4.3-6.3%] 0.86
BRAF inhibitor - 0.0% [0.0-0.0%] 5.3% [4.3-6.3%] 0.20
mTOR inhibitor - 8.3% [0.0-24.7%] 5.3% [4.3-6.3%] 0.89
PD-1/CTLA-4 inhibitor - 8.8% [0.4-17.2%) 5.3% [4.3-6.3%] 0.37
Cytotoxic chemotherapy - 2.7% [0.1-4.7%) 5.3% [4.3-6.3%) 0.07
Alkylating agent - 2.1% [0.0-6.3%] 5.3% [4.3-6.3%] 0.18
Nucleoside analog - 3.5% [0.0-7.4%) 5.3% [4.3-6.3%) 0.25
Folate analog - 0.0% [0.0-0.0%] 5.3% [4.3-6.3%] 0.27
Intercalating agent - 0.0% [0.0-0.0%] 5.3% [4.3-6.3%] 0.72
Platinum agent - 1.7% [0.0-5.0%] 5.3% [4.3-6.3%] 0.26
Taxane - 2.8% [0.0-6.6%] 5.3% [4.3-6.3%] 0.71
Topoisomerase inhibitor - 3.7% [0.0-11.0%] 5.3% [4.3-6.3%] 0.51
Vinca alkaloid - 6.3% [0.0-18.5%] 5.3% [4.3-6.3%] 0.86
Hormone therapy - 6.5% [3.6-9.5%] 5.3% [4.3-6.3%] 0.20

Values are presented as median [95% CI] or 12-month cumulative incidence [95% CI]

SRS stereotactic radiosurgery, NSCLC non-small cell lung cancer, WBRT whole-brain radiation therapy, TKI tyrosine kinase inhibitor, CI confi-

dence interval

Targeted therapies

We observed a significantly increased rate of RN among
patients treated with concurrent targeted therapies, driven
primarily by VEGFR and EGFR TKIs. In a recently-
published series of nearly 2000 patients undergoing
SRS, renal histology, lung adenocarcinoma histology,
HER?2 amplification, and ALK/BRAF mutational status
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were associated with RN [4]. The mechanism for this
effect may relate to the increased efficacy of radiation
therapy when delivered with VEGFR and EGFR TKIs
[20]. VEGFR TKIs alter both tumor angiogenesis and
cell proliferation, simultaneously reducing vasculariza-
tion of metastases while inducing cell apoptosis. These
agents are associated with a variety of adverse effects, as
VEGFR TKIs also act upon a variety of receptor tyrosine
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Table 3 Multivariate Cox proportional hazards and competing risks regressions
Covariate Overall survival Radiation necrosis
Univariate Multivariate Univariate Multivariate
p-value HR 95% CI p-value p-value HR 95% C1 p-value

Concurrent systemic therapy 0.01 0.90 0.78-1.03 0.11 0.15 1.49 0.91-2.02 0.08
Age? <0.001 1.09 1.04-1.15 <0.001 0.54 - - -
Male <0.001 1.32 1.17-1.48 <0.001 0.34 - - -
Extracranial metastasis <0.001 1.67 1.47-191 <0.001 0.03 0.71 0.52-0.97 0.03
Number of brain metastases <0.001 1.02 1.01-1.05 0.04 <0.001 1.37 0.96-1.96 0.08
KPS* <0.001 0.81 0.77-0.85 <0.001 0.10 1.80 1.16-2.81 0.009
Pathology <0.001 0.10

NSCLC 0.74 0.62-0.90 0.002 1.21 0.76-1.93 0.41

Breast 0.61 0.49-0.77 <0.001 1.02 0.58-1.79 0.95

Renal 0.57 0.46-0.71 <0.001 1.68 1.01-2.82 0.04

Melanoma 1.00 [ref] [ref] 1.00 [ref] [ref]

Gastrointestinal 0.84 0.64-1.09 0.20 091 0.42-2.00 0.81

Other 0.58 0.46-0.73 <0.001 1.39 0.78-2.48 0.26
Prior/concurrent WBRT 0.04 1.16 1.03-1.30 0.01 0.20 - - -
Prior/concurrent surgery <0.001 0.74 0.64-0.88 <0.001 0.02 1.20 0.71-1.28 0.32
Supratentorial - - - - 0.40 - - -
Prescription dose (Gy) - - - - 0.88 - - -
Maximum diameter (cm) - - - - <0.001 1.28 1.15-1.44 <0.001
Conformity index - - - - 0.09 1.09 0.78-1.07 0.25
Heterogeneity index - - - - <0.001 1.91 1.44-2.55 <0.001
Gradient index - - - - 0.02 1.06 0.80-1.11 0.48

HR hazard ratio, CI confidence interval, KPS Karnofsky performance status, NSCLC non-small cell lung cancer, WBRT whole-brain radiation

therapy
#Per 10 unit change

kinases expressed on normal tissue. It is possible that
tyrosine kinase inhibition on either normal or metastatic
tissue is responsible for the increase rate of RN. Preclini-
cal data have suggested that VEGFR TKIs create a vas-
cular normalization window, thereby increasing radio-
sensitivity [21]. This hypothesis has been supported by
clinical data showing significantly greater rates of serious
bowel injury in a series of 76 patients treated with ste-
reotactic body radiation therapy with or without VEGFR
TKIs, perhaps secondary to interruption of sublethal
damage repair [22]. In contrast, overexpression of EGFR
in metastatic tissue results in uncontrolled cell division;
EGFR-directed TKIs induce cell apoptosis by blocking
the EGFR signaling cascade. It is plausible that repair
of radiation-induced sublethal damage is possible in the
presence of normal EGFR signaling, but the combination
of SRS and EGFR inhibition lead to tissue necrosis. Sup-
porting this, Chiang et al. reported significantly increased
rates of radiation-recall pneumonitis among patients with
NSCLC who received EGFR TKIs within 90 days of tho-
racic radiotherapy [23]. Given that the half-lives of most
VEGFR/EGFR TKIs are less than 2 days, it would not

be unreasonable to hold these agents for 2-3 half lives
before and after SRS.

Several previous reports have suggested increased rates
of RN with select targeted therapies. Patel et al. reported
that BRAF inhibitors increase the rate of RN following
SRS [24]. Multiple separate studies have failed to replicate
these results, and current consensus guidelines recommend
holding BRAF inhibitor therapy for 1 day before and after
SRS [4, 25].

Whole-brain radiation therapy

We observed that concurrent systemic therapies more than
doubled the cumulative incidence of RN among patients
receiving SRS and WBRT (8.7 vs. 3.7%). Moreover, we
also noted that peak period for radiation necrosis in this
population occurred in the 5-9 month interval from treat-
ment. SRS therefore provides a unique advantage over
WBRT, as most patients with brain metastasis die from
extracranial disease. Moreover, recovery from SRS is
remarkably shorter—patients do not typically experi-
ence the acute side effects associated with WBRT. Finally,
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Table 4 Lesion characteristics
at stereotactic radiosurgery
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Characteristic Cohort p-value
All lesions SRS +concurrent SRS alone
systemic therapy

N 2843 854 (30) 1989 (70)
Supratentorial 2272 (80) 679 (80) 1593 (80) 0.72
Pathology <0.001

NSCLC 1197 (42) 254 (30) 943 (47)

Breast 402 (15) 287 (34) 115 (6)

Renal 414 (16) 124 (15) 290 (15)

Melanoma 441 (16) 131 (15) 310 (16)

SCLC 55(2) 1() 54 (3)

Gastrointestinal 126 (4) 28 (3) 98 (5)

LCLC 51(2) 3() 48 (2)

Gynecologic 39 (1) 9(D) 30 (2)

Genitourinary 20 (1) 3(1) 17 (1)

Sarcoma 35(1) 9(1) 26 (1)

Head and neck 19 (1) 2(D) 17 (1)

Other/unknown 44 (2) 3(1) 41 (2)
Prior/concurrent WBRT 1033 (36) 251 (29) 782 (39) <0.001
Prior/concurrent surgery 422 (15) 91 (11) 331 (17) <0.001
Maximum diameter (cm) 1.30 [0.70-2.00] 1.14 [0.67-1.70] 1.38 [0.80-2.10] <0.001
Volume (cc) 0.73 [0.13-2.78] 0.53 [0.09-1.80] 0.89 [0.15-3.30] <0.001
Prescription dose (Gy) 24 [18-24] 24 [18-24] 24 [18-24] <0.001
Maximum dose (Gy) 36.0 [29.0-44.0] 36.1 [29.6-44.0] 36.0 [29.0-44.0] 0.41
Isodose line (%) 54 [51-63] 54 [51-61] 53 [51-64] 0.78
Conformality index 1.67 [1.40-1.96] 1.70 [1.43-1.96] 1.66 [1.39-1.96] 0.14
Heterogeneity index 1.79 [1.29-1.95] 1.79 [1.35-1.93] 1.80 [1.26-1.96] 0.26
Gradient index 2.28 [2.13-2.65] 2.29 [2.25-3.10] 2.28 [2.13-2.31] <0.001

Concurrent systemic therapy

Cytokine therapy

Targeted therapy
VEGEF antibody
VEGFR TKI
HER?2 antibody
EGFR TKI
ALK TKI
BRAF inhibitor
mTOR inhibitor

PD-1/CTLA-4 inhibitor

Cytotoxic chemotherapy
Alkylating agent
Nucleoside analog
Folate analog
Intercalating agent
Platinum agent
Taxane

Topoisomerase inhibitor

Vinca alkaloid

Hormone therapy

854 (30)
10 (1)
451 (16)
89 (3)
119 (4)
111 ()
60 (2)
2(1)
27 (1)
12(1)
54 (2)
260 (9)
47 (2)
88 (3)
35(1)
2(1)
59 (2)
73 (3)
27 (1)
16 (1)
300 (11)

854 (100)
10 (1)
451 (53)
89 (10)
119 (14)
111 (13)
60 (7)
2(1)

27 (3)
12 (1)
54 (6)
260 (30)
47 (6)
88 (10)
35(4)
2(1)

59 (7)
73 (9)
27 (3)
16 2)
300 (35)

0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)
0(0)

Values presented as number (%) or median [interquartile range]

N number, NSCLC non-small cell lung cancer, SCLC small cell lung cancer, LCLC large cell lung cancer,
WBRT whole-brain radiation therapy
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Fig.1 Cumulative incidences of radiation necrosis among lesions treated with and without concurrent systemic therapies in the subset of
lesions treated with (a) and without (b) whole-brain radiation therapy
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although patients treated with SRS may require salvage
treatments for intracranial relapse, previous studies have
demonstrated that retreatments have a modest treatment-
related toxicity, do not negatively affect a patient’s perfor-
mance status, and may maintain a patient’s quality of life
[26, 27].

Hazard Ratio For Radiation Necrosis

Randomized data have demonstrated that the addi-
tion of systemic therapy to WBRT increases both extrac-
ranial and CNS toxicity [28-30]. In a phase III trial,
patients with NSCLC brain metastases were randomized
to SRS+ WBRT with or without temozolomide or erlo-
tinib [31]. The results suggest that the addition of systemic
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Fig. 3 Cumulative incidences of radiation necrosis among a renal metastases treated with and without VEGFR tyrosine kinase inhibitors and b
lung adenocarcinoma metastases treated with and without EGFR inhibitors. TK/ tyrosine kinase inhibitor

therapy to radiation therapy increases CNS toxicity and
mortality. The frequency of grade >3 toxicity was signifi-
cantly greater for patients treated with concurrent systemic
therapies (45 vs. 11%, p<0.01). These findings are sup-
ported by the present investigation, in which a significantly
increased rate of RN was observed only with the addition
of upfront WBRT to SRS with concurrent systemic ther-
apies. Moreover, in the present study, EGFR TKIs in the
lung adenocarcinoma population were implicated as agents
responsible for this effect.

Strengths and limitations

As a single institutional retrospective study, several limita-
tions must be considered when interpreting these results.
To minimize the possibility of misdiagnosis of RN, our
institution utilizes a comprehensive semiweekly tumor
board, serial MR imaging, and advanced imaging modali-
ties when surgical intervention is not warranted to estab-
lish a diagnosis. Although prospective data would offer
greater internal validity, the rarity of RN necessitates large
retrospective investigations to detect risk factors that could
be prospectively validated. Dose to normal tissue, a pre-
viously-identified risk factor for RN, was not collected in
this investigation; however, the conformality index served
as a dimensionless index for normal tissue dose, and was
included in all models. Moreover, it is possible that the

@ Springer

dose to normal tissue is higher among clustered lesions,
which was not quantified in this study.

To address selection bias and confounding, a consecu-
tive patient sample treated in the upfront setting was stud-
ied, and several candidate predictors were included in
competing risks models. Critically, our results demonstrate
that the addition of upfront WBRT to SRS with concurrent
systemic therapies increases CNS toxicity. These results are
therefore potentially practice-changing, supporting asser-
tions that WBRT should be omitted in the upfront setting
among patients initiating systemic therapy. Future investi-
gations might seek to compare the rate of RN in a cohort
of patients undergoing WBRT alone, as well as a cohort of
patients previously-treated with targeted therapies.

Conclusions

We observed low rates of radiographic RN among patients
treated with SRS and concurrent cytotoxic chemotherapy,
hormone therapy, and cytokine therapy. In support of our
hypothesis, the rate of RN was only significantly increased
with the addition of concurrent systemic therapies to
SRS and WBRT. No corresponding increase in RN was
observed among patients treated with concurrent thera-
pies and SRS alone. These data support a growing body of
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evidence favoring the omission of upfront WBRT to spare
neurocognition and late neurotoxicity.
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