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BSTRACT

Purpose. Complex brain metastases (BMs), such as large
lesions, lesions within or close to eloquent locations, or mul-
tiple recurrent/progressive BMs, remain the most challenging
forms of brain cancer because of decreased intracranial con-
trol rates and poor survival. In the present study, we report
the results from a single institutional phase Il trial of concur-
rent temozolomide (TMZ) with hypofractionated stereotactic
radiotherapy (HFSRT) in patients with complex brain metas-
tases, including assessment of its feasibility and toxicity.
Patients and Methods. Fifty-four patients with histologically
proven primary cancer and complex BMs were enrolled
between 2010 and 2015. All the patients were treated with
concurrent HFSRT and TMZ (administrated orally at a dosage
of 75 mg/m? per day for at least 20 days). The primary end-
point was overall survival (OS).

Results. The median follow-up time was 30.6 months. The
local control rates at 1 and 2 years were 96% and 82%,
respectively. The median OS was 17.4 months (95% confi-
dence interval [Cl], 12.6-22.2), and the OS rates at 1 and
2 years were 65% (95% Cl, 52%—78%) and 33% (19%—47%).
Only six patients (15.8%) died of intracranial disease. The
median brain metastasis-specific survival was 46.9 months
(95% Cl, 35.5-58.4). Treatment-related grade 3—4 adverse
events were rare and included one grade 3 hematological
toxicity and two grade 3 liver dysfunctions.

Conclusion. Treatment using HFSRT concurrent with TMZ
was well tolerated and could significantly extend OS com-
pared with historical controls in complex BMs. Large ran-
domized clinical trials are warranted. Trial registration ID:
NCT02654106. The Oncologist 2019;24:e914-e920

Implications for Practice: The treatment using hypofractionated stereotactic radiotherapy concurrent with temozolomide
appeared to be safe and could significantly extend overall survival compared with historical control in complex brain metastases.

Large randomized clinical trials are warranted to verify our results.

INTRODUCTION

The incidence of brain metastases (BMs) has increased in
recent years, possibly because of better control of the pri-
mary tumor, along with improved sensitivity in imaging tech-
nology that enable increased detection of small metastases.
Despite the fact that selected subgroups of patients with
BMs can achieve longer survival and good neurological func-
tions [1], some complex lesions, such as large BMs, recurrent

multiple lesions, and BMs within or close to eloquent loca-
tions, remain the most challenging, with a median survival of
less than 12 months [2-6].

Hypofractionated stereotactic radiotherapy (HFSRT) pro-
vides a radiobiological advantage, especially in terms of lower
toxicity over single-fraction treatment, and thus seems to be
more appropriate than stereotactic radiosurgery (SRS) for
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complex BMs [7]. HFSRT has been demonstrated as a safe
and effective treatment for large BMs with an acceptable tox-
icity. However, more than 60% of patients with complex BMs
still eventually died of intracranial disease progression after
HFSRT [2, 8].

To better control the intracranial lesions in patients with
complex BMs, novel treatment modalities are warranted that
do not increase without increasing damage to normal brain
tissue. Temozolomide (TMZ) is an oral alkylating agent
known to penetrate the blood-brain barrier. Both in vitro and
in vivo studies have demonstrated that TMZ can also act as
a radiosensitizing agent in addition to its cytotoxic activity
[7, 9]; thus, TMZ and has become the standard of care for high-
grade gliomas. However, the evidence from prospective stud-
ies on the impact of the radiosensitizing effect resulting from
the combination of TMZ and whole brain radiotherapy
(WBRT) in BMs is conflicting. Some evidence showed that
the combination achieved a longer higher objective response
rate (ORR) without increasing of toxicity [10-13]. However,
the Radiation Therapy Oncology Group (RTOG) 0320 phase llI
randomized trial, which was closed early because of accrual
limitations, failed to demonstrate that the triple modality
treatment of WBRT + SRS + TMZ in patients with non-small
cell lung cancer with one to three brain metastases could
improve survival [14]. The rates of grade 3-5 toxicity related
to WBRT + SRS + TMZ were significantly higher than those
related to WBRT + SRS (41% vs. 11%; p < .001) in that study,
and the severe toxicities might also potentially have com-
promised the ability to deliver subsequent systemic therapy
for relapse.

HFSRT concurrent with TMZ might be a promising strat-
egy because of its lower toxicity compared with WBRT +
SRS, especially for patients with complex BMs. In the pre-
sent study, we report the first prospective phase Il study
evaluating concurrent TMZ with HFSRT for patients with
complex BMs, assessing its feasibility, toxicity, and efficacy.

METHODS AND MATERIALS

Eligibility Criteria

Patients were eligible for inclusion if they had histologically
proven primary cancer and complex BMs, which were defined
as large lesions (a tumor volume > 6 cc or a maximum diame-
ter 23 cm), lesions within or close to eloquent locations (such
as the brainstem, optic apparatus, and the internal capsule),
or multiple recurrent/progressive BMs (at least three). Other
eligibility criteria included Karnofsky performance score (KPS)
>60 or KPS 240 but simply caused by BMs, age of 18-75 years,
adequate function of liver and kidney function (defined as liver
function test results more than 1.5 times the institutional
upper limit of normal and both blood urea nitrogen and creati-
nine within the normal range), and adequate bone marrow
reserve (defined as white blood cell count 24.0 X 10°/L, neu-
trophils 21.5 x 10°/L, hemoglobin 110 g/L, and platelets
2100 x 10%/L). Enrollment of patients treated using other
treatments before HFSRT, e.g., surgery, SRS, or WBRT, was
allowed. Patients with severe systemic diseases (e.g., myocar-
dial infarction within the past 6 months, severe arrhythmia),
those who were unable or unwilling to comply with the study
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protocol, those with a survival expectancy less than 3 months,
pregnant patients, or those unsuitable to participate in the
study (in the opinion of the treating physician) were excluded.

The protocol of this trial was approved by the institutional
ethics review board. All patients provided written informed
consent. The trial has been registered on clinicaltrials.gov
with the number NCT02654106.

Treatments

All the patients were treated with concurrent HFSRT and
TMZ. HFSRT was performed using a Brainlab Planning System
and Varian linear accelerator. Enhanced computed tomogra-
phy (CT) images and magnetic resonance imaging (MRI)
images of the 2 mm in thickness were fused. The gross tumor
volume (GTV) was defined by the contrast-enhanced tumor
on the fused images.

HFSRT was performed as previously described [2]. In
brief, patients were immobilized in the supine position in a
tight thermoplastic stereotactic head mask. The clinical
tumor volume (CTV) was a zero-margin expansion of the
GTV, and the planning target volume (PTV) was defined by
adding a margin of 2 mm to the GTV and CTV [2, 15]. The
PTV was enclosed by a 90% isodose curve of the prescribed
dose in HFSRT. The optimized fraction schedule was deter-
mined based on tumor volumes and locations, as follows:
52 Gy/13-15f for large lesions; 32—-42 Gy/4—7f for lesions in
close to functional area; 39-45 Gy/13-15f for lesions within
the brainstem; 40-45 Gy/10-15f for reirradiated large
lesions; and 20-24 Gy/1-2f for other concurrent small
lesions. Supplemental online Table 1 summarizes the dose
prescriptions and their corresponding biologically effective
dose and equivalent dose in 2 Gy/f.

TMZ was administrated orally at a dosage of 75 mg/m?
per day during the HFSRT treatment for at least 20 days.
Adjuvant TMZ was started one month after HFSRT at 150
mg/ m? per day for 5 days every 28 days until the patient
could not tolerate the drug or the tumor progressed, and
for no more than six cycles. There is no strong evidence
showing that adjuvant TMZ could significantly improve sur-
vival; therefore, adjuvant TMZ was allowed but not man-
dated in this trial.

Evaluation and Follow-Up

Pretreatment evaluation was performed within 1 week before
treatment and included a full medical history, physical and
neurologic examinations, laboratory investigations, and brain
MRI or CTs.

All patients underwent weekly physical and neurologic
examinations, as well as complete blood count and blood
chemistry examinations during concurrent treatment. A
complete clinical evaluation, laboratory tests, and MRI or
CT were performed 2 months after HFSRT. The patients
were then followed up every 3 months. The follow-up eval-
uations consisted of clinical evaluation, enhanced brain
MRI or CT, and imaging examinations of the original tumor
and other metastases.

Toxicity was recorded according to the NRG-RTOG Acute
and Late Central Nervous System (CNS) Toxicity Criteria and
the National Cancer Institute Common Terminology Criteria
for Adverse Events (version 4.0).
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Endpoints

The primary endpoint was overall survival (0S). The sec-
ondary endpoints included brain metastasis-specific sur-
vival (BMSS), local control rate (LC), intracranial disease
control rate (IDLC), intracranial progression-free survival
(IPFS), and toxicities.

OS was defined as the interval from the start of HFSRT to
death of any cause. BMSS was defined as the interval from
start of HFSRT to death resulting from BM [16]. Local control
was defined as no evidence of disease progression at the site
of HFSRT. IDLC was defined as no evidence of an increase in
the bidimensional tumor area for any of the tracked BMs
compared with their size at the time of HFSRT, or the appear-
ance of any new BMs on a follow-up MRI. IPFS was defined
as the interval from the start of HFSRT to any intracranial
progression, or to death of any cause. Intracranial progres-
sion was defined as any increase in the bidimensional tumor
area for any of the tracked BMs, or the appearance of any
new BMs on a follow-up MRI.

Statistical Analysis
Historically, the 1-year overall survival rate in patients with
complex BMs treated with SRS or HFSRT alone has been
approximately 45% (supplemental online Table 6). The study
was designed to detect a 15% absolute improvement in the
1-year OS rate (60% vs. 45%) at a significance level of .05 (two-
sided). Assuming an exponential distribution of survival times,
this primary hypothesis is equivalent to a 44% reduction in
the monthly hazard ratio (from 0.0665 to 0.0426). Based on
a Z-test comparing the logarithm of the hazard adjusting
for single-arm trials [17], the study required 37 deaths of
54 patients to ensure 85% power for the primary hypothesis.

0S, BMSS, and IPFS were calculated using Kaplan-Meier
plots. LC and IDLC were calculated using the cumulative
incidence. Hazard ratios (unadjusted and adjusted) were
estimated using Cox proportional hazards models. A two-
sided p < .05 was considered statistically significant.

All the analyses were perfomed using the SPSS soft-
ware package (version 20.0, IBM Corporation, Armonk, NY).

RESULTS

Patients

Between January 2010 and May 2015, 60 patients were
enrolled initially. Six patients did not receive the protocol treat-
ment because of ineligibility in two patients, refusal in three
patients, and an unknown reason in one patient. Therefore, a
total of 54 patients, 250 lesions (45 large lesions), were even-
tually treated and were evaluable for efficacy. No patients
were lost to follow-up. The treatment schema and consort dia-
gram are shown in Figure 1. The median follow-up time of the
patients was 30.6 months (range, 6.2—70.8 months; 95% confi-
dence interval [Cl], 21.5-31.6 months). Patients’ characteristics
are shown in Table 1.

Treatment

The median interval between diagnosis of the primary tumor
and BMs was 12.4 months (0-166.1 months), and the
median interval between diagnosis of BMs and HFSRT was
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Table 1. Pretreatment characteristics of patients (n = 54)

Characteristics n (%)
Gender

Male 26 (48.1)

Female 28 (51.9)
Age, mean + SD 54.43 + 9.57
Primary tumor

Lung 39 (72.2)

Breast 8 (14.8)

Gl 4 (7.4)

Others 3 (5.6)
KPS

<80 15 (27.8)

>80 39 (72.2)
RPA class

1 10 (18.5)

2 38 (70.4)

3 6 (11.1)
GPA score

<1.5 28 (51.9)

>1.5 26 (48.1)
Number of BMs

Median(range) 3 (1-27)

1 16 (29.6)

2-3 15 (27.8)

4-5 10 (18.5)

>5 13 (24.1)
Cumulative BM volume, mean =& SD, mL 21.45 + 28.36
Control of extracranial lesions

Controlled 42 (77.8)

Uncontrolled 12 (22.2)
EGFR-TKI therapy

Yes 24 (44.4)

No 30 (55.6)
Sequence of TKI and RT

TKI before RT 7 (13.0)

TKI before and after RT 11 (20.4)

TKI after RT 6 (11.1)
Previous treatment

No 27 (50.0)

WBRT 20 (37.4)

SRS 4 (7.4)

SRS + WBRT 3 (5.6)

Abbreviations: BM, brain metastasis; EGFR, epidermal growth factor
receptor; Gl, gastrointestinal; GPA, Graded Prognostic Assessment;
KPS, Karnofsky performance score; RPA, recursive partitioning analysis;
SD, standard deviation; SRS, stereotactic radiosurgery; TKI, tyrosine
kinase inhibitor; WBRT, whole brain radiotherapy.

1.7 months (0.1-43.3 months). All the patients finished the
planned concurrent chemoradiotherapy (CCRT). The KPS
immediately after CCRT was equal to or higher than that
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60 Assessed for eligibility

(1117 T1107 pred 1100
A A

A start of HFSRT A end of HFSRT

Excluded
2 Did not meet inclusion criteria
3 Refused to participate
1 Unknown reason

T Concurrent TMZ for at least 20 days 54 Total enrolled and treated

0 Lost to follow-up

54 Total analyzed

Figure 1. Trial profile. (A): Treatment schema. (B): Consort diagram.
Abbreviations: HFSRT, hypofractionated stereotactic radiotherapy; TMZ, temozolomide.

before treatment in all patients. Thus, 88.9% of the
patients had a KPS of no less than 80%, compared with
72.2% before treatment. The proportion of patients who
received adjuvant TMZ was 33.3%. The reasons for not
finishing adjuvant TMZ included patients’ intolerance
(28.5%), economical reasons (17.2%), disease progression
(11.4%), and patient rejection (42.9%). As shown in
Table 1, 24 patients received epidermal growth factor
receptor (EGFR) tyrosine kinase inhibitor (TKI) treatment.
Gene mutations were detected in 15 (62.5%) of them, and
12 harbored EGFR mutation.

Intracranial Tumor Control

Seven patients experienced local progression and required
additional treatment. Only two patients had local progres-
sion within one year. The median total tumor volume was
11.27 cc (0.62-142.81 cc), and the median volume of the
largest tumor was 6.99 cc (0.22-142.81 cc). There was no
difference in local control between the groups with differ-
ent tumor volumes. Among these seven patients, three
patients had large lesions (tumor volumes: 8.89 cc, 8.99 cc,
and 27.29 cc, respectively), and six patients (85.71%) with
previous history of WBRT were reirradiated. The detailed
characteristics of all these patients are summarized in sup-
plemental online Table 2. Among three patients with large
lesions who had local failure, two were treated with WBRT
previously.

Six of the seven patients (85.7%) who experienced local
progression underwent salvage treatments (one with sur-
gery, four with reirrediation, and one with chemotherapy
alone). The local control rates at 1 and 2 years were 96%
(95% Cl, 95%—100%) and 82% (95% Cl, 67%—97%), respec-
tively. Seventeen patients developed new BMs, with a
median progression time of 5.5 months. The IDLC at 1 and
2 years were 70% (95% Cl 57%—83%) and 59% (95% ClI
43%—75%), respectively. Fifteen (88.2%) patients received
radiation therapy again (10 with HSRT alone and 5 with
HSRT plus WBRT), and the other two patients underwent
salvage surgery. Two patients developed local progressions
and new BMs simultaneously.
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Figure 2. Kaplan-Meier curves for OS and BMSS.

Abbreviations: BMSS, brain metastasis-specific survival;, OS,
overall survival.

Survivals

Thirty-eight patients in this cohort have died. Only 6 patients
(15.8%) died of intracranial disease, 14 (36.8%) died of
progression of primary tumors, 3 (7.9%) died of extracranial
metastases, and the other 15 (39.5%) died of cachexia,
severe infection, and other non-cancer-related reasons. Of
the six patients who died of CNS progression, the causes of
death included progression of treated lesions (n = 4), new
BMs (n = 1), and meningeal metastasis (n = 1).

As shown in Figure 2, the median OS was 17.4 months
(95% Cl, 12.6-22.2), and the OS at 1 and 2 years was 65%
(95% Cl, 52%—-78%) and 33% (19%—47%), respectively. The
1-year OS was significantly higher than the historical con-
trol OS rate of 45% (1-sided p < .001). The median BMSS
was 46.9 months (95% Cl, 35.5-58.4). The BMSS at 1 and
2 years was 95% (95% Cl, 88%—100%) and 85% (95% ClI,
70%—-100%), respectively. The median IPFS was 12.7 months
(95% Cl, 6.8-18.7; supplemental online Fig. 2A).

We also investigated the effect of adjuvant TMZ. As
shown in supplemental online Figure 2B, there was a favor-
able trend of OS for patients who received adjuvant TMZ
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Table 2. Chemoradiation-related toxic effects

Toxic effect Grade 1 Grade 2 Grade 3
Acute neurologic AE? 3 1 0
Late neurologic AE? 1 0 1
Leukopenia® 6 3 1
Neutropeniab 2 2 1
Anemia® 3 1 0
Thrombocytopenia® 1 3 1
Nausea/vomiting® 34 4 0
Liver dysfunction® 10 2 2

#According to NRG-Radiation Therapy Oncology Group Acute and
Late Central Nervous System Toxicity Criteria.

bAccording to the National Cancer Institute Common Terminology
Criteria for Adverse Events (version 4.0).

Abbreviation: AE, adverse event.

(n = 18) compared with those who did not (median survival
time [MST], 20.1 months versus 14.0 months; 1 year OS,
82% versus 58%), although no statistically significant differ-
ence was observed (log-rank test p = .263).

The sample size was relatively small; therefore, only uni-
variate analyses by Cox regression were performed. As shown
in supplemental online Table 3, no factors were identified as a
significant predictor of OS, including gender, age, KPS, graded
prognostic assessment score, treatment character (primary,
salvage), status of primary tumor, status of extracranial metas-
tases, target agent (EGFR-TKI or trastuzumab) usage, and sta-
tus of adjuvant TMZ.

Safety

Treatment-emergent adverse events (AEs) possibly related
to the study treatment are listed in Table 2. Acute/late CNS
toxicities associated with exposure to radiation therapy or to
chemotherapy were reported. Overall, concurrent TMZ and
HFSRT were well tolerated. Four patients (7.4%) reported an
acute neurological AE, which appeared as various degrees of
headache during treatment and could be relieved by using
steroids. Three patients had grade (G) 1 AEs, and one had a
G2 AE. The rates of severe (2G3) TMZ-related systemic AEs
was 5.6%, including one G3 hematological toxicity and two
G3 liver dysfunctions. Two patients developed a late CNS
toxicity (one G1 appeared as a slight headache, and one G3
appeared as dyskinesia of the right side limbs). The patient
with G3 late CNS toxicity had a large tumor volume of
126 cm® and dyskinesia before treatment. After CCRT, the
dyskinesia was markedly relieved but reappeared 3 years
after treatment. There were no G4 or higher AEs. Three
patients with large size lesions (tumor volumes: 126 cc, 9 cc,
and 6 cc, respectively) developed both sypmptom and
edema deterioration 10 to 15 months after HFSRT. The
symtoms improved after steroid therapy. All the three
patients are still alive with no evidence of recurrence at last
follow-up. Therefore, radiation necrosis (RN) was clinically
diagnosed.

No difference in toxicities was observed between groups
of patients with different tumor volumes. As shown in the
supplemental online Table 4, there was no difference in AEs
between first irradiation and reirradiation. Only seven
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patients had lesions within or close to eloquent locations
(such as the brainstem, optic apparatus, and the internal
capsule). There were no statistically significant differences
among them in terms of acute or late CNS toxicities.

Discussion

The survival benefit of concurrent HFSRT and TMZ might
be caused by an increased local control rate resulting from
chemoradiotherapy. In addition, the ability to control sub-
clinical lesions might contribute to reducing the distant fail-
ure to treat brain metastases.

Supplemental online Table 5 lists several recent ran-
domized controlled trials (RCTs) with small sample sizes
that compared TMZ + WBRT with WBRT alone. The results
showed that adding TMZ might increase the ORR, but no
significant improvements in OS were observed. However,
the combination of WBRT and TMZ increased toxicities of
grade > 3, including in RTOG 0320, which was a multicenter
phase Il RCT closed prematurely because of slow accrual
and poor results [11-14].

The results of the present study demonstrated a MST of
17.4 months and a grade 3 to 5 toxicity rate of 7%, which
compares favorably with the results of RTOG 0320. This might
be because our study used HFSRT instead of SRS + WBRT,
which made it possible for large tumors to receive higher
doses than the single-dose SRS, which may have resulted in
large tumors achieving similar local control rates as small
ones. Kim et al. also reported similar results [18]. Second,
patients in our study did not receive WBRT concurrently with
TMZ, or the interval between TMZ and previous WBRT was
longer than 6 months, which may have contributed to the
reduction in toxicities. Third, in RTOG 0320, patients in the
WBRT + SRS + TMZ arm received less standard chemotherapy
than those in the WBRT + SRS arm, which may have resulted
in poor control of systemic disease, as well as a poor OS.

As shown in supplemental online Table 6, previous stud-
ies using SRT in large-volume BMs reported that the 1-year
LC and OS rates were 61%—94.2% and 20%—55.3%, respec-
tively [2, 19-21]. Concurrent HFSRT and TMZ suggested an
increased survival, with an MST of 17.4 months (95% Cl,
12.6-22.2), and the 1-year LC and OS rates were 96% and
65%, respectively. We previously reported the results of
using HFSRT alone to treat BMs larger than 3 cm from 2003
to 2009 [2]. The BMSS at 1 year in the present study was
95%, which was better than that achieved previously
(76.8%). This suggested that concurrent chemoradiotherapy
may decrease the intracranial failure rate, whereas the
increase in OS depends more on better control of systemic
disease. In addition, using 13—-15 fractions of HFSRT seems to
have resulted in better 1-year LC and 1-year OS than those
gained in studies using 1-5 fractions.

According to supplemental online Table 2, the sched-
ules of 52 Gy in 13-15 fractions appeared to have a higher
local failure rate. However, there were other factors, such
as previous treatment, which were related to local control.
Therefore, we cannot draw the conclusion that this specific
schedule is at higher risk for local failure or toxicitiy. Thus,
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the best fraction mode and dose need to be investigated in
future studies.

It is a clinical challenge to distinguish tumor recurrance
from RN, because biopsy, the gold standard of diagnosis, is
invasive and only applicable to accessible lesions. The inci-
dence of RN lies between 5% and 25% for patients treated
with SRS [22]. The radiation dose, the fraction size, and the
administration of chemotherapy are the most important risk
factors. In our study, the incidence of RN diagnosed by con-
vincing imaging was 5.6%, which is similar to that of SRS
alone. However, the exact number is not known because of a
lack of pathologic confirmation.

Most of our patients had lung cancer and the use of
TKIs might play an important role in the treatment of brain
metastases; therefore, the patients’ treatment sequences
of EGFR-TKI and radiotherapy were further analyzed
(Table 1). Seven patients progressed after TKI therapy
and then received radiotherapy. Six of them continued to
receive TKI after RT. None of the patients had an anaplastic
lymphoma kinase gene rearrangement. No patients received
osimertinib or alectinib either. In future studies, we will
restrict the pathology of the primary tumor and investigate
the effect of TKIs and other small-molecule agents to
treat BMs.

There were several limitations of the present study.
First, because this is a single-arm phase Il trial from a single
center, our analysis results may not be as generalizable as
larger, multicenter trials. Second, although most of the
patients had primary tumors of lung cancer (72.3%), BMs
from different kinds of primary tumors may have varied
biological behaviors, which may have added potential con-
founding factors to the analysis. Lastly, we have not pro-
vided the quantitative data of the patients’ quality of life
and neurocognitive function, which should be included in
the designing of future studies.
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