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Abstract

Background. Advanced radiotherapeutic treatment techniques limit the cognitive morbidity associated with whole-
brain radiotherapy (WBRT) for brain metastasis through avoidance of hippocampal structures. However, achieving
durable intracranial control remains challenging.

Methods. We conducted a single-institution single-arm phase Il trial of hippocampal-sparing whole brain irradi-
ation with simultaneous integrated boost (HSIB-WBRT) to metastatic deposits in adult patients with brain metas-
tasis. Radiation therapy consisted of intensity-modulated radiation therapy delivering 20 Gy in 10 fractions over
2-2.5 weeks to the whole brain with a simultaneous integrated boost of 40 Gy in 10 fractions to metastatic lesions.
Hippocampal regions were limited to 16 Gy. Cognitive performance and cancer outcomes were evaluated.
Results. Atotal of 50 patients, median age 60 years (interquartile range, 54-65), were enrolled. Median progression-
free survival was 2.9 months (95% Cl: 1.5-4.0) and overall survival was 9 months. As expected, poor survival and
end-of-life considerations resulted in a high exclusion rate from cognitive testing. Nevertheless, mean decline in
Hopkins Verbal Learning Test-Revised delayed recall (HVLT-R DR) at 3 months after HSIB-WBRT was only 10.6%
(95% Cl: -36.5-15.3%). Cumulative incidence of local and intracranial failure with death as a competing risk was
8.8% (95% Cl: 2.7-19.6%) and 21.3% (95% CIl: 10.7-34.2%) at 1 year, respectively. Three grade 3 toxicities con-
sisting of nausea, vomiting, and necrosis or headache were observed in 3 patients. Scores on the Multidimensional
Fatigue Inventory 20 remained stable for evaluable patients at 3 months.

Conclusions. HVLT-R DR after HSIB-WBRT was significantly improved compared with historical outcomes in pa-
tients treated with traditional WBRT, while achieving intracranial control similar to patients treated with WBRT plus
stereotactic radiosurgery (SRS).This technique can be considered in select patients with multiple brain metastases
who cannot otherwise receive SRS.
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Importance of the Study

HSIB-WBRT allows preservation of cognition while pro-
viding excellentintracranial control in patients with mul-
tiple brain metastases. Randomized trials are required
to confirm superiority to current standard treatments. If

Whole-brain radiotherapy (WBRT) has been used for dec-
ades for the treatment of brain metastases. Unfortunately,
WBRT can be associated with significant decline in
neurocognitive function (NCF) across numerous measur-
able domains, as well as different time points."* NCF de-
cline in this context has been linked to radiation exposure
of neural stem cells within the hippocampal dentate gyrus,
and several clinical trials support that dose reduction to
hippocampal structures reduces NCF decline.>’ To avoid
this, focused treatment approaches such as stereotactic
radiosurgery (SRS) have been used in selected patients,
particularly those with good performance status and lim-
ited disease.®® However, many patients are excluded from
eligibility for SRS because of a high number of lesions, in-
creased risk of intracranial relapses compared with WBRT,
lack of SRS availability, and other medical reasons.3'0"
Multiple randomized trials have demonstrated local control
benefits in patients with multiple metastases who receive
an SRS boost.'>"* New approaches that combine advanta-
geous features of WBRT and SRS are now feasible due to
advancements in conformal radiation techniques such as
intensity-modulated radiation therapy (IMRT). Specifically, it
is now possible to deliver fractionated cranial radiation that
simultaneously boosts dose to tumors, avoids hippocampal
structures, and treats at-risk brain.’®' This integrated
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successful, HSIB-WBRT would enable effective treat-
ment of brain metastases with a better safety profile
than WBRT with technology already available at most
modern centers.

approach may maximize therapeutic efficacy and minimize
morbidity in this select patient population.

To evaluate the feasibility and efficacy of hippocampal-
sparing whole brain irradiation with simultaneous in-
tegrated boost (HSIB-WBRT) (Fig. 1A), we conducted a
single-institution single-arm phase Il trial in patients with
brain metastasis. We monitored patients for changes
in cognitive function, including verbal delayed recall at
3 months as assessed by the Hopkins Verbal Learning
Test-Revised (HVLT-R), intracranial cancer indices such as
local control, adverse events according to the Common
Terminology Criteria for Adverse Events (CTCAE), and
health-related quality of life.

Methods
Patients

Eligible for enrollment were adult patients (age >18 vy)
with a pathologic diagnosis of a non-hematopoietic ma-
lignancy other than small cell lung cancer or germ cell
malignancy, <8 untreated brain metastases visible on
contrast-enhanced brain MRI outside a 5 mm margin
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» * Did not start radiation
v
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HSIB-WBRT (n = 49) Excluded (n = 31)
* Death (24)
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(A) Example HSIB-WBRT plan showing sparing of hippocampus (1600 centigray [cGy]), dose to normal brain (2000 cGy), and boost to metas-

tasis (4000 cGy). (B) CONSORT diagram showing patient exclusion from neurocognitive testing.
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around the bilateral hippocampi, Karnofsky performance
status >70, Radiation Therapy Oncology Group (RTOG)
recursive partitioning analysis class | or Il, and treating
physician assessed life expectancy of at least 3 months.
Ineligible were those with evidence of leptomeningeal
metastases, a contraindication to MRI, serum creatinine
>1.4 mg/dL <28 days prior to study entry, or >3 uncontrolled
or untreated extracranial sites of gross disease. All patients
provided written informed consent and the study was ap-
proved by institutional review boards (#STU 042011-050).

Study Design and Treatment

A noncontrast treatment-planning CT scan of the entire
head region with a 1.25 mm slice thickness was required
within 2 weeks of initiating treatment. Patients were immo-
bilized in the supine position using a thermoplastic mask.
For lesion targeting and hippocampal contouring, brain
MRI withT1 contrast and T2 images with 1 mm slice thick-
ness were acquired and fused to the planning CT images.
IMRT (static or volumetric modulated arc therapy) was
used to deliver 20 Gy in 10 fractions over 2-2.5 weeks to
the whole brain with a simultaneous integrated boost of
40 Gy in 10 fractions to identified metastatic lesions. Each
brain metastasis was given a unique, physician defined,
gross tumor volume (GTV).This was followed by a uniform
2 mm expansion to create the planning target volume.
Hippocampal avoidance regions were manually generated
by 3D expansion of the hippocampal contours by 5 mm."'8
Per protocol, maximum dose to the hippocampus itself
should not exceed 16 Gy. However, maximum dose <17 Gy
was deemed variation acceptable. All final treatment plans
and contours were reviewed after initiation of HSIB-WBRT
and, if unacceptable on final quality assurance analysis,
rendered unevaluable on final data analysis.

Study Assessments

Cognitive endpoints were measured using validated cogni-
tive assessments at baseline and at 3, 6, 9, and 12 months
follow-up. The primary endpoint of the study was delayed
verbal recall, as determined by the relative change in
HVLT-R delayed recall (DR) score from the start of treat-
ment to 3 months after the start of treatment.3The HVLT-R
incorporates 6 different forms, each including 12 nouns
(targets) with 4 words drawn from 3 semantic categories.
Raw scores were then derived for total recall, DR, per-
cent retained, and a recognition discrimination index. The
Trail Making Test (TMT),?° Controlled Word Association
Test (COWAT),?" Medical Outcomes Scale-Cognitive
Functioning Subscale (MOS),?> and Mini-Mental State
Examination (MMSE)% were also used to assess changes
in NCF from baseline in non-memory domains. Cancer out-
comes were also included as secondary endpoints. These
included physician-assessed radiographic recurrence,
overall survival, and adverse events based on CTCAE.
Fatigue was assessed with the Multidimensional Fatigue
Inventory (MFI) 20.2* The MFI-20 is a multidimensional,
self-reporting instrument designed to measure fatigue. It
covers the following dimensions: general fatigue, physical

fatigue, mental fatigue, reduced motivation, and reduced
activity. A subscore from 4 to 20 is reported for each di-
mension, with 20 corresponding to maximal fatigue.

Statistical Analysis

The primary endpoint was DR, as measured by the relative
change in HVLT-R DR score from the start of treatment to
3 months after the start of treatment. A prior randomized
study established that the decline in HVLT-R DR score was
64% at 4 months for those receiving WBRT for brain me-
tastases.® We estimated that a 50% relative improvement
in HVLT-R DR at 3 months would result from HSIB-WBRT.
Therefore, the null (HO) and alternative hypotheses (Ha)
were HO: AHVLT-R DR = 0.60 and Ha: AHVLT-R DR <0.30.
AHVLT-R DR is the mean of relative decline between base-
line and 3 months after treatment in this patient popu-
lation. For patient individual j, the relative decline was
calculated as follows:

__ HVLTRI0 — HVLTRIi3
B HVLTRiO

A HVLTRIi

HVLTRi0O and HVLTRi3 denote individual patient recall
scores at baseline and 3 months after treatment, respec-
tively. Using these estimates, we calculated that a sample
size of 50 patients would be required to reject the null hy-
pothesis with 80% statistical power, assuming a 60% death
rate prior to 3 months and a 10% unevaluable rate. Target
enrollment was calculated assuming a standard deviation
of 51%, with a of 0.05 (one-sided sample t-test).

Cognitive decline after HSIB-WBRT at 3 months was
computed along with the corresponding 95% confidence
interval. Cumulative incidence with death as a competing
risk was used to model local and intracranial control in the
brain. The Kaplan—-Meier estimator was used to determine
the median time to death for this patient population. A log-
rank test was conducted to examine if there was significant
difference (o < 0.05) in overall survival between patients
with low and high number of brain metastases.

Results
Study Population Characteristics

Between December 2011 and August 2016, fifty patients
were enrolled on study, although 1 patient did not initiate
treatment (Fig. 1B). Characteristics of the 49 evaluable pa-
tients are shown inTable 1. Eighty percent of patients had
brain metastases from lung primary and 10% from breast
primary. Eastern Cooperative Oncology Group (ECOG)
performance status was <2 in 84% of cases. Nineteen
patients had 1-3 lesions, 20 had 4-6 lesions, and 10 had
7-8 lesions in the brain. The average lesion size was 0.8
cc (interquartile range [IQR], 0.4-1.8). Educational attain-
ment varied, with 22 patients having attended college, 21
high school, and 7 with less than a high school educa-
tion. Baseline cognitive scores were slightly below what
would be expected in the normal population based on
published series (Table 1). Nevertheless, this is consistent
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Table 1. Demographics and baseline patient characteristics

Baseline Characteristics

Median age, y (IQR)

Sex Male
Female
Ethnicity
White
African American
Other
Education

No high school
High school
College
Number of brain metastases
1to3
4to 6
7t08
ECOG

Primary site
Breast
Lung
Other

Lesion volume, cc (IQR)

Cognitive test scores (SD)
HVLT-Immediate Recall
HVLT-DR
HVLT-R
COWAT
TMT-A
TMT-B
MOS
MMSE
MFI-20

with previous measures of cognitive performance in pa-
tients with brain tumors.?

Hippocampal Segmentation and Dosimetry

Prior studies involving hippocampal sparing revealed
that ~25% of cases required contouring revision upon
central review.” However, as contouring atlases have
become widely available,?® delineation of the hippo-
campus is expected to be more reliable, and recent
studies support that compliance with hippocampal con-
touring guidelines has risen.'®2? We assessed contouring

60 (54-65)
n

24

25

31
1
7

21
22

18
24

n
30

5

39

5

0.6 (0.3-1.9)
MeanT score (SD)
41.3 (12.7)
43.7 (13.7)
45.8 (13.2)
41.4 (11.5)
374 (13.4)
43.0 (9.8)
28.8 (7.5)
51.1 (16.9)
55.3 (22.8)

z-Score (SD)
-0.87 (1.27)
-0.67 (1.37)
-0.42 (1.32)
-0.86 (1.15)
-1.26 (1.34)
-0.70 (0.98)

0.11 (1.69)

variation among practitioners for the current protocol.
Fifty hippocampal contours from 13 providers were in-
dividually interrogated using the Hausdorff distance,
which is the greatest of all the distances from a point on
the reference contour to the closest point on the investi-
gator contour.?8 Of the 49 hippocampal contours, 45 had
no variation and 5 had acceptable variation, suggesting
that anatomical segmentation of the hippocampus is
generally achievable by most practitioners given current
reference materials and resources.?” For our study pop-
ulation, the mean dose, minimum dose, and maximum
dose achieved for the hippocampus were 13.2 Gy (+
1.3), 11.5 Gy (£ 1.5), and 15.8 Gy (+ 1.5) Gy, respectively.
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Median minimum and maximum doses to brain were
13.5 Gy (IQR, 12.7-15.0) and 42.6 Gy (IQR, 41.8-43.6),
respectively. Median minimum and maximum doses to
metastases were 39.0 Gy (IQR, 38.2-39.6) and 42.5 Gy
(IQR, 42.0-43.3). In 2 patients, the maximum dose to a
single hippocampus was not met.

Cognitive Decline

Two patients were unable to complete baseline cognitive
testing upon enrollment because of illiteracy. Of the 23
evaluable patients at 3 months follow-up, 18 (78%) com-
pleted cognitive testing. Of the patients who did not com-
plete testing, the most common reasons were patient
refusal or disease progression leading to a change in goals
of care and cancellation of follow-up. Compliance with
cognitive testing further declined, for similar reasons, to
52% at 6 months follow-up, and further to 36% at 9 months
(Fig. 1B). Mean decline in HVLT-R DR at 3 months after HSIB-
WBRT was 10.6% (x 50.43), better than the ~60% decline
noted in our prespecified historical control (P < 0.0001).3
At the individual patient level, 3 patients experienced de-
clines in DR greater than standard deviations from the
mean (Supplementary Figure 1). Additional measures of
cognitive performance 3 months after HSIB-WBRT did not
show statistical differences in mean change from baseline,
although error estimates were high (Table 2). Interestingly,
of the patients who survived beyond 6 months, mean rel-
ative HVLT-R DR scores recovered to baseline and trended
above baseline scores (Fig. 2).

Other Adverse Events and Quality of Life

A total of three grade 3 treatment toxicities consisting
of nausea, vomiting, and necrosis or headache were ob-
served. All grade 3 toxicities were felt to be possibly re-
lated to treatment by an external review board composed
of physician experts. All toxicities related to treatment are
listed in Supplementary Table 1. Mean relative fatigue, as
assessed by MFI-20 scores, remained stable for patients

Table 2. Change in cognitive performance at 3 months*

Variable N Mean SD
Change (%)*

HVLT-DR 17 -10.6 50.4
HVLT-Immediate Recall 17 39.6 129.4
HVLT-R 17 -0.4 19.9
COWAT 17 3.7 40.0
TMT-A 16 17.7 86.6
TMT-B 14 12.0 34.9
MOS 17 3.2 18.2
MMSE 17 -0.1 7.0
MFI-20 16 6.6 32.2

* Mean calculation is the average of  100%(3 month - baseline) /
baseline
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Fig. 2 Mean raw HVLT-R DR scores of patients surviving to
9 months.

evaluable at 3 months. However, at 6 and 9 months,
MFI-20 scores increased to 37% and 83%, respectively,
from baseline, suggesting progressive fatigue over time
(Supplementary Figure 2).

Cancer-Related Outcomes

With a mean follow-up of 10.5 months (range, 1-39 mo),
median progression-free survival was 2.9 months and me-
dian overall survival for the cohort was 9 months (Fig. 3A,
B), comparable to historical controls.3%'%2% No patient died
from treatment-related toxicity or disease progression in
the brain. However, one patient had pathologically con-
firmed radiation necrosis after undergoing resection of a
large cerebellar lesion after concerns of radiographic pro-
gression. When stratified for 1-3 versus >4 metastases,
there was no significant difference in overall survival
(P = 0.922). Cumulative incidence of local failure, defined
as tumor recurrence within 5 mm, was 8.8% (95% CI:
2.7-19.6%) at 1 year (Fig. 3C). Cumulative incidence of in-
tracranial failure was 21.3% (95% Cl: 10.7-34.2%) at 1 year
(Fig. 3D). One patient was noted to have a recurrence in the
hippocampus 5 months after HSIB-WBRT, which was suc-
cessfully salvaged with radiosurgery.

Discussion

RTOG 0933 investigated the impact of sparing hippocampal
brain, aiming to reduce toxicity, particularly cognitive de-
cline. Here we build on that experience by showing the
feasibility and efficacy of a hippocampal sparing approach,
HSIB-WBRT, which incorporates a simultaneous integrated
boost to visible brain metastases. We also reduced the
dose to at-risk brain to 20 Gy in 10 fractions, as opposed
to the standard 30 Gy dose. This dose was chosen based
on the hypothesis that MRI is sufficiently sensitive to de-
tect brain metastases requiring higher doses to control,
and that 20 Gy may be sufficient to treat MRI-undetectable
microscopic disease.This resulted in a 10.6% mean decline
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(A) Kaplan—Meier curve for progression-free survival. (B) Kaplan—Meier curve for overall survival. (C) Cumulative incidence of local recur-

rence (failure at boost site). (D) Cumulative incidence of intracranial recurrence.

in verbal memory performance as assessed by HVLT-R DR
at 3 months without sacrificing intracranial control. Our
rate was similar to the 7% mean decline in HVLT-R DR at
4 months seen in RTOG 0933, although it should be noted
that our endpoint was measured at 3 months instead of 4.7
This is also comparable to previous outcomes in patients
treated with SRS alone. For example, a single-institution
phase lll trial of patients with 1-3 brain metastases showed
that HVLT-R DR declined 64% at 4 months in those who un-
derwentWBRT + SRS compared with 20% for those who re-
ceived SRS alone.? Brown and colleagues observed similar
differences in rates of cognitive decline with WBRT + SRS
versus SRS alone in patients with 1-3 brain metastases.'
Over two-thirds of patients treated on RTOG 0933 devel-
oped intracranial progression.” In contrast, intracranial and
local control after our integrated boost of 40 Gy to gross dis-
ease in HSIB-WBRT was 79% and 91%, respectively, at 1 year.

These results are similar to the SRS boost arm of RTOG 9508,
which randomized patients to WBRT + SRS boost. In pa-
tients treated with WBRT alone, the risk of local recurrence
was 43% greater than those treated with WBRT + SRS." We
observed an intracranial failure rate outside boosted gross
disease volumes, of 12.5% at 1 year despite delivery of 20
and 16 Gy in 10 fractions to normal brain and hippocampus,
respectively. This is substantially lower than rates seen with
SRS alone and agrees with RTOG 9508 and N0574."330 Qur
results also agree with RTOG 0933 with respect to the low
rate of hippocampal failures. In our study, the single pa-
tient who recurred in the hippocampus received salvage
radiosurgery and survived an additional 2 years.

The SRS literature suggests that achievement of intra-
cranial local control, as was demonstrated in this trial,
will have clinical benefits. Specifically, if brain metastases
can be managed, they are no longer primary drivers of
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prognosis for certain cancers.?! This is exemplified by re-
cent studies on renal cell carcinoma where there was
no difference in survival in patients treated with SRS for
brain metastases with >5 brain metastases versus <5
metastases.??3 Additional support comes from a multi-
institutional prospective observational study of SRS for
brain metastases by Yamamoto and colleagues, which
showed that survival in patients with 5-10 brain metas-
tases was non-inferior to that of patients with 2-4 brain
metastasis.®* Indeed, our study demonstrated a median
survival of 9 months, slightly better than similar studies,
such as those reported by Chang (6 mo, WB + SRS) and
Gondi (6.8 mo).371429This is remarkable given the high rep-
resentation of lung cancer in our cohort. Additionally, 7.3%
of the patients in the Gondi series died because of progres-
sion in the brain, whereas we observed none.

Continued advancements in the ability to control sys-
temic disease,®® such as new immunomodulatory and
targeted systemic therapies,?¢-3° will likely further elevate
the importance of achieving long-term intracranial control
while preserving quality of life. HSIB-WBRT was well tol-
erated and generally without evidence of significant direct
acute or late toxicity. Of note, we observed a near complete
recovery to baseline in HLVT-R DR scores beyond 3 months
following treatment. A similar recovery pattern was ob-
served in the RTOG 0933 as well as RTOG 0614 studies.
However, this observation was noted only in patients
who lived beyond 6 months.” In contrast, WBRT without
hippocampal avoidance strategies showed minimal
neurocognitive recovery.* Therefore, HSIB-WBRT may
provide additional opportunities for continued neurolog-
ical recovery as brain metastasis patients survive longer.

HSIB-WBRT is complementary to other efforts to inno-
vate in the WBRT space. Although currently only available
in abstract form, NRG CC001, a phase lll investigation of
Ha-WBRT plus memantine versus WBRT plus memantine,
confirms the benefits seen in earlier Ha-WBRT trials.*'
However, local control in our trial appears to be better,
suggesting a possible benefit from dose escalation at the
site of metastasis. It is conceivable that dose reduction to
at-risk brain and integrated tumor boost may provide addi-
tional benefits to the NRG CC001 concept. HSIB-WBRT may
also offer an efficient alternative to the use of whole brain
with a radiosurgical boost, as advocated by some. Indeed,
SRS + WBRT often requires additional procedures, exper-
tise, and cost and is associated with worse patient-reported
quality of life.’ Additionally, SRS appears to provide
no discernible survival advantage for multiple metas-
tases.®'0M1314 These points are reflected in the American
Society for Radiation Oncology’s Choosing Wisely cam-
paign recommendations against combining SRS with
whole brain radiation.*? HSIB-WBRT is a promising alterna-
tive that circumvents many of these issues, while offering
many of the benefits of intensified local therapy.

Although these results are promising, limitations exist.
First, this was a phase Il trial, comparing historical controls,
and is therefore subject to possible bias. Second, our sample
size was limited to the minimum enrollment required to ad-
dress our primary hypothesis, leading to few patients with
long-term follow-up. Third, we had poor compliance with
neurocognitive testing in follow-up. However this was an-
ticipated because of disease prognosis, and in fact, many

subjects lost motivation in the setting of end-of-life care
where goals of care had changed. Had these patients agreed
to participate, it is possible that these subjects would have
shown declines in neurocognitive metrics. Nevertheless,
these data may not have been meaningful, given that pa-
tients in hospice care often receive strong medications with
cognitive effects, such as narcotics, in end-of-life settings.
Indeed, we noted a high degree of variability in the change
of neurocognitive performance that we speculate may
be driven by this clinical aspect. Finally, neuroprotective
drugs, which have shown positive effects in the setting
both of standard and of hippocampal sparing WBRT, were
not used.*%43 Future studies of HSIB-WBRT with these drugs
appear warranted. In summary, our data support that HSIB-
WBRT offers a safe and accessible treatment option that pro-
vides excellent intracranial tumor control while preserving
neurocognition in patients with brain metastases.

Supplementary Material

Supplementary data are available at

Neuro-Oncology online.
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