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Abstract

OBJECTIVE—Tumor and edema volume changes of brain metastases after stereotactic
radiosurgery (SRS) and ipilimumab are not well described, and there is concern regarding the
safety of combination treatment. The authors evaluated tumor, edema, and adverse radiation-
induced changes after SRS with and without ipilimumab and identified associated risk factors.

METHODS—This single-institution retrospective study included 72 patients with melanoma
brain metastases treated consecutively with upfront SRS from 2006 to 2015. Concurrent
ipilimumab was defined as ipilimumab treatment within 4 weeks of SRS. At baseline and during
each follow-up, tumor and edema were measured in 3 orthogonal planes. The (length x width x
height/2) formula was used to estimate tumor and edema volumes and was validated in the present
study for estimation of edema volume. Tumor and edema volume changes from baseline were
compared using the Kruskal-Wallis test. Local failure, lesion hemorrhage, and treatment-related
imaging changes (TRICs) were analyzed with the Cox proportional hazards model.

RESULTS—Of 310 analyzed lesions, 91 were not treated with ipilimumab, 59 were treated with
concurrent ipilimumab, and 160 were treated with nonconcurrent ipilimumab. Of 106 randomly
selected lesions with measurable peritumoral edema, the mean edema volume by manual
contouring was 7.45 cm?3 and the mean volume by (length x width x height)/2 formula estimation
was 7.79 cm? with R2 = 0.99 and slope of 1.08 on line of best fit. At 6 months after SRS, the
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ipilimumab groups had greater tumor (p = 0.001) and edema (p = 0.005) volume reduction than
the control group. The concurrent ipilimumab group had the highest rate of lesion response and
lowest rate of lesion progression (p = 0.002). Within the concurrent ipilimumab group, SRS dose >
20 Gy was associated with significantly greater median tumor volume reduction at 3 months (p =
0.01) and 6 months (p = 0.02). The concurrent ipilimumab group also had the highest rate of
lesion hemorrhage (p = 0.01). Any ipilimumab was associated with higher incidence of
symptomatic TRICs (p = 0.005). The overall incidence of pathologically confirmed radiation
necrosis (RN) was 2%. In multivariate analysis, tumor and edema response at 3 months were the
strongest predictors of local failure (HR 0.131 and HR 0.125) and lesion hemorrhage (HR 0.225
and HR 0.262). Tumor and edema response at 1.5 months were the strongest predictors of TRICs
(HR 0.144 and HR 0.297).

CONCLUSIONS—The addition of ipilimumab improved tumor and edema volume reduction but
was associated with a higher incidence of lesion hemorrhage and symptomatic TRICs. There may
be a radiation dose-response relationship between SRS and ipilimumab when administered
concurrently. Early tumor and edema response were excellent predictors of subsequent local
failure, lesion hemorrhage, and TRICs. The incidence of pathologically proven RN was low,
supporting the relative safety of ipilimumab in radiosurgery treatment.

Keywords

brain metastases; stereotactic radiosurgery; ipilimumab; radiation necrosis; hemorrhage; edema;
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STEREOTACTIC radiosurgery (SRS), which delivers highly conformal radiation in a single
fraction, has been increasingly used for the treatment of brain metastases. SRS has better
local control rates and fewer neurocognitive side effects compared with whole-brain
radiation therapy (WBRT).12 Ipilimumab, a monoclonal antibody that blocks cytotoxic T-
lymphocyte antigen-4 (CTLA-4), is an immune-modulating agent that was demonstrated to
improve overall survival in metastatic melanoma patients during 2 Phase 111 randomized
controlled trials.”:19 In these studies, the presence of brain metastases was an exclusion
criterion. However, multiple retrospective studies have now found that ipilimumab, when
combined with SRS for treatment of brain metastases, produces further improvements in
intracranial control and overall survival.8:9:22:25

The toxicity profile of combination SRS and ipilimumab is not well understood. Some
studies have found no increased toxicity compared with SRS alone, whereas a recent study
found that the use of immunotherapy may lead to an increased incidence of radiation
necrosis (RN), or its corresponding imaging finding, treatment-related imaging changes
(TRICs).313 Furthermore, although there is evidence that immunotherapy produces different
tumor response patterns compared with conventional chemotherapy, the trajectory—which
we define as volume changes from baseline—of brain metastases and peritumoral edema
following treatment with combination SRS and immunotherapy has not been well described
in the literature.2’

In this study, we report tumor and edema trajectories on MRI sequences of melanoma brain
metastases treated with SRS with or without ipilimumab. We describe the effect of

J Neurosurg. Author manuscript; available in PMC 2020 September 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Diao et al. Page 3

ipilimumab, timing of ipilimumab administration relative to SRS, and early tumor and
edema response of lesions on subsequent outcomes, including local failure, lesion
hemorrhage, TRICs, and RN.

Methods

Patient Population and Data Collection

This retrospective cohort study was approved by the USC Health Sciences Campus
institutional review board. We reviewed records of consecutive patients treated with upfront
SRS for melanoma brain metastases at our institution from 2006 to 2015. In patients
undergoing additional SRS procedures, newly treated lesions were included in the study. We
excluded patients who did not have any follow-up MRI studies and individual lesions that
were resection cavities.

Radiation and Ipilimumab Delivery

All patients were treated with single-fraction Gamma Knife radiosurgery. Gamma Knife
(Elekta AB) Model C and Perfexion were used for patients treated during 2006-2008 and
2008-2015, respectively. A stereotactic head frame was affixed to the cranium of the patient
under conscious sedation. Afterward, contrast-enhanced MRI of the brain was performed for
treatment planning. Radiation treatment was performed the same day. Prescription doses
were based on lesion size as outlined in RTOG 9005.21

Patients received intravenous ipilimumab at a dose of either 3 mg/kg or 10 mg/kg scheduled
every 3 weeks for up to 4 cycles. Concurrent ipilimumab was defined as ipilimumab
administered within * 4 weeks of SRS, whereas administration outside this time frame was
considered nonconcurrent. Our cutoff was based on the long 14.7-day half-life of
ipilimumab, prior studies examining timing of ipilimumab using similar definitions, and
clustering of patients for feasibility of statistical analysis.>8:18 Patients not receiving
ipilimumab were included as a control group.

Imaging Evaluation

Our institutional practice was to follow patients with MRI every 2-3 months after SRS,
consistent with National Comprehensive Cancer Network (NCCN) guidelines.1® The
maximum diameter of each tumor and edema was measured in 3 orthogonal planes on
postgadolinium T1-weighted and T2 fluid-attenuated inversion recovery (FLAIR) MRI on
the day of SRS treatment and for each subsequent follow-up evaluation. Postgadolinium T1
sequences had a slice thickness of 1-2 mm, while T2 FLAIR sequences had a slice thickness
of 3-5 mm. The volume of each tumor or edema was estimated using the following validated
formula: volume = (length x width x height)/2.6:12.18.23 The formula was validated for
estimation of edema volume in the present study. Each follow-up volume was compared
with baseline volume, and lesions were categorized as progressive (> 30% volume increase),
responsive (> 30% volume decrease), or stable. These cutoffs were chosen based on an
estimated volume measurement error of + 30%.
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Local failure was defined as an increase in volume of > 30% from baseline either without
subsequent resolution or requiring surgical intervention. TRICs were defined as an increase
in volume of > 30% from baseline with subsequent resolution not requiring intervention. RN
was defined as pathologically confirmed RN. Lesion hemorrhage was defined as the
development of new intrinsic hyperintensity or increase in the volume of preexisting
intrinsic T1 hyperintensity on precontrast T1-weighted MR images following SRS.

Statistical Analysis

Results

Baseline patient and lesion characteristics were compared with the Kruskal-Wallis 1-way
ANOVA test, Pearson chi-square test, and Fisher exact test. All further analysis was
performed on a per-lesion basis. Tumor and edema volume change from baseline were
compared with the Kruskal-Wallis 1-way ANOVA test. Significant values (p < 0.05) were
entered into pairwise testing using the Wilcoxon rank-sum test with Bonferroni correction
for multiple comparisons. Tumor response at time intervals following SRS was compared
with the Pearson chi-square test and Fisher exact test. Local failure, TRICs, RN, and lesion
hemorrhage were analyzed as time-dependent variables using the Kaplan-Meier method with
time calculated from day of SRS treatment and censoring occurring at intervention or last
imaging follow-up. The Cox proportional hazards model was used to analyze the
relationship between risk factors and local failure, TRICs, and lesion hemorrhage. All risk
factors were entered into univariate analysis and significant variables were included in
multivariate analysis. All statistical calculations were performed using JMP Pro (version 13;
SAS Institute).

A total of 72 patients and 310 brain metastases were included in analysis. The patients’
median age was 61 years (interquartile range [IQR] 50-70), 23 (32%) of the patients were
female, the median Karnofsky Performance Status (KPS) score was 90 (IQR 80-90), and the
median number of brain metastases was 2 (IQR 1-4). Of the 310 brain metastases, 91 were
not treated with ipilimumab, 59 were treated with concurrent ipilimumab, and 160 were
treated with nonconcurrent ipilimumab; 175 were treated with ipilimumab at a dose of 3
mg/kg, 31 at a dose of 10 mg/kg, and dose information was not available for the other 13.
Brain metastases were treated with a median radiation dose of 20 Gy (range 12-22 Gy). The
median imaging follow-up time was 6.85 months.

To validate the (length x width x height)/2 formula for estimation of peritumoral edema
volume, 106 lesions with measurable peritumoral edema on T2 FLAIR MRI sequence were
randomly selected to be manually contoured using Velocity (Varian Medical Systems). The
mean edema volume by contouring was 7.45 cm?3 and the mean volume by (length x width x
height)/2 formula estimation was 7.79 cm3 with R? = 0.99 and slope of 1.08 on line of best
fit.

Patient and Lesion Characteristics

Patients in the control (no ipilimumab), concurrent ipilimumab, and nonconcurrent
ipilimumab groups did not differ significantly in terms of age, sex, KPS score, graded
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prognostic assessment (GPA), number of brain metastases, prior WBRT, or SRS dose (Table
1). Tumors in the control group had significantly greater baseline median volume (0.15 cm3)
compared with the concurrent ipilimumab (0.11 cm3) and nonconcurrent ipilimumab (0.09
cm?3) groups (p = 0.02). Tumors in the control group also had larger baseline median edema
volume (0.55 cm3) compared with the concurrent ipilimumab (0.28 cm3) and nonconcurrent
ipilimumab (0.16 cm?3) groups (p = 0.04). The edema index, defined as the ratio of edema
volume over tumor volume, did not differ significantly between the groups (p = 0.27).

Tumor and Edema Trajectory

At 1.5 months after SRS, the difference in median tumor and edema volume change between
the groups was not statistically significant (p = 0.18 and p = 0.15, respectively) (Fig. 1 and
Table 2). At 3 months after SRS, the concurrent ipilimumab group had significantly greater
tumor volume reduction compared with the control group (p = 0.02). At 6 months, both the
concurrent and nonconcurrent ipilimumab groups had significantly greater tumor (p = 0.001
and p = 0.005, respectively) and edema (p = 0.003 and p = 0.004, respectively) volume
reduction compared with the control group.

There was a significant difference in distributions of tumor response at 3 and 6 months
following SRS. At both 3 and 6 months, the concurrent ipilimumab group had the highest
rate of response (89% and 77%, respectively) and lowest rate of progression (0% and 2%,
respectively) (p = 0.002 and p < 0.001, respectively) (Table 3).

Overall, dose > 20 Gy was not associated with significantly different median tumor volume
change at 1.5 months (-51% vs —-54%, p = 0.81), 3 months (-70% vs —58%, p = 0.40), or 6
months (=73% vs —44%, p = 0.06). However, within the concurrent ipilimumab group, SRS
dose = 20 Gy was associated with significantly greater median tumor volume reduction at 3
months (-82% vs —59%, p = 0.01) and 6 months (-89% vs —37.5%, p = 0.02). There were
no significant associations within the nonconcurrent ipilimumab group or control group.

Local Failure

The overall incidence of local failure was 17%. Concurrent ipilimumab treatment was
associated with the lowest incidence of local failure, but the difference was not statistically
significant (10%, p = 0.26) (Table 4). On univariate analysis, risk for local failure was
decreased with concurrent ipilimumab (HR 0.34, 95% CI 0.12-0.83, p = 0.02), tumor
response at 1.5 months (HR 0.23, 95% CI 0.11-0.46, p < 0.001), edema response at 1.5
months (HR 0.30, 95% CI 0.15-0.58, p < 0.001), tumor response at 3 months (HR 0.09,
95% CI 0.03-0.19, p < 0.001), and edema response at 3 months (HR 0.09, 95% CI 0.03—
0.20, p < 0.001), whereas risk for local failure was increased with tumor volume > 1 cm?3
(HR 2.10, 95% CI 1.08-3.83, p = 0.03) (Table 5). In multivariate analysis, local failure
remained significantly associated with concurrent ipilimumab (HR 0.36, 95% CI 0.13-0.87,
p = 0.02), tumor volume > 1 cm3 (HR 2.02, 95% CI 1.03-3.70, p = 0.04), tumor response at
3 months (HR 0.13, 95% CI 0.05-0.34, p < 0.001), and edema response at 3 months (HR
0.13, 95% CI 0.04-0.31, p < 0.001).
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Lesion Hemorrhage

TRICs

The overall incidence of any lesion hemorrhage was 18% and symptomatic lesion
hemorrhage was 5%. Concurrent ipilimumab had higher incidence of any lesion hemorrhage
(p = 0.01) but not symptomatic hemorrhage (p = 0.76). In univariate analysis of lesion
hemorrhage, nonconcurrent ipilimumab was associated with lower risk of lesion hemorrhage
(HR 0.48, 95% CI 0.26-0.89, p = 0.02) compared with concurrent ipilimumab. Cerebral
hemisphere location was associated with higher risk of lesion hemorrhage (HR 6.87, 95% ClI
1.51-121.41, p = 0.01) compared with all other locations, which included brainstem, basal
ganglia, and cerebellar lesions. Lesion hemorrhage was also associated with tumor response
at 1.5 months (HR 0.56, 95% CI1 0.32-0.99, p = 0.04), tumor response at 3 months (HR 0.29,
95% ClI 0.16-0.54, p < 0.001), and edema response at 3 months (HR 0.30, 95% CI1 0.16—
0.56, p < 0.001). In multivariate analysis, nonconcurrent ipilimumab (HR 0.40, 95% CI
0.21-0.76, p = 0.01), tumor response at 3 months (HR 0.23, 95% CI1 0.11-0.48, p < 0.001),
edema response at 3 months (HR 0.26, 95% CI 0.13-0.52, p < 0.001), and cerebral
hemisphere location (HR 6.31, 95% CI 1.38-111.78, p = 0.01) remained associated with
lesion hemorrhage.

Overall, the incidence of TRICs was 10% and the incidence of symptomatic TRICs was 5%.
The median time to TRIC was 2.10 months for the control group, 1.93 months for the
concurrent ipilimumab group, and 3.15 months for the nonconcurrent ipilimumab group (p =
0.99). There was no significant difference in the incidence of any TRICs between treatment
groups, but patients receiving concurrent or nonconcurrent ipilimumab had significantly
more symptomatic TRICs (8% and 6%, respectively, vs 0% for the no ipilimumab group, p =
0.005). The concurrent ipilimumab group had the largest TRICs (median 354% volume
increase from baseline), followed by the nonconcurrent ipilimumab (130%) and no
ipilimumab (63%) groups. The difference was not statistically significant (p = 0.42).

The median radiation dose to the lesions that developed into TRICs was 20 Gy (IQR 18-20
Gy) and for all other brain metastases was also 20 Gy (IQR 18-20 Gy) (p = 0.26). Baseline
median tumor size for lesions that progressed to TRICs was 0.16 cm3 (IQR 0.07-2.97 cmd)
compared with 0.11 cm3 (IQR 0.05-1.99 cm?) for all others (p = 0.23). Lesions that
developed into TRICs had a baseline median edema index of 1.99 (IQR 1-3), but this
increased to 5.27 (IQR 1.32-9.73) at the maximum extent of TRIC (p < 0.001). Among 25
brain metastases that progressed to TRICs in patients who received ipilimumab, 6 (24%)
were being treated with ipilimumab at the time of TRIC diagnosis.

In univariate analysis, TRICs were associated with tumor response at 1.5 months (HR 0.14,
95% CI 0.06-0.31, p < 0.001), edema response at 1.5 months (HR 0.22, 95% CI1 0.09-0.48,
p < 0.001), tumor response at 3 months (HR 0.30, 95% CI 0.13-0.68, p = 0.004), and edema
response at 3 months (HR 0.25, 95% CI 0.11-0.56, p = 0.002). In multivariate analysis,
TRICs remained significantly associated with tumor response at 1.5 months (HR 0.14, 95%
Cl 0.05-0.36, p = 0.005) and edema response at 1.5 months (HR 0.30, 95% CI1 0.12-0.70, p
< 0.001).
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Radiation Necrosis

Overall, there was a low incidence of pathologically confirmed RN (2%). Within the control
group, 0 (0%) of 91 lesions developed RN, whereas 2 (3%) of 59 lesions treated with
concurrent ipilimumab and 3 (2%) of 160 lesions treated with nonconcurrent ipilimumab
developed RN. The difference between the groups was not statistically significant (p = 0.22).

Discussion

The effect that the addition of ipilimumab to SRS has on the tumor and edema trajectories of
brain metastases is not well understood. Furthermore, although there is concern that SRS
and ipilimumab may place patients at increased risk for adverse radiation effects, there is no
consensus on the safety of combination treatment.

Tumor and Edema Trajectory

We found that at 1.5-, 3-, and 6-month follow-up intervals, edema trajectory closely
mirrored tumor trajectory, extending the findings of previous studies to the setting of
combination SRS and ipilimumab.1” In our study, lesions receiving ipilimumab had greater
tumor and edema volume reduction than those that did not receive ipilimumab by 6 months.
Thus, despite concerns that the immunomodulatory effect of ipilimumab may produce a
proinflammatory environment leading to increased peritumoral edema of brain metastases,
we found that the addition of ipilimumab to SRS produced a trend toward improved edema
control at 1.5 and 3 months, and significantly improved edema control by 6 months.11 We
postulate that the benefit that the addition of ipilimumab confers to tumor shrinkage
outweighs the possible increased inflammatory milieu, resulting in an overall reduction in
edema. In addition, at 3 and 6 months after SRS, concurrent ipilimumab was associated with
the highest rate of lesion response and the lowest rate of lesion progression, supporting 2
recent studies that found that ipilimumab administered concurrently with SRS was
associated with greater tumor volume reduction and improved locoregional control.8:18

Finally, we found that SRS dose = 20 Gy was associated with significantly greater median
tumor volume reduction at 3 and 6 months within the concurrent ipilimumab group, a
relationship that was not present in the nonconcurrent ipilimumab and control groups. This
finding suggests that there may be a radiation dose-response relationship when SRS and
ipilimumab are administered concurrently.

Local Failure

While the crude incidence of local failure was similar in all groups, on univariate survival
analysis we found that concurrent ipilimumab was associated with lower risk of local failure.
In multivariate analysis, due to the fact that tumor and edema response were related to
ipilimumab administration and baseline tumor volume (variance inflation factor [VIF] of
20.8, where VIF > 10 typically represents collinearity), we performed a separate analysis for
early tumor and edema response.28 After adjusting for tumor volume, concurrent ipilimumab
remained associated with lower risk for local failure. Tumor and edema response at 3
months were ultimately the most powerful predictors of local control, consistent with a study
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by Sharpton et al.,2° who found that tumor volume reduction at 6 and 12 weeks was
associated with prolonged local control.

Lesion Hemorrhage

There was greater incidence of lesion hemorrhage within the concurrent ipilimumab group,
but this difference did not translate to a higher incidence of symptomatic lesion hemorrhage.
In univariate analysis, we found that nonconcurrent ipilimumab was associated with a lower
risk of lesion hemorrhage compared with concurrent ipilimumab. Tumor and edema
response at 3 months were also associated with lower risk for lesion hemorrhage. A cerebral
hemisphere location of tumor was associated with a higher risk of lesion hemorrhage. In
multivariate analysis, all of these risk factors remained significant. We hypothesize that the
observed increased risk of lesion hemorrhage in cerebral hemisphere location tumors could
be due to increased vascularity of brain tissue in the cerebral cortex.16 Previous studies
have not found any association of ipilimumab administration with lesion hemorrhage;
however, these were primarily retrospective studies with relatively small sample sizes and
may not have accounted for mild or asymptomatic lesion hemorrhages detected on imaging.
14.22 Taken together, our results suggest that concurrent ipilimumab is associated with a
greater risk for subclinical lesion hemorrhage.

TRICs and RN

The overall incidence of TRICs was 10% and was similar across the groups. Patients who
received ipilimumab, however, had significantly higher rates of symptomatic TRICs, with
8% and 6% developing symptomatic TRICs in the concurrent and nonconcurrent
ipilimumab groups, respectively, compared with 0% in the control group. In univariate
analysis of any TRICs, only tumor and edema response at 1.5 and 3 months were protective
for TRICs. In multivariate analysis, tumor and edema response at 1.5 months were the
strongest protective factors for any TRICs. Among lesions that developed into TRICs, the
concurrent ipilimumab group had the largest TRICs, followed by nonconcurrent ipilimumab
and no ipilimumab, although the difference was not significant. These findings suggest that
whether TRICs were symptomatic or not was likely related to the size of the TRICs. We
postulate that the higher incidence of symptomatic TRICs in patients receiving ipilimumab
could be due to either less treatment of TRICs with steroids because of concerns that
steroids may lessen the efficacy of ipilimumab, or a proinflammatory effect of ipilimumab
that occurs only in select patients.8:24

Due to the low incidence of pathologically confirmed RN in our cohort, we did not report
univariate or multivariate analysis findings in our results. However, the low incidence of RN
in the ipilimumab groups supports the relative safety of combination treatment. Other
studies have found rates of RN after SRS ranging from 2% to more than 30% owing to
heterogeneous cohorts and the difficulty in accurately dehning and diagnosing RN.10 Colaco
et al.3 found that patients receiving SRS and immunotherapy had higher rates of RN/TRICs
compared with patients receiving SRS and chemotherapy or targeted therapy. We now report
that patients receiving SRS and ipilimumab may be at higher risk for symptomatic TRICs.
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Limitations

Limitations of the present study include its retrospective nature, the lack of pathology on the
majority of followed lesions to differentiate RN from pseudoprogression and tumor
recurrence, the lack of data on steroid administration to account for changes in tumor and
edema volumes, and some imprecision in distinguishing lesion hemorrhage from melanotic
metastases. As this was primarily a radiographic imaging—based analysis, our outcomes may
not be clinically applicable in all situations.

Conclusions

To our knowledge, this is the first study to examine edema trajectory following brain
metastasis treatment with SRS and immunotherapy. Edema trajectory closely mirrored that
of tumor trajectory. Patients receiving ipilimumab had greater tumor and edema volume
reduction, with concurrent ipilimumab demonstrating the highest rates of tumor response,
lowest rates of tumor progression, and less risk for local failure. SRS dose = 20 Gy was
associated with greater median tumor volume reduction in the concurrent ipilimumab group,
suggesting a radiation dose-response relationship between SRS and ipilimumab when
administered concurrently. Early tumor and edema response were excellent predictors of
local failure, lesion hemorrhage, and TRICs. Concurrent ipilimumab was associated with
increased risk for lesion hemorrhage overall but not symptomatic lesion hemorrhage.
Although any ipilimumab was associated with higher incidence of symptomatic TRICs, the
incidence of pathologically proven RN in lesions receiving any ipilimumab was 2%,
supporting the relative safety of ipilimumab in SRS treatment.

Acknowledgments

We wish to gratefully acknowledge the research support of the Kozak, Ginsburg, and Phillip families for the
research stipend of Kevin Diao. Our sponsors had no involvement in the research project.

ABBREVIATIONS
FLAIR fluid-attenuated inversion recovery
GPA graded prognostic assessment
IQR interquartile range
KPS Karnofsky Performance Status
RN radiation necrosis
SRS stereotactic radiosurgery
TRIC treatment-related imaging change
WBRT whole-brain radiation therapy
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FIG. 1.
Tumor (upper) and edema (lower) volume trajectories after SRS for no ipilimumab (dashed

line), concurrent ipilimumab (dotted-dashed line), and nonconcurrent ipilimumab (solid line)
at fixed time points. **Statistically significant difference.
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TABLE 4.

Incidence of local failure, hemorrhage, TRICs, and RN

Page 17

Outcome No Ipilimumab (n =91) Concurrent Ipilimumab (n=59) Nonconcurrent Ipilimumab (n=160) p Value
Local failure 17 (19%) 6 (10%) 30 (19%) 0.26
Lesion hemorrhage 13 (14%) 19 (32%) 24 (15%) 0.01

Symptomatic 5 (5%) 3 (5%) 6 (4%) 0.76
TRIC 7 (8%) 8 (14%) 17 (11%) 0.50
Symptomatic 0 (0%) 5 (8%) 9 (6%) 0.005
RN 0 (0%) 2 (3%) 3 (2%) 0.22

Values are shown as the number of lesions (%) unless otherwise indicated.

J Neurosurg. Author manuscript; available in PMC 2020 September 03.



Page 18

Diao et al.

Author Manuscript

UO011e0] UOIS3T

— — 6.0 (0e€°2-802°0) 558'0 0T<

— — Jd 9y 01>
Xapul ewsp3

— — 62°0 (Sesz-€€L°0) TOV'T gWd G'g<

— — LR JEX gWd GZ>
|OA BWIAPT

¥0'0 (569'e¥€0°T) 020°C €00 (9z8'€-220'T) 860'C gWo T<

fEN] fEN] fE)] JEN] cWo T>
|OA Jown |

— — ST'0 (€0L°€-€620) G6L'T B31/6w o1

— — Joy Jy B/6uw €
asop qewnwijid)

€9°0 (009°T-8.7°0) 198°0 650 (69G°T-TL70) 9¥8'0  Cewnuwi|idi JUBLINOUOIUON

200 (€28'0-621°0) 09€°0 200 (828'0-€21°0) 2¥€0 qewnuwiidi jusNdu0d

134 J3y JEX| 19y gewnuwijidi oN
dnoJb juswieal |

2Ny [e207
aneA d (1D %S6) ¥H aneA d (12 %S6) ¥H a|qelren
SRleANINI aeleAlun
S3W02IN0 Pa1a3]as JO SasAJeuUr aleLIBAINW PUR 3JBLIRAIUN
‘G 319vL

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosurg. Author manuscript; available in PMC 2020 September 03.



Page 19

Diao et al.

— — JER| GRS cWo G'Z>
|oA eWap3

— — S20 (906'2-£22°0) 82S'T gWd T<

- - 13y JEX| cWo T>
|OA Jowin

— — G8'0 (9v0°2-S¥€'0) L16°0 B/6w 01

— — Jy Jy Bx/6w €
asop qewnuwijid

9000 (€92°0-802°0) G6€°0 200 (888'0—792°0) 087'0  ewNWI|Id] JUBLINJUOIUON

19y IS 18y 18y gewnuwijidi JusliNouo)

500 (€70'T-2T2°0) 6970 2o (0ST'T-¥22°0) 050 qewnwiid oN
dnoJb juswieal

abey JJowsy uosa| Auy

»1000>  (60€'0-v¥0'0) G2T0  T000>  (#0Z'0-2€0°0) 880°0 SOW ¢ Je asuodsas ewsp3
»1000>  (5e€'0-/v0°0) TETO  T000>  (E6T'0-¥€0'0) 980°0 sow ¢ Je asuodsal Jown |
x 800 (9.0'T-2v20) 22§80  T000>  (¥85°0-S¥T'0) 00E0 sow G'T Je asuodsal ewap3
»800 (¢80'T-02¢'0) 8670  T000>  (LS¥'O—¥IT0) ¥EZ'0 Sow G'T Je asuodsal Jown L
— — f440] (SS5v'1-228°0) TT'T A9 ‘asop SUS

— — JEX| LR BYIo

- — 860 (926'2-¥¥0) STO'T sasaydsiway [e1galad

anfeA d (12 %56) ¥H aneA d (1D %56) ¥H a|cel A

dfelreAliniN

a1l leAlun

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosurg. Author manuscript; available in PMC 2020 September 03.



Page 20

Diao et al.

— - 134 183y By/Bw g
— — 920 (086Z-06v0) SVT'T JUBLNOUOOUON d
- — €90 (189°€-.57°0) €82'T gewnuui]idi JUaLINOUOD
— - JEN| JEX| gewnuwijidi oN
dnoJb Juswieas
sOIdL Auy
T000>  (€25°0-0€T'0) 2920  1T000>  (SG5°0-29T0) TOE0 sow ¢ Je ssuodsal ewap3
1000>  (9/4°0-20T°0) G220 T000>  (¥¥S0-8ST°0) 620 souw € Je asuodsal Jown |
abey JJowsy uoisa| Auy
6.0 (680°2-2250) €60'T 170 (8TT'T-29€0) G€9°0 sow G'T Je asuodsal ewsp3
98'0 (920'2-055°0) €90°T v0'0 (586'0-8T€'0) 8550 Sow G'T Je asuodsal Jown L
— — 140) (€2v'1-928'0) 560'T A9 ‘asop SHS
9y JEX| sy sy BYo
100 (VBLTTT-9LET) L0€'9 2000  (SOV'TZT—CTST) 8989 salaydsiway [e1qa1e)
uoI11ed0]| UOISaT]
— — 050 (85T°€-287°0) 88€'T 01<
— — Jy sy 01>
Xapul ewap3
— — €90 (TT9'T-70%°0) 6¥8°0 gWd G'g<
anead (12 %56) ¥H aneA d (1D %56) ¥H a|cel A

dfelreAliniN

a1l leAlun

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosurg. Author manuscript; available in PMC 2020 September 03.



Page 21

Diao et al.

‘joresedas pazAjeur aiam S1019e) MSII s8] ‘SWIS) |9POW UsaMIa] AlLieaul||od 0} ang
*

L00 (990'T-9.T°0) EV¥'0  TO0'0>  (8SS'0-90T'0) 8%2'0 SOW ¢ Je asuodsal ewsap3
9.0 (0zT'2-97€0) L98°0 7000 (529'0-T€T0) 862°0 Sow g Je asuodsal Jown |
5000 (€0L°0-9TT°0) L620  T000>  (9.7'0-T60°0) 612°0 SO G'T Je asuodsal ewap3
1000>  (65€°0-€50°0) ¥¥T'0  TOO'0>  (B0E0-SS50°0) 8ET'0 SOW G'T Je asuodsal Jown |
— — 290 (8G2'1-822'0) £€6'0 A9 ‘asop SYS
— — Jod 9y 1Byo
— — 010  (ST0°29-018°0) L9L°€ sasaydsiLay [eigais)
UoIyed0] UoISa]
— — 2e0 (Lv6'1-€20°0) 8T+'0 0T<
— — Jod 9y 01>
Xapul ewsp3
— — 880 (5e€'2-Gev0) G90°T gWd §'2<
— — JER| GRS gWd G'Z>
|oA BWBPT
— — 10 (€22'2-26€0) 09T'T W T<
— — o JE)] mEu T>
|OA Jown
— — €50 (TT0'2-297°0) L89°0 B3/6w o1
anfeA d (12 %56) ¥H aneA d (1D %56) ¥H a|cel A

SR eANIN N

a1l leAlun

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Neurosurg. Author manuscript; available in PMC 2020 September 03.



	Abstract
	Methods
	Patient Population and Data Collection
	Radiation and Ipilimumab Delivery
	Imaging Evaluation
	Statistical Analysis

	Results
	Patient and Lesion Characteristics
	Tumor and Edema Trajectory
	Local Failure
	Lesion Hemorrhage
	TRICs
	Radiation Necrosis

	Discussion
	Tumor and Edema Trajectory
	Local Failure
	Lesion Hemorrhage
	TRICs and RN

	Limitations
	Conclusions
	References
	FIG. 1.
	TABLE 1.
	TABLE 2.
	TABLE 3.
	TABLE 4.
	TABLE 5.

