
Neuro-Oncology Advances
3(1), 1–10, 2021 | https://doi.org/10.1093/noajnl/vdab164 | Advance Access date 15 November 2021

1

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. 
For commercial re-use, please contact journals.permissions@oup.com

© The Author(s) 2021. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Omar H. Butt, Alice Y. Zhou, Jiayi Huang , William A. Leidig, Alice E. Silberstein, Milan G. Chheda, 
Tanner M. Johanns, George Ansstas, Jingxia Liu, Grayson Talcott, Ruth Nakiwala, 
Joshua S. Shimony, Albert H. Kim, Eric C. Leuthardt†, David D. Tran†, and Jian L. Campian†

Department of Neurology, Washington University in St. Louis School of Medicine, St. Louis, Missouri, USA (O.H.B.); 
Division of Oncology, Department of Medicine, Washington University in St. Louis School of Medicine, St. Louis, Missouri, 
USA (A.Y.Z., M.G.C., T.M.J., G.A., G.T., R.N., J.L.C.); Department of Radiation Oncology, Washington University in St. Louis 
School of Medicine, St. Louis, Missouri, USA (J.H.); Department of Biology, Washington University College of Arts & 
Sciences, St. Louis, Missouri, USA (W.A.L.); Department of Biology, Washington University in St. Louis School of Medicine, 
St. Louis, Missouri, USA (A.E.S.); Division of Public Health Sciences, Department of Surgery, Washington University in St. 
Louis School of Medicine, St. Louis, Missouri, USA (J.L.); Mallinckrodt Institute of Radiology, Washington University in St. 
Louis, St. Louis, Missouri, USA (J.S.S.); Brain Laser Center, Department of Neurological Surgery, Washington University 
in St. Louis School of Medicine, St. Louis, Missouri, USA (A.H.K., E.C.L., J.L.C.); Department of Neurological Surgery, 
Washington University in St. Louis School of Medicine, St. Louis, Missouri, USA (A.H.K., E.C.L.); Department of Biomedical 
Engineering, Washington University in St. Louis School of Medicine, St. Louis, Missouri, USA (E.C.L.); Department 
of Mechanical Engineering and Material Sciences, Washington University in St. Louis School of Medicine, St. Louis, 
Missouri, USA (E.C.L.); The Brain Tumor Center, Washington University, Siteman Cancer Center, St. Louis, Missouri, USA 
(O.H.B., A.Y.Z., J.H., M.G.C., T.J., G.A., G.T., R.N., J.S.S., A.H.K., E.C.L., J.L.C.); Division of Neuro-Oncology, Lillian S. Wells 
Department of Neurological Surgery, McKnight Brain Institute, The University of Florida College of Medicine, Gainesville, 
Florida, USA (D.D.T.)

Corresponding Authors: Jian L. Campian, Siteman Cancer Center, Division of Oncology, Department of Medicine, Washington 
University, 660 South Euclid Avenue, St. Louis, MO 63110, USA (campian.jian@wustl.edu); David Tran, Division of Neuro-Oncology, 
Lillian S. Wells Department of Neurosurgery, University of Florida College of Medicine, 1149 South Newell Drive, L2-100, Gainesville, 
FL 32611, USA (david.tran@neurosurgery.ufl.edu); Eric C. Leuthardt, Brain Laser Center, Department of Neurological Surgery, 
Washington University, 660 South Euclid Avenue, St. Louis, MO 63110, USA (leuthardte@wustl.edu).

†These senior authors contributed equally to this work.

Trial Registration: ClinicalTrials.gov NCT01851733

Abstract
Background. The blood-brain barrier (BBB) is a major limiting factor for drug delivery in brain tumors. Laser in-
terstitial thermal therapy (LITT) disrupts the peritumoral BBB. In this study, we examine survival in patients with 
recurrent glioblastoma (GBM) treated with LITT followed by low-dose doxorubicin, a potent anti-neoplastic drug 
with poor BBB permeability.
Methods.  Forty-one patients with recurrent GBM were enrolled; thirty patients were evaluable. Participants under-
went LITT followed by 6 weekly doxorubicin treatments starting within one week (Early Arm) or at 6–8 weeks (Late 
Arm) after LITT. The overall survival (OS), local progression-free survival (PFS), and any PFS were compared to his-
torical controls treated with bevacizumab salvage therapy (n = 50) or LITT with standard BBB-permeable salvage 
therapy (n = 28). Cox proportional-hazards models examined the contribution of age, gender, MGMT promoter 
status, and IDH-mutation status on any PFS and OS. Adverse events were also cataloged.
Results. The Late Arm and all patients (Early Arm + Late Arm) demonstrated significant improvement in OS com-
pared to historical controls treated with bevacizumab (p < 0.001) and LITT with standard salvage therapy (p < 0.05). 

A phase II study of laser interstitial thermal therapy 
combined with doxorubicin in patients with recurrent 
glioblastoma
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No significant difference in any PFS was observed between either arm and historical controls. Low-dose 
doxorubicin was well tolerated with comparable adverse event rates between the arms.
Conclusions.  Low-dose doxorubicin given after LITT is well tolerated and correlated with higher OS com-
pared to historical controls treated with bevacizumab or LITT with standard salvage chemotherapy. A larger 
study is needed to further characterize survival and progression patterns.

Key Points

1. LITT combined with low-dose doxorubicin is associated with longer overall survival 
in recurrent GBM compared to historical controls.

2. Low-dose doxorubicin is safe for patients, even with extended (>6 weeks) dosing.

Recurrent glioblastoma (GBM) remains devastatingly le-
thal with a median overall survival (OS) of 9.3 months and 
only 76% of patients alive at 6 months after initial therapy.1 
Many phase II and phase III studies examining novel treat-
ments have failed to demonstrate statistically meaningful 
survival benefits.2–8 Recurrent GBM tends to arise from mi-
croscopic infiltrative disease extending beyond the contrast-
enhancing margin of the primary tumor.9 This study aims to 
target microscopic infiltrative disease within the peritumoral 
region to improve OS and delay local disease progression.

The blood-brain barrier (BBB) severely limits drug de-
livery to the central nervous system (CNS).10 This includes 
adjuvant anti-neoplastic agents directed at residual micro-
scopic disease. Doxorubicin has been shown to potently 
inhibit growth of glioma cells in vitro and in vivo.11,12 In 
contrast to temozolomide (TMZ), doxorubicin has negli-
gible BBB permeability.13–15 Improving peritumoral BBB 
permeability is critical for increasing the peritumoral con-
centrations of impermeant drugs like doxorubicin to target 
the microscopic infiltrative disease responsible for the ma-
jority of disease recurrences.16–18

MRI-guided laser interstitial thermal therapy (LITT) has 
been shown to induce BBB disruption and improve CNS 
drug delivery. LITT is a minimally invasive technique for 
selective thermal ablation of brain tissue.19–21 In animal 
models of glioma, LITT was demonstrated to induce BBB 
disruption, and LITT plus adjuvant doxorubicin increased 
survival in brain tumor-bearing mice compared to either 
intervention alone.22,23 In patients with recurrent GBM, 
we recently reported that LITT induced peritumoral BBB 
disruption as evidenced by elevated vascular transfer 

constant (Ktrans) of gadolinium and serum levels of 
neuron-specific enolase for up to 6 weeks after the pro-
cedure.24,25 Sustained increase in contrast permeability 
of BBB following LITT has also been reported to last up 
to 6 months after the acute phase.26 While post-LITT CNS 
drug concentrations are not known, this suggests a poten-
tial therapeutic window of improved delivery of otherwise 
BBB-impermeant therapeutic agents like doxorubicin.21,24 
It remains unknown whether LITT combined with doxoru-
bicin results in improved local progression-free survival 
(PFS) or overall survival in patients with recurrent GBM.

In this follow-up Phase II study, we combined LITT 
therapy with doxorubicin for the management of recur-
rent GBM. Patients were treated with LITT therapy and ran-
domized to either early doxorubicin administration within 
1 week after LITT (Early Arm), or to the late doxorubicin 
administration at 6-8 weeks after LITT (Late Arm). Detailed 
assessments of OS, PFS, and adverse event rates were as-
sessed and compared against historical controls.

Methods

Patients

The study protocol was approved by the Internal Review 
Board at the Washington University in St. Louis School of 
Medicine. Written informed consent was obtained from 
each participant prior to any trial-related activities. Forty-one 
adult patients (≥18 years old) with bevacizumab naïve GBM 
WHO grade IV who had unequivocal radiographic evidence 

Importance of the Study

The blood-brain barrier (BBB) poses a sig-
nificant challenge to central nervous system 
(CNS) drug delivery in glioblastoma (GBM). 
Overcoming this barrier will be key for the 
development of new therapies. MRI-guided 
LITT is a means to achieve both tumor 
cytoreduction and local BBB disruption. This 
study investigates the combination of LITT and 

systemic administration of doxorubicin, a BBB-
impermeant chemotherapy drug, as a treat-
ment approach for recurrent GBM. Our findings 
demonstrate that this combination therapy is 
well tolerated and is associated with improved 
overall survival when compared to historical 
controls. Further studies of this therapeutic ap-
proach for recurrent GBM are needed.
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constant (Ktrans) of gadolinium and serum levels of 
neuron-specific enolase for up to 6 weeks after the pro-
cedure.24,25 Sustained increase in contrast permeability 
of BBB following LITT has also been reported to last up 
to 6 months after the acute phase.26 While post-LITT CNS 
drug concentrations are not known, this suggests a poten-
tial therapeutic window of improved delivery of otherwise 
BBB-impermeant therapeutic agents like doxorubicin.21,24 
It remains unknown whether LITT combined with doxoru-
bicin results in improved local progression-free survival 
(PFS) or overall survival in patients with recurrent GBM.

In this follow-up Phase II study, we combined LITT 
therapy with doxorubicin for the management of recur-
rent GBM. Patients were treated with LITT therapy and ran-
domized to either early doxorubicin administration within 
1 week after LITT (Early Arm), or to the late doxorubicin 
administration at 6-8 weeks after LITT (Late Arm). Detailed 
assessments of OS, PFS, and adverse event rates were as-
sessed and compared against historical controls.

Methods

Patients

The study protocol was approved by the Internal Review 
Board at the Washington University in St. Louis School of 
Medicine. Written informed consent was obtained from 
each participant prior to any trial-related activities. Forty-one 
adult patients (≥18 years old) with bevacizumab naïve GBM 
WHO grade IV who had unequivocal radiographic evidence 

of tumor recurrence were screened for eligibility (Table 1) 
in this phase II trial (ClinicalTrials.gov identifier number 
NCT01851733). Patients with rare GBM variants or sus-
pected secondary GBM that developed from a lower grade 
tumor were eligible. Inclusion criteria for recurrent tumors 
included tumor size ≤3 cm in the largest dimension, at least 
12 weeks after completion of radiotherapy with concurrent 
TMZ or if pseudo-progression was excluded by PET-scan, 
a KPS score greater or equal to 60, a candidate for MRI-
guided LITT, sufficient cardiac, bone marrow, and hepatic 
functions, and no prior cytotoxic chemotherapy within 2–4 
weeks (2 weeks for vincristine, 3 weeks for procarbazine, 
and 4 weeks for other cytotoxic chemotherapies). Patients 
with prior doxorubicin or bevacizumab exposure were 

specifically excluded (See Supplementary Material 1 for full 
study inclusion and exclusion criteria).

Trial Design and Treatments

The main objective of this Phase II clinical trial was to deter-
mine local PFS, any PFS, and OS in patients who receive 6 
doses of 20 mg/m2 IV weekly doxorubicin beginning within 
72 hours (Early Arm) or 6–8 weeks (Late Arm) after LITT as 
compared to historical controls treated with LITT followed 
by standard salvage therapy with TMZ/lomustine (CCNU) or 
bevacizumab. As described previously,24 the first 10 patients 
were assigned to the Late (doxorubicin treatment) Arm with 
the remainder randomized at a 2:1 ratio to either the Early 
Arm or Late Arm (Figure 1). Five patients did not meet inclu-
sion criteria. A further three individuals did not receive the 
allocated intervention in each arm (six total). Patients must 
have received at least 2 doses of doxorubicin to be evaluable.

MRI-Guided Laser Thermal Ablation Therapy

LITT is a minimally invasive laser surgery currently ap-
proved by the FDA for interstitial thermal treatment of 
brain lesions.21,24,27–30 In this procedure, a small incision is 
made, followed by a small burr hole into the skull, through 
which a laser probe is inserted and guided by MRI to a 
tumor mass where it delivers ablative thermal energy. LITT 
can raise internal temperature at the lesion core up to 70°C, 
resulting in coagulative necrosis, which decreases to a 
temperature of 40-45°C in the peritumoral region.27

Historical Controls

Study arms were compared to a cohort of fifty (n = 50) re-
current GBM historical controls treated using bevacizumab 
as stipulated in the original study protocol and a cohort 
of twenty-eight (n = 28) recurrent GBM historical controls 
treated with LITT followed by standard chemotherapy in-
cluding TMZ and CCNU as well as bevacizumab. Among 
historical controls treated with bevacizumab, inclusion 
criteria required that patients had progressed following 
definitive radiotherapy and concurrent TMZ followed 
by adjuvant TMZ, had received up to one prior salvage 
chemotherapy regimen, and no prior cytotoxic chemo-
therapy within 4-6 weeks (4 weeks for TMZ or 6 weeks 
for PCV/BCNU). Similar to our cohort, patients with prior 
bevacizumab exposure were excluded.31 Historical LITT 
controls were patients who underwent LITT for a recurrent 
GBM followed by standard of care chemotherapy. Like our 
study patients, no more than 2 prior recurrences were per-
mitted and the recurrent glioma must not carry a IDH1 mu-
tation (IDHR132H) per immunohistochemistry (IHC).32 Tumor 
volume/size and IDH1 mutation status were not previously 
reported for the bevacizumab control group.31

Statistical Analysis

Two group t-tests were used for demographic compari-
sons between continuous variables in the Late and Early 

  
Table 1.  Patient Characteristics

All Late arm Early arm p

n 30 16 14  

Age at 
discovery(mean)

57.3 56.8 57.9 0.75

Gender     

Male (n,%) 19 (63%) 8 (50%) 11 (79%) 0.11

Female (n, %) 11 (37%) 8 (50%) 3 (21%)  

Race     

Caucasian (white, 
non-Hispanic)

30 (100%) 16 (100%) 14 (100%) -

KPS at enrollment

mean KPS score 
(SD)

84 (±9) 81 (±10) 88 (±7) 0.07

Steroids pre-LITT     

on Dexamethasone 
(n,%)

7 (23%) 5 (31%) 2 (14%) 0.27

Tumor     

WHO grade IV 
(n,%)

30 (100%) 16 (100%) 14 (100%) -

Frontline/initial 
surgery

    

Gross total (n,%) 23 (77%) 12 (75%) 11 (79%) 0.82

Subtotal (n,%) 3 (10%) 1 (6%) 2 (14%) 0.46

Biopsy (n,%) 4 (13%) 3 (19%) 1 (7%) 0.35

MGMTp status     

Unmethylated 16 (53%) 7 (44%) 9 (64%) 0.26

Methylated 11 (37%) 7 (44%) 4 (29%) 0.39

Indeterminate 3 (10%) 2 (12%) 1 (7.1%) 0.63

IDH1 status     

Wildtype 28 (93%) 14 (88.5%) 14 (100%) 0.17

 Mutated 0 (0%) 0 (0%) 0 (0%) -

Unknown 2 (7%) 2 (12.5%) 0 (0%) 0.17

Demographic and tumor characteristics of analyzed individuals of 
the Late Arm (doxorubicin 6 weeks after LITT) or Early Arm (doxoru-
bicin a week after LITT). P values reflect between group compari-
sons using unpaired t-tests for continuous variables and chi-square 
tests between categorical values. Both groups received identical 
median doses of doxorubicin (n = 6). Additional details available in 
Supplementary Table 1.
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Arms. Chi-square tests were used for comparisons be-
tween categorical variables. For both arms, OS was de-
fined as the months from the date of intervention (LITT) 
to date of death. Likewise, local PFS was defined using 
modified RANO criteria33 relative to the date of LITT, with 
a further requirement of disease progression within 3 cm 
of the outer rim of the LITT site. For both study arms and 
historical controls treated with LITT, any PFS was defined 
as the months from intervention (date of LITT) to date of 
progression from any cause or death, with alive patients 
without progression censored at the last follow-up. In con-
trast for the bevacizumab control group, OS and PFS were 
calculated relative to date of bevacizumab treatment.31

Kaplan-Meier (KM) curves for OS and PFS were gener-
ated that provide unadjusted survival estimates for the 
patients and across arms. Differences between arms were 
determined by log-rank tests. The median OS and PFS (95% 
CI) for each arm were calculated. Cox proportional-hazards 
models were used to evaluate the relationship of the age 
at discovery, sex, MGMT promoter methylation status, and 
IDH1-mutation status per IHC vs. survival for the study arms 
vs. historical LITT controls. Unfortunately, MGMT promoter 
methylation status and IDH1 mutation status were not avail-
able for the historical bevacizumab controls.31 The propor-
tionality assumption was tested by adding a time-dependent 
covariate for each variable. The variables with p < 0.20 from 
univariate models were considered in the multivariate 
model. All statistical tests were two-sided using an α = 0.05 
level of significance. Survival curves were generated using 

Matlab (MathWorks®) using the matSurv function,34 and in-
dependently verified using SAS Version 9.4 (Cary, NC); SAS 
was also used to perform all statistical modeling.

Results

Patient Characteristics

Forty-one bevacizumab-naïve patients with suspected re-
current GBM were enrolled (Figure 1). Five patients (1002, 
1003, 1006, 1008, and 1011)  were excluded for failing to 
meet the inclusion criteria when a needle biopsy immedi-
ately prior to LITT failed to demonstrate histologic recur-
rent GBM. Patient 1015 (Late Arm) developed multifocal 
progression noted on the week-6 MRI scan and was re-
moved from the study. Patient 1021 (Late Arm) withdrew. 
Patient 1028 (Early Arm), 1030 (Early Arm), and 1031 (Late 
Arm) missed their treatment window and were taken off 
the study. Patient 1039 (Early Arm) was lost to follow-up. 
In total, thirty patients (sixteen—Late Arm, fourteen—
Early Arm) were evaluable for the study (Table 1). The ma-
jority (77%) underwent a frontline gross total resection. 
All recurrent tumors were approximately 3 cm or less at 
the longest dimension and varied in their anatomical lo-
calization (Supplementary Table 1). Both study arms re-
ceived an identical median of six doses of doxorubicin. The 
control groups had comparable characteristics (Table 2, 
Supplementary Table 2).

  
Assessed for eligibility (n = 41)

LITT procedure (n = 41)

First n = 10 assigned to late chemo arm
Randomized (late n = 9, early n = 17)

Allocated to late
doxorubicin (n = 19)

Allocated to early
doxorubicin (n = 17)

Excluded (n = 5)
- Not meeting inclusion criteria (n = 5)

Did not receive allocated intervention (n = 3)
-did not receive full treatment (n = 2)

-lost to follow-up (n = 1)

Received allocated
intervention (n = 14)

Received allocated
intervention (n = 16)

Did not receive allocated intervention (n = 3)
-progressed at six weeks (n = 1)

-did not receive full treatment (n = 1)
-withdrew (n = 1)

Analyzed (n = 16) Analyzed (n = 14)

Early
Arm

Late
Arm

Figure 1.  Study design. A total of 41 participants were divided into the Late Arm (doxorubicin 6 weeks after LITT) or Early Arm (doxorubicin a week 
after LITT) as follows: the first 10 participants were assigned to the Late Arm, then the next 30 were randomized at a ratio of 2:1 to either the Early or 
Late Arms. Evaluable patients must have received at least 2 doses of doxorubicin.
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-did not receive full treatment (n = 2)

-lost to follow-up (n = 1)

Received allocated
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Received allocated
intervention (n = 16)
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-progressed at six weeks (n = 1)

-did not receive full treatment (n = 1)
-withdrew (n = 1)

Analyzed (n = 16) Analyzed (n = 14)

Early
Arm

Late
Arm

Figure 1.  Study design. A total of 41 participants were divided into the Late Arm (doxorubicin 6 weeks after LITT) or Early Arm (doxorubicin a week 
after LITT) as follows: the first 10 participants were assigned to the Late Arm, then the next 30 were randomized at a ratio of 2:1 to either the Early or 
Late Arms. Evaluable patients must have received at least 2 doses of doxorubicin.

  

Overall Survival

A significant improvement in OS was observed be-
tween historical bevacizumab controls and the Late Arm 
(p < 0.001; Figure 2A), the Early Arm (p < 0.05; Figure 2B), 
and the combined Arms (p < 0.001; Supplementary Figure 
1E). Similarly, a significant improvement in OS was de-
tected between historical LITT controls and the Late arm 
(p  <  0.05; Figure 2E), and the combined Arms (p  <  0.05; 
Supplementary Fig 1G), but not the Early Arm alone (Figure 
2F). No difference in OS was observed comparing between 
the Late Arm and the Early Arm (Supplementary Figure 
1C). Comparable results were obtained when including the 
three study patients who received a single dose of doxoru-
bicin (Supplementary Material 2).

The median OS for the Late Arm was 13.6 months (95% CI 
[12.2 17.1]) with a 94% probability of survival at 6 months. 
Median OS for the Early Arm was 11.6 months (95% CI [7.8 
13.3]) with 93% probability of survival at 6 months. Median 
OS for the combined Arms was 13.0  months (95% CI: 
11.5-14.7) with a 93% probability of survival at 6 months. 

Median OS for historical controls treated with LITT was 
8.9 months (95% CI [6.6 11.7]) with a 79% probability of sur-
vival at 6 months.

Univariate Cox modeling mirrored these results with a 
significant improvement in OS between historical LITT 
controls and the Late Arm (p = 0.021, HR 0.47 (95% CI [0.24 
0.89])) and the combined Arms (p  = 0.023, HR 0.53 (95% 
CI [0.31 0.92])). No difference in OS was observed be-
tween the Early Arm and historical LITT controls (p = 0.25). 
Multivariate modeling noted patients with methylated 
tumors had better OS even after accounting for group 
status (late arm and combined arms; See Supplementary 
Material 3). However, no contribution of age at discovery, 
sex, or IDH1 (IDHR132H) mutation status (wild-type vs. un-
known) was observed for any Arm vs controls.

Progression-Free Survival

For the Late Arm, the local PFS at 6 months was 31% (95% 
CI: 11–54%) and the median local PFS was 5.1 (95% CI: 3.2–
6.8) months. For the Early Arm, the local PFS at 6 months 
was 36% (95% CI: 13–59%) and the median local PFS was 
5.8 (95% CI: 4.1–6.3) months. No difference in local PFS 
was observed comparing between the Late Arm and the 
Early Arm (Supplementary Figure 1A). Local PFS was una-
vailable for historical controls treated with LITT.

No difference in any PFS was also observed between 
arms (Supplementary Figure 1B), or between either arm 
and historical controls treated with bevacizumab (Figure 
2C, D) or LITT (Figure 2G, H). For the Late and Early Arms, 
the rate of any PFS at 6 months was 25% (95% CI: 8–47%) 
and 29% (95% CI: 9–52%), while median any PFS was 5.0 
(95% CI: 3.2–5.9) and 4.8 (95% CI: 3.2–6.1) months, respec-
tively. When both arms were combined (Late+Early), any 
PFS at 6 months was 27% (95% CI: 13–43%) and median 
PFS was 4.9 (95% CI: 4.5–5.9) months (Supplementary 
Figure 1D, F), compared to historical controls treated with 
LITT followed by standard salvage therapy with PFS at 
6 months of 46.4% (95% CI: 28–63%) and median any PFS 
of 5.6 (95% CI: 2.7–7.6) months.

Univariate Cox modeling also demonstrated no differ-
ence in any PFS between historical controls treated with 
LITT and the Late Arm, the Early Arm, or the combined 
Arms (all p > 0.05). Likewise, no group difference in any 
PFS between either the Late Arm, Early Arm, or combined 
arms and historical LITT controls was observed in multi-
variate models controlling for MGMT promoter status (See 
Supplementary Material 3).

Finally, three of fourteen patients in the Early Arm dem-
onstrated distal prior to local progression. In contrast, 
this was observed in only one patient in the Late Arm. 
However, given the small sample sizes, this was not statis-
tically significant.

Adverse Events

Both study arms were well tolerated with comparable 
event rates between the study arms (Table 3). Headache, 
nausea, and fatigue were the most common grade 1 
events. The majority of grade 3 events were hematologic 

  
Table 2.  Historical Control Characteristics

Bevacizumab LITT

n 50 28

Age at treatment (mean) 61.4  61.3

Gender   

Male (n,%) 33 (66%)  17 (61%)

Female (n, %) 17 (34%) 11 (39%)

Race   

Caucasian (white, non-Hispanic) Not reported 22 (79%)

median KPS score 80 90

Steroids pre-intervention   

on Dexamethasone (n,%) 34 (68%) 10 (36%)

Tumor   

WHO grade IV (n,%) 50 (100%) 28 (100%)

Frontline/initial surgery   

Gross total (n,%) 19 (38%) 18 (64%)

Subtotal (n,%) 15 (30%) 5 (18%)

Biopsy or unclear (n,%) 16 (32%) 5 (18%)

MGMTp status   

Unmethylated Not reported 13 (46%)

Methylated Not reported 12 (43%)

Indeterminate Not reported 3 (11%)

IDH1 status   

Wildtype Not reported 24 (86%)

 Mutated Not reported 0 (0%)

Unknown Not reported 3 (14%)

Demographic and tumor characteristics of the two control groups. 
Bevacizumab controls reflected historical controls available in the 
literature (31). The LITT control group were historical controls with 
recurrent GBM who lacked an IDH1 mutation. Additional details 
available in Supplementary Table 2.
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Figure 2.  Survival curves. Overall survival between the bevacizumab historical controls and (A) Late Arm or (B) Early Arm. Progression-free 
survival between the bevacizumab historical controls and the (C) Late Arm or (D) Early Arm. Progression in study arms was defined as any 
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leukopenia or neutropenia. A minority also reported grade 
3 fatigue (one event in each arm). Two grade 4 neutropenia 
events were observed in the Early Arm. Two grade 4 events 
unrelated to the study were also observed in the Early Arm 
(bacterial meningitis complicated by ventriculomegaly 
prior to doxorubicin dosing). There were no grade 5 events.

Discussion

LITT is a minimally invasive surgical tool that simultane-
ously cytoreduces tumors while improving local CNS per-
meability through peritumoral BBB disruption. Doxorubicin 
is a potent anti-neoplastic agent whose efficacy in brain 
tumors is hampered by its limited CNS penetration. In 
this study, a low weekly dose of 20 mg/m2 IV doxorubicin 
was associated with significant improvement in OS when 
coupled with LITT for patients with recurrent GBM com-
pared to historical controls treated bevacizumab alone 
or with LITT followed by standard nondoxorubicin, BBB-
permeant salvage chemotherapy. One caveat is that tumor 
size and molecular profile were not reported and therefore 
could not be controlled in the historical bevacizumab con-
trols. Recurrent GBM tumors that are amenable to LITT 
are generally smaller (<=3-4cm) potentially biasing the re-
sults. This is why comparison to historical LITT controls is 
critical. Historical LITT controls also permitted controlling 
for other prognostic factors such as IDH1 mutation status 
and MGMTp methylation status. No significant difference 
in PFS was observed; however, a higher frequency of pa-
tients in the Late Arm developed distal prior to local pro-
gression. Finally, low dose weekly doxorubicin was well 
tolerated between both arms.

Since there is no consensus standard treatment for re-
current GBM, many ongoing studies examine immu-
notherapy,35 novel agents targeting tumor sensitivity 
to alkylating agents,36 and targeting specific molecular 
profiles, among others. Salvage therapies, particularly 
for patients with MGMT promoter methylation, include 
CCNU or procarbazine combination therapies and a TMZ 
rechallenge.37–39 Side effects for these salvage therapies 
can be significant37,38 with common severe hematologic 
toxicity, resulting in a delay in chemotherapy in upwards 
of 30% and cessation in over 10% of patients.37 Here we 
demonstrate weekly low dose doxorubicin improved OS 
with only 8 participants (22% of 36 evaluable) developing 
adverse grade III/IV hematological events. Of those, 7 
(19%) required dose delay and 1 (3%) required dose mod-
ification. Notably, three evaluable participants (8%) had a 
doxorubicin cessation for nonhematologic adverse events 
unlikely related to the study, including stroke and infection.

This study specifically examined local vs. distal recur-
rence by calculating local and any (i.e., neuraxis) PFS at 
6 months. This primary study endpoint was not met with 
low dose doxorubicin demonstrating only comparable 
local PFS at 6 months to recurrent GBM historically treated 
with bevacizumab. Bevacizumab is a steroid-sparing agent 
known to improve PFS but provide no benefit in OS.40–42 
Often given in conjunction with salvage chemotherapy, 
recurrent GBM treated with bevacizumab demonstrate a 
PFS at 6 months between ~30–40%31,42 compared to less 
than 20% for salvage chemotherapy alone.42 Poor CNS 

  
Table 3.  Adverse Events

Event category All Late arm Early 
arm

Eye disorders 7 1 6

Gastrointestinal disorders 31 18 13

General/Constitutional 31 (3) 12 (1) 20 (2)

Infectious 7 (2) 4 (1) 3 (1)

Injury/Falls 9 7 2

Hematologic 23 (11) 13 (5) 10 (6)a

Immune system 1 0 1

Nutrition/Metabolism 7 (2) 4 (1) 3 (1)

Musculoskeletal and con-
nective tissue

5 (2) 3 (1) 2 (1)

Nervous system 37 (6) 11 (4) 26 (2)b

Psychiatric 15 7 8

Renal 2 0 2

Respiratory 5 2 3

Skin/Cutaneous 9 7 2

Vascular disorder 2 (1) 0 2 (1)c

Summary of adverse events by category, grouped by study arm. 
Number of grade 3 or higher events are included in paracenteses. 
There were no grade 5 events. A given participant may have multiple 
events (e.g. neutropenia and leukopenia). Two grade 4 events ob-
served in the Early Arm were determined related to the studya and two 
unrelated to the studyb,c

aTwo participants developed grade 4 neutropenia, one of whom re-
quiring dose delay
bTwo weeks post-LITT, a patient presented to the emergency 
department with acute altered mental status, nausea, and somno-
lence. Acute interval ventriculomegaly was discovered on imaging 
prompting the placement of a left-sided external ventriculostomy 
drain. Subsequent CSF evaluation identified an incidental acute bac-
terial meningitis which was ultimately managed with antibiotics. As 
the patient had not received the chemotherapy for the study, it was 
determined unrelated to the study
c Two weeks post-LITT, a patient presented to the emergency 
department with acute altered mental status, nausea, and somno-
lence. Acute interval ventriculomegaly was discovered on imaging 
prompting the placement of a left-sided external ventriculostomy 
drain. Subsequent CSF evaluation identified an incidental acute bac-
terial meningitis which was ultimately managed with antibiotics. As 
the patient had not received the chemotherapy for the study, it was 
determined unrelated to the study.

  

progression relative to intervention (See Methods). Overall survival between the LITT historical controls and the (E) Late Arm or (F) Early Arm. 
Finally, progression-free survival between the LITT historical controls and the (G) Late Arm or (H) Early Arm. No censoring in any progression-free 
survival comparisons. Two participants still living at 60 months (n = 1 in the Late Arm, n = 1 in the Early Arm) were censored at the last follow-up 
for overall survival comparisons.
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penetration of doxorubicin distal to the LITT site likely ex-
plains the lower any PFS compared to local PFS observed 
in our cohort.

LITT has been shown to disrupt the peritumoral BBB, al-
though the duration of clinically relevant BBB disruption is 
unknown. In an animal model, LITT triggered an increase 
in BBB permeability permitting passage of molecules the 
side of immunoglobin for up to one month after LITT.22 Our 
previous human study also demonstrated a transient ele-
vation in serum BSE levels peaking 1–3 weeks after LITT, 
before returning to baseline by 6 weeks.24 BSE is a 78 kDa 
γ-homodimer43 compared to 0.54 kDa mass of doxorubicin. 
BBB permeability to comparably smaller molecules may 
persist beyond 6 weeks. This is supported by recent work 
demonstrating sustained contrast enhancement 6 months 
after LITT using an approximately 0.6 kDa contrast agent.26 
Our previous work using dynamic contrast enhanced (DCE) 
MRI, which used an approximately 1kDa agent, revealed an 
early peak immediately after LITT followed by a gradual 
loss of signal over the subsequent 4 weeks.24 The lack of 
sensitivity for sub-kDa permeability changes may explain 
the difference in results.

If LITT results in prolonged permeability to sub-kDa mol-
ecules as suggested by Morris and colleagues,26 then the 
arm with the greater duration of therapy should have im-
proved OS. Such a model assumes minimal added efficacy 
of doxorubicin over LITT in the short term. In this study, 
both arms underwent a median 6 doses of doxorubicin, 
however, the Late Arm was distributed over a longer in-
terval due to the 6 week pause immediately following LITT. 
The Early Arm was comparably shorter, as doxorubicin 
was started immediately after LITT. Indeed, counter to the 
original hypothesis, improvements in OS were most pro-
nounced in the Late Arm, where chemotherapy was started 
6 weeks after LITT. Early low dose doxorubicin (Early Arm) 
did not provide additional tumor control beyond LITT. This 
suggests that patients may further benefit from extension 
(beyond 6 doses) of weekly low-dose doxorubicin.

Early low dose doxorubicin may also alter tumor immu-
nogenicity by an immunomodulatory role by suppressing 
innate and adaptive immune cell proliferation.44 In this 
model, early low dose doxorubicin may suppress initial 
neutrophil and secondary macrophage infiltrate, leading 
to blunted BBB breakdown and long-term permeability.45 
In contrast, delaying doxorubicin may allow early immune 
infiltrate to further augment BBB breakdown and longer-
term permeability.

Other possible mechanisms may be related to more 
broad-ranging peritumoral alterations induced by LITT, 
of which altered BBB permeability is only one result. 
Here, key is the extent of alterations beyond the LITT 
margin into the peritumoral space, where temperatures 
of 40–45°C are observed.27 Supraphysiological temper-
atures may induce a host of inflammatory, epigenetic, 
and/or additional cytoarchitectural changes beyond 
increased BBB permeability alone. These changes to 
the peritumoral micro-environment may then further 
augment late doxorubicin treatment. Indeed, MGMTp 
status had a significant effect on OS even after control-
ling for group status in multivariate models, supporting 
a synergistic contribution of an alkylating agent like 
doxorubicin.

Our results support a model of LITT-mediated aug-
mentation of adjunctive therapy via either improved 
peritumoral BBB permeability or extent of peritumoral 
alterations after LITT. However, selection of the op-
timal therapy to couple with LITT remains an open 
question. Several ongoing clinical trials are currently 
testing various LITT-combination therapies, including 
LITT combined with immune checkpoint inhibitors 
such as pembrolizumab (NCT02311582) and avelumab 
(NCT03341806).

Our study did not demonstrate a difference in PFS be-
tween the study arms and our historical control group. 
This lack of improvement in PFS may suggest an al-
ternative prognostic factor not fully accounted for. By 
comparing with the historical LITT controls, IDH1 mu-
tation status, gross tumor volume, tumor locations, 
and number of recurrences were directly controlled. 
Furthermore, age, frontline surgery, and MGMTp status 
were all comparable between cohorts. Nonetheless, a 
secondary, yet unidentified factor may be driving the 
group differences in overall survival and warrants con-
tinued investigation. There are several additional limita-
tions of this study including its underpowered sample 
size to examine differences in local progression between 
arms and the lack of local vs. distal PFS information in 
the historical controls. The spatial distribution and lon-
gitudinal measurements of doxorubicin concentrations 
in the CSF following LITT remain unknown. A better un-
derstanding of doxorubicin concentrations, particularly 
at the tumor margin, may help determine the optimal 
duration and number of doses of doxorubicin to achieve 
better survival outcomes.

Nevertheless, results of this trial suggest that combining 
LITT with a wider class of BBB-impermeant anti-neoplastic 
agents is a safe and viable therapeutic strategy in recurrent 
GBM.

Supplementary material

Supplemental material is available at Neuro-Oncology 
Advances online.
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Our results support a model of LITT-mediated aug-
mentation of adjunctive therapy via either improved 
peritumoral BBB permeability or extent of peritumoral 
alterations after LITT. However, selection of the op-
timal therapy to couple with LITT remains an open 
question. Several ongoing clinical trials are currently 
testing various LITT-combination therapies, including 
LITT combined with immune checkpoint inhibitors 
such as pembrolizumab (NCT02311582) and avelumab 
(NCT03341806).

Our study did not demonstrate a difference in PFS be-
tween the study arms and our historical control group. 
This lack of improvement in PFS may suggest an al-
ternative prognostic factor not fully accounted for. By 
comparing with the historical LITT controls, IDH1 mu-
tation status, gross tumor volume, tumor locations, 
and number of recurrences were directly controlled. 
Furthermore, age, frontline surgery, and MGMTp status 
were all comparable between cohorts. Nonetheless, a 
secondary, yet unidentified factor may be driving the 
group differences in overall survival and warrants con-
tinued investigation. There are several additional limita-
tions of this study including its underpowered sample 
size to examine differences in local progression between 
arms and the lack of local vs. distal PFS information in 
the historical controls. The spatial distribution and lon-
gitudinal measurements of doxorubicin concentrations 
in the CSF following LITT remain unknown. A better un-
derstanding of doxorubicin concentrations, particularly 
at the tumor margin, may help determine the optimal 
duration and number of doses of doxorubicin to achieve 
better survival outcomes.

Nevertheless, results of this trial suggest that combining 
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agents is a safe and viable therapeutic strategy in recurrent 
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