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Abstract

Purpose.—Anti-angiogenic therapies are known to cause high radiographic response rates due 

to reduction in vascular permeability resulting in a lower degree of contrast extravasation. In 

the current study, we investigate the prognostic ability for model-derived parameters describing 

enhancing tumor volumetric dynamics to predict survival in recurrent glioblastoma treated with 

anti-angiogenic therapy.
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Experimental Design.—N = 276 patients in two phase II trials were used as training data, 

including bevacizumab +/− irinotecan (NCT00345163) and cabozantinib (NCT00704288), and 

N = 74 patients in the bevacizumab arm of a phase III trial (NCT02511405) were used for 

validation. Enhancing volumes were estimated using T1 subtraction maps, and a biexponential 

model was used to estimate regrowth g  and regression d  rates, time to tumor regrowth TTG , 

and the depth of response DpR . Response characteristics were compared to diffusion MR 

phenotypes previously shown to predict survival.

Results: Optimized thresholds occurred at g = 0.07months−1 (pℎase II :HR = 0 . 2579, 

P = 5 × 10−20; pℎase III :HR = 0 . 2197, P = 5 × 10−5); d = 0 . 11months−1 HR = 0 . 3365, 

P < 0 . 0001; HR = 0 . 3675, P = 0 . 0113); TTG = 3 . 8 months (HR = 0 . 2702, P = 6 × 10−17; 

HR = 0 . 2061, P = 2 × 10−5); and DpR = 11 . 3% (HR = 0 . 6326, P = 0 . 0028; HR = 0 . 4785, 

P = 0.0206). Multivariable Cox regression controlling for age and baseline tumor volume 

confirmed these factors as significant predictors of survival. Patients with a favorable pre-

treatment diffusion MRI phenotype had a significantly longer TTG and slower regrowth.

Conclusions: Recurrent glioblastoma patients with a large, durable radiographic response 

to anti-angiogenic agents have significantly longer survival. This information is useful for 

interpreting activity of anti-angiogenic agents in recurrent glioblastoma.

Keywords

Anti-VEGF therapy; recurrent glioblastoma; biomarker; treatment response; bevacizumab; 
glioblastoma; tumor growth model; antiangiogenic therapy; anti-VEGF; recurrent GBM

INTRODUCTION

Notwithstanding the importance of vascular epithelial growth factor (VEGF) in brain tumor 

biology (1,2) and promising initial responses to a variety of anti-VEGF therapies (3–7), 

confirmatory randomized phase II-III trials have not shown an overall survival (OS) benefit 

for patients with recurrent glioblastoma and there appears to be no direct association 

between objective response rate (ORR) and median OS when examining the literature (5,8–

15) (Fig. 1A). However, anecdotally, there are patients who experience robust responses 

to anti-VEGF therapy and subsequently appear to have a survival benefit when treated 

with anti-VEGF therapies, including those with specific diffusion MR phenotypes (16–18). 

Furthermore, bevacizumab is used with increasing frequency as the control arm in recurrent 

glioblastoma trials, or in combination trials with new therapeutics. Thus, a diagnostic 

tool for identifying patients having a beneficial response to anti-VEGF therapy, beyond 

traditional measures of simple tumor shrinkage vis-à-vis response rate, may have high 

clinical, scientific, social, and economic impact, as this costly form of therapy could be 

withheld until other options have been exhausted.

Due to the fact most patients with recurrent glioblastoma treated with anti-VEGF therapies 

show some radiographic response, we theorized a mathematical model that characterizes 

both this initial response component along with a rebound, or regrowth phase may be 

appropriate for describing the temporal behavior of these tumors. Consistent with this 
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concept, evidence suggests tumor regrowth rate during experimental treatment estimated 

using a biexponential model that incorporates both growth and regression rates showed 

a strong association with OS via serial serum prostate-specific antigen (19) and tumor 

volume measurements (20,21) in prostate and metastatic colorectal cancers, respectively. 

Thus, we hypothesized a comparable biexponential model could be used to model recurrent 

glioblastoma response to anti-angiogenic therapy, and parameters associated with this model 

will be predictive of OS. Further, we theorized the use of T1-weighted digital subtraction 

maps (22,23), where pre-contrast images are subtracted voxel-by-voxel from post-contrast 

images to highlight areas of subtle enhancement, would significantly improve the accuracy 

of tumor measurements in the context of anti-angiogenic therapies (22,23). The current 

study aimed to test this hypothesis by investigating the association between model-derived 

parameters describing enhancing tumor volumetric dynamics and OS in two phase II trials 

(training) and one phase III trial (validation) of recurrent glioblastoma treated with anti-

VEGF therapies including bevacizumab and cabozantinib.

MATERIALS AND METHODS

Patient Population

A total of 276 anti-VEGF treatment naïve recurrent glioblastoma patients with measurable 

enhancing tumor (>1cm3) and at least 3 time points including baseline available from 2 

separate multicenter phase II clinical trials were included in this study as training data. 

Among these 276 patients were 139 patients treated with bevacizumab with or without 

irinotecan as part of the BRAIN trial (5) (Roche/Genentech, AVF3708g; NCT00345163), 

an open-label, multicenter (11 sites), randomized, noncomparative phase II trial performed 

to assess the effectiveness of bevacizumab or bevacizumab (10mg/kg every 2 weeks) and 

irinotecan hydrochloride (340 mg/m2 or 125 mg/m2) with or without concomitant enzyme-

inducing antiepileptic drugs. The remaining 137 patients were treated with cabozantinib 

monotherapy as part of XL184–201 (12), a multicenter (8 sites), phase II, open-label, 

uncontrolled study of cabozantinib (XL184; Exelixis; NCT00704288), a tyrosine kinase 

inhibitor with principal targets of MET, VEGF receptors, AXL, and RET, at a dose of 

140 or 100 mg (free base equivalent weight, oral, daily) at first or second relapse. Along 

with these 276 phase II patients, an additional 74 patients with measurable enhancing 

tumor and at least 3 time points including baseline in the bevacizumab control arm in the 

phase III GLOBE trial (13) (VBL Therapeutics; NCT02511405), a randomized controlled 

trial comparing the efficacy and safety of upfront combination of ofranergene obadenovec 

(VB-111) and bevacizumab versus bevacizumab monotherapy (10mg/kg every 2 weeks), 

were included as a validation cohort. All patients enrolled in all trials signed institutional 

review board-approved written consent at the respective study sites and all studies were 

conducted in accordance with the Declaration of Helsinki. Additional information for these 

respective trials can be found in Friedman et al. (5) (BRAIN), Wen et al. (12) (XL184–201), 

and Cloughesy et al. (24) (GLOBE).

Magnetic Resonance Imaging

All anatomical MR images were acquired for all patients using a 1.5T or 3T MR scanner 

and included study-specific standardized pre- and post-contrast T1-weighted images and 
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2D axial T2-weighted FLAIR images. A subset of patients had diffusion MRI data 

at baseline available for analysis. For the current study, T1-weighted images pre- and 

post-administration of gadolinium-based contrast agents were used to quantify enhancing 

volumes, and consisted of either 2D axial turbo spin echo images with a slice thickness 

of 3–6-mm with an interslice gap of 0–2.5 mm, or a 3D inversion-prepared gradient echo 

with a 1–1.5-mm isotropic voxel size, consistent with international recommendations (25). 

In a subset of patients with diffusion MRI available, diffusion-weighted images (DWIs) 

were acquired before injection of contrast with TE/TR=80–110msec/4–10sec, NEX=1, slice 

thickness=5 with 0–1mm interslice gap, matrix size=128×128, and FOV=220–256mm using 

a monopolar spin-echo echo-planar preparation. Apparent diffusion coefficient (ADC) maps 

were calculated offline from the acquired DWIs using b = 0 s/mm2 and b = 1000 s/mm2 

images and used for subsequent analyses.

Post-Processing of MRI Data

Contrast-enhanced T1-weighted digital subtraction maps were used to extract contrast-

enhancing tumors while excluding blood products and necrotic lesions within the 

tumor as previously described (23,26,27). First, pre- and post-contrast T1-weighted 

images were co-registered using a six-degree-of-freedom rigid transformation and 

a mutual information cost function using FSL software (flirt; FMRIB Software 

Library, Oxford, England; http://www.fmrib.ox.ac.uk/fsl/). Then, Gaussian normalization 

of image intensity for both non-enhanced and contrast-enhanced T1-weighted images 

was performed using custom code courtesy of the National Institute of Mental 

Health Magnetoencephalography Core Facility (3dNormalize; NIMH MEG Core, 

kurage.nimh.nih.gov/meglab/Meg/3dNormalize). Next, bias field correction was performed 

(FAST; FMRIB Software Library, Oxford, England; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

FAST) and voxel-by-voxel subtraction between normalized non-enhanced and contrast-

enhanced T1-weighted images was performed. Image voxels with a positive (greater than 

zero) change in normalized contrast enhancement signal intensity (ie, voxels increasing in 

MR signal after contrast agent administration) were isolated within the lesion area, and 

estimates of tumor volume were obtained by combining areas of contrast enhancement on 

T1 subtraction maps with any regions of central necrosis (defined as being enclosed by 

contiguous, positive enhancing disease). A team of trained lab technologists generated initial 

segmentations, and all final volumes were reviewed by a single investigator (B.M.E.) who 

was blinded to other relevant metrics until study completion.

Mathematical Modeling

To describe both the initial volumetric regression plus tumor regrowth, a biexponential 

mathematical model(21) was applied to log-transformed, normalized volumetric 

measurements (Fig. 1B):

ln V t ln V 0 = e−dt + egt − 1 [Equation 1]

Here, V t  is the tumor volume (in mL) at time point t, V 0 is the baseline tumor volume (in 

mL), d is the tumor regression rate (months−1), g is the tumor regrowth rate (months−1), 

and ln is the natural logarithm. The curve_fit method from the SciPy python library (version 
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1.7.3) was used for nonlinear regression to fit the model to the volumetric data for each 

patient. The level of significance for curve fitting was set to P < 0.1 for the best estimate 

possible. Once estimates for d and g were obtained for each patient, the time to tumor 

regrowth (TTG) was estimated by finding the minimum of the curve through setting the 

derivative of Equation 1 to zero and solving for t.

TTG = ln d g d + g [Equation 2]

Lastly, the depth of response (DpR) was estimated by using model estimations of d, g, and 

TTG:

DpR = 1 − e−d · TTG + eg · TTG − 1 [Equation 3]

Note that for patients where d ≈ 0 or g ≈ 0, TTG and DpR could not be estimated.

ADC Histogram Analysis

T1 subtraction-defined enhancing tumor volumes were used to extract ADC values for 

ADC histogram analysis. Nonlinear regression of a double Gaussian mixed model was 

then performed for the extracted ADC histograms using GraphPad Prism, Version 4.0c 

(GraphPad Software, San Diego, California). The model used for the double Gaussian was 

defined by the following equation:

p ADC = f · N μADCL, σADCL + 1 − f N μADCH, σADCH , [Equation 4]

where p ADC  is the probability of obtaining a particular value of ADC in the histogram, f
is the relative proportion of voxels represented by the lower histogram, N μ, σ  represents a 

normal (Gaussian) distribution with mean, μ, and standard deviation, σ, ADCL represents the 

lower and ADCH represents the higher of the two mixed Gaussian distributions. Resulting 

model fits were visually inspected and rerun with different initial conditions until adequate 

convergence was obtained. Goodness of fit was determined to be adequate if the adjusted 

R2 > 0.7. Patients with favorable diffusion MR phenotypes were defined as those having 

ADCL > 1.24 um2/ms and those with non-favorable diffusion MR phenotypes were defined as 

those having ADCL < 1.24 um2/ms, based on previous studies (16,17,28–30).

Statistical Analysis

A Kruskal-Wallis test and Dunn’s test for multiple comparisons were used to test differences 

in estimates of g, d, TTG, and DpR across trial datasets used in the current study. Pearson’s 

correlation analyses and nonlinear regression were used to investigate the association 

between parameters. Optimal thresholds for each variable were determined from phase 

II data by finding the minimum log-rank hazard ratio and corresponding p-values with 

respect to OS in patients categorized as “high” vs. “low”, while changing the variable 

thresholds through the range of values as described previously (16). Reported p-values for 

phase II data were calculated using the approach described by Lausen and Schumacher 

(31). These thresholds were then validated using the phase III dataset to confirm these are 
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meaningful cutoffs for identifying survival differences between patients. Next, univariate 

Cox regression analysis was performed to assess the association between OS and continuous 

estimates of g, d, TTG, and DpR. Additional multivariate Cox regression analysis were 

performed by including age and baseline tumor volume in addition to each model parameter. 

Lastly, the association between estimates of g, d, TTG, and DpR were compared between 

pre-treatment diffusion MR phenotypes (higher or lower than ADCL = 1 . 24 um2/ms) using 

unpaired t-tests. Statistical significance was set at P < 0 . 05 and P-values were adjusted for 

multiple comparisons when stated. Statistical analyses were performed using a combination 

of GraphPad Prism (v7.0e; GraphPad Software, Boston, MA), Python 3.11.1, and Matlab 

(MATLAB 2022b, The MathWorks, Natick, MA).

RESULTS

A total of 255 of the eligible 276 phase II patients (92.4%) and 63 of the eligible 74 

phase III patients (85.1%) had sufficient model fit to experimental data and were included 

in subsequent analyses. Patient demographic data for the included patients can be found 

in Table 1. Fig. 1C illustrates an example patient with a strong radiographic response to 

bevacizumab in the phase II group, suggestive by a relatively low regression rate, d, and 

tumor regrowth rate, g. This is contrasted with an example patient in Fig. 1D showing rapid 

failure on bevacizumab as evidence by a rapid regression, d, and subsequently high regrowth 

rate, g and short TTG.

Distribution of Model Parameters Across Trials

Tumor regrowth rate (g) was significantly higher in patients treated with cabozantinib 

compared with bevacizumab monotherapy (Fig. 2A; Phase II BRAIN Trial, adjusted 
P = 0 . 01; Phase III VB111 control arm, adjusted P = 0 . 0003) and bevacizumab in 

combination with irinotecan (adjusted P = 0 . 0047). Also, tumor regression rate d  was 

significantly higher in patients treated with cabozantinib compared with bevacizumab 

monotherapy (Fig. 2B; Phase II, adjusted P = 0 . 0004; Phase III, adjusted P < 0 . 0001). 

Consequently, TTG was shorter for patients treated with cabozantinib compared with 

bevacizumab with or without irinotecan as part of the BRAIN trial (Fig. 2C; monotherapy, 
adjusted P = 0 . 0318; combination, adjusted P = 0 . 0008), but not when evaluated with 

respect to phase III data P > 0 . 05 . Also, DpR was significantly higher in patients treated 

with combination bevacizumab plus irinotecan compared with bevacizumab monotherapy in 

the phase III trial (Fig. 2D; adjusted P = 0 . 0343). Together, these results suggest slightly 

different volumetric responses across the different therapeutic arms.

Optimized Biomarker Thresholds

The optimal cutoffs for each model parameter were chosen by quantifying the minimum 

log-rank hazard ratio and p-values for increasing thresholds (Fig. 3A–D). The optimal 

cutoff for the largest difference in OS between groups was g = 0 . 07 montℎs−1 (Fig. 3A), 

d = 0 . 11 montℎs−1 (Fig. 3B), TTG = 3 . 8 months (Fig. 3C), and DpR = 11 . 3% or 35.2% 
(Fig. 3D). (Note that DpR is different than simply percentage change from baseline because 

the ratio is log-transformed.). An apparent log-log correlation was observed between TTG
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and regrowth rate g  (Fig. 3E), indicating that patients with short regrowth rates have 

longer time to tumor regrowth. Additionally, a significant linear correlation was observed 

between tumor regression rate d  and regrowth rate g  (Fig. 3F; Pearson’s correlation, 

R2 = 0 . 6769, P < 0 . 0001).

Univariate Evaluation and Validation Using Optimized Thresholds or Continuous Values

Kaplan-Meier curves applied to univariate Cox analyses for the combined phase II data 

was used to visualize the significant OS advantage in patients with lower tumor regrowth 

rate (Supplemental Table S1, Fig. 4A; threshold g < 0 . 07 mo−1; HR = 0 . 3121, Adjusted 

P < 0 . 001), lower regression rate (Fig. 4B; threshold d < 0 . 11 mo−1; HR = 0 . 3543, Adjusted 
P < 0 . 001) longer time to tumor regrowth (Fig. 4C; threshold TTG > 3 . 8 mo; HR = 0 . 3078, 

Adjusted P = 0 . 011), and deeper response using a threshold of DpR > 11 . 3% (Fig. 4D; 

HR = 0 . 6389, Adjusted P = 0 . 027) or DpR > 35 . 2% (Fig. 4E; HR = 0 . 4682, P = 0 . 0018) 

based on the optimized thresholds. These same trends toward longer survival were 

observed within each individual phase II trial (Supplemental Table S2; Supplemental 

Fig. S1), with the exception of DpR in the phase II cabozantinib monotherapy trial 

P = 0 . 7162 . When these same thresholds were applied to an independent phase III dataset 

(Table 3), results confirmed the OS differences based on regrowth rate (g) (Fig. 4F; 

HR = 0 . 2362, P < 0 . 0001), regression rate (d) (Fig. 4G; HR = 0 . 3724, P = 0 . 0082), time 

to regrowth (TTG) (Fig. 4H; HR = 0 . 2214, P < 0 . 0001), and depth of response using a 

threshold of 11.3% (Fig. 4I; HR = 0 . 478, P = 0 . 0177). However, a survival advantage in 

patients with a DpR > 35 . 2% was not demonstrated with this independent dataset (Fig. 4J; 

HR = 0 . 2453, P = 0 . 1280).

While these optimal values were chosen to maximize the difference in survival between 

groups, Fig. 3A–D suggests most thresholds for g, d, TTG, and DpR result in a significant 

survival difference. Univariate Cox regression analysis using continuous values confirmed 

these findings (Supplemental Tables S1, S4, S5), showing a significant survival advantage 

in patients demonstrating a slower tumor regrowth rate, g, (Phase II, P < 0 . 0001; Phase 
III, P < 0 . 0001), slower regression rate, d, (Phase II, P < 0 . 0001; Phase III, P = 0 . 0004), 

longer time to regrowth, TTG, (Phase II, P < 0 . 0001; Phase III, P = 0 . 0001), and larger 

depth of response, DpR (Phase II, P = 0 . 0010; Phase III, P = 0 . 0076) in the combined phase 

II and independent phase III trials. Individual phase II trials also showed similar trends 

(Supplemental Table S3), again with the exception of DpR in the phase II cabozantinib 

monotherapy trial P = 0 . 8476 .

Multivariable Cox Evaluation and Validation Using Optimized Thresholds or Continuous 
Values

To verify that g, d, TTG, and DpR were prognostic factors for survival independent of 

both age and baseline tumor volume, multivariable Cox regression was performed. Using 

continuous values, data from combined phase II trials confirmed that g (Supplemental 

Table S3; Cox, < 0 . 0001 , d P < 0 . 0001 , TTG P < 0 . 0001 , and DpR P = 0 . 0025  were 

independent predictors of survival, which was verified using the independent phase III 
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dataset (g, P < 0 . 0001; d, P = 0 . 0004; TTG, P < 0 . 0001; DpR, P = 0 . 0043). Importantly, 

baseline enhancing tumor volume was a strong independent prognostic factor for all Cox 

evaluations P < 0 . 0001 . In addition to continuous values, we verified that high and low risk 

groups defined using the optimal cutoff values were also predictors of survival independent 

of age and baseline tumor volume. Similar to continuous values, results from phase II trials 

confirmed and phase III trials verified that g < 0 . 07 mo . −1 (Table 2; Phase II, P < 0 . 0001; 

Phase III, P < 0 . 0001 , d < 0 . 11mo−1 (Phase II, P < 0 . 0001; Phase III, P = 0 . 0108 , TTG
(Phase II, P < 0 . 0001; Phase III, P < 0 . 0001), and DpR (Phase II, P = 0 . 0004; Phase III, 
P = 0 . 0084) were independent predictors of survival.

A composite index based on the combination of DpR and TTG was then created to 

further stratify risk for early death in recurrent glioblastoma patients treated with anti-

VEGF therapy (Fig. 5). Patients were stratified based on whether they had a favorable 

DpR DpR > 11 . 3% , favorable TTG TTG > 3 . 8mo), or both a favorable DpR and TTG. 

Results for the combined phase II datasets illustrated a significantly longer OS in 

patients exhibiting both a high DpR and TTG compared with those showing either a 

favorable DpR or TTG (Fig. 5A; mOS = 18 . 2 vs. 11.3 mo.; HR = 0 . 5567, Log-rank, 

P < 0 . 0001) or those with neither a favorable DpR or TTG (Fig. 5A; mOS = 18 . 2 vs. 
7.5 mo.; HR = 0 . 2859, P < 0 . 0001). Additionally, patients exhibiting either a favorable 

DpR or TTG had a significantly longer OS compared with those showing neither a 

high DpR or TTG (Fig. 5A; mOS = 11 . 3 vs. 7.5mo.; HR = 0 . 5530, P < 0 . 0001). These 

observations were then confirmed using the independent phase III dataset, where patients 

exhibiting both a favorable DpR and TTG had a significantly longer OS compared with 

patients showing either a favorable DpR or TTG (Fig. 5B; mOS=undefined vs. 8.4mo.; 
HR = 0 . 2226, P < 0 . 0001) and patients exhibiting either a favorable DpR or TTG showing 

a longer OS compared with those illustrating neither (Fig. 5B; mOS = 11 . 3 vs. 8.4mo.; 
HR = 0 . 3411, P = 0 . 0002). Importantly, phase III data did not confirm the previously 

observed survival difference between patients illustrating both high DpR and TTG and those 

showing either a high DpR or TTG (Fig. 5B; HR = 0 . 6565, P = 0 . 3376).

Diffusion MR Phenotypes Reflect Distinct Response Characteristics

Lastly, we tested whether response characteristics were intrinsic to diffusion MR phenotypes 

known to be predictive of anti-VEGF response (16–18). Phase II data in patients treated with 

bevacizumab with or without irinotecan showed that patients with a favorable diffusion MR 

phenotype (ADCL > 1 . 24 um2/ms) had a significantly lower regrowth rate g  (Supplemental 

Fig. S1A; P = 0 . 0185), lower regression rate d  (P = 0 . 0055), and longer TTG P = 0 . 0055 . 

Phase II data in patients treated with cabozantinib similarly showed that lower regrowth rate 

g  (Supplemental Fig. S1B; P = 0 . 0395) and longer TTG P = 0 . 0031  was associated with a 

favorable diffusion MR phenotype.

DISCUSSION

While anti-VEGF agents have not shown a significant survival advantage compared 

to cytotoxic chemotherapies in recurrent glioblastoma, bevacizumab received regulatory 
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approval and is used often for clinical care in the end stages of glioblastoma as well 

as a control arm or in combination with experimental therapy in clinical trials (32). 

As inexpensive bioequivalents of bevacizumab are becoming available, clinicians are 

increasingly using anti-VEGF therapies to manage vasogenic edema, inflammation, and 

neurologic symptoms without the side effects of corticosteroids. Given the high reported 

response rate and lack of apparent association between RANO response and survival benefit 

in anti-angiogenic agents (15), however, the field has been skeptical to use anatomic imaging 

to monitor these patients.

Results from the current study confirm that the combination of T1-weighted digital 

subtraction maps and mathematical modeling of the volumetric response can be used to 

identify patients who have a significant survival benefit when treated with anti-VEGF 

therapies, including bevacizumab and cabozantinib. Results pooled from multiple clinical 

trials indicate that tumors with more rapid regression rates after anti-VEGF treatment also 

tend to have a more rapid rebound or regrowth rate. These rapidly responding tumors also 

tend to have a shorter TTG, or durability of response, and have a significantly shorter 

survival. Multivariable Cox regression analysis confirmed these observations, validating that 

all volumetric response measures were independent predictors of OS (i.e. g, d, TTG, and 

DpR), even when controlling for both age and baseline tumor volume. Data also clearly 

demonstrates that the combination of the depth of response, DpR, larger than 11% and the 

durability of response, TTG, longer than 3.8 months was meaningful in terms of predicting 

long-term survival in patients treated with anti-VEGF therapies.

In addition to confirming that anatomic changes were meaningfully associated with survival 

benefit in anti-VEGF treatment, results from the current study also confirmed that patients 

with favorable diffusion MR phenotypes prior to treatment largely reflected the same 

patients with a favorable radiographic response and survival benefit. Our previous work has 

shown that diffusion MRI is one of the strongest predictive factors for anti-VEGF treatment 

outcome in recurrent glioblastoma (16–18), and appears to be associated with increased 

expression of molecules that modulate the stiffness of the extracellular matrix, namely 

decorin (33). The current study adds to this previous body of literature and specifically 

suggests that diffusion MRI, or perhaps intratumoral decorin expression, may be associated 

with benefit from anti-VEGF therapy as evidenced through a longer time to tumor regrowth 

(TTG) and slower tumor regrowth rate (g).

While the proposed biexponential model appears sufficient to characterize the response 

to anti-angiogenic agents, it may have utility in other treatments. However, the average 

objective response rate for recurrent GBM ranges between 3–8% for cytotoxic, biologic, and 

immunotherapies (34) therefore, tumor regression rate term (d), depth of response (DpR), 

and time to regrowth (TTG) may be of limited use in these (non-antiangiogenic) therapies. 

However, the model is flexible such that if a patient doesn’t have tumor shrinkage (d = 0), a 

slow tumor regrowth rate, g, may be of use to quantify tumor control and therapeutic benefit.

While results from the current study have important clinical and trial implications, there are 

some critical limitations that should be discussed. First, the current study was retrospective 

and some of the trials were conducted 10–15 years ago, so IDH mutation status and other 
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genetic factors were not available for all the patients. Thus, inclusion of other tumor types 

may have slightly contaminated our study cohort. Secondly, not all patients treated in the 

trials were evaluable using the approaches outlined in the current study, as adequate images 

were required and at least three time points including baseline were required to estimate 

the response parameters. Despite this limitation, a total of 255 of the eligible 276 phase II 

patients (92.4%) and 63 of the eligible 74 phase III (85.1%) could be evaluated, suggesting 

the outlined approach for characterizing volumetric response may not be as restrictive as 

initially thought.

CONCLUSIONS

Estimates of volumetric tumor regression rate (d), regrowth rate (g), time to regrowth (TTG), 

and depth of response (DpR) are significant and independent predictors of overall survival 

in recurrent glioblastoma treated with anti-VEGF therapy. Additionally, patients with 

favorable diffusion MRI characteristics prior to treatment had a significantly longer TTG
and slower tumor regrowth rate than patients with tumors exhibiting restricted diffusion. 

This information is useful for interpreting activity of anti-angiogenic agents in recurrent 

glioblastoma.
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Translational Relevance

Anti-angiogenic agents are often used as a control group in clinical trials and/or used to 

control late-stage disease in patients with recurrent glioblastoma, yet there are limited 

tools for interpreting radiographic changes due to the fact these agents directly alter 

vascular permeability within the tumor. The current study demonstrates that recurrent 

glioblastoma patients treated with anti-VEGF therapy who experience a large reduction 

in tumor size and long durability of the response measured using T1 subtraction maps 

have a significant survival benefit compared to patients who do not experience a response 

that is durable, providing confidence that long-term radiographic control of disease is 

meaningful for patient outcomes.
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Fig. 1. 
A) Historic lack of association between RANO response rate and median survival in 

recurrent glioblastoma treated with anti-VEGF agents (based on data summarized in 

Ellingson et al.(15) and documented in various trials (5,8–14)). B) Diagram depicting 

biexponential model of volumetric response. Time to tumor regrowth (TTG) is defined as the 

inflection point between the regression curve, d t , and the regrowth curve, g t , while depth 

of response DpR  is defined as the maximum decrease in (log-transformed) volume relative 

to baseline. C) Example patient with a favorable outcome demonstrating a slow response 

rate and TTG. D) Example patient illustrating a rapid response and regrowth rate, with a 

TTG less than 30 days.

Ellingson et al. Page 15

Clin Cancer Res. Author manuscript; available in PMC 2024 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Volumetric response parameter measurements for phase II and III trials.
A) Tumor regrowth rate g , B) regression rate d , C) time to tumor regrowth (TTG), and 

D) depth of response DpR  for bevacizumab monotherapy (phase II), bevacizumab and 

irinotecan (phase II), cabozantinib (phase II), and an independent phase III bevacizumab 

monotherapy cohort.
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Fig. 3. Optimization of thresholds and correlation between volumetric response parameters.
A) Log-rank P-values for different thresholds of tumor regrowth rate g , B) 

regression rate d , C) time to tumor regrowth (TTG), and D) depth of 

response (DpR). Optimized values were chosen based on the lowest P-value, 

or g = 0 . 07 mo−1, d = 0 . 11 mo−1, TTG = 3 . 8 montℎs, and DpR = 11 . 3% or 35.2%. E) 

Association between TTG and tumor regrowth rate (g). F) Association between tumor 

response rate (d) and regrowth rate (g).

Ellingson et al. Page 17

Clin Cancer Res. Author manuscript; available in PMC 2024 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Kaplan-Meier curves showing differences in overall survival for phase II and III studies 
using optimized thresholds for volumetric response parameters.
A) Survival in pooled phase II data stratified by g = 0 . 07 mo−1, B) d = 0 . 11 mo−1, 

C) TTG = 3 . 8 montℎs, D) DpR = 11 . 3% and E) DpR = 35 . 2%. F) Survival in phase 

III validation stratified by g = 0 . 07 mo−1, G) d = 0 . 11 mo−1, H) TTG = 3 . 8 montℎs, I) 

DpR = 11 . 3% and J) DpR = 35 . 2%.
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Fig. 5. Survival benefit of anti-VEGF treatment is dependent on depth and durability of 
response.
A) Kaplan-Meier curves for pooled phase II and B) phase III validation patients stratified 

by whether they had (1; black) no response or durability of tumor control (neither 
DpR > 11 . 3% nor TTG > 3 . 8 montℎs), (2; red) either a response or durable tumor control 

(either DpR > 11 . 3% or TTG > 3 . 8 montℎs), or (3; blue) a response and durable tumor 

control (DpR > 11 . 3% and TTG > 3 . 8 montℎs).
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