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Abstract 
Background.  Alterations in tumor growth rate (TGR) in recurrent glioblastoma (rGBM) after treatment may be 
useful for identifying therapeutic activity. The aim of this study was to assess the impact of volumetric TGR alter-
ations on overall survival (OS) in rGBM treated with chemotherapy with or without radiation therapy (RT).
Methods.  Sixty-one rGBM patients treated with chemotherapy with or without concomitant radiation therapy (RT) 
at 1st or 2nd recurrence were retrospectively examined. Pre- and post-treatment contrast enhancing volumes were 
computed. Patients were considered “responders” if they reached progression-free survival at 6 months (PFS6) 
and showed a decrease in TGR after treatment and “non-responders” if they didn’t reach PFS6 or if TGR increased.
Results.  Stratification by PFS6 and based on TGR resulted in significant differences in OS both for all patients 
and for patients without RT (P < 0.05). A decrease of TGR (P = 0.009), smaller baseline tumor volume (P = 0.02), 
O6-methylguanine-DNA methyltransferase promoter methylation (P = 0.048) and fewer number of recurrences (P = 
0.048) were significantly associated with longer OS after controlling for age, sex and concomitant RT.
Conclusion.  A decrease in TGR in patients with PFS6, along with smaller baseline tumor volume, were associated 
with a significantly longer OS in rGBM treated with chemotherapy with or without radiation. Importantly, all pa-
tients that exhibited PFS6 also showed a measurable decrease in TGR.

Key Points

• A small baseline tumor volume and a decrease in enhancing tumor growth rate after 
chemotherapy with or without radiation were associated with favorable survival.

• All patients that exhibited PFS6 had a decrease in tumor growth rate after treatment.

Change in volumetric tumor growth rate after cytotoxic 
therapy is predictive of overall survival in recurrent 
glioblastoma  
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Glioblastoma (GBM) is an aggressive tumor with an ex-
tremely poor prognosis.1,2 After recurrence, few standard 
treatment options exist,3,4 yet most exploratory new ther-
apies are tested in recurrent glioblastoma (rGBM). In 
the setting of single arm phase 1 expansion or phase 2 
trials in new therapies, time to event endpoints including 
progression-free survival (PFS) and overall survival (OS) 
are less informative due to numerous prognostic factors 
that are not controlled for, including baseline tumor size, 
age, O6-methylguanine-DNA methyltransferase (MGMT) 
status, etc.5–18 While objective response rates (ORRs) are 
meaningful in these single arm trial settings,19 many effec-
tive agents may result in at least temporary tumor growth 
rate stability and may not shrink the tumor to the degree 
required to reach a radiographic response. For this reason, 
we proposed a new imaging endpoint for identifying new 
promising therapies in single arm studies by defining a 
“clinical effect” in rGBM clinical trials defined through 
measurable alterations in tumor growth rate (TGR).20 Such 
an endpoint may bridge the gap between early phase trials 
that determine drug safety and late-stage trials quantifying 
efficacy.

Although many investigators agree that the proportion 
of patients with PFS longer than 6 months (PFS6) has merit 
and at a minimum is required, but not sufficient, for dem-
onstration of clinical activity,21 investigators also agree that 
PFS6 alone is not meaningful due to numerous prognostic 
factors and the fact that adequate pretreatment tumor 
growth is not verified or used to isolate therapeutic effects. 
It relies on only posttreatment changes in tumor size and 
a slow growing, nonresponding tumor could reach PFS6 
by chance. Since many studies have shown that slower 
posttreatment TGR22–24 are associated with longer OS in 
rGBM, an endpoint that uses alterations in TGR before and 
after treatment may be meaningful to demonstrate and 
isolate therapeutic effects in rGBM.20 We propose that a 
therapeutic effect can be identified:

(1) Increase or no change in TGR after treatment relative 
to baseline TGR → Drug is not working.

(2) Decrease in TGR relative to baseline TGR → Drug is 
working.

While we theorize that alterations in TGR are important for 
isolating therapeutic effects, durability of such effects need 
to be considered if there is to be translation of these effects 

into clinical benefit including OS. In addition, accurate esti-
mates of TGR require a sufficient number of posttreatment 
time points and time on drug. Thus, we propose the addi-
tion of PFS6 as the minimum period of time an altered TGR 
needs to be sustained (Figure 1B).

In the current retrospective “natural history study” 
we evaluated potential OS differences in rGBM patients 
treated with cytotoxic therapies including chemotherapy 
with and without radiation therapy (RT) based on tradi-
tional and newly proposed imaging endpoints, including 
PFS6 and alterations in TGR.

Materials and Methods

Patients

This retrospective study included consecutive patients of 
1st or 2nd rGBM treated with chemotherapy (lomustine 
at 90–110  mg/m2, temozolomide at 150–200  mg/m2 or 
carboplatin at target area under the curve 5 mg/ml/min) be-
tween 2004 and 2022 at our institution. All patients gave 
informed written consent to be part of our IRB-approved 
Neuro Oncology Database. Patients were selected based 
on the following inclusion criteria: 1) at least three pretreat-
ment scans with contrast enhanced T1-weighted images 
prior to 2nd or 3rd line treatment initiation; 2) recurrence 
prior to 2nd or 3rd line treatment at least 12 weeks after 
completion of RT and the earliest pretreatment scan at 
least two weeks after completion of RT to limit contami-
nation of pretreatment TGR estimates; 3) the baseline scan 
(the 3rd pretreatment scan) performed less than 1 month 
prior to the 2nd or 3rd line treatment initiation; 4) evidence 
of tumor growth before the start of 2nd or 3rd line treat-
ment; 5) adequate posttreatment scans to evaluate PFS6; 
6) no use of anti-angiogenic therapy during evaluation of 
the cytotoxic treatment effect; and 7) no surgery or treat-
ment interventions before response assessment in neuro-
oncology (RANO)-defined disease progression21 (Figure 
1A).

MR Data Acquisition

Most exams fulfilled requirements for the standard-
ized brain tumor imaging protocol recommendations25; 

Importance of the Study

The proper evaluation of treatment-related effects in 
recurrent glioblastoma (rGBM) is crucial for drug de-
velopment. Alterations in tumor growth rate (TGR) in 
rGBM estimated before and after treatment may be a 
useful strategy for identifying antitumor therapeutic ac-
tivity. We have proposed a new imaging endpoint based 
on the combination of progression-free survival at 6 
months (PFS6) with a reduction after chemotherapy in 
TGR calculated from contrast-enhanced tumor volumes 
on MRI. In this retrospective study examining rGBM 

patients treated with chemotherapy, patients with PFS6 
and a reduction in TGR showed significantly longer 
overall survival (OS). In addition, multivariable Cox re-
gression analyses confirmed that continuous measures 
of change in volumetric TGR, as well as baseline tumor 
size, were independent prognostic factors for OS in 
rGBM treated with chemotherapy with or without radia-
tion. This supports the use of TGR as an early and inde-
pendent predictor of clinical benefit in rGBM.
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however, some patients were scanned prior to the 2015 
recommendations. In general, all patients received ei-
ther a two- or three-dimensional pre- and postcontrast 
T1-weighted fast spin-echo or gradient-echo sequence 
(repetition time/echo time/inversion time, 10–3410/1.2–
24/0–1100 ms; section thickness, 1–5 mm; intersection gap, 
0–7 mm; number of signals acquired, one to three; matrix 
size, 160–512  ×  144–512; and field of view, 157–260  mm) 
on 1.5- or 3-T scanners (Skyra, Sonata, Verio, Prisma, Aera, 
Avanto, Sola, Vida, Trio or Espree [Siemens Healthcare, 
Erlangen, Germany]; Discovery MR750 or MR750W, Optima 
MR450w, Genesis Signa, or SIGNA Architect, EXCITE, HDx, 
HDxt, PET/MR or Premier [GE HealthCare, Waukesha, United 
States]; Achieva, Ingenia S or Intera [Phillips Healthcare, 
Best, Netherlands]; MRT200-PP5 [Toshiba Medical, Tokyo, 
Japan]) either at our institution or external institutions.

Contrast-Enhanced Tumor Volume Measurement

Subtraction maps of CE T1-weighted MR images were 
created using techniques previously described.1,9 Briefly, 
linear registration was first performed between pre- and 
postcontrast T1-weighted images by using a 12 degree-of-
freedom transformation and a correlation coefficient cost 
function in FSL (FLIRT; FMRIB Software Library, Oxford, 
England; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). T2-weighted 
and/or FLAIR were also registered to pre- and postcontrast 
T1-weighted images using a 12 degree-of-freedom trans-
formation and a mutual information cost function. Next, 
image intensity for both nonenhanced and contrast 
enhanced T1-weighted images was normalized using 
3dUnifize of Analysis of Functional Neuroimages software 
(AFNI, https://afni.nimh.nih.gov).26 Then, voxel-by-voxel 

Histologically confirmed GBM patients with recurrence
Informed consent obtained
n = 1274

Excluded (n = 407)

Final study cohort
n = 56

Confirmed tumor
growth (at recurrence)

prior to treatment

PFS6
After new

treatment?

TGR
Decreased
after new

treatment?

TGR
Decreased
after new

treatment?

YES

YES

A

B

Post-treatment TGR
Slower than

Pre-treatment TGR
Responders

Non-responders

Post-treatment TGR
Greater than or equal to

Pre-treatment TGRNO

YES

NO

NO

• Not treated with lomustine, temozolomide or carboplatin
• Surgery or treatment intervention before RANO-defined disease
  progression
• No evidence of tumor growth before 2nd or 3rd line treatment initiation

Excluded (n = 71)
• Anti-angiogenic therapy during evaluation of the cytotoxic treatment effect

Excluded (n = 740)
• Less than 3 scans with contrast enhanced T1-weighted images prior to 2nd

  or 3rd line treatment initiation
• Recurrence prior to 2nd or 3rd line treatment within 12 weeks after
  completion of RT
• The earliest pre-treatment scan within 2 weeks after completion of RT
• Baseline scan more than 1 month prior to 2nd or 3rd line treatment initiation
• Not adequate post-treatment scans to evaluate PFS6

Post-treatment TGR
Slower than

Pre-treatment TGR

Post-treatment TGR
Greater than or equal to

Pre-treatment TGR

Figure 1 (A) CONSORT diagram. RT = radiation therapy. PFS = progression free survival. RANO = response assessment in neuro-oncology. (B) 
Proposed framework for determining therapeutic activity based on combination of PFS6 and change of tumor growth rate (TGR). Patients were 
categorized as “responders” if they reached PFS6 and TGR slowed after treatment start and “nonresponders” if they do not reach PFS6 or tumor 
growth rate had not slowed.

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://afni.nimh.nih.gov
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subtraction between normalized pre- and postcontrast 
T1-weighted images was performed. Image voxels with 
a positive (greater than zero) before-to-after change in 
normalized contrast enhancement signal intensity (ie, 
voxels increasing in MR signal after contrast agent ad-
ministration) within T2-weighted FLAIR hyperintense re-
gions were isolated to create the final T1 subtraction maps 
to exclude large vessels and other hyperintense regions 
outside the primary tumor area. Segmentation of con-
trast enhanced tumor lesion was performed automatically 
with guidance from NS-HGlio artificial intelligence device 
(Neosoma Inc, Groton, MA, https://neosomainc.com),27 
or semi-automatically by manually defining the relative 
tumor region and determining thresholds on the subtrac-
tion maps using AFNI. These segmentations were then ed-
ited by a board-certified neuroradiologist to exclude any 
nontumor tissue.

Estimation of Tumor Growth Rate (TGR)

TGR was computed from pre- and posttreatment contrast-
enhancing tumor volumes using a piecewise linear model 
with the treatment start date as day 0 (Figure 2) as previ-
ously described for nonenhancing tumor in IDH mutant 
gliomas.28–30 Tumor volumes from three time points prior 
to treatment initiation were used to estimate pretreatment 
TGR. Posttreatment TGR was estimated from all available 
timepoints over up to 6 months of treatment in patients 
with PFS6. In the case where the tumor progressed within 
6 months of start of treatment, all posttreatment timepoints 
before and including the time of disease progression were 
used for analysis. To best estimate TGRs, pretreatment 
TGRs were first estimated to determine the y-intercept 
at the time of treatment initiation. Then, posttreatment 

TGR was estimated using the y-intercept estimated from 
the pretreatment TGRs. Change of TGR was determined 
by calculating the difference in slopes between pre- and 
posttreatment TGR.

Definition of Clinical Effect

Tumor progression occurred when there were progres-
sive imaging findings or clear clinical deterioration as-
sessed by neuro-oncologists not attributable to other 
causes apart from the tumor. Progressive imaging find-
ings were determined by a greater than 40% increase 
in contrast-enhanced tumor volumes compared with 
baseline scan or best response, or any new lesion.31,32 
We applied these criteria to scans both before and after 
2nd or 3rd line therapy. PFS6 was achieved when a pa-
tient showed no progression on or after 6 months. For the 
newly proposed endpoint categories,20 we determined 
“clinical effect” based on both PFS6 and TGR as follows: 
patients were categorized as “responders” if they reached 
PFS6 and TGR had slowed after treatment (negative dif-
ference in TGR) and “nonresponders” if they do not reach 
PFS6 or if PFS6 was reached but TGR did not decrease 
after treatment (Figure 1B).

Statistical Analysis

OS was determined as the time between the date of treat-
ment initiation and death from any cause, otherwise OS 
was censored at the last date of clinical contact. OS was 
compared with respect to PFS6, and between “responders” 
and “nonresponders” using the newly proposed endpoint 
using a log-rank test applied to Kaplan–Meier data. We 

1st or 2nd Line therapy 2nd or 3rd Line therapy

Chemotherapy
with or without RT

  Disease
progression

Disease
progression

Day 0
(Treatment start)

6 Month PFS

Pre-treatment
growth rate 

Post-treatment
growth rate 

Time

(Surgery)

T
u

m
o

r 
vo

lu
m

e

Figure 2 Pretreatment TGR was estimated using tumor volumes of three time points prior to treatment initiation. Posttreatment TGR was esti-
mated from timepoints over six months or timepoints before and including disease progression within six months.

https://neosomainc.com
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also explored the optimal threshold for change in TGR in-
dependent of PFS6 to stratify patients by calculating the 
Mantel–Haenszel hazard ratio and corresponding P values 
with changing the thresholds. Univariate Cox regression 
analysis was performed to assess the effect of continuous 
estimates of TGR change (cc/day), baseline tumor volume 
(cc), MGMT promoter methylation status, number of recur-
rences, and whether patients were treated with RT in ad-
dition to chemotherapy on OS from the time of therapy. 
Multivariate Cox regression analysis was also performed 
to adjust for age and sex. For each analysis, a subgroup 
of cases without concomitant RT at recurrence were evalu-
ated separately. In multivariate analyses all reported P 
values were adjusted to control the overall false discovery 
rate.33 A P value less than 0.05 was considered statisti-
cally significant. Statistical analyses were performed using 
MATLAB (version R2018a, Mathworks, Inc., Natick, MA, 
USA).

Results

A total of 56 patients met the inclusion criteria out of 1274 
rGBM patients who consented (Figure 1A; age, 60.2 ± 9.4 
[mean ± standard deviation]; 35 males). Five patients were 
analyzed for both 1st and 2nd recurrences. Thus, a total of 
61 evaluations were performed, including 44 cases after 
the 1st progression and 17 cases at the time of 2nd recur-
rence. For the analysis of patients who received chemo-
therapy without RT for 2nd or 3rd therapy, 42 patients were 
included and two of them were analyzed for both 1st and 
2nd recurrences. Patient characteristics are summarized in 
Supplementary Table S1. The median OS from the start of 
treatment for recurrence was 403.0 days (range, 42–4348 
days) for all 61 cases and 319.5 days (range, 42–1208 days) 
for the 44 cases receiving chemotherapy without RT.

A total of 9 of the 61 cases (14.8 %), and 6 of the 44 pa-
tients without radiation (13.6 %), were classified as “re-
sponders” according to the newly proposed imaging 
endpoint combining PFS6 with a decrease in TGR. Figure 
3 shows representative cases of a “responder” and three 
examples of “non-responders.” OS in the cases considered 
“responders” was significantly longer than patients con-
sidered “non-responders” when evaluating all cases 
(Figure 4A; 560 [418–4348] days vs 314 [42–1581] days, re-
spectively; P = 0.04) and for patients without RT (Figure 4B; 
587 [418–1208] days vs 309 [42–994] days, respectively; P 
= 0.009). These comparisons were identical to those using 
PFS6 alone, including evaluations for all cases (560 [418–
4348] days vs 314 [42–1581] days, respectively; P = 0.04) 
and for patients who did not receive RT (587 [418–1208] 
days vs 309 [42–994] days, respectively; P = 0.009). Out of 
61 patients, 29 cases had increased TGR and didn’t achieve 
PFS6, while 32 patients showed decreased TGR and nine of 
them achieved PFS6. The optimal threshold for change in 
TGR independent of PFS6 was +0.1 cc/day (P < 0.001).

Results of univariate and multivariate Cox regression 
analyses are shown in Table 1. Univariate Cox regression 
revealed that change in TGR (P < 0.001; HR [hazard ratio] 
= 26.97, 95% CI 5.16–140.89), baseline tumor volume (P < 
0.001; HR = 1.07; 95% CI 1.03–1.11), number of recurrences 

(P = 0.001; HR = 3.18; 95% CI 1.57–6.45) and concomitant RT 
(P = 0.02; HR = 0.41; 95% CI 0.19–0.88) were significantly as-
sociated with OS. After controlling for age and sex, change 
in TGR (P = 0.009; HR = 14.66; 95% CI 2.72–78.99), base-
line tumor volume (P = 0.02; HR = 1.09; 95% CI 1.02–1.17), 
MGMT promoter methylation status (P = 0.048; HR = 0.38; 
95% CI 0.16–0.90) and the number of prior recurrences (P 
= 0.048; HR = 3.15; 95% CI 1.05–9.45) were significantly as-
sociated with OS. However, use of RT was not associated 
with a better OS when controlling for these other factors. 
For patients treated with chemotherapy alone, without 
concomitant radiation, change in TGR (P < 0.001; HR = 
28.28; 95% CI 4.90–163.35), baseline tumor volume (P = 
0.005; HR = 1.06; 95% CI 1.02–1.10), and number of recur-
rences (P = 0.007; HR = 3.33; 95% CI 1.39–7.94) were asso-
ciated with OS for univariate analysis. Multivariable Cox 
regression controlling for age and sex verified that change 
in TGR (P = 0.01; HR = 13.28; 95% CI 2.35–75.21), and base-
line tumor volume (P = 0.04; HR = 1.08; 95% CI 1.01–1.16), 
but not MGMT status nor the number of recurrences, were 
associated with OS benefit in patients treated with chemo-
therapy without radiation.

Discussion

The proper evaluation of even small treatment-related ef-
fects in rGBM are crucial for drug development. While a 
single arm early phase study in a new therapy may not 
meet strict ORR benchmarks that might lead to accelerated 
regulatory approval, evidence of slight alterations in TGR 
isolated to the investigative therapy can be useful for drug 
development, as dosing, timing, and combinations can be 
explored before extending to larger, late-stage trials. In ad-
dition, we theorized that better understanding the impact 
of TGR on survival in rGBM treated with commonly used 
cytotoxic treatments would allow us to better understand 
the likelihood of clinical benefit in a new drug using the 
same approach, providing some insight into potential clin-
ical benefit in later-phase, randomized trials.

To test this hypothesis, the current study retrospectively 
evaluated 56 patients with rGBM over 61 unique treatment 
periods in order to evaluate whether PFS6 combined with 
a reduction in TGR after cytotoxic treatments translate into 
a significant OS. Consistent with our hypotheses, results in 
the current study show that PFS6 combined with a reduc-
tion in TGR translates to an OS benefit in rGBM treated with 
chemotherapies, including lomustine, temozolomide and 
carboplatin, with or without concomitant RT. Interestingly, 
categorization of response based solely on PFS6 was iden-
tical to categorization based on the combination of PFS6 
and decreased TGR, suggesting all patients with PFS6 ben-
efit had a decrease in TGR. Notably, not all patients with 
a decrease in TGR had PFS6. In patients whose TGR de-
creased but showed tumor progression in six months from 
treatment start, the tumors shrank after the initiation of 
chemotherapy but subsequently grew. At first glance this 
appears to support the use of PFS6 as a meaningful end-
point for single arm rGBM trials. However, it is important 
to note that there was significant selection bias in the cur-
rent retrospective study, including verification of adequate 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad084#supplementary-data
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pre-treatment TGRs, which may or may not occur if this ap-
proach was evaluated in a prospective trial. Conceivably, a 
prospective study with slightly less conservative inclusion 
criteria may allow slower growing tumor to be enrolled 
and therefore there could be a discrepancy between pa-
tients exhibiting PFS6 and those experiencing both PFS6 
and a measurable decrease in TGR.

Despite no difference in OS between patients exhibiting 
PFS6 and those exhibiting both PFS6 and alterations in 
TGR, not all patients with a reduction in TGR after treat-
ment had PFS6, and multivariable Cox regression analyses 
confirmed that continuous measures of change in TGR, as 
well as baseline tumor size, were independent prognostic 

factors for OS in rGBM. This is consistent with previous 
studies showing OS benefits in patients with small tumor 
size5–14 and slower growing tumors,10,22–24,34 and supports 
the use of TGR as an independent predictor of clinical ben-
efit in rGBM. Although the confidence intervals of hazard 
ratios for TGR are large, future prospective studies with a 
larger number of patients are expected to more evidently 
demonstrate the value of TGR in predicting prognosis of 
rGBM. In addition, while MGMT status is known to be a 
prognostic factor for longer OS in newly diagnosed35 and 
recurrent GBM,15–18 results from the current study suggest 
this may be the most relevant in rGBM patients treated 
with cytotoxic chemotherapy plus concomitant RT.
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Day -92 Day -29 Day -7

(Baseline)
Day 41 Day 97 Day 195

100

Days from treatment

200 300

–200 –100 0 100

Days from treatment

Responder (PFS6 achieved / post-treatment TGR < 0)A

B

C

D

Day -169 Day -82 Day -21
(Baseline)

Day 29 Day 56 Day 112 Day 162 Day 226

Non-responder (PFS6 not achieved / post-treatment TGR < 0)

Day -132 Day -75 Day -16
(Baseline)

Day 23 Day 55 Day 92 Day 125

Non-responder (PFS6 not achieved / post-treatment TGR < pre-treatment TGR)

Day -113 Day -29 Day 0
(Baseline)

Day 41 Day 104 Day 139 Day 181

Non-responder (PFS6 not achieved / post-treatment TGR > pre-treatment TGR)

200

–200 –100 0
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–200 –100 0
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200
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Figure 3 Enhancing tumor volume plots and contrast-enhanced T1-weighted images of representative cases. (A) a 62-year-old male responder 
(progression-free survival at 6 months [PFS6] achieved/ post-treatment tumor growth rate [TGR] < 0), (B) a 59-year-old male non-responder (PFS6 
not achieved/ post-treatment TGR < 0. This patient was classified as PFS6 not achieved because there was no evidence of progression-free scan 
on or after 6 months from treatment initiation.), (C) a 62-year-old male non-responder (PFS6 not achieved/ post-treatment TGR < pre-treatment 
TGR) and (D) a 61-year-old female non-responder (PFS6 not achieved/ post-treatment TGR > pre-treatment TGR).
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There were significant limitations to the current retro-
spective study that need to be addressed. First, IDH muta-
tion status could not be confirmed in all cases included in 
the current study because some cases were prior to iden-
tification of the IDH mutant subtype. However, all patients 
had WHO grade IV designation including the appearance of 
measurable contrast enhancement and sufficient pretreat-
ment TGRs. Regardless, it is conceivable that some IDH 
mutant gliomas may have been included and could have 
impacted both imaging response as well as OS. Another 
important limitation was the heterogeneous image acqui-
sition protocol, as many of these patients had exams prior 
to the 2015 consensus guidelines.25 Ideally, a standardized 
image acquisition protocol should be used to control tech-
nical factors that may influence accuracy of lesion meas-
urements. Additionally, while we excluded patients treated 
concurrently with antiangiogenetic agents, alterations in 

corticosteroids dose were not considered but could con-
ceivably affect estimates of enhancing tumor volume. 
Prospective studies controlling for steroid dose should be 
performed to confirm our findings, preferably in a larger 
cohort of patients from multiple centers. Furthermore, 
although we calculated enhancing tumor volumes, 
nonenhancing tumor volume of GBM can also affect OS.36 
However, complete differentiation between nonenhancing 
tumor and edema is difficult, making the evaluation of 
tumor volume potentially inaccurate. Finally, although 
pseudoprogression is typically observed within first 3 
months after concurrent temozolomide and radiotherapy,37 
we cannot exclude the possibility of late treatment-related 
changes due to previous RT and pseudoprogression 
caused by concomitant RT during the treatment for recur-
rence that may have contaminated pre- and post-treatment 
TGR estimates.
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Figure 4 Comparison of overall survival (OS) between responders and non-responders based on progression-free survival after 6 months (PFS6) 
and a reduction in tumor growth rate (TGR) in patients treated with (A) chemotherapy or radiation therapy and (B) chemotherapy only.

Table 1 Univariate and Multivariate Cox Regression Analysis of OS in all 61 cases with chemotherapy or radiation and 44 cases with chemotherapy

Chemotherapy or Radiation
(n = 61 [in 56 patients]) 

OS (Univariate) OS (Multivariate)†

Hazard Ratio (95% CI) Z score P value Hazard Ratio (95% CI) Z score P value 

Increase of TGR (cc/day) 26.97 (5.16–140.89) 3.91 <0.001** 14.66 (2.72–78.99) 3.13 0.009**

Baseline tumor volume (cc) 1.07 (1.03–1.11) 3.54 <0.001** 1.09 (1.02–1.17) 2.64 0.02*

MGMT promoter methylation 0.65 (0.31–1.36) −1.14 0.25 0.38 (0.16–0.90) −2.19 0.048*

Number of recurrences (2nd vs 1st) 3.18 (1.57–6.45) 3.20 0.001** 3.15 (1.05–9.45) 2.05 0.048*

RT 0.41 (0.19–0.88) −2.29 0.02* 0.53 (0.20–1.41) −1.27 0.20

  Chemotherapy
(n = 44 [in 42 patients])

OS (Univariate) OS (Multivariate)†

Hazard Ratio (95% CI) Z score P value Hazard Ratio (95% CI) Z score P value

Increase of TGR (cc/day) 28.28 (4.90–163.35) 3.74 <0.001** 13.28 (2.35–75.21) 2.92 0.01*

Baseline tumor volume (cc) 1.06 (1.02–1.10) 2.81 0.005** 1.08 (1.01–1.16) 2.27 0.04*

MGMT promoter methylation 0.59 (0.24–1.44) −1.15 0.25 0.34 (0.11–1.05) −1.87 0.08

Number of recurrences (2nd vs 1st) 3.33 (1.39–7.94) 2.71 0.007** 2.71 (0.68–10.79) 1.42 0.16

†Controlling for age and sex. *P < 0.05, **P < 0.01.
OS, overall survival; RT, radiation therapy; TGR, tumor growth rate; MGMT, O6-methylguanine-DNA methyltransferase.
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Conclusions

In summary, results from the current study suggest a 
combination of PFS6 and reduction in TGR in rGBM after 
treatment with cytotoxic chemotherapy with or without 
concomitant radiation at 1st or 2nd recurrence significantly 
extends OS compared with patients that did not experi-
ence PFS6 or TGR decrease. Results also confirm that base-
line tumor volume and changes in TGR after treatment are 
independent prognostic factors in rGBM.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology Advances online.
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