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Quantitative imaging assessment of radiation therapy
(RT) for diffuse low-grade gliomas (DLGG) by measur-
ing the velocity of diametric expansion (VDE) over time
has never been studied. We assessed the VDE changes
following RT and determined whether this parameter
can serve as a prognostic factor. We reviewed a consecu-
tive series of 33 adults with supratentorial DLGG
treated with first-line RT with available imaging
follow-up (median follow-up, 103 months). Before
RT, all patients presented with a spontaneous tumor
volume increase (positive VDE, mean 5.9 mm/year).
After RT, all patients demonstrated a tumor volume de-
crease (negative VDE, mean, 216.7 mm/year) during a
mean 49-month duration. In univariate analysis, initial
tumor volume (>100 cm3), lack of IDH1 expression,
p53 expression, high proliferation index, and fast post-
RT tumor volume decrease (VDE at 210 mm/year or
faster, fast responders) were associated with a significant-
ly shorter overall survival (OS). The median OS was sig-
nificantly longer (120.8 months) for slow responders
(post-RT VDE slower than 210.0 mm/year) than for
fast responders (47.9 months). In multivariate analysis,
fast responders, larger initial tumor volume, lack of
IDH1 expression, and p53 expression were independent

poor prognostic factors for OS. A high proliferation
index was significantly more frequent in the fast respond-
er subgroup than in the slow responder subgroup. We
conclude that the pattern of post-RT VDE changes is
an independent prognostic factor for DLGG and offers
a quantitative parameter to predict long-term outcomes.
We propose to monitor individually the post-RT VDE
changes using MRI follow-up, with particular attention
to fast responders.

Keywords: growth rates, low-grade glioma, prognosis,
radiation therapy.

A
better knowledge of the natural history of supra-
tentorial hemispheric diffuse low-grade gliomas
(DLGG) in adults has resulted in active thera-

peutic management of this tumor, and maximal safe re-
section while preserving eloquent brain areas is currently
the first treatment option.1–3 There is a consensus that
the extent of resection is a prognostic factor for
progression-free survival (PFS) and overall survival
(OS).1,4,5 However, for patients with unfavorable prog-
nostic factors or for whom surgical resection is not feas-
ible, an adjuvant treatment is indicated at any time, and
radiation therapy (RT) is commonly administered.1

Randomized studies have shown that RT prolongs PFS
and helps control symptoms.1,6–8

Determining the efficacy of oncological treatments,
particularly RT, poses several problems in patients
with DLGG.9 There are limited data describing the
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patterns of response of DLGG to RT and no standard
method for evaluating response. The measurement of
the velocity of diametric expansion (VDE) of DLGG,
estimated from the evolution of the mean tumor diam-
eter (MTD) over time, can reliably quantify tumor
growth on the basis of serial imaging.10 All DLGG
present a spontaneous tumor growth (a positive VDE,
median VDE, at 4 mm/year), and the pretreatment
VDE is a prognostic factor for OS.11,12 In addition,
VDE may be affected by oncological treatments: it
remains unchanged after surgical resection13 and
decreases after procarbazine-CCNU-vincristine (PCV)
and temozolomide chemotherapy.14,15 Only rare obser-
vations of DLGG have reported a VDE change following
RT.16 However, the effect of RT on the VDE has not yet
been studied in patients undergoing first-line RT.

The aim of the present study was to assess the VDE
changes following RT and to determine whether this
quantitative dynamic criterion can serve as a prognosis
factor for long-term outcomes of supratentorial DLGG
in adults. We hypothesized that the VDE patterns fol-
lowing RT predicted PFS and OS.

Patients and Methods

Selection Criteria

We retrospectively reviewed a series of consecutive adult
patients with a DLGG diagnosed at the Sainte-Anne
Hospital Center, Paris, France, from 1989–2010.

The following criteria were required: (1) patients
older than 18 at histological diagnosis, (2) supratentorial
hemispheric location (gliomatosis cerebri excluded), (3)
absence of neurological deficit and of elevated intracra-
nial pressure, (4) Karnofsky performance status (KPS)
of 70 or more, (5) histological diagnosis of WHO
grade II gliomas (gemistocytic astrocytoma excluded)
obtained by a stereotactic biopsy procedure,17,18 (6)
absence of nodular-like or ring-like areas of contrast en-
hancement,19 (7) available clinical and imaging follow-
up to estimate VDE and Response Assessment in
Neuro-Oncology (RANO) criteria for nonenhancing
gliomas,9 (8) RT as first-line oncological treatment
without previous treatment except for stereotactic
biopsy, and (9) RT initiation before any clinical or
imaging evidence of malignant transformation.

Estimation of the Imaging Individual Tumor Growth
Rates

The quantitative analysis of the imaging tumor growth
(VDE) was performed on serial images before and after
RT. Measurements were performed by 2 investigators
(J.F.L., J.P.) while blinded to individual prognoses. The
VDE was determined using a methodology previously
described by Mandonnet et al.10,11 consisting of
manual measurements of the 3 largest tumor diameters
in 3 orthogonal planes (axial, coronal, and sagittal) on
successive MR examinations based on T2-weighted
and Fluid Attenuated Inversion Recovery (FLAIR)

sequences (n ¼ 354), or on CT scan for a few examina-
tions (n ¼ 25) performed before the MRI era. The
tumor volume was then calculated by an ellipsoid ap-
proximation, and the MTD was deduced from this
volume. Finally, the VDE (the glioma growth curve)
was plotted as a function of MTD over time. Thus, a
positive VDE indicates a tumor volume increase,
whereas a negative VDE indicates a tumor volume
decrease. A mean of 11.6+5.6 serial examinations
(median 11, range 5–29) were available per patient.

Histological and Immunostaining Techniques

In our clinical practice, all DLGG were initially diag-
nosed according to the Sainte-Anne classification.20–23

For study purposes, all tumors were reviewed according
to the 2007 WHO classification of tumors of the central
nervous system.17,18 The biopsy samples were fixed by
using glutar-zinc (6 cases) until 1992 and after 1992
by formalin-zinc (formalin 5%, zinc 3 g/L, sodium
chloride 8 g/L) and then paraffin embedded.
Proliferation rates were estimated for each patient with
an index of MIB-1 immunostaining in the tumor area
with the highest MIB-1–positive cell density. The per-
centage of MIB-1–positive cells was determined by
counting cells in continuous microscopic fields at a mag-
nification of ×400. A cutoff at 5% was established
between a low and a high proliferation index. We ana-
lyzed p53 immunostaining using a monoclonal
anti-p53 antibody (1/20, DO-1, Immunotech).
Samples were considered to be negative for p53 accumu-
lation when no or only rare nuclei were labeled. IDH1
immunostaining was performed with a Ventana auto-
mated system (BenchMark XT, Ventana Systems). A
standard 1h pretreatment protocol included CC1
buffer and then an anti-IDH1-R132H antibody (1/
200, clone DIA-H09, Dianova) for 32 min at room tem-
perature. Antibody binding was visualized with the
Ultraview DAB v3 kit (Ventana). IDH1 immunostatus
was evaluated according to previous studies (identifica-
tion of a single tumor cell in a tiny biopsy sample or in
a mild infiltrative zone of a DLGG was considered to
be positive).24,25

Statistical Analysis

Data for age (cutoff, 40 years), sex, KPS (cutoff, 70),
tumor volumes at histological diagnosis and at RT initi-
ation (cutoff, 100 cm3), tumor midline crossing, p53 ex-
pression, IDH1 expression, proliferation index,
spontaneous pre-RT VDE (cutoff, 8 mm/year),
post-RT VDE (cutoff, 210 mm/year), post-RT MTD
decrease (cutoff 20%), and post-RT tumor volume de-
crease (cutoff 50%) were obtained as baseline
variables.12,26

Results are expressed as means+ standard deviation
(SD; median, range). Groups were compared using x2

and Fisher’s exact tests for categorical variables and
Mann-Whitney rank-sum tests for continuous variables.
Comparisons between related samples were performed
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using Wilcoxon signed-rank tests. Kaplan-Meier ana-
lysis was used for unadjusted survival curves, using
log-rank tests to assess significance. The primary end-
point was OS, measured from the date of histological
diagnosis. The secondary endpoint was PFS, measured
with 2 different methods from the date of histological
diagnosis to (1) the date of imaging progression (the
first evidence of tumor volume increase following RT;
PFS according to VDE) and (2) the date of progression
based on the recent clinical and radiological RANO cri-
teria for nonenhancing gliomas (PFS according to
RANO).9 These intervals were censored at the date of
last follow-up for survivors. Cox proportional hazards
models were constructed, adjusting for predictors previ-
ously associated with mortality in univariate analysis.
All statistical analyses were performed using JMP 7.2
software (SAS Institute). A significance level of P , .05
was used.

Results

Patient and Tumor Characteristics

Thirty-three patients (22 men, 11 women) met the eligi-
bility criteria (Table 1). Mean patient age at histological
diagnosis was 39.7+10.3 years (median, 39.8; range.
23–66). Immuno-expression of p53, IDH1, and prolifer-
ation index could be evaluated in 27 (81.8%), in 27
(81.8%), and in 31 patients (93.9%), respectively, due
to stereotactic biopsy material limitations and glutaralde-
hyde fixation techniques until 1992. p53 expression was
present in 16 cases (59.3%, 16/27), IDH1 expression was
present in 23 cases (85.2%, 23/27) and a high prolifer-
ation index was present in 13 cases (41.9%, 13/31).
The spontaneous VDE was evaluated in only 19 patients
(57.6%) because the initial MR examinations, performed
in outside institutions before histological diagnosis, were
unavailable in the remaining cases. All studied DLGG
cases presented a spontaneous tumor volume increase,
with a mean pre-RT spontaneous VDE of 5.9+
5.1 mm/year (median, 4.5; range, 0.6–16.9).

The external conformational RT was given using the
same methodology (total dose, 50.4–54 Gy; 6-week
period) at 2 outside institutions. The mean time interval
between histological diagnosis and RT initiation was
10.4+19.6 months (median, 2.0; range, 0–78).

Imaging Follow-up after Radiation Therapy

After RT, all patients had a tumor volume decrease (a
negative VDE) during a mean of 49.0+31.0 months
(median, 42; range, 4.6–117.9) since histological diag-
nosis (Table 2). At the maximal imaging response, the
mean tumor volume decrease was 60.3%+16.7%
(median, 65.9; range, 11.7–87.0) and the mean MTD
decrease was 28.5%+10.0% (median, 30.1; range,
4.6–49.3) compared with the tumor volume at RT initi-
ation. The mean post-RT VDE was –16.7+44.4 mm/
year (median, 26; range, 21 to 2256.2) during
imaging response (Fig. 1). The post-RT VDE followed

a gross linear decrease in 25 cases (75.8%), whereas
the remaining cases followed a roughly exponential
curve (Fig. 2). This second pattern resulted in a slight
VDE overestimation when measurements were per-
formed at 1 year post-RT compared with measurements
performed throughout the duration of imaging response
(P ¼ .043) (Fig. 1). The post-RT VDE values varied con-
siderably among patients, but their distribution resulted
in 2 groups. Twenty-four patients (72.7%) presented a
post-RT VDE slower than 210.0 mm/year (slow
responders), and 9 (27.3%) presented a post-RT VDE
of 210 mm/year or faster (fast responders). A high pro-
liferation index was significantly more frequent in the
fast responder subgroup (75%) than in the slow re-
sponder subgroup (30.5%) (P ¼ .04). Similarly, the
post-RT VDE was significantly faster in the high prolif-
eration index subgroup than in the low proliferation
index subgroup (P ¼ .015) (Fig. 1). Sex, age at diagnosis,
KPS, initial tumor volume and MTD, tumor midline
crossing, pre-RT VDE, p53 expression, IDH expression,
time interval between histological diagnosis and RT ini-
tiation, and time interval between initial oncological
treatment and further treatment (data not shown) did
not significantly differ between fast responder and slow
responder subgroups. In the 19 patients with an avail-
able pre-RT VDE, the post-RT VDE did not significantly
differ between low pre-RT VDE (under 8 mm/year) and
high pre-RT VDE (8 mm/year or more) subgroups.

Imaging Progression Following Radiation Therapy

At various intervals following RT initiation (mean, 49
months; median, 42; range, 4.6–112.6), all tumors
except 2 presented with imaging progression (a positive
VDE) with an ongoing mean VDE at 7.8+9.3 mm/year
(median, 4.3; range, 1.3–43.5). Among these 31
patients, radiological progression was attributed to
RT-induced changes in 2 patients (patients 6 and 13).
In the remaining 29 patients, treatments at progression
varied (chemotherapy alone, n ¼ 17 [temozolomide,
n ¼ 12; PCV, n ¼ 3; fotemustine, n ¼ 2]; surgical resec-
tion alone, n ¼ 2; second RT alone, n ¼ 1; surgery plus
second RT; n ¼ 2; chemotherapy plus second chemo-
therapy, n ¼ 2; surgery plus chemotherapy plus second
chemotherapy, n ¼ 2). One patient refused further onco-
logical treatment (patient 21), and no additional treat-
ment was deemed to be necessary in 2 patients
(patients 30 and 32). Treatments at progression did
not significantly differ between fast and slow responder
subgroups.

The PFS according to VDE (mean, 49.0+31.0;
median, 42; range, 4.6–112.6) was significantly
shorter than the PFS according to RANO (mean,
53.7+41.9; median, 46.8; range, 3–188) (P , .001).
In the 19 patients with an available pre-RT VDE, the
low pre-RT VDE subgroup presented a slower VDE at
imaging progression, a longer PFS according to VDE,
and a longer PFS according to RANO than did the
high pre-RT VDE subgroup, without the differences
reaching statistical significance.
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For PFS according to VDE, a high proliferation index
(P ¼ .001) and a post-RT VDE fast responder status
(P , .001) were associated with a significant shorter
PFS in univariate analysis. The median PFS according
to VDE was 58.0 months in the slow responder sub-
group and 24.1 months in the fast responder subgroup.
Kaplan-Meier estimates for PFS according to VDE by
post-RT VDE are shown in Fig. 3. In multivariate ana-
lysis, a post-RT VDE fast responder status (relative
risk [RR], 5.4; P ¼ .003), a large initial tumor volume
(RR, 3.7; P ¼ .031), and a high proliferation index

(RR, 2.8; P ¼ .026) were independent prognostic
factors of shorter PFS according to VDE.

For PFS according to RANO, KPS (P ¼ .016), a high
pre-RT VDE (P ¼ .011), a post-RT VDE fast responder
status (P ¼0.042), and a post-RT MTD decrease
(P ¼ .016) were associated with a significantly shorter
PFS in univariate analysis. The median PFS according
to RANO was 72.0 months in the slow responder sub-
group and 24.3 months in the fast responder subgroup.
In multivariate analysis, post-RT VDE fast responder
status (RR, 2.4; P ¼ .05), KPS (RR, 6.3; P ¼ .024),

Fig. 1. Top. Example of the velocity of diametric expansion (VDE) of a diffuse low-grade glioma (DLGG) before and after radiation therapy

(RT) (patient 3). Each point represents an MR examination. Before RT, the tumor grew spontaneously and continuously (positive VDE at

0.7 mm/year). After RT, the tumor volume decreased slowly (negative VDE at 21.3 mm/year). At imaging progression, the VDE

increased at 1.4 mm/year. Lower left. Imaging VDE before and after RT. The results are expressed as means + SEM. Before RT, the

mean spontaneous VDE was 5.9 mm/year. Following RT, tumor volume decreased systematically in all patients, with a mean VDE of

216.7 mm/year. After various intervals following RT, all but 2 tumors presented an imaging progression with an ongoing mean VDE of

7.8 mm/year. Middle right. Distribution of the post-RT VDE according to proliferation index. The post-RT VDE were significantly faster

in the high proliferation index subgroup than in the low proliferation index subgroup (Mann-Whitney test, P ¼ .015). Lower right.

Correlation of the post-RT VDE measured at 1 year post-RT initiation (vertical) and at the maximal imaging response (horizontal) in the

33 patients.
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and post-RT MTD decrease (RR, 0.2; P ¼ .011) were in-
dependent prognostic factors of shorter PFS according to
RANO.

Survival Analyses

After a mean follow-up of 102.7+69.8 months
(median, 83.8; range, 24–262), 18 patients had died of
oncological causes (54.5%) at a mean time of 68.4+
34.4 months from histological diagnosis. Thirteen of
the remaining 15 patients presented clinical and/or
imaging evidence of tumor progression. The median
OS was 106.8 months (95% CI, 77.0–136.6) since

histological diagnosis. Kaplan-Meier estimates for OS
by post-RT VDE are shown in Fig. 3. Large initial
tumor volume (P ¼ .025), high proliferation index
(P ¼ .05), p53 expression (P ¼ .012), lack of IDH1 ex-
pression (P ¼ .022), high pre-RT VDE (P ¼ .002),
post-RT MTD decrease (P ¼ .007), and post-RT VDE
fast responder status (P ¼ .004) were associated with a
significantly shorter OS in univariate analysis.
Importantly, the median OS was 120.8 months in the
slow responder subgroup and 47.9 months in the fast re-
sponder subgroup. In multivariate analysis, large initial
tumor volume (RR, 27.6; P , .001), lack of IDH1 ex-
pression (RR, 16.2; P ¼ .002), post-RT VDE fast

Fig. 2. Top. Measurement of the mean tumor diameter (MTD). The 3 largest tumor diameters in 3 orthogonal planes (axial, coronal, and

sagittal) were manually measured. The tumor volume (V) was calculated by an ellipsoid approximation (V ¼ (D1 × D2 × D3)/2), and the

MTD was deduced from the volume (MTD ¼ (2 × V)1/3 Bottom. Examples of the evolution of the VDE following RT. The mean tumor

diameter (mm) is plotted over time (years).
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responder status (RR, 5.1; P ¼ .019), and p53 expres-
sion (RR, 4.9; P ¼ .028) were independent prognostic
factors of shorter OS.

Discussion

In the current study, we asked whether the imaging VDE
assessment of DLGG obtained from the evolution of the
MTD over time would help in monitoring and quantify-
ing the effects of RT on an individual basis. Similar ana-
lyses were previously performed investigating surgical
resection and chemotherapy,13–15 with the following
findings: (1) VDE of DLGG remained unchanged after
surgical resection;13 (2) almost all DLGG exhibited a
tumor volume decrease after temozolomide initiation
and showed different response patterns, depending on
the 1p-19q codeletion status;15 (3) all DLGG exhibited
a tumor volume decrease after PCV chemotherapy initi-
ation followed by a prolonged ongoing decrease after
PCV discontinuation in 60% of cases.14 Here, we
provide the first quantitative evaluation of DLGG
growth rates after RT based on serial MR examinations.
We found that the VDE following RT represents a novel,
quantitative, and independent prognostic factor for
DLGG in adults treated with first-line RT. Specifically,
we found that post-RT VDE slow responder status
(slower than 210.0 mm/year) predicted a better
outcome than post-RT VDE fast responder status (of
210 mm/year or faster) and was associated with
better OS, better PFS according to VDE, and better
PFS according to RANO.

The studied population although limited by the fact
that spontaneous pre-RT VDE were available in only
19 cases (58%), presents homogeneous tumor findings
(adults harboring a supratentorial tumor, IDH1 expres-
sion in more than 80% of cases, exclusion of most
known risk factors, and all but 1 patient were considered
“low-risk” according to the prognostic scoring system

proposed by Pignatti et al.26). In addition, the patients
had homogeneous oncological treatments (histological
diagnosis by stereotactic biopsy only, RT protocols
according to the current standard of care,1 RT as first-line
therapy before any sign of malignant transformation, and
similar oncological treatments at progression). The
observed long OS allowed survival analyses and searches
for predictors. In our current practice, the first treatment
option for DLGG is maximal safe surgical resection with
functional monitoring associated with a close follow-up.
Such patients are not referred to first-line RT. Thus, this
homogeneous series does not strictly match the current
indications of first-line RT for DLGG but reduces bias
in the definition of prognostic parameters.

Here, we quantified for the first time the evolution of
the MTD over time and the VDE changes before and
after RT for DLGG. Determining the efficacy of therap-
ies on the basis of serial imaging particularly RT, is chal-
lenging. Almost all patients experienced RT-induced
white matter changes, rendering difficult the determin-
ation of reproducible imaging response parameters and
their correlation with outcomes.9,27 In a retrospective
study of 21 adults receiving RT for DLGG, Bauman
et al. did not detect a significant association between
quantitative imaging response (linear, area, and
volume measurements), symptoms, and PFS.28 In a
retrospective study of 19 children receiving RT for
LGG, Fisher et al. quantified the volumetric tumor
changes on serial CT scans and demonstrated a mean
tumor volume decrease of 31% along a mean
14.4-month duration but failed to show a significant as-
sociation between imaging changes and survival.29

Because the actual distinction between the tumor itself
and RT-induced changes is difficult and can limit the as-
sessment of tumor response, we restricted our quantita-
tive analysis to the period of imaging response following
RT, before the occurrence of imaging progression. This
reduces the risks of measurement errors by RT-induced
changes. However, while we captured the overall

Fig. 3. Survival curves according to velocity of diametric expansion (VDE) following radiation therapy (RT). The median progression-free

survival according to VDE was significantly longer for the slow responders (post-RT VDE slower than 210.0 mm/year) than for the fast

responders (post-RT VDE of 210 mm/year or faster) (P , .001) (left). The median overall survival was significantly slower for the slow

responders than for the fast responders (P ¼ .004) (right).
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Table 1. Clinical, imaging, and pathological findings at histological diagnosis in the 33 patients with diffuse low-grade glioma

Patient
Number

Sex Age
(years)

KPS Tumor location Side Tumor volume
(cm3)

MTD
(mm)

Tumor midline
crossing

IDH
expression

p53
expression

Proliferation
index

Spontaneous VDE
(mm/year)

1 F 36 90 Temporo-insular L 56.6 48.4 No – – – –

2 M 43 90 Frontal R 60.6 49.5 No No No High 2.3

3 M 35 100 Frontal R 19.2 33.7 No – – Low 0.7

4 M 32 70 Fronto-parietal L 121.2 62.3 No Yes Yes High 15.7

5 F 53 80 Frontal R 52.6 47.2 No Yes No High 5.8

6 F 54 70 Cingular L 17.8 32.9 No – No Low 1.8

7 M 66 90 Frontal R 6.5 23.6 No No Yes High 4.5

8 M 30 80 Frontal R 35.6 41.5 No Yes Yes Low 1.9

9 M 39 90 Fronto-temporo-insular R 117.7 61.8 Yes Yes Yes Low –

10 M 29 90 Frontal R 25.5 37.1 No Yes Yes Low 3.7

11 F 41 90 Temporo-insular L 56.1 48.2 No Yes No Low 5.0

12 M 40 90 Temporal L 15.4 31.4 No Yes – High –

13 M 32 90 Parietal R 66.3 51.0 No – – Low 1.8

14 M 40 100 Temporo-insular R 50.7 46.6 No No Yes High –

15 M 26 90 Parieto-temporo-insular R 69.7 51.8 No Yes Yes High –

16 M 42 90 Frontal L 7.1 24.2 No Yes Yes Low 5.0

17 F 32 90 Fronto-temporo- insular L 273.6 81.8 No – Yes Low –

18 M 23 70 Fronto-cingulo-callosal R 10.0 27.1 Yes Yes Yes – 11.3

19 M 39 90 Fronto-temporo-insular R 55.5 48.1 No Yes Yes Low –

20 M 43 90 Parietal R 27.1 37.8 No Yes Yes Low 5.7

21 M 50 90 Temporo-insular L 80.5 54.4 No – – High 6.4

22 M 25 100 Frontal R 48.0 45.8 No Yes No Low –

23 M 36 90 Fronto-temporo-insular L 110.2 60.4 No Yes Yes Low 2.9

24 F 31 100 Fronto-parietal R 62.4 50.0 No Yes Yes Low 4.3

25 F 44 80 Temporal L 43.1 44.2 No Yes No High –

26 F 42 100 Frontal R 27.4 38.0 Yes Yes Yes Low 15.0

27 F 32 100 Fronto-insular R 85.3 66.6 No Yes – High –

28 M 64 80 Parietal L 32.5 40.2 No No – High 16.90

29 M 50 90 Fronto-insular R 81.7 54.7 No Yes No Low –

30 M 30 90 Parietal L 23.4 36.1 No Yes – High 0.6

31 F 40 90 Temporo-occipital L 34.6 41.1 No Yes No Low –

32 M 48 100 Temporo-parieto-cingular L 147.9 66.6 Yes Yes No High –

33 F 41 100 Temporo-parietal R 112.3 60.8 No Yes Yes Low –

Abbreviations: KPS, Karnofsky performance status; MTD, mean tumor diameter; IDH, isocitrate dehydrogenase; VDE, velocity of diametric expansion.
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Table 2. Imaging findings at radiation therapy initiation and during imaging follow-up in the 33 patients with diffuse low-grade glioma

Patient
Number

At RT onset Tumor volume decrease following RT Tumor progression following RT Survival

Time interval since histological
diagnosis (months)

Tumor volume
(cm3)

MTD
(mm)

Imaging RFS
(months)

Tumor
volume at
the
maximal
imaging
response

MTD at the
maximal
imaging
response

VDE
(mm/year)

Parameter based
progression

Clinical RFS
(months)

VDE
(mm/year)

Follow-up
(months)

Death

(cm3) (%) (mm) (%)

1 3 56.6 48.4 66.5 39.7 29.8 43.0 11.1 21.0 Clinical 58 2.1 111 Yes

2 49 101.9 58.9 79.1 26.2 74.3 37.4 36.4 27.9 Clinical 42 7.9 111 Yes

3 2 19.2 33.8 112.6 5.3 72.5 21.9 35.0 21.3 MRI 188 1.4 260 –

4 7 199.5 73.6 13.0 34.9 82.5 41.2 44.1 2256.2 Clinical 3 24.3 26 Yes

5 2 56.6 47.2 42.0 8.4 85.2 25.0 47.1 242.2 MRI 145 1.7 210 –

6 1 20.3 34.4 64.1 2.6 87.0 17.4 49.3 22.9 Clinical 52 1.9 227 –

7 1 6.5 23.6 4.6 2.2 66.0 16.4 30.2 254.1 Clinical 7 17.3 30 Yes

8 41 59.4 49.2 57.0 33.1 44.3 40.5 17.7 29.6 MRI 17 4.2 86 Yes

9 2 138.6 65.2 9.7 122.4 11.7 62.2 4.6 26.0 MRI 15 10.9 24 Yes

10 50 65.8 50.9 106.9 32.8 50.2 40.3 20.7 22.2 MRI 58 3.7 209 –

11 2 46.5 50.5 67.9 19.1 58.9 33.7 25.6 22.9 Clinical 92 5.6 129 –

12 1 15.4 31.4 24.7 7.1 53.8 24.3 22.4 26.0 MRI 43 4.7 60 Yes

13 78 129.8 63.8 117.9 47.0 63.8 45.5 28.7 27.8 Clinical 47 4.2 166 –

14 1 50.7 46.6 11.1 27.0 46.7 37.8 18.9 213.2 Clinical 7 3.0 27 Yes

15 1 73.3 52.8 21.1 16.9 76.9 32.3 38.8 217.3 Clinical 25 8.0 48 Yes

16 17 14.1 30.3 30.3 4.4 68.6 20.7 31.8 210.7 MRI 39 2.8 107 Yes

17 1 273.6 81.8 41.4 86.5 68.4 55.7 31.9 28.9 Clinical 71 4.9 99 Yes

18 7 21.4 35.0 24.0 4.9 76.9 21.5 38.7 210.5 Clinical 5 6.2 84 Yes

19 3 69.7 51.8 40.6 41.3 40.7 43.6 16.0 211.9 MRI 40 7.8 82 Yes

20 0 30.2 39.2 42.1 9.1 69.9 26.3 33.0 24.7 MRI 124 1.4 262 –

21 0 80.5 55.5 24.1 26.8 66.6 37.7 32.1 216.5 MRI 24 10.5 37 Yes

22 1 48.0 45.8 75.8 13.4 72.0 30.0 34.6 28.0 MRI 76 3.8 121 Yes

23 1 161.5 68.6 58.0 51.6 68.1 46.9 31.6 24.3 Clinical 46 43.5 61 Yes

24 52 158.2 68.1 94.4 79.8 49.5 52.1 23.5 25.9 Clinical 56 4.3 186 –

25 1 43.1 44.2 57.1 10.8 75.0 27.8 37.0 28.5 MRI 83 10.1 153 –

26 1 30.9 39.5 66.7 10.5 65.9 27.6 30.1 22.7 MRI 80 4.3 92 Yes

27 3 85.3 66.6 32.1 51.4 39.7 46.8 29.7 24.5 MRI 47 8.3 74 –

28 1 32.5 40.2 11.1 17.8 45.2 32.9 18.2 26.2 MRI 21 29.5 28 Yes

29 1 81.7 54.7 39.2 27.6 66.2 38.1 30.3 24.4 Clinical 51 1.3 57 –

30 3 23.4 36.1 53.0 8.7 62.8 25.9 28.3 21.6 Progression no detected 1.5 67 –

31 6 34.6 41.1 – 20.2 41.6 34.3 16.5 21.8 No progression – 68 –

32 2 147.9 66.6 25.9 68.1 54.0 51.4 22.8 25.3 MRI 51 2.1 57 –

33 2 112.3 60.8 – 51.0 54.6 46.7 23.2 23.1 No progression – 34 –

Abbreviations: KPS, Karnofsky performance status; MTD, mean tumor diameter; RT, radiation therapy; RFS, recurrence-free survival; VDE, velocity of diametric expansion.
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imaging response following RT, we failed in assessing
the exact component of imaging progression (tumor re-
currence and/or RT-induced changes). Our current
results will need to be reproduced in larger series from
different institutions.

We have shown that VDE monitoring is possible fol-
lowing RT in clinical practice and may allow earlier pre-
diction of poor outcomes. Indeed, VDE measured during
the first year post-RT are grossly similar to VDE mea-
sured during the whole duration of imaging response.
Of note, we used the 3-diameter technique for MTD
measurements, because only printed MR images were
available for older examinations. The limitations of
this technique have been addressed,10 and the gold
standard remains the tumor 3-dimensional segmentation
technique.

The mechanisms underlying the prolonged post-RT
tumor volume decrease, rather than stabilization,
remain to be determined for DLGG. This observation
matches the tumor volume decrease observed during
and after chemotherapy.14,15 One may hypothesize
that DLGG consists of different tumor cell components:
proliferating and migrating cells, which would undergo
apoptosis after a determined period, and non-
proliferating nonmigrating (quiescent) cells. Without
oncological treatment, the proliferation and the migra-
tion rates would be higher than the apoptosis rate,
leading to spontaneous tumor growth (positive pre-RT
VDE). Radiation therapy may inhibit proliferating and
migrating cells, leading to a tumor decrease (negative
post-RT VDE), and may damage quiescent cells,
explaining the prolonged post-RT tumor volume de-
crease. This hypothesis may explain the present intri-
guing results: the slower the post-RT VDE change, the
longer the PFS according to VDE and the better the clin-
ical outcomes, including OS. Indeed we observed a sig-
nificant link between post-RT VDE, PFS according to
VDE, OS, and proliferation rates.

In conclusion, we demonstrated here that the pattern
of post-RT VDE changes is a strong independent prog-
nostic factor for supratentorial DLGG in adults.
Quantifying dynamic imaging response after RT offers
a quantitative parameter to predict long-term outcomes
for DLGG. As the post-RT VDE and the PFS according

to VDE appear to be more sensitive and to be earlier pre-
dictors than the PFS according to RANO, we suggest in-
corporating these parameters in the process of
developing updated criteria to improve the assessment
of response following RT in DLGG.9

As a practical consequence, we propose monitoring the
VDE changes following RT on an individual basis by
regular MRI follow-up in order to estimate long-term out-
comes and anticipate tumor progression. We recommend
particular attention to fast responders, because these
patients may define a subgroup of DLGG at higher risk
of undergoing initial malignant transformation.
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Réseau D’études des Gliomes (REG, France) and
François Ducray for their helpful comments in the prep-
aration of the manuscript. Authors J.P. and J.F.L. con-
tributed equally to this work. Johan Pallud: literature
search, study design, data collection, data analysis,
data interpretation, figures and tables, and writing;
Jean-François Llitjos: literature search, data collection,
data analysis, figures and tables, and writing; Frederic
Dhermain: data collection, data interpretation, writing;
Edouard Dezamis: data collection, and study design;
Bertrand Devaux: data collection, and writing; Nader
Sanai: writing; Maria Koziak: data collection, writing;
Philippe Page: data collection; Raphaëlle Souillard-
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