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Abstract

Introduction Treatment with the humanized anti-vascular en-
dothelial growth factor (VEGF) antibody bevacizumab in
glioblastoma patients suppresses contrast enhancement via
the reduction of vascular permeability, which does not neces-
sarily indicate real reduction of tumor cell mass. Therefore,
other imaging criteria are needed to recognize tumor growth
under bevacizumab more reliably. It is still unknown, whether
quantitative T1 mapping is useful to monitor the effects of
anti-angiogenic therapy or to indicate a tumor progression
earlier and more reliable compared to conventional magnetic
resonance imaging (MRI) sequences. This raised the question
whether quantitative T1 mapping is more suitable to monitor
treatment effects of bevacizumab.

Methods Conventional and quantitative MRI was performed
on six consecutive patients with recurrent glioblastoma before
treatment with bevacizumab and every 8 weeks thereafter
until further tumor progression. Quantitative T1 maps before
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and after intravenous application of contrast agent and quan-
titative T2 maps were performed to calculate serial differential
maps and subtraction maps from one time point, subtracting
contrast-enhanced T1 maps from non-contrast T1 maps.
Results In five illustrative cases, tumor progression was doc-
umented earlier in differential T1 relaxation time (DiffT1) and
T2 relaxation time (DiffT2) maps before changes in the con-
ventional MRI studies were obvious. Four patients showed
previous prolongation of T1 relaxation time in the DiffT1
maps, suggesting tumor progression, and subtraction maps
revealed faint contrast enhancement matching with the areas
of T1 prolongation.

Conclusion Our results emphasize that quantitative relaxation
time mapping could be a promising method for tumor moni-
toring in glioblastoma patients under anti-angiogenic therapy.
Quantitative T1 mapping seems to detect enhancing tumor
earlier than conventional contrast-enhanced T1-weighted
images.

Keywords Relaxation times - Bevacizumab - Tumor
progression - Quantitative MRI

Introduction

The management of patients with glioblastomas is still chal-
lenging because of the limited value of imaging features for
tumor progression, for treatment failure, or treatment-related
changes [1-3]. The prognosis of patients with recurrent glio-
blastoma remains poor with a median survival time of 3—
6 months [2, 4]. Strong neoangiogenesis mediated by the
vascular endothelial growth factor (VEGF) is a hallmark of
highly vascularized glioblastomas, and consequently, anti-
angiogenic treatment with bevacizumab, a humanized mono-
clonal immunoglobulin G antibody against VEGF [5, 6], has
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become a therapeutic option in patients with recurrent glio-
blastoma [5, 7, 8].

Under therapy with bevacizumab, glioblastomas show an
impressive decrease of contrast enhancement and of
vasogenic edema in magnetic resonance imaging (MRI) via
the reduction of vascular permeability [5, 9, 10]. Since diag-
nosis of tumor progression was based on the presence of
contrast enhancement in MRI [11, 12], response rates and
progression-free survival were much higher compared to his-
torical cohorts [6]. However, decreased contrast enhancement
does not necessarily correspond to antitumor activity. The
disappearance of contrast enhancement can also indicate
a “pseudoresponse” caused by the antiangiogenesis under
bevacizumab therapy without reducing tumor cell mass
[13, 14]. Apart from ambiguous contrast enhancement,
infiltration of glioma cells can be seen on T2-weighted
and fluid-attenuated inversion recovery (FLAIR) sequences
irrespective of tumor vasculature. Consequently, updated
response criteria for high-grade gliomas formulated by
the Response Assessment in Neuro-Oncology (RANO)
working group [15] now also account for significant
changes on T2-weighted or FLAIR sequences. However,
the detection of non-enhancing tumor and its differentia-
tion from edema on T2-weighted/FLAIR images is still a
challenge [16]. In addition, physical MR properties of the
tumor tissue also change under this treatment [17, 18] but
T2 relaxation times remain always higher in the tumor
tissue compared to the normal brain, even under
bevacizumab [17]. Mapping of relaxation times also allow
for subtracting quantitative values voxelwise from serial
relaxation time maps. These “differential maps” help to
detect new tumor infiltration and progression in patients
under anti-angiogenic therapy [17].

T1 relaxation times are the other most important physical
value of MRI. Previous studies revealed that both T1 and T2
relaxation times are increased in brain tumors [19-21]. How-
ever, it is still unknown, whether quantitative T1 mapping is
useful to monitor the effects of anti-angiogenic therapy or to
indicate a tumor progression. In contrast to the immanent T1
relaxation time of the tumor, T1 shortening upon accumula-
tion of gadolinium (Gd)-containing agents is widely exploited
for tumor imaging. Subtraction of T1 maps before and after
application of a Gd-containing contrast agent may improve
detection of blood-brain barrier damage and may have prog-
nostic implications for brain tumor patients [22].

This raised the question whether quantitative T1 mapping
is more suitable to monitor treatment effects of bevacizumab
in patients with recurrent glioblastoma compared to conven-
tional MRI sequences. In this study, we monitored recurrent
glioblastoma patients under bevacizumab with conventional
and quantitative MRI to evaluate if quantitative T1 and T2
mapping reveals tumor progression earlier and more reliable
compared to conventional MRI sequences. Quantitative T1
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maps were performed before and after intravenous application
of contrast agent to perform

(1) “differential maps” from serial T1 mapping (Fig. 1, up-
per row) and

(2) “subtraction maps” from one time point, subtracting
contrast-enhanced T1 maps from non-contrast T1 maps
(Fig. 1, lower row).

Materials and methods
Study design

The study was approved by the local Ethics Committee at the
University Hospital Frankfurt [Reference number 4/09-SIN
01/09]. Patients with the histological diagnosis of glioblasto-
ma were enrolled in this prospective non-interventional study.
Tumor progression after first-line treatment was radiologically
confirmed according to the RANO criteria in all patients, and
anti-angiogenic therapy with bevacizumab was started as
second- or third-line therapy. Bevacizumab was administered
intravenously with a weight-adapted (10 mg/kg body weight)
scheme every other week. Written informed consent was
obtained from all patients prior to inclusion.

Patients’ characteristics and clinical data are summarized in
Table 1.

MRI study protocol

Patients underwent MR examination before treatment and
every 8 weeks during therapy until termination of
bevacizumab therapy due to radiological or clinical progres-
sion or death.

MRI of the brain was performed on a 3T whole body
system (MAGNETOM Trio, Siemens Medical AG) with an
8-channel phased array head coil. The MRI protocol included
techniques for mapping quantitatively T1 and T2 relaxation
times, 3D T1-w FLASH sequences before and after intrave-
nous application of the contrast agent.

T1 mapping was based on a 3D gradient echo (GE) se-
quence with a fast low-angle shot-echo planar imaging
(FLASH-EPI) hybrid readout [23] and fat-insensitive excita-
tion pulses [24]. Acquisition parameters were TR/TE=
16.4 ms/6.7 ms, matrix size 256 %224 x 160, spatial resolution
1x1x1 mm?, and BW=222 Hz/pixel. The acquisition was
performed twice, using different excitation angles («) of 4°
and 24°, thus allowing to obtain quantitative T1 values ac-
cording to the variable flip angle method [25]. The acquisition
time was 9:48 minutes. Furthermore, the sensitivity profile B1
of the transmit coil was measured, using the method described
in Volz et al. with a duration of 53 s [26]. T1 values were
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Fig. 1 Diff maps and subtraction time point 2 — time point 1 Diff T
T1 map without CA T1 map without CA T1 map without CA

maps. In the Diff maps (upper
row), voxelwise subtraction of the
T1 relaxation time (according to
the formula (T1 without CA of
time-point x—T1 without CA of
time-point 1)/T1 without CA of
time-point 1) is performed from
two different time points. Time-
point 1 indicates the first time
point after starting bevacizumab
therapy, this time point indicates
the baseline for further monitor-
ing. In the subtraction maps
(lower row), voxelwise subtrac-
tion of the T1 relaxation time is
perf()rn'led from one time point time point 2 time point 2 subtraction map
but with and without contrast T1 map without CA T1 map with CA "contrast enhancement"
agent (according to the formula .
(T1 without CA—T1 with CA)/
T1 without CA). The relative
shortening of T1 after application
of contrast agent quantifies the
“contrast enhancement”

corrected for B1 inhomogeneities and for effects of insuffi- T2 mapping was based on the acquisition of five T2-
cient spoiling of the transverse magnetization [23, 26], yield-  weighted 2D turbo spin echo data sets with different TE.
ing quantitative maps of the longitudinal relaxation time T1, = Acquisition parameters were TR=10 s, TE=17, 86, 103,
given in milliseconds. (Fig. 1) 120, and 188 ms, matrix size 256176, 50 adjacent axial

Table 1 Clinical data of the patients

Patient characteristics Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Age at onset of disease (years) 48 48 41 63 58 59

Histology GBM GBM GBM GBM GBM GBM

MGMT promoter methylation no no yes yes yes no

Initial Karnofsky performance status (%) 90 90 90 90 90 40

Start of bevacizumab therapy (months)® 18 8 34 5 10 17

Prior treatments

Resection yes yes yes yes yes yes

Chemotherapies TMZ T™Z ™Z T™Z ™Z T™MZ
CCNU+ CCNU+ CCNU CCNU BCNU BCNU
LY2157299 LY2157299 +Teniposid +Teniposid

Radiation 59 Gy 60 Gy 60+35 Gy 60+25 Gy 60 Gy 60+35 Gy

Progression-free survival (months)” 4 6 8 16 8 0

Overall survival (months) 48 20 43 34 24 20

Median time on bevacizumab (months) 6 8 10 10 10 2

LY2157299 refers to the TGFBR1 kinase inhibitor and TMZ refers to temozolomide
# Months after the onset of disease

® Progression-free survival under bevacizumab until progressive disease according to RANO criteria [15]
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slices with a thickness of 2 mm, spatial resolution 1x1x
2 mm®, BW=100 Hz/pixel. The acquisition time was 2:52 mi-
nutes per data set. Data were analyzed via pixel-wise expo-
nential fitting, yielding quantitative maps of the transverse
relaxation time T2, given in milliseconds.

The 3D GE sequences were acquired before and after
application of standardized intravenous contrast agent injec-
tion (0.1 mmol/kg gadobutrol).

MR examinations

The following time points were considered for further data
analysis:

t(0) before the start of treatment

t(1) first control 8 weeks after the start of treatment
t(n-1) 8 weeks before progression

t(n) progression

Follow-up scans were performed until tumor progression
and anti-angiogenic therapy had to be stopped.

Table 2 shows the follow-up MR examination for each
patient.

Processing of MRI data

The generation of quantitative T1 and T2 maps was performed
as described above with custom-built programs written in
MATLAB [17, 27].

Differential maps

Differential T1 relaxation time maps (DiffT1) and T2 relaxation

time maps (DiffT2) were generated according to the method of
Ellingson et al. 2012 [28]. These maps are generated by

Table 2 Follow-up MR examinations for each patient

registering the T1 or T2 maps of two time points followed by
a voxelwise subtraction of the T1 or T2 relaxation times, respec-
tively. Time-point one, the baseline, was the first MR scan after
initiation of bevacizumab therapy in order to detect new tumor
progression in the follow-up scans. Each map of a follow-up
time point (n) was hence subtracted from the baseline (time-point
one). We used linear registration with FLIRT (the FMRIB Linear
Image Registration Tool of the Functional Magnetic Resonance
Imaging of the Brain facility; Jenkinson, 2012) [29].

The changes of relaxation times on differential maps were
color-coded, with yellow/red for an increase in relaxation
times and green/blue for the shortening (Fig. 1, upper row).

Subtraction maps

The maps should indicate the shortening of T1 relaxation time
upon the accumulation of contrast agent within the tumor
tissue. The T1 relaxation time maps which were acquired
before application of contrast agent were coregistered with
the contrast-enhanced T1 relaxation time maps of the same
MR examination and then a voxelwise subtraction according
to the formula ((T1-pre-CA—T1-post-CA)/T1-post-CA) was
performed (Fig. 1, lower row).

Visual assessment

Two neuroradiologists, one of them with more than 10 years’
experience in tumor imaging, independently evaluated the
conventional MR images and maps from quantitative MR.
Conventional T2-weighted and T1-weighted images were
evaluated for enhancing and non-enhancing tumor progres-
sion. Both raters were blinded for the quantitative maps.
Afterwards, the color-coded differential maps of T1 relaxa-
tion time (DiffT 1) were visually evaluated to identify changes in
T1 relaxation times in the follow-up scans compared to the

Patient Time points

Number t(0) t(1) t(2) t(3)
1 % % 'Ye) B3

2 * * * [ Yo
3 * * 'Ye) %

4 * * * %

5 * * Y %

6 * ®0

LS t(5) t(6) t(7) t(®) t9)

Time interval between examinations was 8 weeks. Time point t(0) determines MR examination immediately before the start of bevacizumab therapy, MR
examination at time point t(1) was performed 8 weeks after the start of treatment, and the last MR examination t(n) was performed at progression

according to RANO criteria [15] on conventional MRI sequences

*MR examination performed

eTime point of progression according to the Diff maps (Diff T1 or Diff T2)

oTime point of progression according to the subtraction maps (T1 map without CA—T1 map with CA)
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baseline maps. The detectable T1 changes were additionally
compared with the subtraction maps from the respective time
points.

In addition, T2 relaxation times (DiffT2) were evaluated in
the same manner.

Statistics

This pilot study was designed as a proof of principle. Therefore,
sample size was small, and no statistical evaluation was targeted.
The study remains descriptive to show preliminary data which
have to be confirmed in a larger multicenter patient cohort.

Results
Study subjects

Seventeen patients from our institutional tumor board data base
were included during the observation period from January 2012
to January 2014. We excluded one patient who died before
follow-up examination, four patients due to treatment-emergent
adverse events, six patients due to severe movement artifacts.
Therefore, this analysis includes six evaluable patients (2 female,
4 male) with a recurrent glioblastoma under bevacizumab treat-
ment. The median age of the patients was 55 years (range, 45—
65 years).

Differential T1 and T2 maps for detection of progressive
disease

In five illustrative cases, tumor progression was documented
earlier in DiffT1 and DiffT2 maps before changes in the
conventional MRI studies were obvious. Progressive disease
under therapy with bevacizumab was confirmed according to
the RANO criteria [15]. Detailed information about the type of
tumor progression according to the RANO criteria is given in

Table 3. The clinical courses of the five cases are illustrated as
figures and are only briefly described here in this section.

Quantitative T1 maps

Four patients showed previous prolongation of T1 relaxation
time in the DiffT1 maps, suggesting tumor progression. In all
four patients, subtraction maps revealed faint contrast en-
hancement matching with the areas of T1 prolongation. How-
ever, these brain areas appeared normal on conventional MRI.
In the follow-up, the patients had a progression of enhancing
tumor in conventional MRI in the regions with preceding
prolongation of T1 relaxation time.

The Diff and subtraction maps as well as conventional
contrast-enhanced T1-weighted sequences from the four pa-
tients are shown in Figs. 2 and 3, Quantitative T2 maps.

One patient did not show a prolongation of T1 re-
laxation times in the DiffT1 maps. Interestingly, this
patient had a long progression-free survival, and only
in the sixth MR examination, a progression of non-
enhancing tumor infiltration was depicted on T2-
weighted images. Six months earlier, the Diff T2 maps
revealed diffuse prolongation of the T2 relaxation times
in the white matter of the left frontal lobe. The Diff
maps in comparison to conventional T2-weighted im-
ages are shown in Fig. 4 for this patient.

Dropout of one patient due to failure of the anti-angiogenic
effects of bevacizumab

One patient had only one follow-up MR examination due to
early progression. In this patient, longer T1 relaxation times
corresponded to an increase in contrast-enhancing tumor, and
areas of longer T2 relaxation times corresponded to an in-
crease in infiltrative disease with accompanying vasogenic
edema and hyperintensities on conventional T2-weighted
MRI images. This case is not demonstrated due to therapy
failure in the first MRI control.

Table 3 Progressive disease classified according to RANO criteria in patients 1-6

Progressive disease® Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
>25 % increase of enhancing lesions present present present present none present
Significant increase in T2/FLAIR® none none none none present present
New lesion® present present present none none present
Clinical status®; KPS (%) 140 140 160 stable 150 130

* Progression under bevacizumab classified according to RANO criteria [15]

® A significant increase in T2/FLAIR non-enhancing lesions on stable or increasing dose of corticosteroids compared to baseline scan or best response

after initiation of therapy

¢ Appearance of any new lesion or clear progression of non-measurable lesions

9 A decline in Karnofsky performance score (KPS) from 100 or 90 to 70 or less, a decline in KPS of at least 20 from 80 or less, and a decline in KPS from

any baseline to 50 or less for at least 7 days
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time point 1

Fig. 2 Same patient as shown in Fig. 1. After starting bevacizumab,
patient no. 1 showed partial response of contrast-enhancing tumor in the
left parietal lobe. At time-point 2, a new contrast-enhancing tumor oc-
curred on the lateral margins of the previous enhancing tumor mass. The
DiffT1 map (see also Fig. 1) showed prolongation of T1 relaxation times
which even extended beyond the new contrast enhancement. Further, an
area of increasing T1 relaxation time was seen in the frontoparietal white

Discussion

This preliminary study suggests that quantitative mapping of
relaxation times is more sensitive to detect progression of
recurrent glioblastomas under bevacizumab compared to the
conventional MR sequences. Prolongation of T1 relaxation
times preceded progression of enhancing tumor or in one
patient, it appeared simultaneously with early progression of
enhancing tumor. The subtraction of enhanced T1 relaxation
time maps from respective pre-contrast maps implicated that
the T1 increase resulted from subtle blood-brain barrier (BBB)
damage which was still invisible on conventional MRI.

This hypothesis is supported by the one case without
prolongation of T1 relaxation times before tumor progression.
This case presented as non-enhancing and more diffuse tumor
progression. In this patient, only the T2 relaxation time in-
creased before tumor progression was evident on conventional
MRI.

The increase of relaxation times was detected by
subtracting quantitative T1 or T2 values from two registered
parameter maps of consecutive time points. Hereby, even
subtle differences of relaxation times can be detected in these
differential (Diff) maps. Considering that both relaxation
times, T1 and T2, are prolonged in brain tumors, every in-
crease of these relaxation times in the normal-appearing brain
tissue should be estimated as tumor progression.

@ Springer

time point 2 time point 3

subtraction map

matter which appeared normal on conventional MRI at time-point 2. Note
that the subtraction maps from time-point 2 also showed slight T1
shortening upon contrast enhancement (arrowhead). At time-point 3,
these areas (arrows) clearly showed progression of enhancing tumor at
both sides: at the lateral margins of the tumor and in the left frontoparietal
white matter

Fig. 3 Synopses of patient nos. 2, 3, and 4. Patient 2 had a contrast- P>
enhancing tumor in the right temporal lobe which showed partial re-
sponse at time-points 1 and 2. At time-point 3, contrast-enhancing areas
slightly emerged on both sides of the lateral ventricles on conventional
contrast-enhanced T1-weighted images. These enhancing areas were
more obvious on the subtraction map (arrow tips). The non-contrast
DiffT1 map from time-points 3 and 2 not only showed prolongation of
T1 relaxation times in the same areas but also along the level of the corona
radiata on the right side into the rostral part of the frontal lobe (arrows). In
these areas, progression of enhancing tumor was seen § weeks later (time-
point 4). Patient 3 had decreased contrast-enhancing tumor areas on the
right parieto-occipital lobe on conventional MRI after starting
bevacizumab. Faint enhancement was seen on conventional T1-
weighted image at time-point 2, whereas DiffT1 and subtraction maps
showed more extensive changes in the right occipital lobe and next to the
trigonum toward the level of the right basal ganglia (arrows). Addition-
ally, slight changes occurred on the left side of the lateral ventricle (arrow
tip). Eight weeks later (time-point 3), these areas enhanced on conven-
tional T1-weighted images, with a more curvilinear pattern in the
occipitoparietal lobe (arrows) and with a nodular pattern in the ventricles
(arrowhead). In contrast, the nodular enhancement of the right ventricle
was not seen on preceding DiffT1 or on subtraction maps. Patient 4
showed a partial response with a decrease of contrast-enhancing tumor
of the left occipitotemporal lobe after starting bevacizumab. On the
conventional follow-up MR studies, the patient presented stable disease
until time-point 9, which revealed progression of contrast-enhancing
tumor mass on the left occipital lobe (arrows). Tumor progression was
confirmed by positron-emission tomography (PET). This area was al-
ready conspicuous on preceding DiffT1 and subtraction map at time-point
6 (arrows) (Fig. 3)
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Patient 3

Patient 4

time point 3

time point 6

time point 4

subtraction map

time point 3

subtraction map

time point 9

subtraction may
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time point |

DIffT2 - 5o
Fig. 4 Patient 5 with a recurrent GBM in the left frontal lobe showed
good response after starting bevacizumab with a decrease of
hyperintensities at the left frontal lobe at time-point 2 (arrows). The
conventional MRI remained stable at time-points 3 and 4. At time-point

Recurrence or progression of contrast-enhancing tumor
under bevazicumab indicates that this tumor should have
tumor vasculature with a defective blood-brain barrier. The
growth of this tumor type may be a result of a failure of the
anti-angiogenic effects of bevacizumab. T1 relaxation times
are mainly influenced by the content of interstitial tissue water
[30-33]. It could be shown previously that damage of BBB in
lesions of MS patients reveal significantly higher T1 relaxa-
tion times compared to lesions with intact BBB [30]. In
accordance with this observation, increased T1 relaxation
times fitted well with subtle contrast enhancement on the
subtraction maps (pre-to-post enhanced T1 maps). In contrast
to the quantitative subtraction maps, this initially subtle en-
hancement was only later visible on conventional MRI. The
sensitive detection of new contrast enhancement should be of
particular importance under bevacizumab because its anti-
VEGEF effect reduces the BBB damage [34]. Ellingson et al.
already reported the value of contrast-enhanced T1-weighted
subtraction maps which not only improved visualization but
also allowed for better prediction of survival in patient with
recurrent GBM treated with bevacizumab [22].

In contrast to our study, Ellingson et al. subtracted conven-
tional T1-weighted images which had to be corrected for coil
and magnetic field biases. The quantitative T1 relaxation time
mapping has the advantage that all these corrections as well as
other influences on the signal intensities (e.g., T2 relaxation
time, proton density) are already corrected. Therefore, quan-
titative T1 mapping seems to be the method of choice espe-
cially for tumor monitoring in a multicenter study design.

However, a standardized protocol for quantitative T1 map-
ping is still missing. There are two different approaches avail-
able to acquire quantitative T1 maps: (a) T1 maps based on the
acquisition of spoiled fast low-angle shot (FLASH) datasets
using variable excitation angles and (b) T1 mapping using
spoiled FLASH echo planar imaging (EPI) hybrid sequences
with varying flip angles [30, 35, 36]. The development of
quantitative T1 measurements with high spatial resolution and
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time point 2 time point 5

5, progressive hyperintensities extended toward the parietal deep white
matter and across the genu of corporis callosi to the contralateral frontal
lobe (arrows). These areas were already conspicuous at time-point 2 with
a prolongation of the T2 relaxation time on the DiffT2 map (arrows)

short experiment durations is of major interest. T1 mapping on
the basis of the variable flip angle approach yields reproduc-
ible results which deem its use in clinical studies appropriate
[30]. This opinion is also supported by a recent study by
Deoni et al. which reports reliable and robust results in a
multicenter study [35]. Further, the use of FLASH-EPI hybrid
sequences with two echoes per excitation can be used to
improve SNR in T1 maps based on the variable excitation
angle approach [30]. Therefore, in our institute, T1 mapping
using spoiled FLASH-EPI hybrid sequences with two variable
flip angles is the method of choice.

Although a multifactorial etiology is likely to cause brain
tissue damage in glioblastoma, the disruption of the BBB
seems to play a pivotal role [22]. The leakage of the BBB
can be detected via a signal enhancement in T1-weighted
images following the administration of gadolinium-
containing contrast agent (CA). To increase the signal on
T1-weighted images, the CA molecules have to pass the
BBB and accumulate in the brain interstitium. However, the
visibility of enhancement depends strongly on various factors,
such as imaging sequence parameters, magnetic field strength,
CA dose, and manner of CA administration [37, 38]. Further,
enhancement depends on the relation between molecular size
of CA (diameter of about 0.9 nm) and the size of the leaks of
the BBB. In contrast, water molecules are much smaller
compared to the CA molecules. Therefore, the content of
interstitial water and thus the T1 relaxation times should
increase before enhancement is seen.

Hattingen et al. assumed in their study that an increase in
T2 relaxation times in the normal-appearing brain also detects
tumor progression with high sensitivity irrespective of the
BBB integrity. Increased tissue water and blood volume as
well as loss of brain tissue texture from gliosis or tumor
infiltration are known to increase T2 relaxation time [17,
39]. Animal models showed lowest T2 relaxation times in a
normal brain, intermediate values in tumor tissue, and longest
T2 relaxation times in edema [40, 41]. In our cohort, only one
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of five patients demonstrated non-enhancing progressive tu-
mor under bevacizumab, whereas more patients with non-
enhancing or less enhancing tumor progression were included
in the larger collective in the study of Hattingen et al. [17].
But, our patients and the previous study suggest that an
increase of T2 relaxation time in DiffT2 maps may detect
non-enhancing tumor progression more sensitively compared
to DiffT1 maps. Another advantage of measuring quantitative
relaxation times instead of signal intensities is explained by
their inverse effect on the signal in conventional MRI: both
values are prolonged in glioblastomas. Prolongation of T1
relaxation time lowers the signal on conventional MRI where-
as prolonged T2 relaxation time increases the signal. Although
the signal in T2-weighted images is mainly influenced by the
T2 relaxation times, T1 relaxation time also has some influ-
ence on the signal especially on FLAIR images, for which T1
effects are even more pronounced. Consequently, changes in
T1 and T2 relaxation times may yield opposite effects on
tumor-related signal changes in conventional MRI so that
measuring each parameter separately should improve tumor
detectability.

Therefore, changes in T2 relaxation time seem to be a
sensitive but relatively nonspecific marker of tissue pathology
[17,31].

Our results emphasize that quantitative relaxation time
mapping could be a promising method for tumor monitoring.
This especially holds true for glioblastoma patients under anti-
angiogenic therapy since detection of tumor progression
seems to be more difficult under this treatment [16]. From
the clinical point of view, it would be crucial to reliably define
the exact time point of progression especially for anti-
angiogenic therapies. To date, this is impaired by the huge
influence of bevacizumab not only on contrast enhancement
but also on T2 sequences [17]. Quantitative MRI and calcu-
lated differential or substraction maps could solve this prob-
lem. These techniques might allow detection of tumor pro-
gression earlier compared to conventional MRI and are able to
offer observer-independent parameters (e.g., increase of T1
relaxation time on differential maps) to provide objective
parameters of tumor progression. At our brain tumor center
and for patients outside clinical trials, we use bevacizumab
usually as a last-line regimen when other approved drugs have
failed. In these patients, it might be less important to exactly
define the time point of progression. Due to missing therapeu-
tic options, we would not stop bevacizumab in a patient
without clinical deterioration but subtle signs of progression
on MRI anyhow. But, quantitative MRI would be especially
relevant for clinical studies to unequivocally define the time
point of progression. Among other reasons, bevacizumab did
not get EMEA approval due to the uncertainties regarding the
definition of PFS.

However, our observations in only five cases should be
considered as preliminary results. Larger cohorts are needed to

value our hypotheses. Our study number was limited because
bevazicumab has not been approved for the first-line therapy
in primary glioblastomas. Therefore, we investigated patients
with recurrent glioblastomas receiving bevacizumab accord-
ing to individual treatment decisions. Most of these patients
with advanced disease have early relapses or are in clinically
poor conditions and unable to perform long MR examination.
Therefore, multicenter studies are needed to approve the va-
lidity of quantitative differential maps to monitor glioblastoma
patients under treatment.

Furthermore, correlation between signal changes de-
tected by quantitative MRI and histopathological find-
ings is missing. Therefore, we compared the results of
the quantitative DiffT1 and DiffT2 maps with conven-
tional MR sequences.

Conclusion

Quantitative T1 and T2 mapping are objective methods which
have an impact on monitoring glioblastomas especially under
bevacizumab therapy. Changes of relaxation times are easily
detected on color-coded subtraction maps, indicating even
minor tissue changes predicting tumor progression which
might be missed on conventional MRI.

Quantitative T1 mapping seems to detect enhancing tumor
earlier than conventional contrast-enhanced T1-weighted im-
ages. Prolongation of T1 relaxation times represents BBB
damage in an earlier stage before contrast agent can accumu-
late in the brain interstitium.

The interpretation of changes of T2 relaxation times is
more challenging because they may be also influenced by
different therapy effects. However, non-enhancing tumor in-
filtration might be also detected more sensitively compared to
conventional T2-weighted images.
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