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Abstract

Introduction This study aims to determine the potential value
of MR-PWI and MR-DWI to differentiate immune therapy-
induced inflammatory response from recurrent glioblastoma
tumour growth. Both can present as contrast-enhancing
lesions on conventional magnetic resonance imaging (MRI).
Methods Patients with recurrent glioblastoma who could
obtain a total or near-total resection were treated with
dendritic cell immune therapy according to the HGG-
IMMUNO-2003 trial. A retrospective analysis of 32 follow-
up MRI examinations (mean follow-up time 21 months) in
eight patients was performed for this pilot study. For the
statistical analysis, the 32 examinations were divided into
three groups: 0—obtained in patients that remained stable
during the follow-up period, la—obtained in progressive-
tumour patients at time points before definite progression and
Ib—obtained in patients at or after progression.
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Results Maximum lesional rCBV ratios were highest in
group 1b (Student 7 test, 9.25+2.68; p<0.001) and were
higher in group la (4.87£1.61, p<0.001) compared to
group 0 (1.22+£0.47). The minimum apparent diffusion
coefficients (ADCs) in the contrast-enhancing regions were
lower in group la (0.62%0.06x 10> mm?/s) than in group 0
(1.03+0.43x10 > mm?/s, p=0.01) and higher in group 1b
(0.76+0.08) compared to la (p=0.02). The minimum
ADCs in the FLAIR-hyperintense region were lower in
group la (0.62+0.06, p=0.02) compared to group 0 (0.76+
0.16) but not significantly different in group 1b (0.68+
0.07) from groups 0 and la (p=0.33, p=0.10). The mean
ADCs of the FLAIR-hyperintense region and the mean
ADCs of the contrast-enhancing lesion were not signifi-
cantly different.

Conclusion The maximum lesional rCBV ratios and min-
imum ADC values in the contrast-enhancing area are
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potential radiological markers to differentiate between
immune therapy-induced inflammatory response and recur-
rent glioblastoma tumour growth in glioblastoma patients
treated with immune therapy.

Keywords MRI - Glioblastoma - Diffusion imaging -
Perfusion imaging - Dendritic cell immunotherapy -
Treatment monitoring

Introduction

Malignant gliomas (WHO grade I1I and IV gliomas) are the
most common and aggressive type of brain tumours. Despite
current multimodal treatment, consisting of surgery and
concomitant radiochemotherapy, the prognosis of these
patients remains poor. The life expectancy of patients with
glioblastoma multiforme (GBM) treated with the current
standard of care is on average 14 months [1]. As such, there is
an obvious need for more effective, low-toxicity therapies.

Among innovative treatment strategies such as targeted
therapy [2] and anti-angiogenesis therapy [3], immunother-
apy has emerged as a promising and feasible treatment for
inducing a long-term survival in at least a subpopulation of
patients with high-grade gliomas. This is reflected in the
increasing number of ongoing scientific research on
immune therapy in high-grade brain tumours. A recent
review has been published by Van Gool et al. [4].
Immunotherapy covers a broad field comprising several
approaches, including passive immune therapy or stimula-
tion, treatment with stimulated T cells and active specific
immune therapy. For active specific immunotherapy,
autologous dendritic cells (DC) are most commonly used
as the vehicle for immunization [4].

DC are among the most potent immune stimulators, able
to prime and activate adaptive immune T cells that can
survey several tissues, including the central nervous system.
In vivo primed T cells have the added potential to mount
secondary memory responses. The primary goal of DC
immune therapy is the induction of anti-tumour immunity
while minimizing autoimmunity [5].

In the clinical setting, DC vaccines have essentially been
used as an adjuvant therapy after surgical resection of the
embedded tumour. Autologous DC are differentiated from
harvested monocytes, cultured and loaded with antigens, i.e.
whole tumour cell lysate from the patient’s tumoural tissue
obtained at surgical resection. They are matured in an ex vivo
culture dish before intradermal administration [4].

Overall, these vaccines are well tolerated with few side
effects. In many patients receiving vaccines, tumour
progression was delayed and the median overall survival
of these patients was prolonged and a substantial group of
patients become long-term survivors [6-9]. The current
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scope of research is mainly focused on optimization of
vaccination schemes: boost vaccinations and methodology
of vaccination administration in relapsed patients with
glioblastoma who could obtain a total or near-total resection
to optimize vaccination schemes.

In DC immunotherapy, the vaccine-induced inflamma-
tory immune response commonly presents as a transient
contrast enhancement in the brain parenchyma on magnetic
resonance (MR) imaging. The contrast enhancement can be
quite remarkable [10] and the differentiation between the
inflammatory response, when presenting with contrast
enhancement, and early tumour relapse can be challenging
as the conventional MR imaging characteristics of both
entities are similar.

In recent years, advances in MR technology have
allowed us not only to visualize the macroscopic patholog-
ical anatomy of diseased organs but also to gain insight into
the physiological characteristics such as vascularisation
(perfusion-weighted MRI, PWI) [11] and cellular integrity
(diffusion-weighted MRI, DWI) [12].

MR perfusion imaging parameters such as regional
cerebral blood volume (rCBV) ratios have been shown to
correlate with pathologically increased vascularity, which is
characteristic for high-grade gliomas [13], and have been
used to differentiate between enhancing lesions in radiation
necrosis and recurrent tumour [14-16].

MR diffusion imaging has been applied for the diagnosis
of high-grade glioma [17, 18]. Apparent diffusion coeffi-
cient (ADC) measurements have been shown to correlate
with tumour cellularity [19], which correlates with tumour
grade and has also been used for the differentiation of
glioma recurrence and radiation injury [15, 20]

In this pilot study, we examine the role of perfusion-
weighted and diffusion-weighted MR imaging in the
follow-up of patients with recurrent GBM treated with
immune therapy in order to assess the potential added value
of the two techniques as radiological markers to differen-
tiate between vaccine-induced inflammatory response and
tumour recurrence.

Materials and methods
Patient selection

We retrospectively reviewed MR imaging studies from
patients with GBM treated with immunotherapy according
to the HGG-IMMUNO-2003 protocol in the University
Hospitals of Leuven (HGG, high-grade glioma) [6].
Patients with recurrent GBM, who could obtain a total or
near-total resection and be rapidly weaned from cortico-
steroids within 1 to 2 weeks after surgery, were included in
the HGG-IMMUNO-2003 cohort comparison. The immune
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therapy was administered as a single-treatment approach;
hence, a change in the imaging appearance of the post-
resection area such as the new onset of contrast enhancement
was likely to represent either immune therapy-mediated
effects or tumour progression [4, 9]. According to the
HGG-IMMUNO-2003 protocol, conventional MR imaging
time points were foreseen preoperatively, post-operatively
before the start of the immune therapy, 1 month after therapy
start and every following 3 months. The MR examinations
were performed from May 2006 to May 2010. The patients
gave informed consent to participate in the HGG-IMMUNO-
2003 trial, which was approved by the institutional review
board of the University Hospitals of Leuven.

The patient group consisted of eight individuals (six
males, two females; age range 26-59; median age,
44 years). MR imaging was performed at the University
Hospitals of Leuven, Belgium. All patients except one
underwent the MR imaging session preoperatively in our
hospital. All patients had conventional MR imaging follow-
up according to the study protocol. MR examinations
exclusively obtained within the scope of the HGG-
IMMUNO-2003 trial were included in the study. Mean
follow-up time was 20.5 months.

For the perfusion and diffusion imaging analysis, only
MR examinations that were performed with both PWI and
DWI were selected. A total of 32 follow-up studies, which
represented DWI and PWI data from eight patients,
obtained at two to eight different time points per patient,
were analysed (Table 1).

Data acquisition and analysis

MR imaging in the subjects was performed on a 3T clinical
MR system (Philips Achieva, Best, The Netherlands) with
an eight-channel phased array head coil. The acquired
images were transferred to an Apple Macintosh computer
(Apple, Cupertino, USA), running Osirix open source
image processing software [21].

Conventional MR sequences

The MR sequences were as follows: axial spin echo T2
(TR/TE=3,000/80 ms; slice/gap, 4/1 mm; TF, 10; FOV,
230x 184 mm?), axial fluid attenuated inversion recovery
(FLAIR) (TR/TE/TI=11,000/125/2,800 ms; slice/gap, 4/
I mm; FOV, 180%230 mm), axial spin echo T1 pre- and
post-contrast administration (TR/TE=363/4.6 ms; slice/gap,
4.5/0 mm; FOV, 230 mmx 184 mm?), sagittal spin echo T1
post-contrast administration (TR/TE: 367/4.6 ms; slice/gap,
4.5/0 mm; FOV, 230x218 mm?), coronal spin echo TI
post-contrast administration (TR/TE, 440/4.6 ms; slice/gap,
4.5/0 mm; FOV, 230x184 mm?).

PwI

Perfusion images were obtained with a gradient echo planar
imaging sequence using the dynamic-susceptibility
contrast-enhanced technique. The settings were as follows:
TR/TE, 1,350/30 ms; slice/gap, 3/0 mm; number of slices,
24; dynamic scans, 60; EPI factor, 47; FOV, 200x200 mm;
matrix, 112x109. Dynamic contrast agent-enhanced EPI
were acquired during the first pass following a rapid
injection of a 0.1-mmol/kg body weight bolus of meglumi-
negadoterat (Dotarem, Guerbet) via a mechanical pump at a
rate of 4 ml/s, followed by a 20-ml bolus of saline through
a 20-gauge intravenous line to a cubital vein. Two-
dimensional images were reconstructed using automatic
calculation methods provided by the vendor. Concentration
time curves of the first pass of the bolus were calculated
and subsequently fitted with a gamma variate function [22]
in order to derive the rCBV, regional cerebral blood flow
(rCBF) and mean transit time. Corresponding maps were
generated.

T1-weighted post-contrast images and FLAIR images
were spatially co-registered to the rCBV maps. Regions of
interest (ROIs) of the complete signal abnormality in the
post-operative tumoural region—comprising both contrast-

Table 1 Overview of the

patient data Age Gender Group Tota.l folloyv— Time from Number of
up time with therapy PWI and
conventional start to DWI
MR (months) progression follow-up
(months) time points
Patient 1 34 f 0 10 2
Patient 2 37 m 0 44 8
Patient 3 52 m 0 21 4
Patient 4 26 f 0 10 2
Patient 5 44 m 0 15 2
m male, f female, 0 stable . )
disease group, / progressive Patient 6 59 m 1 46 40 7 (1a, 6; 1b, 1)
disease group, /a time points Patient 7 45 m 1 10.5 7.5 3 (1a, 1; 1b, 2)
before distinct progression, /56— Patient 8 39 m 1 I 7 4 (1a, 2; 1b, 2)

distinct progression
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enhancing (if present) and FLAIR-hyperintense parts—
were drawn and subsequently transferred onto the rCBV
map under visual supervision to ensure correct spatial
mapping. The procedure was repeated for all the slices on
which FLAIR hyperintensity or contrast enhancement was
perceived. Vessels were excluded from the ROIs by visual
inspection of unprocessed perfusion images and spatially
co-registered T2 and T1-weighted images.

The maximum rCBV value in the ROI was measured
and the rCBV ratio was calculated by dividing the
measured maximum lesional rCBV with the rCBV of the
contralateral normal-appearing white matter.

Dwi

Diffusion imaging was performed in the transverse plane
using a single-shot spin-echo—echo planar imaging
sequence with the following parameters: repetition time
(ms)/echo time (ms), 3,529/70; diffusion gradient encod-
ing in three orthogonal directions, b=1,000 s/mm?; slice
thickness, 4 mm; slice gap, 0 mm; EPI factor, 57; diffusion
gradient timing, 35.5/7 ms; Field of view, 230%230 mm?
(with acquisition matrix, 128 x 128). After automatic pixel-
by-pixel calculation, an ADC map was obtained.

For the diffusion analysis, the ADCs were measured
separately in the contrast-enhancing part (when present)
and in the surrounding FLAIR-hyperintense part. T1-
weighted post-contrast images and FLAIR images were
spatially co-registered to the ADC maps. ROIs of contrast-
enhancing lesion were drawn on the TI1-weighted post-
contrast images and subsequently transferred onto the ADC
map under visual supervision to ensure correct spatial
mapping. The procedure was repeated for all the slices on
which contrast enhancement was perceived. Similarly,
ROIs were drawn on the spatially co-registered FLAIR
images to include all hyperintense parts of the lesion. In
both instances, great care has been taken to exclude any
cystic or necrotic parts in the tumoural region. The
minimum and mean ADCs of the contrast-enhancing and
FLAIR-hyperintense part were calculated from the ROIs.

In the event of no demonstrable contrast enhancement
present on the TI1-weighted post-contrast images, the
examination was excluded from the analysis of the
contrast-enhancing lesions and included in the analysis of
FLAIR-hyperintense regions only.

Statistical analysis

The 32 total examinations, performed in eight patients at
two to eight different time points per patient (Table 1), were
grouped into three groups. All examinations performed in
patients that remained clinically and radiologically stable
during the follow-up (mean follow-up period 20.5 months)
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were grouped into group O—stable. Examinations per-
formed in patients that had tumour progression during the
follow-up period (mean follow-up period 21.5 months)
were divided into group la—examinations that had been
performed at time points before distinct progression—and
group lb—examinations performed after progression.

To define distinct clinical or radiological progression, we
adopted the criteria currently used in the clinical setting in
the follow-up of recurrent GBM patients: a significant
increase in contrast enhancement in or surrounding the
resection area in more than two consecutive imaging time
points on Tl1-weighted post-contrast images or a severe
progressive clinical neurological deterioration [23].

The mean values of all the measured parameters—
maximum lesional rCBV ratios, minimum and mean ADC
values of the contrast-enhancing regions and minimum and
mean ADC values of the FLAIR-hyperintense region—
were calculated for all three groups. Box plots of the
distribution of the measured values were drawn and group
mean values were subsequently compared with Student ¢
test. P<0.05 was considered to indicate a significant
difference. IBM SPSS statistical software (IBM, Armonk,
NY, USA) was used for the analysis.

Results

Three of the eight patients progressed during the study
period. The time from the start of immune therapy to
progression was from 7 to 40 months (median 7.5 months).
Fourteen examinations of the total of 32 were obtained in
progressive-tumour patients. Among them, nine examina-
tions have been obtained at time points before distinct
progression (group la) and five at or after progression
(group 1b). All the examinations in progressive-tumour
patients exhibited avid contrast enhancement.

The remaining five patients remained stable clinically as
well as radiologically until the end of the study (10-44 months;
median 15 months). All 18 examinations obtained in stable
patients at various time points were included in group 0.

In three stable patients of five, no residual contrast
enhancement was perceived after a certain time point: patient
1 did not have any demonstrable contrast enhancement at any
point in the follow-up, and patients 2 and 3 did not have any
perceivable contrast enhancement after 10.5 and 12.5 months
from the start of immunotherapy, respectively. These exami-
nations (ten from the total 32) with no contrast enhancement
were not included in the analysis of ADC values of the
contrast-enhancing regions and were included only in the
analysis of FLAIR-hyperintense regions.

The calculated group means with standard deviations
and ranges of the parameters measured are summarized in
Table 2.
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Table 2 Maximum lesional rCBV ratios, ADC values in contrast-enhancing regions and ADC values in FLAIR-hyperintense regions in the three

groups

Stable

Group 0

Progressors

Before progression, group la After progression, group 1b

Maximum lesional rCBV ratio 1.224+0.47 (0.64-2.28)
1.03+0.43 (0.64-1.85)
1.53+0.42 (1.02-2.11)
0.76+0.16 (0.54-1.17)

1.31£0.28 (0.92-1.79)

Minimum ADC of contrast-enhancing part
Mean ADC of contrast-enhancing part
Minimum ADC of FLAIR hyperintensity
Mean ADC of FLAIR hyperintensity

4.87+1.61 (2.81-8.17)
0.6240.06 (0.54-0.74)
1.28+0.17 (1.03-1.43)
0.6240.06 (0.54-0.74)
1.400.16 (1.16-1.64)

9.2542.68 (5.15-12.37)
0.76+0.08 (0.66-0.85)
1.20+0.17 (1.02-1.41)
0.68+0.07 (0.62-0.80)
1.30+0.15 (1.21-1.57)

ADCs are in 107> mm?/s

Group 0 stable disease, group la time points before distinct progression,

Maximum rCBV ratios were significantly higher in
group la (4.87+1.61), compared to stable patients (1.22+
0.47, p<0.001). Maximum rCBV ratios were significantly
higher in group 1b (9.25+2.68), compared to values
measured in both stable patients (p<0.001) as well as
group la (p=0.017). Figure 1 shows the distribution of
rCBYV values in the three groups.

The mean ADCs in the contrast-enhancing region were
1.53+0.42, 1.28+0.17 and 1.20+0.17x10° mm?/s in
groups 0, la and 1b, respectively. There was a trend for
the ADC values to be lower in group la than group 0 and
lower in group 1b than la, but the difference was not
significant (p=0.11, p=0.43). The difference between
groups 0 and 1b was also insignificant (p=0.08).

Minimum ADCs in the contrast-enhancing regions were
lower in group 1a (0.62+0.06x 10> mm?/s) than in group 0
(1.03£0.43x10° mm?*s, p=0.01) and higher in group 1b

12.004

10.00+

8.004

6.004

4.00+

Maximum rCBYV ratio

2,004

o

] 1a
group

0.004

1b

Fig. 1 Maximum rCBYV ratios in the three groups (group 0: stable
disease; group la: progressive-tumour patients at time points before
distinct progression; group 1b: distinct progression). The small circle
(27) represents an outlier (patient 7, second time point)

group 1b distinct progression

(0.76+0.08 x 10> mm?/s) compared to 1a (p=0.02). Figure 2
shows the distribution of measured minimum ADC values in
the contrast-enhancing regions in the three groups.

The mean ADCs in FLAIR-hyperintense regions were
similar across groups: 1.31+0.28, 1.40+0.16 and 1.30+
0.15x10"* mm?/s in groups 0, la and 1b, respectively.

Minimum ADCs in the FLAIR-hyperintense regions were
lower in group la (0.62+0.06x10° mm?s) compared to
group 0 (0.76+0.16x107> mm?/s, p=0.02) but were not
significantly different in group 1b (0.68+0.07x 10> mm?/s)
compared to either group 0 or la (p=0.33, p=0.10).

Discussion

In this pilot study, we evaluate the potential role of using
dynamic susceptibility contrast-enhanced MR perfusion

2.0
1.8
1.6
1.4 4
1.2 1
1.0 4
0.8 4 20 ﬁ
)
0.6 - %

0 1a
group

Minimum ADC in CE part

Fig. 2 Minimum ADCs in the contrast-enhancing regions in the three
groups (group 0: stable disease; group la: progressive-tumour patients
at time points before distinct progression; group 1b: distinct
progression). The ADCs are in 10> mm?¥s. The small circle (30)
represents an outlier (patient 8, second time point)
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and diffusion-weighted imaging in the follow-up of patients
with recurrent GBM, treated with dendritic cell therapy as a
single-treatment approach. To our knowledge, no data have
been published regarding MR imaging-guided therapy
monitoring of GBM patients treated with immune therapy.

Although high-grade gliomas (WHO grade III and IV
gliomas) are categorized among the orphan diseases with a
prevalence of four to seven per 100,000, they are the most
common and aggressive brain tumours in adults. They
manifest at every age with a peak incidence from 45 to
70 years and a predominance for males. Despite a
multimodal-treatment approach consisting of surgery and
combined radiochemotherapy, the prognosis of patients with
high-grade glioma and, in particular, glioblastoma (WHO
grade IV Gliomas) is extremely poor. Hence, the need for new
therapies is clear. Immune therapy is emerging as a feasible
treatment approach with low toxicity. Active specific immune
therapy, in which dendritic cells are used as vehicle for
immunization, is currently the scope of research in several
groups. Although clinical evidence is emerging that survival
can be prolonged in at least a subgroup of these patients, an
adequate method for therapy monitoring is currently lacking.
Adequate therapy monitoring is of utmost importance as this
would allow for the timely detection of treatment failure,
thereby permitting earlier changes in the treatment and
therapeutic optimization.

Imaging follow-up in GBM patients is routinely
performed with serial MRI scans. Several patients with
malignant glioma, treated with the current standard of care
of concomitant radiochemotherapy, have been described
with subacute treatment-related reactions with or without
clinical deterioration, showing diffuse enhancing lesions
with variable perilesional oedema on MRI, suggestive of
tumour progression [24-26]. Consecutive MR imaging
elucidates that these alterations are not always related to
tumour progression but represent a treatment-induced
effect. This phenomenon has been referred to as “pseudo-
progression”. Probably as a similar entity, comparable
findings have been observed in ongoing trials on immune
therapy for high-grade glioma [4]. MR imaging follow-up
of GBM patients treated with immune therapy often
demonstrates extensive and heterogeneous contrast en-
hancement along with variable perilesional edema and
mass effects in the area of the tumour resection cavity after
therapy administration. Hence, the differentiation between a
vaccine-induced inflammatory immune reaction and early
tumour recurrence remains challenging as the radiological
characteristics of both entities are similar. As such, only
further follow-up with repeat imaging and clinical correlation
makes it possible to distinguish between these two conditions.
PET scans with radiolabeled amino acid methionine may have
an additional diagnostic value as this technique provides
metabolic data for the observed alterations [27].
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Many studies have shown promising results using PWI
and DWI in glioma therapy monitoring [28-33]. Among
the perfusion imaging parameters, we chose to measure
rCBYV, as it is the most robust and widely used quantitative
variable derived from dynamic susceptibility-weighted
contrast-enhanced MR imaging [32, 34]. There are a lot of
published studies that have mainly analysed the perfusion
and diffusion characteristics of the contrast-enhancing
lesions [15, 30, 35-38]. As other studies have shown that
tumour progression [39] or recurrence [40] may develop in
the FLAIR-hyperintense parts of tumoural lesions, we
decided to include the FLAIR-hyperintense regions into
analysis. We assumed that we would run a risk of ignoring
foci of possible tumour recurrence if tCBV and ADC values
were solely analysed in the contrast-enhancing regions.

In our pilot study, we observed significantly higher
maximum lesional rCBV ratios (9.25+2.68) in progressive-
tumour patients with a distinct tumour progression (group
1b) compared to patients who remained stable during the
course of our observation (1.22+0.47, group 0). Further-
more, higher maximum lesional rCBV ratios (4.87+1.61)
than those found in stable patients were observed in
individuals who were already progressive-tumour patients
at the time points before the diagnosis of progression, based
on clinical and conventional radiological characteristics,
was made (group la). The measurements of maximum
lesional rCBV ratios could potentially enable us to make
the distinction between stable and progressive-tumour
patients earlier than presently possible with established
clinical and radiological criteria. Two patients with similar
conventional imaging presentation at initial time points are
presented in Figs. 3 and 4. One patient subsequently
progressed; the other one remained stable until the end of
the study.

Danchaivijitr et al. examined the longitudinal maximum
rCBV ratios in the follow-up of conservatively treated
glioma patients [39]. They found a progressive increase in
maximum rCBV ratios in patients in which low-grade
gliomas transformed to high-grade ones. The mean rCBV
ratios at transformation were 5.36+3.01 and elevated
maximum rCBV ratios were measured in transforming
patients as early as 18 months before transformation. This
is similar to our findings regarding both the mean rCBV
ratios and the observation of elevated rCBV ratios at
imaging time points way before the diagnosis of distinct
progression was made by the standard clinical and
radiological criteria.

The range of maximum rCBYV ratios we measured in the
definite GBM progression group (5.15-12.37) corresponds
to the values reported in the literature [13, 39, 41-43]. The
mean maximum rCBV ratios that we obtained in the
definite progression group (9.25+2.68) were somewhat
higher than the rCBV values of non-treated GBMs and
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Fig. 3 Stable patient (patient 5). T1-weighted post-contrast images
and rCBV maps at different time points in the follow-up. Time points
in months. 0—post-operatively, 20 days before the start of immune
therapy. Some residual hematoma (T1-weighted pre-contrast images
not shown) and contrast enhancement in the border of the resection
cavity. / m—1 month after the start of immune therapy. Some residual
hematoma and more prominent contrast enhancement in the border of

the resection cavity. 4.5 m—collapse of the resection cavity with a
focus of parenchymal contrast enhancement in the lateral posterior
border of the resection cavity (arrow); also present at 9 months. /5 m
—minimal residual contrast enhancement. The maximum rCBYV ratios
in the tumour resection cavity and bordering tissues remain low on
both time points when perfusion imaging was performed

Fig. 4 Progressive-tumour patient (patient 7). Tl-weighted post-
contrast images and rCBV maps at different time points in the follow-
up. Time points in months. 0—post-operatively, 25 days before the
start of immune therapy. /.5 m—1.5 months after the start of immune
therapy; patchy contrast enhancement with some more linear
enhancement of the resection cavity. 4.5 m—minimal residual
enhancement in the medial border of the resection cavity and a small
increase in contrast enhancement in the latero-superior part (not

shown) of the resection cavity. 7.5 m—discrete increase in contrast
enhancement both in the antero-medial part (shown above) and latero-
superior part (not shown). /0.5 m—progressive increase in both the
antero-medial part (shown above) and latero-superior part (not
shown). At 7.5 and 10.5 months, respectively, a focus of elevated
rCBV values can be appreciated on the rCBV maps (arrows),
corresponding to a focus of nodular contrast enhancement on the
T1-weighted contrast-enhanced images
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high-grade gliomas reported by other groups: Sugahara et
al. [13] reported a mean maximum rCBYV ratio of 7.32+
4.39 for GBMs, Calli et al. reported 6.33+2.03 for GBMs
[41] and Yang et al. reported 6.10+3.98 [43] for high-grade
gliomas. The somewhat higher mean maximum rCBV
ratios in our group of progressive GBM patients with a
similar range of values could be due either to the small
sample size, differences in the perfusion characteristics of
recurrent tumour compared to non-treated tumours or
higher MR field strength (3T).

Yamada et al. [44] reported an interesting pitfall of
dynamic susceptibility contrast-enhanced MR perfusion-
weighted imaging. Iron accumulations induce local field
gradients through susceptibility. These field gradients
induce T2*-shortening and may result in the underestima-
tion of the measured CBV and CBF, in particular when
gradient-echo sequences are applied in acquiring PWI. This
phenomenon gives rise to errors in parameter calculation in
case the degree of iron accumulation exerts some effect on
the magnitude of signal change, and consequently the linear
relationship between the magnitude of signal change and
the tissue concentration of contrast material is not pre-
served. As haemorrhage and necrosis are well documented
in high-grade gliomas [45], susceptibility artefacts induced
by corresponding iron or heme depositions could possibly
have affected our rCBV and rCBF calculations. Although
this is a pertinent issue, we do not believe that our results
are significantly influenced by this phenomenon. First of
all, Yamada et al. report that susceptibility-induced errors in
PWI parameter calculation only occur at a certain degree of
iron accumulation, namely, when the degree of the T2*-
shortening by iron accumulation interferes with the magni-
tude of signal change induced by the bolus of contrast
agent. We checked for iron accumulation on the source
images and had no evidence for important susceptibility
artefacts. Furthermore, if this artefact would have been
present in our data set, mainly the data from the stable
patients would have been affected, as patients from this
group are documented with lower values on rCBV and
rCBF, compared to the results of the group of progressive-
tumour patients.

We performed a literature search for MR perfusion
characteristics of inflammatory diseases in the brain to find
some reference values with which a comparison could be
made with the measured maximum lesional rCBYV ratios of
inflammatory response in stable patients. We did not find
any reports regarding MR perfusion values for immune
therapy-induced inflammatory response. The inflammatory/
infectious lesions of the brain that are pathologically
distinct from therapy-induced inflammatory response, but
have a higher prevalence and, as such, have been
extensively studied, are brain abscesses. Abscesses have
been shown to have lower rCBYV ratios in the solid portion
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of the lesion compared to the solid parts of centrally
necrotic high-grade gliomas [46—51]. Erdogan et al. [48]
found the mean rCBYV in the abscess wall to be 0.76+0.12
compared to 5.51+2.08 in high-grade gliomas. The sizeable
difference between the rCBV ratios reported in inflamma-
tory lesions—abscesses and high-grade gliomas—is sup-
portive to our findings of a large difference in maximum
rCBYV ratios between stable patients with therapy-induced
inflammatory response and progressive-tumour patients.

In diffusion-weighted imaging, the minimum ADC
values that we obtained in progressive-tumour patients
(groups la and 1b) were similar to the minimum ADC
values for non-treated GBMs reported in the literature by
Kitis et al. (0.70+0.16x10"* mm?/s) [52].

ADC values have been shown to correlate with tumour
cellularity [19] and grade [53, 54]. Higher cellularity,
characteristic for high-grade gliomas, impedes molecular
diffusional mobility and consequently causes lowering of
the ADC.

For the ADC analysis, we opted to evaluate the contrast-
enhancing region and FLAIR-hyperintense region separate-
ly, similarly to Jain et al. [29]. Our hypothesis is that, by
choosing this method, we measured more objective values
in the solid, contrast-enhancing part, less influenced by the
amount of surrounding vasogenic oedema, while at the
same time also not disregarding the possibly significant
changes of ADC by the recurring tumour foci in the
FLAIR-hyperintense part.

We observed lower minimum ADC values in both
contrast-enhancing regions and FLAIR-hyperintense
regions of patients in group la—progressive-tumour
patients at time points before distinct progression—than in
patients who remained stable. The lower ADC could be
explained by increased cellularity in the developing
recurrent tumour foci. In group 1b, the minimum ADCs
in the contrast-enhancing regions were higher than the
minimum ADCs measured in the contrast-enhancing
regions in group la. This could be explained by the
development of small necrotic regions as the tumour
develops—too small to be completely excluded when
manually drawing ROIs on the Tl post-contrast co-
registered images.

We did not find any significant difference between mean
ADC values across groups. In many patients, the contrast-
enhancing lesion parts, as well as the FLAIR-hyperintense
regions, were extensive. Tumour recurrence, on the con-
trary, most commonly starts to develop in small foci. The
elevated ADC values in edematous white matter surround-
ing the small recurrent foci could explain why we did not
find any significantly different measurements of mean ADC
values across groups. By measuring the mean ADC value
of the contrast-enhancing part or FLAIR-hyperintense ROI,
the potentially lower ADC values of recurrent tumour foci
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blended in the higher ADC values found in the more
extensive white matter edema.

Similarly to MR perfusion characteristics, we did not
find any reports in the literature on MR diffusion character-
istics of immune therapy-induced inflammatory response in
the brain for comparison. Other inflammatory diseases of
the brain such as some types of encephalitis [55] and brain
abscesses [48, 51, 56] exhibit lower ADC values than
normal brain tissue. Contrary to maximum rCBV ratios,
which are lower in abscesses than in high-grade tumours,
the ADC values are lower both in high-grade tumours and
inflammatory diseases than in normal brain tissue. The
potentially lower ADC values in the vaccine-induced
inflammatory response compared to normal brain tissue
could represent a potentially confounding effect when
trying to distinguish between the vaccine-induced inflam-
matory response and the recurrent tumour. Therefore, care
should be taken when interpreting these results.

In this pilot study, MR imaging follow-up was retro-
spectively reviewed in patients with recurrent GBM, treated
with active specific immune therapy as a single-treatment
approach. We believe that maximum rCBV ratio measure-
ments and minimum ADC values could be of potential use
in the follow-up of GBM patients treated with immune
therapy. In particular, the maximum rCBV ratios are a
potentially good marker to indicate progressive or stable
disease.

However, this study has several limitations. First, the
sample size is small. Dendritic cell immune therapy is a
novel treatment, with phase I and II studies being
performed. In a recent review of dendritic cell studies for
high-grade gliomas, the median sample size was 12 patients
[57]. Some patients enrolled in the HGG-IMMUNO 2003
trial have their imaging follow-up performed at local
hospitals on different MR scanners without perfusion
imaging. Consequently, their imaging data could not be
used for this study. We did not have a pathologic
confirmation of tumour recurrence or immune therapy-
induced inflammatory disease; we relied instead on serial
clinical evolution and conventional radiological evaluation
as our standard.

Conclusion

This pilot study, in which the role of advanced MR imaging
techniques in therapy monitoring of GBM patients treated
with immune therapy was examined, suggests that MR
perfusion and diffusion-weighted imaging could be helpful
to differentiate therapy-induced inflammatory response
from recurrent tumour.

Larger prospective studies are planned to further
evaluate the potential role of advanced MR imaging

techniques as biomarkers of treatment failure versus
therapeutic success in immune therapy for high-grade
gliomas.
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