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Purpose

To determine the utility of 18 F-DOPA PET/MRI versus cross-sectional MRI alone in
glioma response assessment and identify whether the two techniques demonstrate
different tumour features.

Methods
18 F-DOPA PET/MRI studies from 40 patients were analysed. Quantitative PET

parameters and conventional MRI features were recorded. Tumour volume was
assessed on both PET and MRI. Using DSC-PWI, maps of CBF and CBV were
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obtained. Within VOlIs of tumour features and normal-appearing white matter (NAWM)
drawn on MRI, SUV max , CBF and CBV were recorded. Presence of residual active
tumour was assessed by qualitative visual assessment. ROC analysis was performed
univariately and on parameter combination to analyse ability to determine
presence/absence of disease. Reference standard for presence of viable tissue was
biopsy or clinical follow-up.

Results

Median SUV max was 3.4 for low-grade glioma (LGG) and 3.3 for high-grade glioma
(HGG). There was a significant correlation between PWI parameters and WHO grade
(p<0.001), but no correlation with SUV max . Median 18 F-DOPA volume was
8216.88 mm 3 for HGG and 6284.94 mm 3 for LGG; MRI volume was 6316.57 mm
3 and 5931.55 mm 3 respectively. SUV max analysis distinguished enhancing and
non-enhancing components from necrosis and NAWM and demonstrated active
disease in non-enhancing regions. Visually, the modalities were concordant in 37
patients. Combining the multiparametric PET/MRI approach with all available data
enhanced detection of the presence of tumour (AUC 0.99, p<0.01).

Conclusion
MRI and 18 F-DOPA are complementary modalities for assessment of tumour

burden. Matching 18 F-DOPA and MRI in assessing residual tumour volume may
better delineate the radiotherapy target volume.
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Abstract
Purpose: To determine the utility of 3F-DOPA PET/MRI versus cross-sectional MRI alone in

glioma response assessment and identify whether the two techniques demonstrate different

tumour features.

Methods: ®F-DOPA PET/MRI studies from 40 patients were analysed. Quantitative PET
parameters and conventional MRI features were recorded. Tumour volume was assessed on
both PET and MRI. Using DSC-PWI, maps of CBF and CBV were obtained. Within VOIs of
tumour features and normal-appearing white matter (NAWM) drawn on MRI, SUVmax, CBF
and CBV were recorded. Presence of residual active tumour was assessed by qualitative
visual assessment. ROC analysis was performed univariately and on parameter combination
to analyse ability to determine presence/absence of disease. Reference standard for presence

of viable tissue was biopsy or clinical follow-up.

Results: Median SUVmax was 3.4 for low-grade glioma (LGG) and 3.3 for high-grade glioma
(HGG). There was a significant correlation between PWI parameters and WHO grade
(p<0.001), but no correlation with SUVmax. Median ®F-DOPA volume was 8216.88 mm? for
HGG and 6284.94 mm?® for LGG; MRI volume was 6316.57 mm?® and 5931.55 mm?3
respectively. SUVmax analysis distinguished enhancing and non-enhancing components from
necrosis and NAWM and demonstrated active disease in non-enhancing regions. Visually,
the modalities were concordant in 37 patients. Combining the multiparametric PET/MRI
approach with all available data enhanced detection of the presence of tumour (AUC 0.99,
p<0.01).

Conclusion: MRI and F-DOPA are complementary modalities for assessment of tumour
burden. Matching 8F-DOPA and MRI in assessing residual tumour volume may better

delineate the radiotherapy target volume.



Introduction

Structural magnetic resonance imaging (MRI) is the current standard for detection and
follow-up of brain tumours of any grade and histology. Although the Response Assessment in
Neuro-Oncology RANO criteria [1-3] take into account non-enhancing disease, response
assessment still relies on axial bi-dimensional measurements of the enhancing tumour on
conventional contrast-enhanced T1-weighted images [4]. With the advent of new
radiotherapy programmes such as proton beam therapy and chemotherapy protocols,
evaluation of post-treatment glioma burden is mandatory to optimise and personalise
treatments [5]. The need for additional insights into tumour biology and infiltrative behaviour
has prompted the increasing use of radionuclide PET imaging and advanced MRI techniques,
such as perfusion-weighted imaging (PWI), diffusion-weighted imaging (DWI) with
advanced modelling (e.g. NODDI or VERDICT) and magnetic resonance proton
spectroscopy [6-8]. Positron emission tomography (PET) imaging with the amino acid tracer
6-8F-fluoro-L-3,4-dihydroxy-phenylalanine (**F-DOPA) has the ability to provide additional
information in brain tumours over conventional cross-sectional contrast-enhanced computed
tomography (CT) or MRI alone [9].

Previous studies comparing *F-DOPA PET and MRI have reported that the two techniques
can correlate with different biological characteristics of the tumour. Tracer uptake with 8F-
DOPA PET reflects amino acid metabolism within the tumour cells, while gadolinium MRI
reflects the disruption of the blood-brain barrier and the remodelled vascular network within
the tumour [10-14]. Therefore, we believe that the simultaneous acquisition of ¥F-DOPA
PET and gadolinium-enhanced MRI can provide better insights on the tumour biology as
compared to a single-modality approach thanks to the capability of exploiting different
intrinsic, complimentary, biological features. Despite the complementary nature of the two
techniques, hitherto, few reports have investigated the value of multimodality imaging for
glioma response assessment using a hybrid PET/MRI system [15-17]; thus, the primary aim
of our study was to assess the potential benefit of a hybrid ¥ F-DOPA PET/MRI versus cross-
sectional MRI for the evaluation of active disease in post-treatment patients. Our secondary

aim was to recognise whether the two techniques show different features of the tumour.

This assessment has a clinical impact not only because it helps in the understanding of the
biological behaviour of glioma but also because it allows better identification of tumour

burden and personalised treatment planning.



Materials and Methods
Patient population and treatment

Forty consecutive patients [median age 34 years (5-65 years), M:F 23:17] diagnosed with
glioma who were undergoing treatment and had been referred for brain 8F-DOPA PET/MRI
were prospectively recruited after securing informed consent from the patient or from parents
or the legal guardian. Imaging using the hybrid 3T PET/MRI scanner was approved by the
local ethics committee. All investigations were carried out in accordance with the Declaration
of Helsinki.

Patient demographics, including WHO grading of tumour and treatment modalities, are

shown in Table 1.

Histopathological categorisation of the tumours was done as per the 2016 WHO classification
[18], including molecular criteria that occasionally supplanted morphology and grade of the

tumour.

Chemotherapy regimens varied according to tumour histology. Radiotherapy doses ranged
between 50 and 54 Gy in 30 fractions over a 6-week period. The median time between the
end of treatment and ®F-DOPA PET/MRI was 8 months (5-12 months). Tumour
histopathology was confirmed after surgical tumour resection or by biopsy of the tumour. The
reference standard for assessing residual/recurrent tumour was tumour biopsy, where

possible, or clinical-radiological follow-up.
Imaging

All PET/MRI studies were conducted on a hybrid 3T clinical scanner (Siemens mMR

biograph, Siemens Healthcare, Erlangen, Germany) at our institution.

Static PET acquisitions were post-reconstructed at the 15th minute (0—15 min) after injection
of ®F-DOPA (dose range 250-370 MBgq, according to body weight) [19]. Based on scatter
and attenuation correction images, standardised uptake value (SUV) images were calculated,

accounting for time between injection and acquisition and the 8F half-life.

MRI sequences included coronal and axial T2-weighted (T2-W) inversion-recovery
acquisition (FLAIR; TE 397 ms, TR 5000 ms, TI 1800 ms, TA 5.50 min, voxel size



1.1x1.1x1.1 mm), axial T2-W TSE imaging (TE 300 ms, TR 4000 ms, TA 3.50 min, slice
thickness 4 mm) and an axial T1-W 3D isovolumetric interpolated breath-hold examination
before and after gadolinium (0.2 ml/kg) injection (TE 3.8 ms, TR 2000 ms, TA 5.00 min,
voxel size 1.1x1.1x1.1 mm).

Dynamic susceptibility contrast perfusion-weighted imaging (DSC-PWI) MRI was acquired
after a preload dose (PLD) administration of gadolinium-based contrast agent (GBCA)
(0.005-0.1 mmol/kg) that allowed the acquisition of PLD-corrected data in order to partially
correct for GBCA extravasation-induced T1 effects. DSC-PWI data (gradient-echo echo-
planar imaging with TR/TE/flip angle 1500-2000 ms/20 ms/60°, FOV 24x24 cm, matrix
128x128, 5-mm slice thickness, no gap) were acquired during 3 min with the bolus injection

occurring at 1 min after the start of the DSC sequence.

Image analysis

Two nuclear medicine physicians in consensus recorded several quantitative PET parameters
[SUVmax, target-to-background ratio (T/B) and target-to-striatum (T/S) ratio].

For visual analysis, the lesion was considered positive for recurrence when ®F-DOPA uptake
in the suspicious area was greater than the uptake in the adjacent normal tissue. Two
neuroradiologists in consensus recorded the maximal diameters, tumour enhancement (graded
qualitatively as low, medium or high and in percentage terms using a five-point scale: 0; 1:
<5%; 2: 6%-33%; 3: 34%66%; 4: 67%-95%; 5. >95% [20]; VASARI project —
wiki.cancerimagingarchive.net) and tumour features (enhancing, non-enhancing and
necrosis). To obtain cerebral perfusion maps (CBV and CBF), a semi-automated arterial input
function method derived from a region of interest (ROI) located close to the middle cerebral
artery, contralateral to the lesion side, was used [image analysis was carried out using
commercial software (IB Neuro v1.1; Imaging Biometrics, LLC, EIm Grove, WI)]. A circular
ROI (size range 30-50 pixels) encompassing the lesion was drawn to measure the maximum
CBV and CBF, avoiding necrotic areas and non-tumour microvasculature. The relative CBV
and CBF were then calculated for each lesion by dividing the tumour CBV and CBF by the
mean CBV/CBF values obtained from a similar ROl (same size range) placed in the

contralateral normal-appearing white matter in order to normalise values within each patient.

In a second reading session, the same pair of readers, blinded to the other modality, manually

determined the volume of tumour (VOI) on a dedicated platform (ITK-SNAP) on areas of



maximal visual uptake on PET (**F-DOPA..) and enhancement/signal change in the tumour
on MRI (MRIVO|).

In addition to outlining the whole tumour volume, the two neuroradiologists determined
separate VOIs based on specific tumour features (enhancing, non-enhancing and necrotic
components). Within these VOIs [with the help of a dedicated computing programme
(Matlab, Mathworks)], SUVmax values were recorded after carefully ensuring perfect co-

registration of the images.

Finally, in consensus, and blinded to the previous patient history and results of the other
imaging modality, radiologists and nuclear medicine physicians were asked to grade on a
five-point scale of confidence the presence of residual active tumour using a qualitative
visual assessment: 1 = no tumour; 2 = tumour presence unlikely, 3 = possible presence of
viable tumour, 4 = likely presence of viable tumour, 5 = definite tumour presence.
Radiologists had all the MRI sequences acquired during the PET/MRI study available and the
nuclear medicine physicians had both the PET and the anatomical sequences. To compare the
two modalities, the five-point scale was dichotomised as follow: grades 1 and 2 were
classified as absence of tumour and grades 3, 4 and 5 were considered to indicate presence of

tumour.
Statistical analysis

Statistical analysis was performed using commercially available SPSS 17 and RStudio
version 1.1.463 (RStudio Inc., Boston, MA) for Macintosh based on R version 3.5.1 (The R
Foundation for Statistical Computing Platform). The association between metabolism,
enhancement, size, CBV, total and specific volumes and overlapping between the two
modalities for high- and low-grade gliomas was evaluated by non-parametric correlation
analysis using the Spearman rank correlation coefficient (p). For all statistical analyses, a
two-tailed p value of less than 0.05 was considered to indicate a statistically significant
difference; however, a Bonferroni correction was applied to avoid any bias deriving from
multiple comparisons. Therefore, all the significant p values reported in the results are post

Bonferroni correction.

The single modalities and the combination of the two modalities were analysed for their
ability to determine presence/absence of disease using ROC analysis, and the area under the
curve (AUC) was calculated.



Results

PET/MRI examinations were completed in all patients with a mean PET/MRI scan time
(including room time) of 25+3 min (the simultaneous PET acquisition was performed during
the first part of the MRI scan). A descriptive summary of MRI features and PET parameters
is shown in Table 2.

Lesion sizes on MRI were recorded in all patients and varied (longest axes) between 7.00 and
82.20 mm (median 31.85 mm). Twenty-six lesions (65%) demonstrated substantial contrast
enhancement on MRI (no contrast enhancement in 11 cases, less than 5% in 3, 6%-33% in 6,
34%-67% in 9, 67%-95% in 6 and >95% in 5). All 40 patients demonstrated T2 signal
change and 19 showed a necrotic core/component.

The median SUVmax, T/S and T/N for LGG and HGG are shown in Table 2. No significant
correlation was found between tumour size and SUVmax (longest size: p=0.1038) or between
degree of enhancement and SUVmax (p=0.0602), T/N (p=0.1792) or T/S (p=0.1245). The
median SUVmax, T/S and T/N for patients with non-enhancing and patients with enhancing

lesions are shown in Table 3.

Volumes derived from 8F-DOPA and MRI are shown in Table 2. Significant differences in
volume for LGG and for HGG were recorded between 8F-DOPA PET and MRI (p=0.02 and
p=0.0002 respectively), with both LGG and HGG being bigger at ®F-DOPA PET. The
percentage of overlap was significantly higher for LGGs than for HGGs (p=0.0002).

The overlap areas between the tumours were 60% [IQR 53%-69%] for HGGs and 80% [IQR
72%-84%] for LGGs (example in Figure 1).

A significant correlation was found between CBF and CBV for WHO grading (CBFmean and
CBVmean: p<0.001; CBFmax and CBVmax: p<0.001; CBFmean and CBVmax: p<0.001; CBFmax
and CBVmean: p<0.001) but no correlation was found between SUVmax and perfusion
parameters for all WHO grading of glioma (CBVmean: p=0.1825; CBVmax: p=0.2296;
CBFmean: p=0.3978; CBFmax: p=0.5713). Correlations for size of tumour (longest and
perpendicular), SUVmax, T/N, T/S, degree of enhancement, CBVmean, CBVmax, CBFmean and
CBFmax are shown in Figure 2.

The quantitative assessment of 8F-DOPA uptake within the areas of different tumour
components plotted against DSC-PW!1 is shown in Figure 3.



Visually both modalities were concordant in 37 patients; the three discordant cases comprised
two LGG and one HGG (two were positive on MRI but negative on PET while one was
positive on PET but negative on MRI). Examples of discordance for both modalities are
shown in Figures 4 and 5). The reference standard (surgical biopsy) demonstrated presence of

tumour in all cases.

Single-modality analysis of PET imaging demonstrated an area under the curve (AUC) of
0.94 (p<0.03) (Figure 6f in supplemental material). Perfusion MR imaging with dynamic
susceptibility contrast resulted in an AUC of 0.94 (p=0.03). Combining structural MRI and
perfusion showed increased value in detecting presence of tumour: the AUC in ROC analysis
was 0.97 (p<0.02). ROC analysis using a combined multiparametric PET/MRI approach
with all the available data resulted in an AUC of 0.99 (p<0.01).

Discussion

One of the main challenges in assessing treatment response in gliomas lies in establishing the
presence of active residual tumour, which often requires several MRI follow-up scans. MRI
scans performed in the first 12 weeks of treatment can be difficult to interpret as pseudo-
response/progression can mimic true progression. Furthermore, evaluation of the tumour
burden is crucial for planning a more targeted/tailored treatment that is centred on the most

viable tumour component.

In this study, we present the correlation between different PET and MRI parameters in a
series of scans performed for post-treatment response assessment. Our results confirm the
hypothesis that the two modalities evaluate different functional characteristics of glioma.
MRI mainly focuses on the disruption of the blood-brain barrier on post-contrast TIW
images and the infiltrative growth pattern of tumours on T2-W images, whereas amino acid
PET uptake reflects tumour metabolism related to over-expression of L-type amino acid

transporters in the cell membrane.

Our results are similar to those reported by other groups. Ledezma et al. [21] demonstrated
that fusion technology on separate machines helps the precise localisation of 8F-DOPA
activity in primary and recurrent tumours: ®F-DOPA PET appeared to be highly sensitive for
gliomas, irrespective of tumour grade, labelling both enhancing and non-enhancing tumour

equally well. Similarly, Karunanithi et al. evaluated the diagnostic accuracy of contrast-



enhanced (Ce) MRI and ®F-DOPA PET-CT for detection of recurrent glioma and found 8F-
DOPA to be more specific than Ce-MRI for both high-grade and low-grade tumours [22].

Two other studies [23, 24] have compared the feasibility of dynamic studies with amino acid
tracers and multiparametric MRI on a single PET/MRI machine but to our knowledge no
studies have as yet investigated the added value of ¥F-DOPA PET/MRI in assessing
treatment response. In our study, we found an increase in the AUC using the PET/MRI

multiparametric approach compared with MRI alone.

One of the questions we sought to answer was the extent of the correlation between 8F-
DOPA PET and MRI volumes and areas of overlap. To our knowledge this is the first study

to examine these features on a hybrid scanner.

Our results showed that the volume of residual disease at ®F-DOPA PET was larger for
HGGs than for LGGs compared with MR volumes. Moreover, the percentage of overlap was
significantly higher for LGGs than for HGGs. While it is not possible to confirm the accuracy
of our results, i.e. our results were not confirmed with targeted biopsies at the level of areas
of uptake and signal change on tumours, this finding could be clinically relevant if confirmed
by larger cohort studies as it would allow better target identification for radiotherapy
planning [more accurate definition of clinical target volume (CTV extension)]. This would be

particularly true in the case of HGGs, where the concordance with MRI volumes was lower.

The second aim of our study was to investigate the possible role of F-DOPA in the
evaluation of residual disease, compared with MRI. It is known that MRI is of limited value
in assessing the presence of residual active disease in non-enhancing tumours after treatment.
In our cohort, when the values of SUVmax in different tumour components were plotted
against the CBV values derived from the DSC-PWI, PET was better able to differentiate
components within the lesion as they exhibited different metabolic activity. By contrast,
CBVmean values (Figure 3) usually overlapped; indeed, PET allowed the demonstration of
foci of active disease (uptake) even in non-enhancing regions. It is important to note that the
combination of PET with MRI on a single hybrid platform, with simultaneous acquisition of
imaging, allows better image registration and more reliable results than does separate

imaging acquisition.

The qualitative assessment in our study showed agreement between the modalities in most

patients; out of three discordant cases, two were positive on MRI but negative on PET while



one was positive on PET but negative on MRI. Biopsy of these cases demonstrated presence
of tumour in all cases. It is hard to identify the reasons for these discordances. In the negative
PET cases, the lesions on MRI were non-enhancing, with limited alteration of perfusion
values (Figure 4). The negative MRI case was, by contrast, a complex case where the
radiologists considered a focal area of enhancement (with low-grade perfusion) to represent
radionecrosis (considered negative on the database). This lesion was focally positive on PET
(Figure 5) and was interpreted as an active tumour at follow-up since it increased
progressively in size, even beyond 12 months after radiotherapy, with worsening of the

patient’s clinical condition.

Assessment of the accuracy of PET, MRI and multiparametric PET/MRI through ROC
analysis confirmed an improved AUC for the diagnosis of active disease using the hybrid
technique, similar to the observations of Pika et al. [23]. However, it could be argued that
assessing the accuracy may be a challenging task since it can be influenced by the
multiparametric PET/MRI protocol (with many clinical and technical factors potentially
affecting the results), the chosen cohort and the way in which the data are analysed. In this
study, we performed a simple evaluation of the multiparametric data by analysing a linear
combination of the parameters correlated to the final diagnosis of presence of active tissue.
We acknowledge that our approach did not take into account either important clinical
variables (e.g. the presence of pseudo-progression or radionecrosis) or more advanced MRI
sequences (e.g. spectroscopy, ASL or modelled DWI), which certainly can influence the
value of a multimodality approach. Nevertheless, one of the peculiarities/clinical advantages
of 1®F-DOPA is the rapid uptake during the first minutes after injection: tumour tracer uptake
is highest at between 10 and 30 min after injection, after which it declines. Accordingly, the
scan time is relatively short and the MRI sequences are rapid. While other PET tracers, e.g.
18E-FET, have a longer uptake time that allows for longer MRI sequences and therefore
acquisition of a more comprehensive MR exam, this may prove counterproductive in non-

cooperative patients or those with a suboptimal performance status.

We recognise that our study has some limitations. First, we did not evaluate ®F-DOPA PET
with respect to other extra MRI sequences that may provide additional information (e.g. ADC
for degree of tumour cellularity, oxygen-enhanced MRI for hypoxia or spectroscopy for
metabolite concentrations) and we did not have confirmation of residual disease with targeted
biopsies at the level of areas of uptake and signal change. However, larger tumour volumes

on F-DOPA PET than on MRI, both in enhancing and non-enhancing regions, have already



been reported, suggesting that PET volumes correlate better with the real tumour extension
[25].

Secondly, we acknowledge that the ROC curves may have been inflated by the use of a
simple dichotomous evaluation of presence or absence of active disease, without taking into
consideration other important relevant information. This approach was chosen because the
primary aim of our study was to identify volumetric differences in tumours with the clinical
intent of providing guidance for radiotherapy planning. Recently, Pika et al. [23] focussed
their study on this specific point, undertaking a more thorough analysis. These authors
demonstrated that hybrid dynamic ¥F-FET PET/MRI adds value in distinguishing between

recurrence and treatment-related changes, with a trend similar to that observed in this paper.

Lastly, we recognise that patients received different treatments (radiotherapy, chemotherapy,
surgery), but this reflects what usually happens in routine clinical practice. Prospective
studies with more homogeneous cohorts are envisaged to evaluate the efficacy of the hybrid

technique with regard to specific treatments.
Conclusion

This study presents the first simultaneous comparison of ¥ F-DOPA and MRI in patients with
treated gliomas. The complementary use of PET/MRI may provide additional information for
evaluation of different tumour components and assessment of the glioma burden. We found
that 8F-DOPA may be beneficial in assessing response to treatment in non-enhancing
tumours. This complementary approach may help to improve care, optimise neuro-oncology
outcomes and allow more focussed therapies, especially in fragile patients (e.g. paediatric

patients).
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Tables
Table 1: Characteristics of the enrolled patients (n=40)

Table 2: MRI and PET features. Figures are expressed as median (interquartile range 1-3).
Enhancement was scored from 0 to 5 using the VASARI scoring system. Volume is

expressed in mm?®

Table 3: PET features according to presence of MRI enhancement. Figures are expressed as

median (interquartile range 1-3)
Figure Captions

Figure 1. Sample slices for one WHO grade 4 patient to evaluate the overlap of the tumour

volumes drawn manually on both modalities

Figure 2. Correlation matrix for: size of tumour (longest and perpendicular), SUVmax, T/N,
T/S, degree of enhancement, CBVmean, CBVmax, CBFmean and CBFmax. Correlations were
explored using the Spearman’s correlation coefficient; to account for multiple comparison the
Bonferroni correction was applied. A value of 1 expresses a complete positive correlation; a
value of -1 expresses a complete negative correlation. Highlighted cells indicate statistical

significance

Figure 3. Distribution of uptake (SUVmax) over CBVmean among different ROIs in the
enhancing (red), non-enhancing (green), necrotic (blue) and normal white matter (purple).

The ovals of the same colours with the parameters show a multivariate t-distribution

Figure 4. Multimodal imaging of residual tumour: 35-year old patient with anaplastic
astrocytoma (WHO I11) 12 months after resection and radiation therapy. Structural MRI (A,
B) show a solid lesion in the resection cavity, without contrast enhancement (C). Perfusion
MRI (D, red circle) shows mild increased perfusion in this area, suggesting vital tumour
tissue. 8F-DOPA PET shows no increased uptake in this area. In this case the gold standard

was surgical biopsy.

Figure 5. DSC-PWI (right) and *¥F-DOPA PET fused with T1 contrast-enhanced MRI. DSC-
PWI shows limited perfusion (red circle) despite intense 8F-DOPA uptake at the
corresponding level. The gold standard in this case, surgical biopsy, demonstrated active

recurrent disease.
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Tables

Table 1: Patients' characteristics

Parameters

Sex

Age

WHO Grade

Type of Glioma

Treatment

Group

Glioblastoma
multiforme
(GBM)
Astrocytoma
Oligodendrogliom

a

chemo-radiation
radiotherapy
surgery

chemotherapy

Frequenc

Y

(number)

23

17

65 yo

12
14
11

11
23

26

Percentag

e (%)

60
40

7.5
30.0
35.0
27.5

27
57

15

65.0
20.0

2.5
125




Table 2: MRl and PET

Features Low Grade High Grade
Parameters
32.9

(24.75- 31.0(22.0-

Size (mm) 48.60) 41.2)
Median and IQR

Enhancement 0 6 5

1 2

2 1 5

3 3 6

4 1 5

5 3 2

Necrosis 6 13

SUVmax 3.40 3.3

(2.2-4.0) (2.7-4.8)

T/S 1.35 1.80

(1.3-1.625) (1.375-2.0)

T/N 1.80 2.55

(1.6-3.1) (2.075-2.8)

Vol MRI 5931.55 6316.57

(4161.13- (4210.24-

8929.32) 13986.00)

Vol Fdopa 6284.94 8216.88

(4610.00- (5973.00-

8960.99) 19300.00)

Perfusion rCBV 1.28 1.70




(0.787- (1.573-
1.517)  2.12975)




Table 3: PET Features Non-enhancing lesions Enhancing lesions

Parameters

SUVmax 2.50 3.95
Median and IQR (2.225-3.375) (3.05-5.025)
T/S 1.30 1.80
Median and IQR (1.30-1.40) (1.40-2.00)
T/N 1.85 2.60

Median and IQR (1.70-2.50) (2.10-3.00)
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Abstract



Purpose: To determine the utility of ®F-DOPA PET/MRI versus cross-sectional MRI alone in
glioma response assessment and identify whether the two techniques demonstrate different

tumour features.

Methods: 8F-DOPA PET/MRI studies from 40 patients were analysed. Quantitative PET
parameters and conventional MRI features were recorded. Tumour volume was assessed on
both PET and MRI. Using DSC-PW!I, maps of CBF and CBV were obtained. Within VOIs of
tumour features and normal-appearing white matter (NAWM) drawn on MRI, SUVmax, CBF
and CBV were recorded. Presence of residual active tumour was assessed by qualitative
visual assessment. ROC analysis was performed univariately and on parameter combination
to analyse ability to determine presence/absence of disease. Reference standard for presence

of viable tissue was biopsy or clinical follow-up.

Results: Median SUVmax was 3.4 for low-grade glioma (LGG) and 3.3 for high-grade glioma
(HGG). There was a significant correlation between PWI parameters and WHO grade
(p<0.001), but no correlation with SUVmax. Median ®F-DOPA volume was 8216.88 mm? for
HGG and 6284.94 mm?® for LGG; MRI volume was 6316.57 mm?® and 5931.55 mm?3
respectively. SUVmax analysis distinguished enhancing and non-enhancing components from
necrosis and NAWM and demonstrated active disease in non-enhancing regions. Visually,
the modalities were concordant in 37 patients. Combining the multiparametric PET/MRI
approach with all available data enhanced detection of the presence of tumour (AUC 0.99,
p<0.01).

Conclusion: MRI and ®F-DOPA are complementary modalities for assessment of tumour
burden. Matching 8F-DOPA and MRI in assessing residual tumour volume may better

delineate the radiotherapy target volume.



Introduction

Structural magnetic resonance imaging (MRI) is the current standard for detection and
follow-up of brain tumours of any grade and histology. Although the Response Assessment in
Neuro-Oncology RANO criteria [1-3] take into account non-enhancing disease, response
assessment still relies on axial bi-dimensional measurements of the enhancing tumour on
conventional contrast-enhanced T1-weighted images [4]. With the advent of new
radiotherapy programmes such as proton beam therapy and chemotherapy protocols,
evaluation of post-treatment glioma burden is mandatory to optimise and personalise
treatments [5]. The need for additional insights into tumour biology and infiltrative behaviour
has prompted the increasing use of radionuclide PET imaging and advanced MRI techniques,
such as perfusion-weighted imaging (PWI), diffusion-weighted imaging (DWI) with
advanced modelling (e.g. NODDI or VERDICT) and magnetic resonance proton
spectroscopy [6-8]. Positron emission tomography (PET) imaging with the amino acid tracer
6-8F-fluoro-L-3,4-dihydroxy-phenylalanine (**F-DOPA) has the ability to provide additional
information in brain tumours over conventional cross-sectional contrast-enhanced computed
tomography (CT) or MRI alone [9].

Previous studies comparing PET and MRI have reported that the two techniques can correlate
with different biological characteristics of the brain [10-11]. Tracer uptake with F-DOPA
PET reflects amino acid metabolism within the tumour cells, while gadolinium MRI reflects
the disruption of the blood-brain barrier and the remodelled vascular network within the
tumour [12]. Therefore, we believe that the simultaneous acquisition of 3F-DOPA PET and
gadolinium-enhanced MRI can provide better insights on the tumour biology as compared to
a single-modality approach thanks to the capability of exploiting different intrinsic,
complimentary, biological features. Despite the complementary nature of the two techniques,
hitherto, few reports have investigated the value of multimodality imaging for glioma
response assessment using a hybrid PET/MRI system [13-14]; thus, the primary aim of our
study was to assess the potential benefit of a hybrid ®F-DOPA PET/MRI versus Cross-
sectional MRI for the evaluation of active disease in post-treatment patients. Our secondary

aim was to recognise whether the two techniques show different features of the tumour.

This assessment has a clinical impact not only because it helps in the understanding of the
biological behaviour of glioma but also because it allows better identification of tumour

burden and personalised treatment planning.



Materials and Methods
Patient population and treatment

Forty consecutive patients [median age 34 years (5-65 years), M:F 23:17] diagnosed with
glioma who were undergoing treatment and had been referred for brain 8F-DOPA PET/MRI
were prospectively recruited after securing informed consent from the patient or from parents
or the legal guardian. Imaging using the hybrid 3T PET/MRI scanner was approved by the
local ethics committee. All investigations were carried out in accordance with the Declaration
of Helsinki.

Patient demographics, including WHO grading of tumour and treatment modalities, are

shown in Table 1.

Histopathological categorisation of the tumours was done as per the 2016 WHO classification
[15], including molecular criteria that occasionally supplanted morphology and grade of the

tumour.

Chemotherapy regimens varied according to tumour histology. Radiotherapy doses ranged
between 50 and 54 Gy in 30 fractions over a 6-week period. The median time between the
end of treatment and ®F-DOPA PET/MRI was 8 months (5-12 months). Tumour
histopathology was confirmed after surgical tumour resection or by biopsy of the tumour. The
reference standard for assessing residual/recurrent tumour was tumour biopsy, where

possible, or clinical-radiological follow-up.
Imaging

All PET/MRI studies were conducted on a hybrid 3T clinical scanner (Siemens mMR

biograph, Siemens Healthcare, Erlangen, Germany) at our institution.

Static PET acquisitions were post-reconstructed at the 15th minute (0—15 min) after injection
of ®F-DOPA (dose range 250-370 MBgq, according to body weight) [16]. Based on scatter
and attenuation correction images, standardised uptake value (SUV) images were calculated,

accounting for time between injection and acquisition and the 8F half-life.

MRI sequences included coronal and axial T2-weighted (T2-W) inversion-recovery
acquisition (FLAIR; TE 397 ms, TR 5000 ms, TI 1800 ms, TA 5.50 min, voxel size



1.1x1.1x1.1 mm), axial T2-W TSE imaging (TE 300 ms, TR 4000 ms, TA 3.50 min, slice
thickness 4 mm) and an axial T1-W 3D isovolumetric interpolated breath-hold examination
before and after gadolinium (0.2 ml/kg) injection (TE 3.8 ms, TR 2000 ms, TA 5.00 min,
voxel size 1.1x1.1x1.1 mm).

Dynamic susceptibility contrast perfusion-weighted imaging (DSC-PWI) MRI was acquired
after a preload dose (PLD) administration of gadolinium-based contrast agent (GBCA)
(0.005-0.1 mmol/kg) that allowed the acquisition of PLD-corrected data in order to partially
correct for GBCA extravasation-induced T1 effects. DSC-PWI data (gradient-echo echo-
planar imaging with TR/TE/flip angle 1500-2000 ms/20 ms/60°, FOV 24x24 cm, matrix
128x128, 5-mm slice thickness, no gap) were acquired during 3 min with the bolus injection

occurring at 1 min after the start of the DSC sequence.

Image analysis

Two nuclear medicine physicians in consensus recorded several quantitative PET parameters
[SUVmax, target-to-background ratio (T/B) and target-to-striatum (T/S) ratio].

For visual analysis, the lesion was considered positive for recurrence when ®F-DOPA uptake
in the suspicious area was greater than the uptake in the adjacent normal tissue. Two
neuroradiologists in consensus recorded the maximal diameters, tumour enhancement (graded
qualitatively as low, medium or high and in percentage terms using a five-point scale: 0; 1:
<5%; 2: 6%-33%; 3. 34%66%; 4. 67%95%; 5: >95% [17]; VASARI project —
wiki.cancerimagingarchive.net) and tumour features (enhancing, non-enhancing and
necrosis). To obtain cerebral perfusion maps (CBV and CBF), a semi-automated arterial input
function method derived from a region of interest (ROI) located close to the middle cerebral
artery, contralateral to the lesion side, was used [image analysis was carried out using
commercial software (IB Neuro v1.1; Imaging Biometrics, LLC, EIm Grove, WI)]. A circular
ROI (size range 30-50 pixels) encompassing the lesion was drawn to measure the maximum
CBV and CBF, avoiding necrotic areas and non-tumour microvasculature. The relative CBV
and CBF were then calculated for each lesion by dividing the tumour CBV and CBF by the
mean CBV/CBF values obtained from a similar ROl (same size range) placed in the

contralateral normal-appearing white matter in order to normalise values within each patient.

In a second reading session, the same pair of readers, blinded to the other modality, manually

determined the volume of tumour (VOI) on a dedicated platform (ITK-SNAP) on areas of



maximal visual uptake on PET (**F-DOPA..) and enhancement/signal change in the tumour
on MRI (MRIVO|).

In addition to outlining the whole tumour volume, the two neuroradiologists determined
separate VOIs based on specific tumour features (enhancing, non-enhancing and necrotic
components). Within these VOIs [with the help of a dedicated computing programme
(Matlab, Mathworks)], SUVmax values were recorded after carefully ensuring perfect co-

registration of the images.

Finally, in consensus, and blinded to the previous patient history and results of the other
imaging modality, radiologists and nuclear medicine physicians were asked to grade on a
five-point scale of confidence the presence of residual active tumour using a qualitative
visual assessment: 1 = no tumour; 2 = tumour presence unlikely, 3 = possible presence of
viable tumour, 4 = likely presence of viable tumour, 5 = definite tumour presence.
Radiologists had all the MRI sequences acquired during the PET/MRI study available and the
nuclear medicine physicians had both the PET and the anatomical sequences. To compare the
two modalities, the five-point scale was dichotomised as follow: grades 1 and 2 were
classified as absence of tumour and grades 3, 4 and 5 were considered to indicate presence of

tumour.
Statistical analysis

Statistical analysis was performed using commercially available SPSS 17 and RStudio
version 1.1.463 (RStudio Inc., Boston, MA) for Macintosh based on R version 3.5.1 (The R
Foundation for Statistical Computing Platform). The association between metabolism,
enhancement, size, CBV, total and specific volumes and overlapping between the two
modalities for high- and low-grade gliomas was evaluated by non-parametric correlation
analysis using the Spearman rank correlation coefficient (p). For all statistical analyses, a
two-tailed p value of less than 0.05 was considered to indicate a statistically significant
difference; however, a Bonferroni correction was applied to avoid any bias deriving from
multiple comparisons. Therefore, all the significant p values reported in the results are post

Bonferroni correction.

The single modalities and the combination of the two modalities were analysed for their
ability to determine presence/absence of disease using ROC analysis, and the area under the
curve (AUC) was calculated.



Results

PET/MRI examinations were completed in all patients with a mean PET/MRI scan time
(including room time) of 25+3 min (the simultaneous PET acquisition was performed during
the first part of the MRI scan). A descriptive summary of MRI features and PET parameters
is shown in Table 2.

Lesion sizes on MRI were recorded in all patients and varied (longest axes) between 7.00 and
82.20 mm (median 31.85 mm). Twenty-six lesions (65%) demonstrated substantial contrast
enhancement on MRI (no contrast enhancement in 11 cases, less than 5% in 3, 6%-33% in 6,
34%-67% in 9, 67%-95% in 6 and >95% in 5). All 40 patients demonstrated T2 signal
change and 19 showed a necrotic core/component.

The median SUVmax, T/S and T/N for LGG and HGG are shown in Table 2. No significant
correlation was found between tumour size and SUVmax (longest size: p=0.1038) or between
degree of enhancement and SUVmax (p=0.0602), T/N (p=0.1792) or T/S (p=0.1245). The
median SUVmax, T/S and T/N for patients with non-enhancing and patients with enhancing

lesions are shown in Table 3.

Volumes derived from 8F-DOPA and MRI are shown in Table 2. Significant differences in
volume for LGG and for HGG were recorded between 8F-DOPA PET and MRI (p=0.02 and
p=0.0002 respectively), with both LGG and HGG being bigger at ®F-DOPA PET. The
percentage of overlap was significantly higher for LGGs than for HGGs (p=0.0002).

The overlap areas between the tumours were 60% [IQR 53%-69%] for HGGs and 80% [IQR
72%-84%] for LGGs (example in Figure 1).

A significant correlation was found between CBF and CBV for WHO grading (CBFmean and
CBVmean: p<0.001; CBFmax and CBVmax: p<0.001; CBFmean and CBVmax: p<0.001; CBFmax
and CBVmean: p<0.001) but no correlation was found between SUVmax and perfusion
parameters for all WHO grading of glioma (CBVmean: p=0.1825; CBVmax: p=0.2296;
CBFmean: p=0.3978; CBFmax: p=0.5713). Correlations for size of tumour (longest and
perpendicular), SUVmax, T/N, T/S, degree of enhancement, CBVmean, CBVmax, CBFmean and
CBFmax are shown in Figure 2.

The quantitative assessment of 8F-DOPA uptake within the areas of different tumour
components plotted against DSC-PW!1 is shown in Figure 3.



Visually both modalities were concordant in 37 patients; the three discordant cases comprised
two LGG and one HGG (two were positive on MRI but negative on PET while one was
positive on PET but negative on MRI). Examples of discordance for both modalities are
shown in Figures 4 and 5). The reference standard (surgical biopsy) demonstrated presence of

tumour in all cases.

Single-modality analysis of PET imaging demonstrated an area under the curve (AUC) of
0.94 (p<0.03) (Figure 6f in supplemental material). Perfusion MR imaging with dynamic
susceptibility contrast resulted in an AUC of 0.94 (p=0.03). Combining structural MRI and
perfusion showed increased value in detecting presence of tumour: the AUC in ROC analysis
was 0.97 (p<0.02). ROC analysis using a combined multiparametric PET/MRI approach
with all the available data resulted in an AUC of 0.99 (p<0.01).

Discussion

One of the main challenges in assessing treatment response in gliomas lies in establishing the
presence of active residual tumour, which often requires several MRI follow-up scans. MRI
scans performed in the first 12 weeks of treatment can be difficult to interpret as pseudo-
response/progression can mimic true progression. Furthermore, evaluation of the tumour
burden is crucial for planning a more targeted/tailored treatment that is centred on the most

viable tumour component.

In this study, we present the correlation between different PET and MRI parameters in a
series of scans performed for post-treatment response assessment. Our results confirm the
hypothesis that the two modalities evaluate different functional characteristics of glioma.
MRI mainly focuses on the disruption of the blood-brain barrier on post-contrast TIW
images and the infiltrative growth pattern of tumours on T2-W images, whereas amino acid
PET uptake reflects tumour metabolism related to over-expression of L-type amino acid

transporters in the cell membrane.

Our results are similar to those reported by other groups. Ledezma et al. [18] demonstrated
that fusion technology on separate machines helps the precise localisation of 8F-DOPA
activity in primary and recurrent tumours: ®F-DOPA PET appeared to be highly sensitive for
gliomas, irrespective of tumour grade, labelling both enhancing and non-enhancing tumour

equally well. Similarly, Karunanithi et al. evaluated the diagnostic accuracy of contrast-



enhanced (Ce) MRI and ®F-DOPA PET-CT for detection of recurrent glioma and found 8F-
DOPA to be more specific than Ce-MRI for both high-grade and low-grade tumours [19].

Two other studies [13, 20] have compared the feasibility of dynamic studies with amino acid
tracers and multiparametric MRI on a single PET/MRI machine but to our knowledge no
studies have as yet investigated the added value of ¥F-DOPA PET/MRI in assessing
treatment response. In our study, we found an increase in the AUC using the PET/MRI

multiparametric approach compared with MRI alone.

One of the questions we sought to answer was the extent of the correlation between 8F-
DOPA PET and MRI volumes and areas of overlap. To our knowledge this is the first study

to examine these features on a hybrid scanner.

Our results showed that the volume of residual disease at ®F-DOPA PET was larger for
HGGs than for LGGs compared with MR volumes. Moreover, the percentage of overlap was
significantly higher for LGGs than for HGGs. While it is not possible to confirm the accuracy
of our results, i.e. our results were not confirmed with targeted biopsies at the level of areas
of uptake and signal change on tumours, this finding could be clinically relevant if confirmed
by larger cohort studies as it would allow better target identification for radiotherapy
planning [more accurate definition of clinical target volume (CTV extension)]. This would be

particularly true in the case of HGGs, where the concordance with MRI volumes was lower.

The second aim of our study was to investigate the possible role of F-DOPA in the
evaluation of residual disease, compared with MRI. It is known that MRI is of limited value
in assessing the presence of residual active disease in non-enhancing tumours after treatment.
In our cohort, when the values of SUVmax in different tumour components were plotted
against the CBV values derived from the DSC-PWI, PET was better able to differentiate
components within the lesion as they exhibited different metabolic activity. By contrast,
CBVmean values (Figure 3) usually overlapped; indeed, PET allowed the demonstration of
foci of active disease (uptake) even in non-enhancing regions. It is important to note that the
combination of PET with MRI on a single hybrid platform, with simultaneous acquisition of
imaging, allows better image registration and more reliable results than does separate

imaging acquisition.

The qualitative assessment in our study showed agreement between the modalities in most

patients; out of three discordant cases, two were positive on MRI but negative on PET while



one was positive on PET but negative on MRI. Biopsy of these cases demonstrated presence
of tumour in all cases. It is hard to identify the reasons for these discordances. In the negative
PET cases, the lesions on MRI were non-enhancing, with limited alteration of perfusion
values (Figure 4). The negative MRI case was, by contrast, a complex case where the
radiologists considered a focal area of enhancement (with low-grade perfusion) to represent
radionecrosis (considered negative on the database). This lesion was focally positive on PET
(Figure 5) and was interpreted as an active tumour at follow-up since it increased
progressively in size, even beyond 12 months after radiotherapy, with worsening of the

patient’s clinical condition.

Assessment of the accuracy of PET, MRI and multiparametric PET/MRI through ROC
analysis confirmed an improved AUC for the diagnosis of active disease using the hybrid
technique, similar to the observations of Pika et al. [20]. However, it could be argued that
assessing the accuracy may be a challenging task since it can be influenced by the
multiparametric PET/MRI protocol (with many clinical and technical factors potentially
affecting the results), the chosen cohort and the way in which the data are analysed. In this
study, we performed a simple evaluation of the multiparametric data by analysing a linear
combination of the parameters correlated to the final diagnosis of presence of active tissue.
We acknowledge that our approach did not take into account either important clinical
variables (e.g. the presence of pseudo-progression or radionecrosis) or more advanced MRI
sequences (e.g. spectroscopy, ASL or modelled DWI), which certainly can influence the
value of a multimodality approach. Nevertheless, one of the peculiarities/clinical advantages
of 1®F-DOPA is the rapid uptake during the first minutes after injection: tumour tracer uptake
is highest at between 10 and 30 min after injection, after which it declines. Accordingly, the
scan time is relatively short and the MRI sequences are rapid. While other PET tracers, e.g.
18E-FET, have a longer uptake time that allows for longer MRI sequences and therefore
acquisition of a more comprehensive MR exam, this may prove counterproductive in non-

cooperative patients or those with a suboptimal performance status.

We recognise that our study has some limitations. First, we did not evaluate ®F-DOPA PET
with respect to other extra MRI sequences that may provide additional information (e.g. ADC
for degree of tumour cellularity, oxygen-enhanced MRI for hypoxia or spectroscopy for
metabolite concentrations) and we did not have confirmation of residual disease with targeted
biopsies at the level of areas of uptake and signal change. However, larger tumour volumes

on F-DOPA PET than on MRI, both in enhancing and non-enhancing regions, have already



been reported, suggesting that PET volumes correlate better with the real tumour extension
[21, 24]; additionally, it is worth to say that combined modalities (fused PET/CT and MRI or
PET/MRI) have already been proven to offer advantages over separate PET/CT and MR, for

instance in the evaluation of the striatal involvement in glioma in children [25, 26].

Secondly, we acknowledge that the ROC curves may have been inflated by the use of a
simple dichotomous evaluation of presence or absence of active disease, without taking into
consideration other important relevant information. This approach was chosen because the
primary aim of our study was to identify volumetric differences in tumours with the clinical
intent of providing guidance for radiotherapy planning. Recently, Pika et al. [20] focussed
their study on this specific point, undertaking a more thorough analysis. These authors
demonstrated that hybrid dynamic ®F-FET PET/MRI adds value in distinguishing between

recurrence and treatment-related changes, with a trend similar to that observed in this paper.

Lastly, we recognise that patients received different treatments (radiotherapy, chemotherapy,
surgery), but this reflects what usually happens in routine clinical practice. Prospective
studies with more homogeneous cohorts are envisaged to evaluate the efficacy of the hybrid

technique with regard to specific treatments.
Conclusion

We found that the complementary use of PET/MRI may help in assessing response to
treatment in non-enhancing tumours, compared to cross-sectional MRI alone. Additional
information provided by ®F-DOPA PET/MRI for evaluation of different features of the
tumour and assessment of the glioma burden may help to improve care, optimise neuro-
oncology outcomes and allow more focussed therapies, especially in fragile patients (e.g.

paediatric patients).
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Tables
Table 1: Characteristics of the enrolled patients (n=40)

Table 2: MRI and PET features. Figures are expressed as median (interquartile range 1-3).
Enhancement was scored from 0 to 5 using the VASARI scoring system. Volume is

expressed in mm?®



Table 3: PET features according to presence of MRI enhancement. Figures are expressed as

median (interquartile range 1-3)
Figure Captions

Figure 1. Sample slices for one WHO grade 4 patient to evaluate the overlap of the tumour

volumes drawn manually on both modalities

Figure 2. Correlation matrix for: size of tumour (longest and perpendicular), SUVmax, T/N,
T/S, degree of enhancement, CBVmean, CBVmax, CBFmean and CBFmax. Correlations were
explored using the Spearman’s correlation coefficient; to account for multiple comparison the
Bonferroni correction was applied. A value of 1 expresses a complete positive correlation; a
value of -1 expresses a complete negative correlation. Highlighted cells indicate statistical

significance

Figure 3. Distribution of uptake (SUVmax) over CBVmean among different ROIs in the
enhancing (red), non-enhancing (green), necrotic (blue) and normal white matter (purple).

The ovals of the same colours with the parameters show a multivariate t-distribution

Figure 4. Multimodal imaging of residual tumour: 35-year old patient with anaplastic
astrocytoma (WHO I11) 12 months after resection and radiation therapy. Structural MRI (A,
B) show a solid lesion in the resection cavity, without contrast enhancement (C). Perfusion
MRI (D, red circle) shows mild increased perfusion in this area, suggesting vital tumour
tissue. 8F-DOPA PET shows no increased uptake in this area. In this case the gold standard

was surgical biopsy.

Figure 5. DSC-PWI (right) and *¥F-DOPA PET fused with T1 contrast-enhanced MRI. DSC-
PWI shows limited perfusion (red circle) despite intense ®F-DOPA uptake at the
corresponding level. The gold standard in this case, surgical biopsy, demonstrated active

recurrent disease.
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