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Abstract

Purpose To assess early microstructural changes of meningiomas treated with proton therapy through quantitative analysis of
intravoxel incoherent motion (IVIM) and diffusion-weighted imaging (DWI) parameters.

Methods Seventeen subjects with meningiomas that were eligible for proton therapy treatment were retrospectively enrolled.
Each subject underwent a magnetic resonance imaging (MRI) including DWI sequences and IVIM assessments at baseline,
immediately before the 1st (t0), 10th (t10), 20th (t20), and 30th (t30) treatment fraction and at follow-up. Manual tumor contours
were drawn on T2-weighted images by two expert neuroradiologists and then rigidly registered to DWI images. Median values of
the apparent diffusion coefficient (ADC), true diffusion (D), pseudo-diffusion (D*), and perfusion fraction (f) were extracted at
all timepoints. Statistical analysis was performed using the pairwise Wilcoxon test.

Results Statistically significant differences from baseline to follow-up were found for ADC, D, and D* values, with a progressive
increase in ADC and D in conjunction with a progressive decrease in D*. MRI during treatment showed statistically significant
differences in D values between t0 and t20 (p = 0.03) and t0 and t30 (p = 0.02), and for ADC values between t0 and t20 (p = 0.04),
t10 and t20 (p =0.02), and t10 and t30 (p =0.035). Subjects that showed a volume reduction greater than 15% of the baseline
tumor size at follow-up showed early D changes, whereas ADC changes were not statistically significant.

Conclusion IVIM appears to be a useful tool for detecting early microstructural changes within meningiomas treated with proton
therapy and may potentially be able to predict tumor response.

Keywords IVIM - Meningioma - DWI - Radiotherapy - Oncology

Introduction They appear as extra-axial masses, more frequently at the
intracranial level, and, according to the World Health
Organization (WHO) classification, can be subdivided into

three histological grades with different levels of malignancy

Meningiomas represent the most common central nervous
system primary neoplasm in the adult population [1, 2].
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[2, 3]. Surgery is considered the gold standard treatment in
most cases. However, in the case of incompletely excised,
surgically inaccessible, recurrent, and higher grade meningio-
mas (WHO II and III), other treatment options can be consid-
ered, such as photon-based adjuvant fractionated radiothera-
py. intensity-modulated radiotherapy (IMRT), volumetric
modulated arc therapy (VMAT), and stereotactic radiotherapy
[4]. More recently, particle therapy, either alone or within a
mixed beam strategy, is being investigated in order to improve
patients’ outcome while reducing late toxicities by lowering
scattered doses to adjacent normal tissue [4].

Magnetic resonance imaging (MRI) is the reference modal-
ity for the diagnosis and follow-up of meningiomas [5]. In the
era of image-guided radiotherapy, MRI guarantees the best
soft-tissue contrast as well as adequate functional information
which allows for more precise radiation treatment delivery
and dose escalation [6, 7]. Among functional techniques,
diffusion-weighted imaging (DWI) assesses the Brownian
motion of water molecules, allowing inferences based on spe-
cific microstructural features of neoplastic tissues, such as cell
density.

Conventional DWI together with apparent diffusion coef-
ficient (ADC) is widely used in radiotherapy [7]. In clinical
practice, ADC is calculated using at least two b values (usu-
ally =0 and b= 1000 s/mm?) through a mono-exponential
diffusion model in which signal decay is influenced both by
true molecular diffusion as well as by microvascular perfusion
[8, 9]. Consequently, ADC values can be overestimated, es-
pecially in situations where microvascularity is increased be-
cause of tumor-specific histological features or radiation-
induced inflammation.

More complex diffusion models, which further probe tissue
microstructure and perfusion, have shown potential in radio-
therapy. Intravoxel incoherent motion (IVIM) is a diffusion
technique that utilizes multiple b values and a bi-exponential
fitting to extrapolate the contribution of blood microcircula-
tion in the capillary network from the global diffusion signal,
defined as pseudo-diffusion (D*) [10]. The remnant signal is
defined as true diffusion (D) and is thought to represent true
water molecule diffusivity within tissues. The IVIM separate
assessment of the two different diffusion signal decay compo-
nents is of great interest. In fact, such assessment might pro-
vide relevant insights about the microstructural features of
biological tissues [8, 11]. For this reason, IVIM may gain a
role in the prediction of tumor histological grade [12—14].

However, another interesting IVIM application in the on-
cologic field is the use of a longitudinal approach for detecting
underlying early treatment-related microvasculature and his-
tological changes that is potentially able to predict the degree
of final response to treatment such as chemotherapy or radio-
therapy. In recent years, indeed, many studies have assessed
the role of IVIM in predicting the therapeutic response of
various neoplastic lesions and have witnessed promising

@ Springer

results [15-27]. Among them, of particular interest is the po-
tential role of early changes in IVIM parameters to predict
response to treatments such as neoadjuvant chemotherapy in
nasopharyngeal carcinoma and breast cancer [23, 25], and
concurrent chemo-radiotherapy in advanced cervical cancers
[24].

The purpose of our study is to provide a first longitudinal
IVIM assessment of meningiomas treated with proton therapy
to detect early microstructural changes that are potentially able
to predict tumor response in the early phases of treatment.

Materials and methods

The present study was approved by the local IRB (The Ethics
Committee, Pavia, Italy) and a detailed written informed con-
sent form was signed by all subjects.

Subjects

Subjects with meningiomas, referred to our Center in prepa-
ration for proton therapy from January 2017 to July 2018,
were retrospectively selected for participation in the present
study. The inclusion criteria were the following: intracranial
location of lesions, age over 18, and adequate quality of MRI
scans for quantitative diffusion-weighted MR imaging assess-
ment. Seventeen subjects (12 females, 5 males; mean age
57.9+14.2 years) were eventually enrolled. Meningiomas
were located on the skull base in 12 cases and at the convexity
in 1 case, whereas 4 subjects showed multiple lesions consis-
tent with meningiomatosis. In the latter cases, only the largest
lesion was analyzed. Three meningiomas showed brain inva-
siveness and only one showed bone invasiveness. Ten out of
17 subjects underwent surgery at least 6 months before base-
line MRI, whereas 4 out of 17 underwent conventional radio-
therapy at least 12 months before baseline MRI. Overall, only
6 out of 17 subjects were not previously treated with surgery
and/or radiotherapy.

MRIs protocol and imaging analysis

Subjects underwent baseline MRI before proton therapy treat-
ment, as well as a follow-up examination at 6 months after the
end of treatment. Two out of 17 subjects, however, could not
undergo the follow-up MRI due to technical reasons. Proton
therapy was administered in 30 fractions (1.8 Gy per fraction)
for a total dose of 54 Gy. During treatment, all subjects
underwent four additional MRI evaluations before the Ist
treatment fraction (t0), immediately after the 10th (t10), 20th
(t20), and the last fraction (t30) of proton-therapy.

All MRIs were performed on a 3T scanner (Magnetom
Verio, Siemens, Germany) with a standard 32-channel head
coil.
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Baseline and follow-up (6 months) MRIs included the fol-
lowing sequences:

— Axial T1 Turbo Spin Echo (TSE), axial T2 TSE, axial T2
Gradient echo (GE), axial Fluid-attenuated inversion re-
covery (FLAIR).

—  Echo-planar imaging two-dimensional (EP2D) DWI with
seven b values equal to 0, 50, 100, 150, 200, 400, and
1000 s/mm?; voxel size 1.9 x 1.9 x 4 mm, phase encoding
AP, TR/TE=5800/75 ms, FA: 90°, field of view
(FOV) =247 x 300 mm; acquisition matrix = 160 x 132;
number of averages =3; and GRAPPA (Generalized
Autocalibrating Partial Parallel Acquisition). The defini-
tion of the number of b values satisfied recommendations
[24] reported for the computation of a simplified IVIM
model. Specifically, the best time-quality trade-off was
reached by acquiring scans with only two b values (400
and 1000 s/mm?) in the b >200 s/mm? regime [24],
whereas b values in the 0.50 s/mm? interval were not
achievable due to scanner limitations.

— Axial Tl Volumetric Interpolated Breath-hold
Examination (VIBE) fat saturated with 0.6-mm isotropic
voxel after injection of a gadolinium-based contrast agent
(gadoteridol 0.2 mL/kg); voxel size 0.6 X 0.6 x 0.6 mm,
TR =5.35ms, TE=2.27 ms, and FA: 11.5°.

The additional MRIs performed during treatment included
only axial TSE T2-WI and DWI sequences, as described
above.

ADC maps were computed through linear regression using
all b values. IVIM parameters were derived from a nonlinear
least square optimization; specifically, true diffusion (D),
pseudo-diffusion (D*), and perfusion fraction (f) coefficient
maps were computed voxel-wise by fitting the bi-exponential
model: S(b)/S(b=0)=(1—1)-exp(-b-D)+f-exp(—b-(D+
D*), where S(b) represents image intensities at b-values dif-
ferent from 0 and S (b=0) is the image intensity of the diffu-
sion image taken at b value 0 [10]. IVIM fitting was per-
formed with an in-house software implemented in
MATLAB. A bounded, trust-region, nonlinear least squares
fit was used [14]. We did not use the 2-step procedure.

For all timepoints, meningiomas were manually segmented
on axial T2 TSE in each single slide with the open-source
software ITK-SNAP (www.itksnap.org). Since most of the
subjects underwent biopsy and/or surgery before baseline,
we evaluated GE sequences to exclude peripheral foci of mag-
netic susceptibility from baseline segmentations. In the case of
bone invasiveness, the intraosseous part of meningiomas was
not included in the ROI measurements.

The tumor contours were then rigidly registered (www.
plastimatch.org) to DWI images taken at 0 s/mm? b value
and acquired during the same session. All registration
outputs were reviewed by 2 neuroradiologists with 10 and

8 years of experience in the field (L.F and A.B,
respectively). We finally extracted, within the segmented
lesions, tumor volumes as well as the median ADC, D, D*,
and f values for all timepoints.

Statistical analysis

Statistical analysis was performed using the non-parametric
Wilcoxon test at 95% confidence level («=0.05). A popula-
tion of 17 subjects was utilized for comparison of [IVIM met-
rics and ADC values among intra-treatment timepoints,
whereas a population of 15 subjects was utilized for assessing
differences between baseline and follow-up as well as be-
tween intra-treatments timepoints and follow-up. Patients
were further divided into two groups according to tumor vol-
ume changes between baseline and follow-up (threshold at
15%), and the two groups were then compared in terms of
changes in diffusion parameters. Statistical analysis was per-
formed with STATA v.15.1 (StataCorp USA 2017).

Results
Tumor volume changes over time

As shown in Fig. 1, tumor volume decreased from t0 to
follow-up in 11 out of 15 subjects (mean change =—20.7 +
16.8%; range — 62 to —3.2%); however, only 7 out of 15
subjects showed a volume decrease greater than 15% of the
baseline tumor volume (Fig. 2). Four out of 15 subjects
showed increased tumor volume from baseline to follow-up
(mean increase =+ 19.7 £9.7%; range + 31% to + 7%).

ADC and IVIM metrics changes over time

No statistically significant baseline difference was detected in
ADC and IVIM metrics among subjects previously treated
with surgery and/or radiotherapy (11 out of 17) and subjects
not previously treated (6 out of 17).

No statistically significant difference was detectable in ADC
and IVIM metrics from baseline to t0. A progressive increase in
ADC and D values was observed after t0 (Fig. 3) in addition to
a progressive decrease in D* values (Fig. 4). In particular, sta-
tistically significant differences were found for ADC, D, and
D* values between every timepoint and follow-up (Table 1).

No statistically significant changes in f values were detect-
able from t0 to follow-up.

Regarding intra-treatment timepoints, statistically signifi-
cant early changes were detectable only for D values between
t0 and t20 (p = 0.03) and t0 and t30 (p = 0.02) and ADC values
between t0 and t20 (p =0.049). Moreover, ADC values
showed statistically significant changes from t10 to t20 (p =
0.02) and t10 to t30 (p =0.035) (Table 2). No statistically
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Fig. 1 Percentage of tumor
volume changes between t0 and
follow-up in 15 subjects. Only 7
subjects, highlighted in gray,
showed a decrease in volume
greater than 15% of the original
tumor size (Group 1). Eight sub-
jects, highlighted in black,
showed a decrease of less than
15% of the original tumor size, or
an increase in size at follow-up
(Group 2)

significant differences among intra-treatment timepoints were

found for f or D* values.

Comparison of ADC and D values changes among
subjects grouped by different volume changes from

baseline to follow-up

Since early changes among intra-treatment timepoints were
detectable only for D and ADC values, we decided to assess

P1 P2 P3 P4

25%

5%

-15% —

-35%

% of tumor volume reduction t0 to fup

-55%

-75%

PS P6 P7 P8

Patient number

up (Fig. 1):

P9 P10 P11 P12 P13 P14 P15

Reduction < 15% or

increase

a Reduction 2 15%

the basis of tumor volume changes from baseline to follow-

— Group 1: subjects showing a decrease greater than the
15% of their baseline volume (n = 7), suggesting a good
response to treatment

—  Group 2: subjects showing either an increase of their vol-
ume from baseline or a decrease of less than the 15% of

differences in these parameters among subjects grouped on

Fig. 2 52-year-old female patient
with a left parietal skull vault
meningioma treated with proton-
therapy. Axial TSE T2-weighted
MRI sequences at different
timepoints. Progressive decrease
in volume from baseline (a) to
follow-up (f) through intra-
treatment timepoints (t0 b, t10 c,
20 d, t30 e)
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Table 1  P-values from the comparison between intra-treatment
timepoints and follow-up of median values of different IVIM parameters
p values t0 t10 t20 t30

ADC (median) F-up 0.009 0.001 0.006 0.019
D (median) F-up 0.001 0.002 0.001 0.001
D* (median) F-up 0.013 0.003 0.011 0.001
f (median) F-up 0.153 0.091 0.463 0.583

Statistically significant p values are highlighted in bold and italics (o« =
0.05)

Group 1 showed a statistically significant increase in D
values from t0 to t20 (p <0.05), whereas group 2 did not
exhibit such a finding. Conversely, no ADC statistically sig-
nificant changes were detectable in either group from t0 to t20.
No D or ADC statistically significant differences were detect-
able among the 2 groups at baseline.

Discussion

The purpose of our study was to provide an intra-treatment
longitudinal IVIM assessment of meningiomas treated with
proton therapy to detect early microstructural changes poten-
tially able to predict tumor response and drive and adapt treat-
ment delivery.

Specifically, we detected statistically significant increases
in both ADC and D values from baseline to early phases of
treatment, but, unlike ADC, early changes in D values were
particularly associated with greater tumor volume reduction.
Indeed, subjects that had a reduction of tumor size at follow-
up greater than 15% of the baseline values (Group 1) showed
early D, but not early ADC changes.

The reason for this mismatch is probably connected to the
intrinsically different nature of ADC and D. While ADC as-
sesses the overall diffusion signal within a tissue, D represents
the perfusion-free diffusion portion of ADC and is therefore a
more specific parameter for assessing restricted water

Fig. 3 Median ADC and D 1.05
values over time between intra-
treatment timepoints and follow- 1.00
up: both ADC and D show a pro-
gressive increase in values — 095
starting from early intra-treatment o
timepoints E 0.90
S
-
— 0.85
0.80
0.75

diffusion within cells [8, 28, 29]. D changes in early phases
of treatment are likely to be specifically connected with a
reduction in cell density [20], whereas ADC values might also
have been influenced by subtle changes in blood perfusion
due to radiation-induced tissue inflammation. In fact, even if
D* showed a significant decrease in values from t0 to follow-
up without statistically significant intra-treatment changes, we
noticed fluctuations of this parameter when analyzing intra-
treatment trends (Fig. 4). Specifically, we hypothesize that D*
might fluctuate during radiotherapy treatments by showing
increased values at first, possibly because of early radiation-
related inflammatory changes, and successively showing a
decrease over time, due to progressive post-treatment vessel
degeneration.

Our study is in partial accordance with some previous
works analyzing IVIM parameters as predictors of therapy
response in several oncological diseases. At least 4 studies
have shown that pre-treatment D values predicted response
to therapy in nasopharyngeal carcinoma as well as in head
and neck squamous cell carcinoma [15, 18, 23, 25]. In one
of these analyses, there was a considerable increase in sensi-
tivity when differences in D values before and after chemo-
therapy were considered [23]. These results are probably con-
nected to the fact that highly cellular tumors, with lower base-
line D values and rapidly dividing cells, are more sensitive to
chemo- and radiotherapy and are therefore associated with a
better prognosis [21]. Differently from these studies, our data
did not show statistically significant differences in baseline D
values between groups characterized by different volume
changes over time, most likely due to the low number of
subjects enrolled in the study which thus decreases statistical
power. Nonetheless, the increases in D values detected during
early phases of proton-therapy might represent a sign of good
response to treatment.

Regarding other IVIM parameters assessing microcircu-
lation, even though a good correlation between f values and
histological vascular density has been reported in meningio-
mas [28], D* and f did not present statistically significant
early changes within treated lesion. Although this might be

==ADC =D

t0

t10 t20 t30 fup
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Fig. 4 Median pseudo-diffusion

(D*) value changes over time be- 20.00
tween intra-treatment timepoints 19.00
and follpw—up: D#* values show 18.00
fluctuations in values among
intra-treatment timepoints with- —_ el
. . . . d
out any statistically significant > 16.00
ghgnges. D* Yalues show a sta- E 15.00
tistically significant decrease at L 4460
follow-up =
13.00
12.00
11.00
10.00

related to the small cohort of patients, it should be noted that
fewer studies have reported the ability of these metrics to
predict response, specifically two for £ [18, 26] and one for
D* [17].

Additionally, it should be noted that signal attenuation at
low b values results from blood microcirculation effects (D*
and f), while at very high b values, the signal depends on
slow true diffusion movements (D) [11]. Therefore, the lack
of DWI imaging with b values lower than 50 s/mm? in our
study could have reduced the accuracy of perfusion-related
parameters. Despite this, a simplified IVIM model can still
provide clinically relevant information, as recently reported
by Conklin and colleagues [30], where perfusion maps of
conventional IVIM (using nonlinear fitting of the standard
bi-exponential equation) were compared with those derived
from a simplified IVIM model (using linear fitting of the log-
normalized signal curves for subsets of b values >200 s/
mm?) on 49 patients with gliomas and 17 with acute strokes
[30]. In this study, reducing the number of b values in the
computation of f resulted in lower accuracy and increased
variability of the estimated perfusion fraction when com-
pared with a full bi-exponential fitting approach, but the
simplified IVIM approach was still able to detect clinically
meaningful differences between high- and low-grade tumors
and between ischemic and healthy brain tissues [30]. Based
on these results, Conklin and colleagues suggested a mini-
mum of 4 nonzero b values for the clinical application of
simplified IVIM procedures, as performed in our study.

Median

t0 t10 120 t30 fup

Our study presents several limitations. The first is repre-
sented by the limited number of subjects enrolled (n =17),
with only 15 presenting a follow-up MRI. The short follow-
up observation period (6 months) represents another limit,
particularly in the assessment of long-term therapeutic re-
sponse. Therefore, our results need to be validated in larger
cohorts. Another confounding factor is related to the enroll-
ment of subjects who were previously treated with surgery
and/or conventional radiotherapy, which was completed at
least 12 months before baseline. Radiotherapy might induce
changes within tissues, such as intralesional scarring, which
may affect quantitative diffusion metrics. Nonetheless, it
should be noted that certain parts of some tumors which were
segmented at baseline had previously shown a progressive
increase in size following the abovementioned therapies as a
result of ineffective treatments. Furthermore, while the pres-
ence of hemosiderin caused by previous surgeries may have
affected quantitative diffusion metrics, we think that the use of
GE sequences as guides in avoiding areas of lower signal
minimized the issue. Lastly, the lack of b values in the range
of 0-50 s/mm? due to technical limitations may have reduced
the accuracy of the IVIM perfusion-related parameters.

Future goals include collecting data on a larger cohort by both
extending post-treatment follow-ups of already enrolled sub-
jects, as well as enrolling new ones. Reanalyzing pre-treatment
IVIM parameters and correlating D and ADC values with his-
tological patterns might allow a better assessment and definition
of the different prognostic factors in the therapeutic response.

Table 2 p values from the comparison among intra-treatment timepoints of D and ADC median values

t0 t10 20 t30 t0 t10 20 30
D (median) t0 ADC (median) t0
t10 0.078 t10 0.491
20 0.030 0.091 20 0.049 0.020
t30 0.020 0.153 0.173 t30 0.119 0.035 0.358

Statistically significant p values are highlighted in bold and italics (= 0.05)
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Conclusion

We have shown the potential role of IVIM parameters in
assessing early changes within meningiomas treated with pro-
ton therapy. The early detection of subjects who are destined
to benefit less from the treatment could be highly beneficial in
adjusting the radiation dose, thus increasing the chance of an
optimal response. Additionally, the early detection of specific
areas within meningiomas that are more likely to show a
worse response might allow for tailored corrections of radio-
therapy treatments.
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