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Evaluation of low-grade gliomas structural changes after chemotherapy

using DTI-based histogram analysis and functional diffusion maps
Manuscript type: Original Article

Abstract

Objectives: To explore the role of diffusion tensor imaging (DTI)-based histogram analysis
and functional diffusion maps (fDMs) in evaluating structural changes of low-grade gliomas
(LGGs) receiving temozolomide (TMZ) chemotherapy.

Methods: Twenty-one LGG patients underwent 3T-MR examinations before and after three
and six cycles of dose-dense TMZ, including 3D -fluid-attenuated inversion recovery (FLAIR)
sequences and DTI (b=1000 s/mm?, 32 directions). Mean diffusivity (MD), fractional anisotropy
(FA), and tensor-decomposition DTI maps (p and q) were obtained. Histogram and fDM analyses
were performed on coregistered baseline and post-chemotherapy maps. DTI changes were
compared with modifications of tumor area and volume [according to Response Assessment in
Neuro-Oncology (RANO) criteria], and seizure response.

Results: After three cycles of TMZ 20/21 patients were stable according to RANO criteria,
but DTI changes were observed in all patients (Wilcoxon test, P<.03). After 6 cycles, DTI changes
were more pronounced (P<.005). 75% of patients had early seizure response with significant
improvement of DTI values, maintaining stability on FLAIR. Early changes of the 25h percentiles
of p and MD predicted final volume change (R*=.614 and .561, P<.0005, respectively). TMZ-
related changes were located mainly at tumor borders on p and MD fDMs.

Conclusions: DTI-based histogram and fDM analyses are useful techniques to evaluate the

early effects of TMZ chemotherapy in LGGs patients,.
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Key Points
1. DTI helps to assess the efficacy of chemotherapy in low-grade gliomas.
2. Histogram analysis on DTI metrics quantifies structural changes in tumor tissue.
3. Functional diffusion maps (fDMs) spatially localize the changes of DTI metrics.
4. Changes in DTT histograms and fDMs precede changes in conventional MRI.

5. Early changes in DTT histograms and fDMs correlate with seizure response.

Abbreviations and acronyms

DTI, diffusion tensor imaging

MRI, magnetic resonance imaging

fDM, functional diffusion maps

LGGs, low-grade gliomas

HGGs, high grade gliomas

WM, white matter

RANO, Response Assessment in Neuro-Oncology
FLAIR, fluid-attenuated inversion-recovery
TMZ, Temozolomide

PCV, Procarbazine, Lomustine and Vincristine
PR, partial response

mR, minor response

SD, stable disease

PD, progressive disease

vPR, volumetric partial response



vmR, volumetric minor response
vSD, volumetric stable disease

PD, volumetric progression of disease
ADC, apparent diffusion coefficient
FA, fractional anisotropy

MD, mean diffusivity

p, pure isotropic diffusion

g, pure anisotropic diffusion

IQR, interquartile range

ROC, receiver-operating characteristic

AUC, area under the ROC curve

Introduction

Low-grade gliomas (LGGs) are heterogeneous neoplasms with highly infiltrative behavior
along white matter (WM) tracts [1]. These tumors are frequently located in or close to eloquent
areas: tumor infiltration at functional subcortical borders reduces the chance to achieve a maximal
surgical resection [2,3] and thus to impact prognosis [4-6]. Chemotherapy with PCV or TMZ
represents an option in patients with incomplete resection, persisting seizures or progressive lesions
on conventional MRI to avoid the risk of delayed neurotoxicity following radiotherapy [7-9].
Moreover, neoadjuvant TMZ chemotherapy may optimize the extent of surgical resection [10-12].

The assessment of response to chemotherapy in LGGs currently relies on Response
Assessment in Neuro-Oncology (RANO) criteria [13] based on the evaluation of the cross-sectional
area of T2/FLAIR abnormality, or on the tumor volumetry on T2/FLAIR images, which was found
comparable [14] or superior [15,16] to linear diameters. However, these measurements are difficult
in tumors with irregular shape and might not capture the real extent of infiltration beyond the

borders of FLAIR abnormality. Moreover, following chemotherapy, a clinical improvement with



seizure reduction may not be predicted by tumor shrinkage on conventional MRI [17]. Thus, a
better response assessment with advanced MRI techniques could improve patient management.

Diffusion-Tensor MR Imaging (DTI) is sensitive to the directional diffusion of water along
WM tracts. A number of studies have attempted to use DTI to more precisely delineate the tumor
margins and detect changes in the normal-appearing tissue surrounding malignant gliomas that are
not evident on conventional MRI [18-20], with somewhat conflicting results [21]. In addition to
mean diffusivity (MD) and fractional anisotropy (FA), some promising new metrics measuring the
pure isotropic (p) and pure anisotropic (¢) components of diffusion seem to be useful in depicting
regions of infiltration surrounding the edge of the gross tumor [18,22,23], as confirmed by image-
guided biopsies [24].

Recently, the changes in diffusion metrics of high grade gliomas (HGGs) following
antiangiogenic therapy have been quantified over time by using histogram analysis on ADC maps
[25,26]. Another approach to spatially localize the changes of diffusion parameters is based on the
Functional Diffusion Maps (fDMs), which allow voxel-by-voxel comparison of measures over time
with respect to a baseline map [27,28]. None of these DTI-based techniques has been used so far to
evaluate the effects of chemotherapy in LGGs.

The aim of this study was to investigate whether DTI, as compared with standard MRI, could
better detect microstructural tumor changes in patients with infiltrative LGGs receiving TMZ
chemotherapy. More in detail, we evaluated the feasibility and reliability of histogram analysis and
fDMs approaches on DTI maps to characterize and quantify the early effects of chemotherapy in

LGGs.

Patients and methods
Twenty-one patients with histologically confirmed LGGs were retrospectively examined (15

men, 6 women; age, 34.5+7.7 years).



Demographic, clinical and histopathological data of patients are summarized in Table 1. At
baseline, fourteen patients (67%) had seizures as a unique symptom.

The local ethical committee approved the study. Written informed consent for brain MRI was
obtained from all patients.

MR Imaging

MRI was performed on a Philips Achieva 3.0T system (Best, the Netherlands).

Diffusion Tensor Imaging (DTI) data were obtained by a single-shot echo planar sequence
with parallel imaging (SENSE factor R=2.5). Diffusion gradients were applied along 32 axes, using
a b-value of 0 and 1000 s/mm”. The detailed imaging parameters for DTI were: TR/TE, 8986/80;
FOV, 24 cm; data matrix 96x96, interpolated in-plane to 256x256; section thickness, 2.5 mm;
number of sections, 56; acquisition time, 5 minutes 23 seconds. The sequence was repeated two
consecutive times and data were averaged off-line.

Conventional MRI sequences were: a) T2-weighted turbo spin-echo, b) T1-weighted
inversion-recovery, c¢) three-dimensional fluid-attenuated inversion-recovery (3D-FLAIR) for tumor
volumetry and d) post-gadolinium three-dimensional T1-weighted fast-field-echo (FFE). The
detailed parameters for conventional MRI are provided in the Electronic Supplementary Materials.

Treatment and response assessment

MR studies were acquired at baseline and after 3 and 6 cycles of TMZ at a dose of 150
mg/m*/die 1 week-on/1 week-off, without any concomitant treatment that could modify diffusion
parameters (i.e. steroids). Patients who received chemotherapy had either persistent seizures with
residual tumor after first surgery or a progressive tumor after initial watch and wait with MRI.

Response evaluation on MRI was performed in consensus by two board-certified
neuroradiologists (*BLINDED*) and was based on measurement of both tumor area according to
RANO criteria [13] and volume on 3D-FLAIR images [29]. Response cutoffs for volumetric

measurements were derived from previous correlations of bidimensional measures with volume



[14,30]. Details on response criteria and the calculation of tumor volume are provided in the
Electronic Supplementary Materials.

Seizure response was evaluated by two neuro-oncologists in consensus (*BLINDED*)
according to standard criteria [13]: seizure reduction was significant when a >50% decrease in
seizure frequency compared with baseline was observed, with concomitant anti-epileptic drugs
being unchanged.

DTI data analyses

DTI data were analyzed using DTI Studio v2.4.01 software (H. Jiang, S. Mori, Johns Hopkins
University, Baltimore), and diffusion tensor was calculated at each voxel, obtaining main
eigenvector (A1, A2, A3), fractional anisotropy (FA) and Trace maps; from the elaboration of these
datasets in Matlab 7.10.0 (The MathWorks, Natick, Massachusetts, 2010) mean diffusivity (MD)
and tensor decomposition-derived pure isotropic (p) and pure anisotropic (¢) maps were derived as

follows [18]:

p= \3MD
g =~/(4 = MD)* +(2, - MD)* + (4, — MD)’

At baseline, pathological areas were segmented on each map using a CAD (Computer-Aided
Detection) system based on 3D Texture Analysis [31] giving automatically detected tumor regions-
of-interest (ROIs). The ROIs were visually inspected and manually refined by a neuroradiologist
(*BLINDED*).

The DTI studies acquired after 3 and 6 cycles of chemotherapy were aligned to baseline
pretreatment scans with a linear registration algorithm (see details in Electronic Supplementary
Material). Gray-level histograms and their main parameters (mean, median, 25" and 75"
percentiles, interquartile range, skewness and kurtosis) were calculated at baseline in the ROIs, and
compared to the values calculated in homologous contralateral regions. Histogram values within the

tumor ROIs were also visualized by means of color overlays (see Electronic Supplementary



Material and Figure S1). Histogram parameters were then calculated within the same baseline
tumor ROIs at follow-up, and their time evolution was assessed.

Functional Diffusion Map (fDM) analysis was performed according to [27,32]. Each post-
treatment map was overlaid to the respective baseline map to compare voxel-by-voxel the same
brain regions and to localize therapy-induced changes. Red or blue voxels indicated tumor regions
with respectively a significant rise or decrease in DTI values compared to baseline (see Electronic
Supplementary Material).

Statistical Analysis

Pairwise comparisons of histogram-derived parameters from p, g, MD and FA maps ROIs in
tumor at baseline versus contralateral normal tissue and their changes after three and six cycles of
treatment were assessed using the two-tailed Wilcoxon signed-rank test, with a significance level of
P<.05.

Spearman’s rank correlation was used to assess the relationship between percentage changes
in histogram-derived DTI parameters and percentage change of tumor volume. Then, for each DTI
map, a linear regression analysis was performed to determine the best predictor of final percentage
of volume change after 6 cycles, considering the percentages of histogram-parameters changes after
3 cycles of TMZ as the independent variables. The parameters with high predictive power were
selected to perform a binary logistic regression test and receiver-operating characteristic (ROC)
curves were calculated to determine the diagnostic performance for early identifying responder or
stable patients.

The Mann Whitney U test was used to evaluate the differences in percentages of changed
voxels in fDMs according to clinical response.

Analysis and statistical figures were calculated with SPSS 20.0 (SPSS Inc., IBM, Chicago)

and by in-house algorithms developed in Matlab.

Results



Patient and response assessment on MRI

Twenty-one patients were included: 16 had MR and DTT after 3 cycles of TMZ, while all 21
patients had both evaluations after 6 cycles.

At baseline, the median tumor area on FLAIR images was 19.43 cm? (range 2.15-73.15 cm?);
the median tumor volume on FLAIR images was 37.37 cm® (range 5.45-138.68 cm?). No
differences were found according to gender, histology and clinical presentation (Kruskal-Wallis
test, P>.05).

Following 3 cycles of TMZ changes in tumor area were categorized as stable disease (SD) in
15/16 (93.7%) patients and progressive disease (PD) in 1/16 (6.2%). Changes in tumor volume were
categorized as volumetric minor response (vmR) in 1/16 (6.2%) patients, volumetric stable disease
(vSD) in 14/16 (87.5%) and volumetric progression of disease (vVPD) in 1/16 (6.2%). Interestingly,
in 11 out of 14 stable patients (78.5%) both according to RANO and volumetric criteria, a
significant reduction of seizures was observed.

Following 6 cycles of TMZ changes in tumor area were categorized as partial response (PR)
in 2/21 (9.5%), minor response (mR) in 5/21 (23.8%) patients, SD in 13/21 (61.9%) and PD in 1/21
(4.8%). Changes in tumor volume were categorized as vimR in 9/21 (42.8%) patients, vSD in 11/21
(52.4%) and vPD in 1/21 (4.8%).

DTI Histogram analysis

At baseline, DTT histograms showed significant differences between tumor ROIs and
contralateral normal tissue (Table E1 online): changes were more significant on p, MD and FA
rather than ¢ maps. The volume of pathological hyperintense regions on p and MD maps was larger
than the tumor volume on corresponding FLAIR images (P<.001). The distribution of histogram
values within the tumor p region was visualized by color overlays (Figure S1 online): the median
values of p were located within the center of the tumor, whereas the lower 25" percentile of p were

located at the edge of the tumor; interestingly, the areas containing the voxels with values of p
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below the 25 percentile extended beyond the edge of the FLAIR alteration, possibly representing
regions of peritumoral infiltration.

Following chemotherapy, modifications of p, MD and FA values were seen in all patients
(Table 2).

After 3 cycles of TMZ 15 patients displayed a SD according to RANO criteria (Figure 1)
while pairwise comparisons demonstrated a significant reduction of 25t percentile values both in p
histograms (P=.036) and MD histograms (P=.027) with an increase of skewness (P=.001) and
kurtosis (P=.005) with respect to baseline maps. FA histograms showed an increase of interquartile
range (IQR) (P=.003), mean and 75" percentiles values (P=.023), with a kurtosis reduction with
respect to baseline (P=.006). Of particular interest was the significant, early reduction of median
and 25" percentile of p and MD values (P=.018) and 75% percentile and IQR of FA values (P=.028
and .018, respectively) among those patients who had a significant decrease of seizure frequency.

After 6 cycles of TMZ in the same group of non-progressive patients all DTI changes were
maintained and became more significant: there was a further reduction of 25" percentile values in p
and MD histograms (P<.0005) with an increase of skewness (P<.0005) and kurtosis (P<.003) with
respect to baseline maps. On FA maps an increase of IQR, mean and 75" percentiles (P<.0005)
values was confirmed, with a further reduction of kurtosis compared with baseline (P=.001).

Overall, these results suggest both an early tumor shrinkage at the tumor borders and a late
reduction of the whole tumor volume.

In the progressive patient (Figure 2), changes were the opposite on each map: after 3 cycles of
TMZ there was an increase of 25" percentile values on p (+10.6%) and MD histograms (+12%),
with a reduction of skewness (p: -46.4%; MD: -38%), and a specular reduction of FA IQR (-
24.7%), 75" percentile (-10.6%) and mean (-8.8%) values. After 6 cycles, a further increase of 25
percentile and median values on p histograms (+16.5% and +14.6%, respectively) as well as on MD
histograms (+14.9% and +14.6%) was evident together with a further reduction of FA IQR (-
35.9%), 75™ percentile (-22.2%) and mean (-21.8%) values.
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There were significant monotonic relationships between percentage changes of histogram
parameters after 3 cycles of TMZ and final percentage changes of tumor volume following 6 cycles
(Table E2, Electronic Supplementary Material). On p histograms, a linear regression established
that the percentage change of 25" percentile values significantly predicted the final volume change,
F(1,15)=22.253, P<.0005, R’=.614. Similarly, on MD histograms the early percentage change of
25™ percentile values significantly predicted the final volume change, F(1,15)=17.899, P=.001,
R*=.561.

The best early discriminant parameter of final volumetric tumor change was percentage
change of 25h percentile values on p histograms (AUC=0.889; CI:0.623-0.990; P<.0001), whose
reduction was significantly greater in patients with minor response than in stable patients (Figure 3,
Table 3). Percentage change of 25t percentile on MD histograms had lower performance
(AUC=0.806; CI:0.525-0.959; P=.019): the overall diagnostic performance of these markers was
superior to the percentage change of FLAIR tumor volume after 3 cycles, that showed an
AUC=0.778 (CI:0.519-0.957; P=.022) (Figure 3, Table 3).

Functional Diffusion Maps analysis

On fDM maps, changes of p, MD and FA values after chemotherapy were displayed as
blue/red areas (voxels with significant value reduction/increase); changes were observed early
during treatment at the tumor borders on p and MD and late in the whole tumor burden on FA fDMs
(Figure 1 and 2).

Among patients with SD according to RANO criteria, after 3 cycles of TMZ, the median
percentage of blue voxels with a reduction of p and MD values was 11.2% and 10.4%, respectively
(Figure 1E), further increasing after 6 cycles (13.6% on p and 13.5% on MD) (Figure 1F). The
median percentage of red voxels with increased FA was 2.1% after 3 cycles and 4.5% after 6 cycles
of TMZ (Figure 1H e 11). Interestingly, the median percentage of blue voxels on p and MD fDMs

was higher in patients with seizure reduction (P=.036).
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In the patient with PD, fDM analysis confirmed opposite changes on each map: after 3 cycles
of TMZ the percentage of red voxels on p and MD fDMs was 31.3% and 27.8%, respectively
(Figure 2E), and rose to 39.5% on p and 36.9% on MD fDMs after 6 cycles (Figure 2F); the
percentage of blue voxels on FA fDMs was 3.5% after 3 cycles and 5.7% after 6 cycles (Figure 2H

and 2I).

Discussion

This study suggests DTI-based histogram analysis as a reliable tool to detect and quantify
early tissue changes, not apparent on conventional MRI, in LGGs following chemotherapy with
temozolomide. It also demonstrates the feasibility of the fDM analysis of DTI maps for spatial
localization of the changes of DTI metrics.

To our knowledge, this is the first study applying these techniques to evaluate the response of
LGGs to chemotherapy. Radiological response assessment is challenging in these tumors, as the
currently used RANO criteria, based on the measurement of tumor area [13], have low reliability in
lesions with irregular shape or margins. Moreover, effective therapies reduce seizure frequency that
often is not associated with tumor size reduction [11,17,33,34].

We found significant changes both in MD and FA and on pure isotropic (p) and pure
anisotropic (¢) maps. Some previous studies reported that p and ¢ maps define different tumor
regions [18,35]: the core showed reduced values of anisotropy and markedly increased isotropy,
while the peripheral regions showed increased isotropy but normal anisotropy, correlating with
tumour infiltration as confirmed by image-guided biopsies [24]. p is proportional to MD
(p=V3MD), while ¢ is a measure of the deviation of the eigenvalues from MD [22], thus the major
difference between p/q and MD/FA metrics lies in the g/FA difference. Hence, we found similar
results for p and MD maps. Interestingly, the volume of pathological regions on p and MD was
larger than the volume on corresponding FLAIR images at baseline; thus, the difference between
the two regions (p or MD ROI minus FLAIR ROI) could represent the peritumoral infiltration

13



undetectable on MRI. This border contained the 25" percentile of the p or MD distribution (Figure
S1) within the tumor, in accordance with previous studies applying DTI-based histogram analysis in
newly-diagnosed LGGs, which reported that the median values reflected the tumor core, while the
edge contained the 25" percentile of diffusivity and the 75" percentile of FA values [36].
Conversely, it is very unlikely that the border beyond the FLAIR represents the peritumoral edema,
that is not a common finding in LGGs given the slow growth rate and usually modest mass effect of
these tumors. Furthermore, if this was the case the p and MD values within this border would be
higher than the 75% percentile of the distribution. This is also in line with previous studies trying to
differentiate edema and glioma infiltration by comparing the diffusivity values in the peritumoral
regions of LGGs, HGGs and metastases [37-39].

The g metrics were less informative in characterizing LGGs, as significant ¢ value changes
were previously described only in the gross tumor core of HGGs [18,24].

The direction of changes of DTI parameters was related to patterns of water mobility in
LGGs, where isotropic diffusion (p and MD) is higher than in normal tissue (Table 2 and E1).
Indeed, in the early avascular, infiltrative stage of growth typical of LGGs, glioma cells remodel the
extracellular matrix through secretion of matrix-degrading enzymes. This in turn leads to a
widening of the extracellular space with an accumulation of water in large amounts [40]. This
increased amount of extracellular water, along with a dense network of glioma cell processes that
may hinder diffusion, are the dominant factors that lead to increased isotropy (p) and diffusivity
(MD) and reduction of anisotropy in infiltrating LGGs. In line with these observations, the early
effects of treatment consisted in a reduction of 25" percentile values of p and MD and an increase
of skewness and kurtosis in the current study; changes in the domains of lower diffusivity (25
percentile), likely representing the regions of infiltrations, reflected an early tumor shrinkage in
response to chemotherapy, which could occur from the infiltrative periphery to the lesion center.
The parallel increase in skewness and kurtosis indicated that most of the values on isotropy maps
histogram laid to the left of the mean and had a sharper peak compared with baseline; hence, a
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general shift of MD and p histograms towards lower, ‘normal’ tissue diffusivity values may be the
DTI ‘signature’ of chemotherapy response in LGGs. On FA maps, the increase of IQR and 75"
percentile values indicated a general increase of anisotropy, reflecting a compaction of the whole
tumor burden in response to treatment. Coherently, the opposite patterns were found in the patient
with progressive disease.

Changes of DTI-histogram parameters showed strong correlations with volume changes,
paralleling or even preceding tumor size reduction or increase on MRI. The best DTI parameter for
an early identification of responders in the group of stable patients on conventional MRI was the
percentage change of the 25" percentile on p, suggesting a potential value of this parameter as a
biomarker for an early detection of chemotherapy activity. So far, an early detection of tumor
response (especially after 3 months) does not impact treatment decisions, as the option to continue
chemotherapy still relies on standard MRI criteria [13]; however, the proposed new method may
represent a proof of concept that structural changes can occur very early during treatment. Hence in
future trials early DTI changes could represent a biomarker of chemotherapy response and thus
guide the duration of treatment.

Another novel result of this study is the demonstration of the feasibility, in DTI maps, of the
fDM approach, indicating the areas of maximal tumor shrinkage at the periphery and guiding the
decision of a second surgery to increase the extent of resection [10,12]. This clearly highlights the
superiority of the DTI-based method with respect to a simple volumetric evaluation to accurately
localize the sites of microstructural changes following chemotherapy. fDMs changes were
prominent in patients who had a significant reduction of seizures: thus, DTI could detect minimal
changes in tumor tissue of meaningful clinical significance, by predicting and visualizing patterns
of LGGs shrinkage in response to chemotherapy. It is unlikely that this shrinkage reflects a decrease
of surrounding edema, which in LGGs is generally absent. Furthermore, it is also unlikely that the
changes in DTI parameters in LGGs after chemotherapy could be related to other phenomena such
as a pseudoresponse or pseudoprogression, as they have been described only in HGGs following
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either treatment with antiangiogenic agents or combined treatment with radiotherapy [41], and not
in LGGs.

In the future, the use of more sophisticated analyses including Tract Based Spatial Statistics
(TBSS) [37] may give further insights into the tumoral and peritumoral changes after treatments
and the patterns of involvement of the surrounding WM structures.

This preliminary study has some limitations, such as the small number of patients in which
DTI sequences were available at all time points and the short-term follow-up. All these data must be
confirmed in larger prospective studies comparing patients with and without response to
chemotherapy to define whether these advanced MRI techniques could also be useful to predict
tumor progression in LGGs.

In conclusion, DTI-based histogram and fDM analyses are useful techniques to evaluate the
early effects of TMZ chemotherapy in LGG, preceding modifications on conventional MRI and
volumetry. fDM analysis is feasible on DTI maps in LGGs and allows to visualize the heterogeneity
of treatment response within the same lesion, thus improving the evaluation of chemotherapy

efficacy.
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Table 1. Clinical and histopathological details of the patients’ population

Patient Sex Age (y) Location® Side Histology® Seizures KPS°
1 M 34 F-P L ol No 100
2 M 28 F-Ins L OA Il No 100
3 M 33 F-T-Ins R ol Yes 90
4 M 25 F-T-Ins L ol Yes 90
5 F 36 F L All Yes 80
6 M 56 F-T-Ins L All Yes 90
7 F 45 F-Ins L ol Yes 90
8 M 37 F-T-Ins L OA Il Yes 90
9 M 32 F-P R OA Il No 100
10 M 36 P-O L ol Yes 90
1" M 30 F-T-Ins R All Yes 90
12 M 43 T L ol Yes 90
13 F 38 F-T-Ins R All Yes 90
14 F 29 F L ol No 90
15 M 30 F L OAll Yes 90
16 M 31 F-P L Qll Yes 90
17 M 26 F R ol Yes 90
18 F 46 F-Ins L ol No 100
19 M 27 F-T-Ins L OAll Yes 90
20 M 32 F-Ins L All No 100
21 F 31 F-Ins R ol No 100

Note.* F, frontal; T, temporal; P, parietal; O, occipital; Ins, insular.




b According to the World Health Organization (WHO) brain tumor classification: A II, astrocytoma; O II oligodendroglioma; OA II, mixed
oligoastrocytoma.

“KPS: Karnofsky Performance Status scale



Table 2. DTI maps histogram values (p, MD, FA) among non-progressive patients at each chemotherapy time point

Baseline p After 3 cycles After 6 cycles Baseline MD After 3 cycles After 6
maps (x10° (x10° map3 (x10° cycles
(x10° mm?%se c) p-value mm?se c) p-value (x10° mmZse c) p-value (x10° p-value
mm?/sec) (n=15) (n=20) mm?/sec) (n=15) mm?/sec)
(n=20) (n=20) (n=20)
mean 2.12+0.24 2.10+0.23 0.691 2.09+0.25 0.198 1.25£0.15 1.23£0.13 0.629 1.22+0.15 0.1
th
igrcentile 1.781£0.20 1.731£0.20 0.036* 1.65£0.22 <.0005**| 1.06+0.14 1.024£0.12 0.027* 0.98+0.14 <.0005**
median (50th * *k
percentile) 2.0910.27 2.0320.25 0.173 1.97+0.29 0.002 1.23+x0.16 1.19+0.14 0.125 1.1520.16  0.001
75th
percentile 2.42+0.31 2.3810.29 0.570 2.3620.33 0.108 1.41+0.18 1.38+£0.17 0.532 1.37+£0.18 0.076
‘r';t:rq“a"“e 0.64+0.16 0.65:0.15  0.233  0.71#0.16  0.005** | 0.34+0.07  0.36+0.08  0.099  0.39+0.08  0.003**
ge (IQR)
skewness 0.65+0.37 1.2320.73 0.001** 1.4310.57 <.0005**| 0.63+0.48 1.2810.75 0.001** 1.42+0.64 <.0005**
kurtosis 1.75+1.17 3.87+3.65 0.005**  3.76+2.60 0.001** | 1.90+1.36 3.98+3.83 0.005** 3.68+2.68 0.003**
Table 2. (continue)
Baseline FA After 3 / After 6 /
maps (n=20) cycles (n=15) PV#Y€ cycles (n=20) PV@'U°
mean 0.16+£0.03 0.17+£0.04 0.02* 0.18+0.03 <.0005**
25" percentile 0.10£0.02 0.10£0.02 0.691 0.11£0.02 0.012*
median (50" %
percentile) 0.14+0.03 0.1520.03 0.551 0.15+0.03 0.004




75" percentile 0.204£0.04 0.21+0.05 0.023* 0.2210.05 <.0005**
interquartile > >k
range (IQR) 0.10+0.02 0.11+0.03 0.003 0.1240.03 <.0005
skewness 1.60+0.50 1.57+£0.57 0.427 1.50+0.56 0.391
kurtosis 5.27+3.56 4.00+2.87 0.006**  3.37+2.68 0.001**

Note: Data are interpatient means + standard deviations. P values refer to comparisons between pre- and post-treatment measurements in non-

progressive patients.



Table 3. Diagnostic performance of the best DTI histogram parameters for early identification of patients with a significant volumetric response

following 6 cycles of TMZ.

Parameter Largest Area Under the | p-value | Sensitivity (%) | Specificity (%) | Cutoff
ROC Curve

th -
Percentage change of 257 percentile on p maps 0.889 (0.623-0.990) | <.0001** | 66.7 100 6.47%
following 3 cycles of TMZ

th -
Perce_ntage change of 25™ percentile on MD maps 0.806 (0.525-0.959) 019* 66.7 88.9 -6.34%
following 3 cycles of TMZ
Percentage change of 75" percentile on FA maps . o
following 3 cycles of TMZ 0.796 (0.515-0.955) .020 66.7 88.9 +6.59%
Percentage change of FLAIR tumor volume . o
following 3 cycles of TMZ 0.778 (0.495-0.946) .027 100 55.6 -8.61%
Percentage change of FLAIR RANO product 0.800 (0.519-0.957) 022 80 80 -10.26%

following 3 cycles of TMZ

Note: Number in parentheses are 95% confidence intervals.
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Figure 1. Images in a 36-year-man with a recurrent low grade oligodendroglioma. (A)

Pretreatment axial FLAIR image shows a left parietal hyperintense lesion, with superimposed

yellow DTI p map ROI (E) at baseline. The area of p abnormality extends beyond the FLAIR

hyperintensity. (B) After 3 cycles of TMZ, axial FLAIR image shows a SD, but patient had a

significant clinical improvement (>50 reduction of seizures frequency). (C) Only after 6 cycles of
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TMZ a mR is appreciable on FLAIR image. (D) Histograms on DTI p maps after 3 and 6 cycles
reveal a continuing shift of the histogram to the left and an increase in skewness, the DTI
“signature” of chemotherapy response. On fDMs after 3 (E) and 6 (F) cycles, blue voxels indicate
regions with a significant decrease in pure isotropy p at each time point compared with
pretreatment. Blue voxels are mainly located along the tumor borders, are already detectable after 3
cycles and become more conspicuous over time. (G) Histograms on FA maps after 3 and 6 cycles
visually reveal a slight reduction of kurtosis. (H) fDMs map after 3 cycles of TMZ reveals a
moderate increase of FA inside the tumor ROI (yellow line): red voxels indicate regions with a
significant rise of FA values at each time point compared with pretreatment. (I) fDM analysis after

6 cycles of TMZ reveals a more conspicuos increase of FA in the whole tumor mass.
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Figure 2. Images in a 36-year-woman with a recurrent low grade astrocytoma. (A)

Pretreatment axial FLAIR image shows a left frontal hyperintense lesion, with superimposed yellow

DTI p map ROI (E) at baseline. Also in this case, the area of p abnormality extends beyond the

FLAIR hyperintensity. (B) After 3 cycles of TMZ, axial FLAIR image shows a PD. (C) After 6

cycles of TMZ, axial FLAIR image confirms the progression. (D) Histograms on DTI p maps after

3 and 6 cycles reveal a continuing shift of the histogram to the right and a reduction of skewness,

the opposite pattern with respect to Figure 1. On fDMs images after 3 (E) and 6 (F) cycles, red
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voxels indicate regions with a significant rise in isotropy values at each time point compared with
pretreatment; these voxels are located both along the tumor borders and inside the tumor mass,
becoming more consistent over time. (G) Histograms on FA maps after 3 and 6 cycles visually
reveal an increase of kurtosis. (H) fDM analysis after 3 cycles of TMZ reveals a moderate reduction
of FA (blue voxels) inside the tumor ROI on the FA map. (I) fDM analysis after 6 cycles of TMZ
reveals a more conspicuous reduction of FA (blue voxels) both along the tumor borders and inside

the whole tumor mass.
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Figure 3. Box plots compare early percentage change of 25™ percentile values (%AC25) on

(a) p map and (b) MD map and early percentage change of (c) tumor volume and (d) tumor area

according to RANO criteria on FLAIR images between stable patients after 6 cycles (vSD) and
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patients with a volumetric response (vmR). Medians (line through boxes) are lower in responders
both on p and MD maps. Note the considerable overlap between the two groups on FLAIR images.

O = outliers.
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Electronic Supplementary Material

Details of MR Imaging Acquisitions

MR imaging was performed on a Philips Intera 3.0T system (Best, The Netherlands).
Diffusion Tensor Imaging (DTI) data were obtained by using a single-shot echo planar sequence
with parallel imaging (SENSE factor, 2.5). Diffusion gradients were applied along 32 axes, using a
b-value of 0 and 1000 s/mm”. The detailed imaging parameters for DTI were: repetition time
msec/echo time msec (TR/TE) 8986/80; field of view (FOV) 24 cm; data matrix 96x96,
interpolated in-plane to 256x256; section thickness, 2.5 mm; number of sections, 56; acquisition
time, 5 minutes 23 seconds. The sequence was acquired twice and the data were averaged off-line
to increase signal-to-noise ratio.

Conventional MR sequences were acquired for morphological characterization of the lesions
and volumetric assessment. The MR imaging protocol included: a) axial T2-weighted turbo-spin-
echo (TSE) images (TR/TE 3000/85 ms; flip angle 90°; FOV, 230 mm; 22 slices; section thickness,
5/1 mm gap; matrix, 512x512; SENSE factor, 1.5, acquisition time 3 minutes 42 seconds); b) axial
T1-weighted inversion-recovery (IR) images (TR/TE/T1 2000/10/800 ms; FOV, 230 mm; 22 slices;
section thickness, 5/1 mm gap; matrix, 400x512; SENSE factor, 1.7, acquisition time 4 minutes); c)
axial three-dimensional fluid-attenuated inversion-recovery (3D-FLAIR) images for tumour
volumetry (TR/TE/TI 10000/110/2750 ms; flip angle 90°; FOV, 230 mm; 120 slices; section
thickness, 1.5/0 mm gap; matrix, 224x256; SENSE factor, 2, acquisition time 8 minutes 20
seconds) and d) post-gadolinium three-dimensional T1-weighted fast-field-echo (FFE) imaging
(TR/TE 8/4 ms; flip angle 90°; image resolution equal to DTI, section thickness, 2.5 mm; no gap;
56 slices; acquisition time 1 minute 42 seconds).

All the serial MR studies were positioned by the same operator (A.IL., with 20 years of
experience) in order to maximize the same scan plane and angulation (anterior-posterior
commissure).

Details of MR assessment of response
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Response evaluation on MRI was performed in consensus by two board-certified
neuroradiologists (A.C. and A.F.) and was based on measurement of both tumour area according to
RANO criteria [13] and volume. Tumour area was considered as the product of maximum
perpendicular diameters of the lesion on FLAIR images, and response was categorized as partial
(PR, reduction of tumour size greater than 50% with respect to the baseline scan), minor response
(mR, reduction between 25% and 50%), or progressive disease (PD, >25% increase of tumour size).
A change in size between mR and PD was classified as stable disease (SD).

Tumour volume was calculated on 3D-FLAIR images using iPlan Cranial 3.0 software
(Brainlab, Feldkirchen, Germany). Residual tumour margins were manually segmented on
sequential axial FLAIR images by a neuroradiologist and verified in the coronal and sagittal
reconstruction planes, taking advantage of the volumetric acquisition to exclude artefacts and partial
volume effects. A wise inspection of further MRI sequences allowed to have a more comprehensive
and robust understanding of the extension of the resection cavity. The sum of tumour segmentations
of a FLAIR acquisition was automatically multiplied by slice thickness to obtain the estimated
volume in cm?, by using iPlan software. This method has been demonstrated to be reproducible and
accurate to identify residual tumour on FLAIR images both in early and late postoperative MRI
[29].

Response cutoffs for volumetric measurements were derived from previous correlations of bi-
dimensional measures with volume [14,30]: a reduction of tumour volume greater than 65% with
respect to the baseline scan was considered a volumetric partial response (vVPR), while an increase
of tumour volume greater than 40% with respect to the baseline scan was considered a volumetric
progression (VPD). A volumetric minor response (vimR) was defined as a reduction between 32.5%
and 65% of tumour volume with respect to the baseline scan while a change in size between vimR
and vPD was classified as stable disease (vSD).

Details of MR-DTI data processing and analyses
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DTI data were analyzed using DTI Studio v2.4.01 software (H. Jiang, S. Mori, Johns Hopkins
University, Baltimore). A diffusion tensor was fitted to each voxel to obtain eigenvalues (A;, A2, A3),
used to calculate fractional anisotropy (FA) and Trace maps. Mean diffusivity (MD) and tensor
decomposition-derived pure isotropic (p) and pure anisotropic (¢) maps were calculated using
MATLAB 7.10.0 (The MathWorks, Natick, Massachusetts, 2010) [18].

On each map at baseline, pathological areas were analyzed using a customized automatic
volumetric region-of-interest (ROI) detection tool, i.e. a CAD (Computer-Aided Detection) system
for glioma recognition and segmentation, based on 3D Texture Analysis [31].

The CAD system gave automatically detected tumour regions-of-interest (ROIs). Tumour
boundaries on each patient and each map were visually inspected and manually refined by a
neuroradiologist (A.C.) in order to avoid false positives.

The DTI studies acquired after three and six cycles of chemotherapy were then aligned to
baseline pretreatment scans. As the registration procedure was intra-subject, and studies were
acquired by the same MRI scanner, a 6-dof (rigid-body) registration algorithm was used because
this is the standard for serial brain on the same subject (in contrast to the nonlinear spatial
transformation models, which are more suitable for intersubject registrations). In order to verify this
assumption, we used SPM (Statistical Parametric Mapping, http://www.fil.ion.ucl.ac.uk/spm/) to
perform both 6-parameter and 12-parameter coregistrations. We compared the 12-parameter
coregistration matrices with the 6-parameter ones and verified that they were not statistically
different (two-tailed Wilcoxon signed-rank test at 95% confidence level).

Moreover, the presence of an evolving tumour lesion might influence and de facto make
incorrect any linear coregistration procedure. With the purpose of checking this hypothesis, after
coregistering the patients’ studies, we calculated the Mean Absolute Error (MAE) between
baselines and the latest scans, limiting the calculation to the healthy hemisphere. The same
procedure was applied to a set of ten control patients who underwent two DTI scans with a 6-month

interval. In the latter case we arbitrarily chose one of the brain hemispheres for MAE calculation.
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The two MAE distributions were compared by the Mann Whitney U test and were found
statistically equivalent (at 95% confidence level), which suggests that coregistration qualities were
similar for healthy and pathological images. We concluded that the presence of the tumour did not
condition the coregistration procedure. Hence, we decided to simply use linear rigid coregistration,
without loss of accuracy.

To quantify and analyze the heterogeneous distribution of DTI parameters in tumour regions,
gray-level histograms and their main parameters (mean, median, 25™ and 75" percentiles,
interquartile range, skewness and kurtosis) were calculated for tumour ROIs at baseline, and
compared to those from homologous contralateral regions. By using colour overlays it was also
possible to visualize the distribution of histogram values in the tumour ROIs for each DTI map: an
example of p map is shown in Figure S1. Blue areas indicate all the tumour voxels with DTI values
below the 25 percentile, red areas indicate all the voxels with values higher than the 75" percentile
and light blue areas indicate all the voxels with values between the 25™ and 75", Histogram
parameters were also calculated at follow-up using the same baseline ROI to assess time evolution.

To evaluate the reliability of the automatic system, the same parameters were assessed in the
tumour ROIs both before and after the manual refining, and agreement between the histogram
parameters obtained for automatic and manually edited ROIs was then checked. Intraclass
correlation coefficients with 95% confidence intervals were used to assess variability with respect
to the parameters obtained by the completely automated procedure. Table E3 (online) summarizes
the intraclass correlation coefficients (ICCs) between early measurements of DTI parameters
obtained using automatic and manually refined ROIs: the high ICC values assure the equivalence of
the two ROI sets for DTI parameter calculation. The excellent agreement between automatic and
semi-automated procedures is an added value to implement the proposed techniques in a clinical
setting.

The average execution time for the automatic procedure was about one hour per patient and

map; manual refinement increased execution time by about ten minutes.
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Functional Diffusion Map (fDM) analysis was performed according to the method described
in [27,32] using an in-house software developed in Matlab. Each ROI on baseline map was overlaid
to the respective post-treatment map, in order to compare the same brain regions and to localize
therapy-induced modifications. A comparison between pre and post-therapy DTI parameters with a
voxel-by-voxel approach was carried out, returning a plot (see Supplementary Figure S2 and S3)
and a coloured map (Figure 1 and 2) for each patient: the plot showed data for the entire tumour
volume, with the pretreatment p, g, MD and FA values on the x-axis and post-treatment respective
values on the y-axis (see Supplementary Figure S2 and S3). The central green line represents
equality, and the flanking blue and red lines represent the 95% confidence interval for changes in
DTI maps values in the uninvolved contralateral hemisphere at baseline, including white and gray
matter, in order to evaluate significant variations not due to physiological modifications between
scans or to the signal noise: these thresholds for DTI values indicated that changes can be attributed
with 95% probability to an underlying biologic process. Voxels in the pre-treatment DTI maps were
displayed with a colour overlay of the fDMs according to the same convention as for the plot: thus,
red voxels indicate regions within the tumour with a significant rise in DTI values at each time
point compared with pretreatment map and blue voxels indicate areas of significant decrease in DTI
values.

Furthermore, in order to assess the significance of fDM results in the pathological tissue, they
were compared with the median percentage of changed voxels for p, MD and FA in the homologous
contralateral regions. The percentages of blue/red voxels calculated in the contralateral regions were
found to be about an order of magnitude smaller than in the pathological tissue: statistical tests
showed significant differences in the distribution of the percentage values of blue voxels in p
(P=0.00008), blue voxels in MD (P=0.00008), and red voxels in FA (P=.01), for the tumour region
and the contralateral normal tissue both in the patients with SD according to RANO criteria and in
the patient with PD. These quantitative considerations were confirmed by an evaluation of voxel-

by-voxel changes of diffusion parameters on whole brain tissue between two different DTI scans
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obtained from a normal subject, acquired within an interval of time consistent with the duration of
the study. fDM analysis was performed in six representative ROIs containing a range of DTI values
from normal gray and white matter respectively chosen in the anterior frontal regions, precentral
gyrus, insula, superior parietal lobule, temporal lobe and in the white matter of the centrum
semiovale. The 95% confidence intervals for changes in DTI map values were found to be well in
the range of those chosen on the basis of the analysis of patient contralateral regions.

A final assessment of our results included a verification of the long-term stability of the DTI
acquisitions, with a comparison of the histogram results in these ROIs in the control subject and the
calculation of the percentage of difference between gray-level medians. In each DTI map of the two
different datasets (hereafter named I; and I,), the gray-level histograms of the voxels within each
ROI were very well overlaid, as indicated by a preliminary visual inspection. For each map and
each ROI, the percent difference between gray-level medians (med) was calculated as
%Amed = 100 - (med(I,) — med(I;)) / med(l,): isotropic maps (p, MD) gave %Amed ~ 1%, while
anisotropic ones (FA, ¢g) gave %Amed < 3%. The percentage of changes of histogram parameters in
patients’ pathological tissue is far beyond these small differences found in the control subject.
Finally, the correlation coefficients between I; and I, voxels (in each ROI) were calculated and

were higher than 0.9, confirming the good image acquisition stability over time.
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Figure S1. Visualization of the distribution of histogram values within the tumour ROIs on p

map in a case of oligodendroglioma. (A) Blue areas indicate all the tumour voxels with values of p
below the 25™ percentile, red areas indicate all the voxels with values higher than the 75™ percentile
and light blue areas indicate all the voxels with values between the 25" and 75", Visual inspection
indicates that the median p values are located within the centre of the tumour, whereas the lower
25™ percentile of p are typically located at the edge of the tumour. (B) Interestingly, the blue areas
containing the voxels with values of p below the 25™ percentile extends beyond the edge of the

FLAIR alteration.
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Figure S2. Scatter plot from fDMs analysis display data for the entire tumour volume in the
same patient with a positive response to treatment showed in Figure 1. Each point represent one
voxel in tumour tissue. Pretreatment DTI (A) pure isotropy p values and (B) FA values are reported
on the x-axis and post-treatment values on the y-axis. (A) The blue dots indicate voxels with
decreased values of p over time, whereas the red and green dots indicate regions of increased and
unchanged p, respectively. There is a prevalence of blue voxels, indicating a reduction of isotropy
over time after treatment. (B) The red dots indicate voxels with increased FA values over time,
whereas the blue and green dots indicate regions of decreased and unchanged FA, respectively.

There is a net increase of FA values over time after treatment.
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Figure S3. Scatter plot from fDMs analysis display data for the entire tumour volume in the
same patient with a negative response to treatment showed in Figure 2. Each point represent one
voxel in tumour tissue. Pretreatment DTI (A) pure isotropy p values and (B) FA values are reported
on the x-axis and post-treatment values on the y-axis. (A) The red dots indicate voxels with
increased values of p over time, whereas the blue and green dots indicate regions of increased and
unchanged p, respectively. There is an evident prevalence of red voxels, indicating an increase of
isotropy over time and a negative response to treatment. (B) The blue dots indicate voxels with
decreased FA values over time, whereas the red and green dots indicate regions of increased and
unchanged FA, respectively. There is a net decrease of FA values, suggesting a progressive

alteration of the tumour structure over time after treatment.
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Table E1 (online). DTI maps histogram values at baseline

n=21 tl(‘;qggrnlfn?zgzss con:;a:l(?_ge:rlnlz\;lgeg;aps p-value tumour FA maps contralateral FA maps p-value
mean 1.25+0.14 0.97+0.15 <0.001** 0.15+0.03 0.25+0.02 <0.001**
25" percentile 1.074£0.13 0.73+0.04 <0.001** 0.10+0.02 0.11+0.02 0.079

median (50" percentile) 1.24+0.16 0.8210.05 <0.001** 0.1410.03 0.21+0.04 <0.001**
75™ percentile 1.41+0.17 1.08+0.35 0.002** 0.19+0.04 0.36+0.04 <0.001**
interquartile range (IQR) 0.34+0.07 0.35+0.34 0.099 0.10+0.02 0.25+0.04 <0.001**
skewness 0.57+0.53 2.44+0.79 <0.001** 1.64+0.52 0.71+0.29 <0.001**
kurtosis 1.84+1.36 8.8316.14 <0.001** 5.42+3.55 0.09+0.67 <0.001**

Note: Data are interpatient means + standard deviations.




Table E1. (continue)

n=21 tum<_>3ur o] ;naps contralgteralzp maps p-value tum%ur q ;naps contralgteralzq maps p-value
(x10™ mm*/sec) (x10™ mm*/sec) (x10™ mm*/sec) (x10™ mm*/sec)
mean 2.13+0.24 1.68+0.25 <0.001** 0.25+0.04 0.30+0.05 0.004**
25" percentile 1.7940.21 1.26+0.06 <0.001** 0.18+0.04 0.17+0.04 0.079
median (50" percentile) 2.11+0.27 1.41+0.07 <0.001** 0.2410.04 0.26+0.05 0.305
75™ percentile 2.42+0.30 1.89+0.65 0.002** 0.31£0.05 0.3940.07 <0.001**
interquartile range (IQR) 0.631£0.15 0.631£0.65 0.073 0.131£0.02 0.23+0.05 <0.001**
skewness 0.59+0.45 2.42+0.76 <0.001** 0.88+0.43 1.031£0.40 0.181
kurtosis 1.68+1.19 8.61+5.92 <0.001** 1.85+2.65 1.16+1.21 0.357

Note: Data are interpatient means + standard deviations.




Table E2 (online). Correlation between percentage changes in DTI histogram parameters after 3

cycles and final percentage changes of tumour volume following 6 cycles of TMZ.

N=16 Percentage change of tumour volume after 6 cycle
Percentage change after 3 cycles| p  p-value p  p-value p  p-value
mean 0.744 (0.001*) 0.521 (0.039%) -0.576 (0.019%)
25" percentile 0.765 (0.001*) 0.670 (0.005**) -0.229 (0.393)
median (50" percentile) 0.692 (0.003*¥) 0.559 (0.024%) -0.653 (0.006™*)
75" percentile 0.665 (0.005*) 0.571 (0.021%) -0.588 (0.017%)
interquartile range (IQR) 0.209 (0.438) 0.197 (0.464) -0.582 (0.018%)
skewness -0.491 (0.053) -0.588 (0.017%) 0.621 (0.010%)
kurtosis -0.294 (0.269) -0.618 (0.011%) 0.791 (<0.0005**)
p map MD map FA map

Note: Data are Spearman rank correlation coefficients (p), with p-values in parentheses.
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Table E3 (online). Intraclass correlation coefficients (ICC) for measurements of the best early DTI

histogram parameters with semi-automatic (saROIs) and automatic (aROIs) methods.

Parameter ICC p-value

Percentage change of 25™ percentile on p maps

following 3 cycles of TMZ 0.985 (0.956-0.995) <0.0001

Percentage change of 25™ percentile on MD maps

following 3 cycles of TMZ 0.965 (0.899-0.988) <0.0001

Percentage change of 75" percentile on FA maps

following 3 oy0les of TMZ 0.941 (0.816-0.980) | <0.0001

Note: Number in parentheses are 95% confidence interval.
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