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Abstract

Gliomas are amongst the most common primary brain tumours in adults and are often associated with poor prognosis. Under-
standing the extent of white matter (WM) which is affected outside the tumoral lesion may be of paramount importance to
explain cognitive deficits and the clinical progression of the disease. To this end, we explored both direct (i.e., tractography
based) and indirect (i.e., atlas-based) approaches to quantifying WM structural disconnections in a cohort of 44 high- and
low-grade glioma patients. While these methodologies have recently gained popularity in the context of stroke and other
pathologies, to our knowledge, this is the first time they are applied in patients with brain tumours. More specifically, in
this work, we present a quantitative comparison of the disconnection maps provided by the two methodologies by applying
well-known metrics of spatial similarity, extension, and correlation. Given the important role the oedematous tissue plays
in the physiopathology of tumours, we performed these analyses both by including and excluding it in the definition of the
tumoral lesion. This was done to investigate possible differences determined by this choice. We found that direct and indi-
rect approaches offer two distinct pictures of structural disconnections in patients affected by brain gliomas, presenting key
differences in several regions of the brain. Following the outcomes of our analysis, we eventually discuss the strengths and

pitfalls of these two approaches when applied in this critical field.
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Introduction

Gliomas constitute the most common malignant primary
brain tumours in adults, and are associated with significant
morbidity and mortality (Ostrom et al. 2014). Gliomas
frequently develop from glial cells and, according to the
World Health Organization (WHO), they are classified into
different histological grades that reflect their malignancy
or aggressiveness (Louis et al. 2016, 2021). High-grade
gliomas (HGG; grades III and IV) are considered malig-
nant tumours and are treated more aggressively than low-
grade gliomas (LGG; grades I and II). Standard treatment
for gliomas includes neurosurgical resection followed by
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concomitant chemotherapy and radiation therapy. In this
regard, the major goal in surgical planning is to preserve
eloquent brain regions and structural connections while
removing most of the tumoral tissue (Ghinda et al. 2018;
Castellano et al. 2017; Duffau 2019). Due to the highly
infiltrative characteristics of these tumours, the impact of
gliomas on the structural connectivity of the brain is com-
plex to assess and is currently an open issue in contem-
porary neuroscience (Nilsson et al. 2018). Since gliomas
commonly extend towards gyri and then spread along the
course of white matter (WM) tracts, they can be distin-
guished not only by their anatomic location, but also by
which WM tract they have infiltrated (Glenn et al. 2017).
A richer depiction of the topological alterations caused
by the tumour on the structural connectome may lead to
a better understanding of the complex network dysfunc-
tions the pathology causes (Sporns 2011; Castellano et al.
2017) and could identify cortical regions and WM bundles
to be carefully navigated during surgery (Duffau 2019).
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Techniques which identify and quantify the extent WM
damage beyond the location of a focal lesion have recently
been gaining popularity in the field of stroke and other
pathologies, as they tend to explain functional alterations
better than damage to specific grey matter (GM) regions
(Griffis et al. 2019; Schotten et al. 2020; Di Vita et al.
2019; Salvalaggio et al. 2020). Translating the use of such
techniques in the oncological field requires, however, addi-
tional cares as the neoplastic nature of tumours poses some
difficult challenges to the investigation of the alteration
of WM tracts. Indeed, gliomas do not represent a focal
and acute lesion but rather a slowly evolving infiltrative
process.

When studying the course of WM pathways through
imaging, diffusion MRI (dMRI) is the instrument of
choice, as it allows to extract the state and directional
information of WM fibres through modelling the random
motion of water molecules occurring in the different brain
regions. Through dMRI, patterns of WM structural discon-
nections can be derived exploiting the so-called indirect
or direct approaches:

e Indirect approaches bypass the need of a subject spe-
cific dMRI dataset by projecting the tumoral lesion of
a given patient onto a tract-based atlas to detect which
WM pathways are most likely to be affected by the
pathology (Foulon et al. 2018). Although indirect
methods may be more readily accessible, they currently
generalize the glioma to be one lesioned region causing
homogeneous effects on WM pathways. In this way,
the high heterogeneity of the underlying pathological
tissues (i.e., oedema, necrosis, tumoral core compris-
ing different cell dimensions, and cellularity) and their
specific effects on axonal bundles is completely disre-
garded.

e Direct approaches involve the quantification of the brain
connectome through tractography algorithms applied
on dMRI data. Such methodologies are known to have
their own limitations and pitfalls (Jeurissen et al. 2019),
but, contrary to indirect approaches, have the undisputed
advantage of providing subject-specific quantification of
WM bundles.

Given the intrinsic difference between direct and indirect
approaches, the aim of this study is to propose a quantitative
comparison between them. We apply simple but effective
image analyses to evaluate benefits and criticalities of both,
highlighting points of agreement and divergence in terms of
WM disconnection information that can be derived. Moreo-
ver, as the oedematous tissue appears to play a crucial role in
defining tissutal regions which are subject to inflammation,
favourable pathways for tumour spreading, we additionally
investigate how patterns of structural disconnections are
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quantified when the oedematous tissue is included in the
definition of pathological lesions.

Materials and methods

Forty-four patients suffering from de novo brain tumours
have been recruited and acquired at the University Hospital
of Padova from July 2017 to March 2021. All procedures
were in accordance with the ethical standards of the institu-
tional research committee and with the 1964 Helsinki dec-
laration plus later amendments. All participants provided
informed, written consent in accordance with the local Uni-
versity Hospital Institutional Review Board.

MRI acquisition

Data acquisition was performed with a 3 T Siemens Bio-
graph mMR-PET/MR scanner equipped with a 16-channel
head-neck coil. The multi-shell dMRI protocol comprised
a total of 100 diffusion weighted images (DWIs) (TR/TE
5355/104 ms; voxel size 2x2x 2 mm?; FOV 220x 220 mm?;
68 slices; multiband accelerator factor =2): 10 images at
b=0 s/mm?, 30 DWIs at b value =710 s/mm?” and 60 DWIs
at b value =2855 s/mm?. This High Angular Resolution
Diffusion Imaging (HARDI) protocol is the optimized two
shells Neurite Orientation and Dispersion Density Imaging
(NODDI) protocol as described in (Zhang et al. 2012). Each
diffusion direction was acquired with reverse phase encod-
ing directions, i.e., anterior—posterior and posterior—anterior
directions, for distortion correction purposes.

In addition, the acquisition protocol included anatomical
imaging, which comprised a 3D T2-weighted (T2w) Fluid
Attenuated Inversion Recovery (FLAIR) image (TR/TE
5000/395 ms; TI 1800 ms; voxel size 1 X 1 X 1 mm>; FOV
250 %250 mm?; 160 slices), two 3D T1-weighted (T1w)
magnetization-prepared rapid acquisition gradient echo
(MPRAGE, TR/TE 2400/3.2 ms; TI 1000 ms; voxel size
1x 1x1 mm? FOV 256 x 256 mm?; 160 slices) acquired
both before and after contrast agent injection and a T2w
image (TR/TE 3200/536 ms; voxel size 1 X 1 X 1 mm?>; FOV
256x256 mm?; 160 slices).

Tumour segmentation and structural pre-processing

The anatomical images of each patient were linearly reg-
istered to the patient naive T1w image with the Advanced
Normalization Tools (ANTSs (Avants et al. 2011), v. 2.0.1).
Employing these images, two masks were manually deline-
ated through the ITK-SNAP software (http://www.itksnap.
org/) by an expert neuroradiologist with more than 5 years of
experience. The first mask, the 7, included the tumour core
(contrast agent enhancing and non-enhancing regions) and
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the necrosis, where present. The second mask, the T+ O,
was created by adding the oedema area to the 7 mask. In
addition, each tumour was labelled by the same neuroradi-
ologist as left, right, or bilateral according to the location of
its core and to the mainly involved hemisphere. A detailed
description of how the segmentation was performed is pro-
vided in Supplementary Material Sect. 2.2 and Supplemen-
tary Table 1.

Structural pre-processing was applied to the T1w image
of each patient and consisted in bias field correction [N4Bi-
asFieldCorrection (Tustison et al. 2010)], skull-stripping
[Multi-Atlas Skull Stripping (Doshi et al. 2013)], tissue seg-
mentation [into GM, WM and cortico-spinal fluid, with the
unified segmentation tool (Ashburner and Friston 2005) of
SPM12 v. 7771], and diffeomorphic non-linear registration
(as implemented in ANTs SyN algorithm) to the symmetric
MNI152 atlas. The last step was performed excluding the
T+ O area from the computation of the cost function as sug-
gested in (Andersen et al. 2010).

For each patient, the T and T+ O masks were then
mapped into the MNI152 exploiting the estimated diffeo-
morphic non-linear transformations.

Finally, since direct and indirect disconnection mapping
methods differ in the tracking of potential disconnections
within subcortical areas, for each patient, we used the AAL3
atlas (Rolls et al. 2020) to segment the following regions:
thalamus, caudates, putamen, pallidum, and hippocampus.
Such areas were discarded not to bias the subsequent meth-
ods’ comparison.

Disconnection maps’ computation
Direct disconnection map

Diffusion MRI pre-processing The acquired diffusion
weighted volumes were visually inspected to identify and
remove those images affected by interslice instabilities
(Tournier et al. 2011) which were deemed excessively cor-
rupted for subsequent pre-processing techniques to correct.
The rest of the pre-processing was executed in its entirety
within the MRtrix3 Software (Tournier et al. 2019) and was
featured by an initial denoising step based on random matrix
theory (Veraart et al. 2016), and a subsequent call to the
tools TOPUP (Andersson et al. 2003) and eddy (Andersson
and Sotiropoulos 2016) from the FMRIB Software library
(FSL) for BO inhomogeneity, eddy current, and motion joint
correction.

T1w segmentation results (including GM, subcortical
parcellation, lesion, and tumour masks) were registered
to the naive BO volume using ANTs, by applying an affine
transformation previously estimated on the patient’s naive
T1w image.

Diffusion tractography specifications The reconstruction
of patient’s whole brain tractogram was performed in its
entirety within the MRtrix3 software. We first performed
multi-shell multi-tissue spherical deconvolution (Jeurissen
et al. 2014) to recover the orientation distribution functions
for each voxel. Subsequently, we computed the tractogram
by exploiting an Anatomically Constrained Tractography
(Smith et al. 2012) approach, using as anatomical constraints
a five-tissue-type (5TT) segmented tissue image obtained
from the patient’s structural T1w image within the MRtrix
Sttgen routine and including as fifth tissue (i.e., the patho-
logical tissue) the manually segmented lesion mask. Indi-
vidual fibre tracking was performed with a second-order
Integration over Fiber Orientation Distributions (FOD)
algorithm (Tournier et al. 2010) with streamline termina-
tion criteria values set at software defaults (maximum angle
q=45°, FOD amplitude cut-off value of 0.1). The number
of generated streamlines for each patient initially amounted
to 100 M, which were quantitatively reduced to 10 M via the
Spherical-deconvolution Informed Filtering of Tractograms
framework (Smith et al. 2013).

Disconnection Maps Computation For each patient, fol-
lowing the quantification of the diffusion tractogram, we
computed two patterns of structural disconnections, the first
related to the tumour mask (7 mask) and the second related
to the lesion mask (7+ O mask). The computation consisted
in the following two steps:

1. We identified the subset of the streamlines in the tracto-
gram that featured a non-null overlap with the tumoral
lesion (respectively, with T and with 7+ O masks).

2. We built a density map of altered tracts. This map was
computed in the naive space of the tractogram and con-
tains for each voxel the count of how many streamlines
with non-null overlap with the tumour/lesion are passing
through that voxel. We labelled direct structural discon-
nection (dSD) maps these voxel-wise frequency maps.

We used in-house MATLAB (ver. 2020b, The Math-
works, Natick, MA) scripts to perform the creation of the
dSD maps.

As further volumetric analyses of dSD maps required
their binarization, the definition of a threshold to define
significant disconnection was necessary. We defined such
threshold with the following procedure:

1. Similarly to the dSD map quantification, we computed
for each subject in the dMRI space a voxel-wise track-
density map (Calamante et al. 2010), this time consider-
ing the entirety of the tractogram.

2. We brought the individual track-density maps to the
MNI152 space via the previously estimated diffeomor-
phic transformations.
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3. In the common MNI152 space, we computed the pop-
ulation average of the individual maps, omitting the
lesioned ROI on a patient-by patient basis.

4. To balance the presence of a higher number of patients
with left tumours, we symmetrised the frequency tem-
plate by flipping (left-right) the obtained map, summing
the flipped and non-flipped maps, and dividing by 2.

5. Using the same transform as in 2, we projected back
the population-averaged track-density map to the T1w
space of each subject. We referred this resulting map as
AvgDensity.

6. Finally, we considered the structural disconnection
value of voxel with coordinates (x,y,z) as signifi-
cant if the following criterion was met: dSD(x,y,z)/
AvgDensity(x,y,z) > 10%.

Additional investigations were performed also using
more stringent or permissive thresholds (i.e., 5%, 15%,
20%, and 25%).

Hence, for each patient, we obtained a mask of signifi-
cantly disconnected voxels.

Indirect disconnection maps’ computation

Indirect structural disconnection (iSD) maps were quan-
tified with the BCB Toolkit v. 4.2 (Foulon et al. 2018;
Schotten et al. 2020). In choosing which healthy controls
tractography atlas to use within the toolbox, we opted
for the extended diffusion dataset provided by the toolkit
authors, for which the whole brain tractogram of 180
healthy from the Human Connectome Project’ 7 T controls
was quantified [full tractography specification in (Schotten
etal. 2016)].

In summary, using the BCB Toolkit, for each patient,
the lesion masks (both 7" and T+ O) in the MNI152 space
were registered to each control naive space using affine
and diffeomorphic deformations and subsequently used
as seed for the tractography in TrackVis (http://trackvis.
org). Tractographies from the lesions were transformed
in visitation maps, binarized and brought to the MNI152.
Finally, the percentage overlap map was computed by
summing at each point in the MNI152 space the normal-
ized visitation map of each healthy subject. Hence, in the
resulting disconnectome map (i.e., iSD), the value in each
voxel considers the tracts’ interindividual variability and
indicates a probability of disconnection from 0 to 100%
for the given lesion.

As no ad-hoc studies are available regarding the recom-
mended use of iSD maps in tumours, we set the probabilis-
tic threshold to 0.5 as in the software defaults. Additional
investigations were performed also using more stringent and
permissive thresholds (i.e., 0.7 and 0.3, respectively).
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Metrics of comparison

Having obtained a total of four different SD maps (i.e., two
for each methodology, different in terms of the employed
input mask: 7 and 7'+ O), we wanted to compare them both
intra-methodology (i.e., same approach, T versus T+ O
maps) and inter-methodology (i.e., same lesion mask,
direct versus indirect maps). Before comparing the maps
obtained through the two methodologies, the SD maps
were masked, using the lesion mask (7 or T+ O) employed
to generate the SD maps. The analyses described hereafter
are based on the masked SD maps.

The framework we employed for their comparison had
three simple metrics, useful to quantify different similar-
ity features:

o The difference in volume (AVol) This metric allowed us
to quantify the difference in the extension of alteration
which is detected by two disconnection maps.

e The Dice Similarity index (Dice) The Sgrensen-Dice
similarity index is a well-known metric of comparison
between digital images and is defined by the following
formula:

2(AN B)

Dice = ———,
|Al + |B|

where A, B are the two binary matrices for which the simi-
larity needs to be tested. The Dice index quantifies how
similar the shape of structural alterations is between two
different approaches.

o The correlation at the intersection (Corr) We com-
puted the Pearson correlation in a region of interest
defined by the intersection of the two matrices in exam.
Unlike the Dice index which evaluates only the similar-
ity between shapes, the correlation analysis considers
where the hotspots of alteration are in the two SD maps
and measures their spatial agreement.

While the AVol and Dice metrics were calculated using
the binarized disconnection maps, the Corr index was
computed using the thresholded SD maps.

The Dice and the AVol indexes were computed both
considering the entire disconnection maps and subdividing
them into their ipsilateral and contralateral components
(bilateral tumours were excluded from this last analysis).

To summarise the obtained indexes, we computed the
median value and the 25th/75th percentiles across all sub-
jects for each metric of comparison.
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Statistical analysis

To test for statistically significant differences in the AVol,
both considering intra-method and inter-method results
at the whole brain or considering only the ipsilateral or
contralateral hemisphere, a Wilcoxon rank sum test (sig-
nificance level o =0.05) was employed.

To assess whether there was a linear relationship
between the comparison metrics and the extension of the
input mask, we performed a correlation analysis (Spear-
man correlation, significance level a =0.05) between the
three indexes (i.e., AVol, Dice, and Corr) and the volume
of the input mask, separately for 7 and T+ O masks. To
test the sensitivity of the comparison metrics to the set of
thresholds used for the dSD/iSD maps, we defined their
normalized range of variation (nRV) as

'max(k(tiSD, tasp) ) — min(k(fgp. fasp ) ) |

max (k(tiSD, tdSD) )

nRV(k) = 100 x

El

where k(t;5p, t;5p)) 1s the median value across the dataset
of the comparison metric between two SD maps, given the
indirect (#g;,) and direct (¢,5,,) thresholds. The investigated
thresholds values were t,r, =[5%, 10%, 15%, 20%, 25%] and
tisp =[0.3, 0.5, 0.7].

Results

Patient's main demographic and clinical information are
summarized in Table 1. A detailed description of the sin-
gle patient characteristics is provided in the Supplemen-
tary Table 2. Overall, according to 2021 World Health
Organization classification of tumours of the central nerv-
ous system (Louis et al. 2021), 33 patients had a glio-
blastoma, 1 had an astrocytoma, 3 had a glioneuronal and
neuronal tumours, 1 had an oligodendroglioma, 1 had a
primary diffuse large B-cell lymphoma, 2 had other types
of brain tumour (1 intracranial mesenchymal tumour and
1 non otherwise specified tumour), and 3 had an unclas-
sifiable brain tumour, as they deceased shortly before the
surgery or did not underwent neurosurgery. The extent of
the T4 O mask ranged between 5.7 and 191.6 cm® (mean
value 65.1 cm?, std 50.4 cm3), whereas the extent of the
T mask between 0.4 and 155.9 cm? (mean value 46.5, std
39.1 cm?).

Figures 1, 2 shows the frequency maps of the lesions
in the patient population. The two reported maps refer to
the T (first two rows) and to the 7+ O masks (second two
rows). The distribution is sparse with tumours involving
predominantly the right frontal and temporal lobes, with

Table 1 Patient's main demographic and clinical information for the
cohort of subjects included in this study

Age (years) 59.9+14.6
Gender
Female () 20
Male (n) 24
Tumour histology
Astrocytoma (n) 1
Glioblastoma () 33
Glioneuronal and neuronal tumours (7) 3
Oligodendroglioma (1) 1
Primary diffuse large B-cell lymphoma (n) 1
Other (n) 2
n.a (n) 3
Tumour grade
Low (n) 5
High (n) 36
n.a. (n) 3
IDH-1 mutation status
Wild type (n) 29
Mutated (n) 5
n.a. (n) 10
Tumour site
Left (n) 22
Right (n) 17
Bilateral () 5

n.a. not available

a low spatial overlap (maximum value 17.8% of patients
for the 7' mask, and 22.2% of patients for the T+ O mask).

Figure 3 shows an example of disconnection maps
for two representative subjects in our dataset, obtained
after masking for the lesion segmentation mask includ-
ing both the tumour and oedema or just the tumour. In
panel A, we can clearly see that the dSD map is able to
detect the displacement of axonal fibres in the brain due
to the tumoral mass (most apparent in the axial and cor-
onal views). This effect is not detectable by the indirect
approach, which inevitably leads to key differences between
methodologies (AVol(iSDy,,dSD1,o)=— 28.05 cm?;
AVol(iSDy,dSDy) = — 4.8 cm?; Dice(iSDy,, 5,dSDr, o) =0.51;
Dice(iSDy,dSD1) =0.51; Corr(iSDy, ,dSDr, o) =0.45;
Corr(iSDr,dSDy) =0.43)). While the displacement of fibres
is less visually appreciable in panel B, differences between
approaches are still present (AVol(iSDy.,,dSDr,o)=—21.1
cm?; AVol(iSD;,dSD;) = - 4.1 cm?;
Dice(iSDr,,dSDr, o) =0.59; Dice(iSDy,dSD;) =0.51;
Corr(iSDy, ,dSDr, o) =0.41; Corr(iSDy,dSDy) =0.33)).
Looking at the SD maps intra-methodology, i.e., compar-
ing between T and 7+ O maps, the difference is less self-
evident and, apart from a few areas where 74+ O maps
show more extensive structural disconnections, we find
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2) Spatial index
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A
Overlap with
Lesion
in-house Matlab code

Fig.1 Visualisation of the processing pipeline which led to the computation of the four SD maps (upper row: indirect approach; lower row:

direct approach) which were eventually compared

Fig.2 Frequency maps of
tumoral lesions in our cohort of
patients. In the two upper rows,
the lesion was composed by the
tumoral core (both enhancing
and non-enhancing, and necrotic
regions). In the two lower rows,
the tumoral lesion mask was
composed by the tumour core
and the oedematous tissue

Tumour Mask

Tumour Mask + Oedema

AR AR £

&/

analogous behaviours and morphological features. While
AVol remains high, suggesting the presence of volumetric
differences between the maps, this is well reflected by the
Dice and Corr metrics being sensibly higher, both in A.
(AVol(dSDr, ,dSDy) =25 cm?; AVol(iSDy, ,iSDy) = 15.17
cm’; Dice(dSDr, o,dSDy) =0.74; Dice(iSDr, ,iSDy) =0.84;
Corr(dSDy,,dSD) =0.79; Corr(iSD+,,iSDy) =0.89))
and in B. (AVol(dSDy,q,dSDy) =39.36
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cm?;  AVol(iSDq,,iSDyp) = 22.40 cm?;
Dice(dSDr,,dSD1) =0.75; Dice(iSDy, ,iSD1) =0.85;
Corr(dSD+.,,dSD1) =0.92; Corr(iSDy.,.,iSD1) =0.86)).
Generalizing Fig. 3 results, Table 2 shows the met-
rics employed for the comparison in the entire dataset
and reports their median and their 25th/75th percen-
tiles. Comparing intra-method results, as expected, we
obtained a positive AVol which means that the volume of
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Tumour Core + Oedema

Lesion Segmentation

Direct
Structural disconnections

Indirect
Structural disconnections

Lesion Segmentation

Direct
Structural disconnections

Indirect
Structural disconnections

Fig.3 Lesion segmentation (dark green=oedema; green=tumour
core), iSD (blue/light-blue), and dSD (red/yellow) maps overlayed
on the T1lw image for two representative subjects from our cohorts
of patients. The SD maps displayed in this figure were obtained after

disconnection increased when 7+ O is used as input mask
(mainly in the whole brain analysis and in the ipsilateral
hemisphere). In addition, we obtained a good agreement
between the compared maps highlighted both by Dice and
by Corr indices, suggesting that in both cases, analogous
spatial patterns of disconnection were detected. On the
other hand, the inter-method comparison revealed that:
(1) the detected volume of disconnection is significantly
lower at the whole brain and ipsilateral level for the indi-
rect method when the 7+ O mask is used (p val, respec-
tively, of 0.005 at whole brain, 0.0008 at ipsilateral level,
(2) overall, there is a decrease in the agreement of the
disconnection location (whole brain, ipsilateral and con-
tralateral) with a median Dice value of 0.57; (3) there is a
poor agreement of the disconnection pattern with a median

Tumour core

masking for the lesion segmentation mask, reported in the first row of
each panel. In the SD maps, the lighter the colour is, the higher the
probability/severity of WM disconnection

Corr value of 0.45 and 0.39, respectively, for the T and
T+ O input masks.

As shown in Supplementary Fig. 8, no significant linear
relationship was found between the extension of the input
map and the similarity of dSD/iSD maps.

Figure 4 shows the sensitivity of the median of the
computed metrics across the dataset to a set of possible
thresholds. Considering inter-methodology comparisons
(green stars and red triangles in the figure), we found the
Vol index to be the most variable across the tested thresh-
olds (nRV 1, (AVol) =280.34%, nRV(AVol) =210.34%).
Morphology similarities were more consistent
(nRV 1, o(Dice)=35.58%, nRV (Dice) =29.53%), as well as
the agreement of hotspot locations (nRV 1, (Corr) =26.58%,
nRV(Corr) =31.32%). Shifting to intra-methodology
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Table 2 Median values (with 25th and 75th percentile in squared brackets) for the similarity metrics computed across the patient cohort

Comparison of intra-method disconnection
maps

Comparison of inter-method disconnection maps

INDIRECT o
INDIRECT;

DIRECT ., o DIRECT INDIRECT, o DIRECTr, INDIRECT DIRECT

Extension index
AVol (cm?)
AVol Ipsilateral (cm®)

—0.97[-21.48.1]
—0.43 [~ 16 6.3]

9.17[0.08 29.4]
5.55[0.07 19.6]

27.410.11 61.3]
20.2 [0.05 50.3]

—25.1[-46.2-123]
—-21.2[-33.3-10.3]

AVol Contralateral (cm®) 2.31[07.63] 2.16 [0 9.83]
Spatial index

Dice 0.91[0.621] 0.83[0.39 1]

Dice ipsilateral 0.9[0.70 1] 0.85[0.46 1]

Dice contralateral 0.86[0.42 1] 0.88 [0.17 1]
Structure index

Correlation in the intersection 0.91[0.74 1] 0.87[0.72 1]
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0.44 [0 0.59]

0.45[0.39 0.50] 0.39[0.32 0.48]

Each column represents a comparison between two specific SD maps (e.g., the first column is the intra-methodology comparison between the SD
maps generated with the 7 and 7+ O lesion masks). For further specificity, we additionally divided the analysis of the Dice and AVol indexes in

the hemispheres ipsilateral and contralateral to the presence of the tumour
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Fig.4 Sensitivity to iSD/dSD thresholds for the similarity metrics in
inter- and intra-methodology comparisons. Individual points of the
same shape and colour (e.g., green stars, representing the inter-meth-

comparisons (blue circles and purple squares in the figure),
as expected, we found a more stable situation. Again, volu-
metric measures were the most variable across thresholds
(nRV 1, 6(AVol)=52%, nRV(AVol) =48.24%), and an
even higher consistency was found considering the Dice
(nRV 1, o(Dice) =4.79%, nRV (Dice) =2.45%), and Corr
indexes (nRV ., o(Corr) =4.79%, nRV (Corr) =3.91%).

Discussion and conclusions
Throughout the recent years, several warnings have been

raised against the use of indirect approaches to investi-
gate the disruption of structural connectivity in neoplastic

@ Springer

Direct threshold (%)

Direct threshold (%)

odology comparison of 7+ O maps) are the median values across the
dataset for the given index, computed with a different pair of dSD/
iSD thresholds

pathologies, as physio-pathological phenomena such as
tissue displacement (Clark et al. 2003) or transneuronal
degeneration (Fornito et al. 2015) are not considered by
atlas-based methodologies. On the other hand, diffusion trac-
tography techniques may enable the quantification of these
effects in individual patients. The framework of analysis we
introduced in this article allows to systematically compare
patterns of WM disconnections and quantify differences
between methodologies. Thus, we here investigated the dif-
ference between direct and indirect approaches to quantify
patterns of WM disconnections in subjects suffering from
brain tumours.

It is important to emphasize that both approaches compute
a disconnection map, i.e., a volume that contains the fibres
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that intersect the tumour core or the tumour core 4+ oedema.
However, while the indirect approach defines volumes that
contain fibres from a healthy normative atlas going through
the regions of interest (tumour, or tumour + oedema) (Fou-
lon et al. 2018), the direct approach defines volumes where
the direct measured tractography differs from the pseudo-
normative values tractography directly at the patient level.

We compared disconnection maps obtained with either
approach using their overall volume, the Dice index to evalu-
ate their shape similarities, and finally a correlation analy-
sis aimed to investigate if hotspots of disconnections were
identified accordingly. We carried out these analyses both
using the tumour core alone and also including the region of
surrounding oedema. The latter allows to define the impact
of oedematous tissue in the computation of SD maps using
either direct or indirect methods.

Interestingly, the volume of disconnection was signifi-
cantly higher when using the direct vs. the indirect method,
especially when the oedema was also considered. This
increase occurred particularly in the hemisphere ipsilateral
to the tumour, where fibres are most likely to intersect the
tumoral lesion. Contralateral fibres, on the other hand, are
less likely to intersect the tumoral lesion and the detection
of their alterations did not appear to be influenced as much
by the oedema. In general, the inclusion of the oedema
appeared to drastically alter the extension of ipsilateral
patterns of disconnections, but did not severely impact the
detection of contralateral alteration.

For what concerns the spatial similarity between the
investigated maps, the Dice coefficient revealed good intra-
methodology agreement, with both direct/indirect maps
featuring high values when testing the difference in terms
of inclusion of the oedema in the tumoral lesion. When com-
paring direct and indirect methodologies however, the Dice
coefficient showed lower values indicating a substantial mis-
match between the structural disconnection patterns. Such
differences remained consistent even when we considered
ipsilateral and contralateral hemispheres separately.

Dice values for inter- and intra-methodology maps were
well reflected by the Corr index, which revealed whether
the localization of hotspots of alterations was concord-
ant between structural disconnection maps. As expected,
intra-methodology correlations were strong, with hotspots
of alterations having the same spatial location. When we
investigated inter-methodology relationships, however, such
correspondence was lost, regardless of whether the oedema
was included or excluded in the analysis.

Overall, these differences lead us to think that the impact
of the inclusion of the oedema in the tumoral lesion has
a minor impact than varying between direct/indirect
approaches. However, the effect of such choice is still non-
negligible and produces sensible changes in the structural
disconnection patterns that can be observed.

We initially hypothesized that the size of the tumour
would play a pivotal role in the similarity between the
patterns of disconnections. However, no significant linear
relationship was found between the studied metrics and the
tumoral lesion extension (see Supplementary Materials for
details of the analysis).

The sensitivity analysis to the thresholds for indirect and
direct disconnection maps revealed that volumetric indexes
are moderately dependent on such choice, potentially alter-
ing the interpretation of its results.

We are aware there are some limitations to our work.
First and foremost, the structural disconnection maps must
be thresholded to make any inference regarding the volume
and shape of the detected disconnections. This choice is
non-trivial, and while there are some literature indications
(although not specifically in tumour cases) for indirect meth-
odologies (Schotten et al. 2015), thresholding tractograms
is an open question in the field of dMRI (Yeh et al. 2021).
Volumetric measures of disconnection were significantly
impacted by threshold choice, whereas the Dice and Corr
indexes were less affected. These observations lead us to
raise a warning on the use of volumetric measures when
relating structural disconnection features to other quantities
of clinical interest. As a second limitation, there are dif-
ferences in place between the streamline reconstruction of
the tract-based atlas of the BCB toolkit, and of the patients
belonging to our dataset. While using the same tractography
algorithm in both methodologies would indeed eliminate the
variability in results due to the different tracking, the pur-
pose of this study was to use the indirect disconnection tools
“as is”, and to compare such results with state-of-the-art
tracking techniques. Moreover, "voxellizing” the streamlines
to the disconnection maps arguably reduces the variability
due to diffusion orientation sampling and streamline shapes.
Thus, we believe that this discretization step highlights in the
final SD maps those differences between the two approaches
which are mainly due to dominant physio-pathological
effects rather than fibre reconstruction intricacies. As a last
note, a few studies have shown that the presence of a tumoral
lesion may cause Wallerian degeneration to take place in
the surrounding area and at distance from its location (Sak-
sena et al. 2013; Lahrmann et al. 2005; Sawlani et al. 1997).
This physio-pathological process represents the inflamma-
tory response of the nervous system to an axonal injury
and may significantly impair the permeability of axons in
those regions (Pierpaoli et al. 2001), limiting the possibil-
ity for tractography algorithms to robustly reconstruct the
associated streamlines. Depending on the severity of the
degeneration, such WM regions may not be visible to direct
approaches, which would consequently fail to detect sites of
ongoing pathological alteration.

As a last note, we want to highlight that no tractogram
is a perfect representation of brain connectivity, either in
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pathological or healthy conditions. False-negative (FN)/
false-positive (FP) connections are well-known issues in
the field, and both indirect and direct methodologies may
be affected by them with various degrees (Maier-Hein
et al. 2017; Schilling et al. 2019; Sarwar et al. 2019).
While probabilistic algorithms (used here in the direct
methodology) are better suited to capture peripheral WM
pathways, and thus have a reduced number of FN connec-
tions, they also may be prone to more incorrect streamlines
than deterministic tractography (used here in the indirect
methodology) (Maier-Hein et al. 2017). In the attempt of
measuring structural disconnections, the choice of which
tractogram should be employed still lies with the user, as
the FP-FN balance choice should be driven by the spe-
cific clinical/research question. We would like to remark,
however, that some recent technical advances may play a
pivotal role in reducing these issues. As global tractogra-
phy approaches and filtering procedures like SIFT2 (Smith
et al. 2015) and COMMIT (Daducci et al. 2015; Schiavi
et al. 2022) see more widespread recognition and usage in
the dMRI community, we fully expect streamline-based
connectivity inference to gain robustness and biological
specificity. Both direct and indirect disconnections meth-
odologies can greatly benefit from these improvements and
thus gain relevance in the physio-pathological setting of
brain tumours.

In conclusion, with our work, we presented evidence
that direct and indirect approaches offer two different
pictures of structural disconnections in patients affected
by brain tumours. Given these differences, we advise that
whenever mass displacement effects appear to be present,
direct methodologies should be preferred as they are better
suited to account for these morphological and pathologi-
cal variations. Nevertheless, assessing structural discon-
nection maps’ predictive value of biological/cognitive
progression of glioma patients is vital to addressing the
clinical relevance of these techniques. Thus, further stud-
ies are needed to answer these unmet demands.
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