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Abstract

Background: Brain parenchyma (BP) and intracranial cerebrospinal fluid
(iCSF) volumes measured by fully automated segmentation of clinical brain
MRI studies may be useful for the diagnosis and follow-up of pediatric hydro-
cephalus. However, previously published segmentation techniques either rely
on dedicated sequences, not routinely used in clinical practice, or on spatial
normalization, which has limited accuracy when severe brain distortions, such
as in hydrocephalic patients, are present.

Purpose: We developed a fully automated method to measure BP and iCSF
volumes from clinical brain MRI studies of pediatric hydrocephalus patients,
exploiting the complementary information contained in T2- and T1-weighted
images commonly used in clinical practice.

Methods: The proposed procedure, following skull-stripping of the combined
volumes, performed using a multiparametric method to obtain a reliable defi-
nition of the inner skull profile, maximizes the CSF-to-parenchyma contrast by
dividing the T2w- by the T1w- volume after full-scale dynamic rescaling, thus
allowing separation of iCSF and BP through a simple thresholding routine.
Results: Validation against manual tracing on 23 studies (four controls and 19
hydrocephalic patients) showed excellent concordance (ICC > 0.98) and spatial
overlap (Dice coefficients ranging from 77.2% for iCSF to 96.8% for intracra-
nial volume). Accuracy was comparable to the intra-operator reproducibility
of manual segmentation, as measured in 14 studies processed twice by the
same experienced neuroradiologist. Results of the application of the algorithm
to a dataset of 63 controls and 57 hydrocephalic patients (19 with parenchy-
mal damage), measuring volumes’ changes with normal development and in
hydrocephalic patients, are also reported for demonstration purposes.
Conclusions: The proposed approach allows fully automated segmentation of
BP and iCSF in clinical studies, also in severely distorted brains, enabling to
assess age- and disease-related changes in intracranial tissue volume with an
accuracy comparable to expert manual segmentation.
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1 | INTRODUCTION

Measurements of the volume of the brain parenchyma
(BP) and the intracranial cerebrospinal fluid (iCSF) are
deemed clinically useful both in the study of typical
brain development' and for the diagnosis, charac-
terization, and follow-up of pathological conditions in
children37-12 Several techniques have been devised
that allow fully automated and reliable measurement
of intracranial brain tissue volumes, including BP and
iCSF volumes, in both adult and pediatric patients,
through segmentation of MRI studies (for a review
see Refs. 13-15). To achieve full automation, these
techniques usually rely on an accurate spatial nor-
malization of the MRI studies to a standard template,
where probability maps of different tissues are defined
a priori. This approach is, however, problematic in neona-
tal studies, where age-specific templates and tissue
probability maps (TPMs) are needed due to the con-
tinuous age-related changes in brain size, shape, and
signal related to normal development.'® These limi-
tations, coupled with the lower contrast-to-noise ratio
typically encountered in pediatric studies due to the
smaller brain size and shorter scan times,!” as well
as to the GM/CSF partial volume effects mimicking
the unmyelinated white matter signal,'® render seg-
mentation of neonatal intracranial tissues particularly
challenging.* Furthermore, these techniques cannot be
successfully applied when severe anatomical alterations
are present.’®

As a consequence, pediatric applications of
automated MRI segmentation methods have been
essentially limited to studying tissue volume changes
occurring with normal brain development?%?" or in
pathologies that do not display major alterations of the
general shape of the brain, such as psychiatric and/or
neurodevelopmental brain disorders.??

In pediatric hydrocephalus, despite the presence of
extensive changes in iCSF volume, which render it
in principle amenable to successfully perform single-
subject analysis for both diagnosis and therapy mon-
itoring, at best semi-automated methods have been
validated and applied to dedicated sequences (see
Table 1), a setting that does not allow for widespread
clinical use.

Nonetheless, a measurement of BP and iCSF volume
with a satisfactory degree of accuracy is in principle
achievable from clinical routine MRI sequences, consid-
ering the high brain CSF-to-parenchyma contrast that
is present both in T1-weighted (T1w) and T2-weighted
(T2w) sequences, which are routinely acquired in clinical
brain MRI studies.

The present study aimed to develop and validate a
pipeline for the fully automated measurement of BR,
iCSF, and intracranial volume (ICV) in clinical MRI stud-
ies (even with different acquisition settings), suitable for
use in pediatric hydrocephalic patients, and moreover

without any restrictions in terms of hydrocephalus extent
and type. The method exploits, for the first time to the
best of our knowledge, the high CSF-to-parenchyma
contrast achievable by using T2w to T1w ratio and does
not rely on spatial normalization for the CSF and ICV
segmentation, so that it is suitable for use in conditions,
such as the hydrocephalus, where significant distortions
of the brain shape are present.

2 | MATERIALS AND METHODS

2.1 | MRI studies

Reports of the clinical MRI studies from patients under-
going a brain MRI at the Pediatric Neuroradiology Unit of
the Santobono-Pausilipon Children’s Hospital, Naples,
Italy from September 1, 2006 to March 31, 2021 were,
retrospectively, analyzed, and those with a diagnosis
of hydrocephalus were selected. All studies had been
acquired at 1.5 T (Achieva, Philips Medical Systems, The
Netherlands) within the routine clinical activity.

Inclusion criteria were the availability of a T2w and
a T1w sequence (axial planes covering the whole
ICV, sequence parameters selected according to clin-
ical needs, without restricting the analysis to specific
sequences and/or sequence parameters), without major
artifacts related to patient movements or alterations
of the main magnetic field homogeneity due to the
presence of ferromagnetic devices.

For the present work, we did not pose any restric-
tion in terms of hydrocephalus type (internal, external,
communicating, or obstructive), extent (mono-bi-, tri-,
or tetra-ventricular), causes (idiopathic, obstructive,
ex vacuo), or of the age of onset (congenital or
acquired).

In addition, from the same database, the MRI stud-
ies carried out by children from 0 to 168 months of
age for clinical conditions not deemed to be associ-
ated with brain volume changes (single seizure episode,
extracranial vascular angiomas, precocious puberty),
once reported as normal by the neuroradiologist, were
selected for comparison purposes, and to assess the
capacity of the method to measure brain volume
modifications with age in the normal population.

Application of the inclusion and exclusion criteria
resulted in a database of MRI studies from 66 hydro-
cephalic patients and 63 controls. Details of all the
analyzed subjects are reported in Table 2.

For parameters optimization, we selected from the
dataset a subset of nine hydrocephalus studies (rang-
ing from moderate to severe), whereas the method was
validated by comparison with results of the manual seg-
mentation in another subset of 23 MRI studies (19
hydrocephalus and four controls).

Analyzed T2w images were all acquired using
TurboSpin-Echo sequences (TE ranging between 95
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Literature survey of brain MRI segmentation methods used to assess BP and iCSF volumes in hydrocephalus, where available

Dice coefficients are reported along with the main features of the validation datasets.

Processed Dice
Reference sequences Method Validation dataset CSF BP ICV
Present study Clinical Automated thresholding 4 healthy children and 19 0.83 0.93 0.96
hydrocephalic patients
Grimm et al2® True FISP CNN 18 hydrocephalic patients 0.81 0.88 -
Brainweb 0.61 0.89
Radhakrishnan et al?* Clinical Semiautomated n/a - - -
region-growing
Cizmeci et al.” Clinical CNN 5, 30wks PMA 0.88-0.91° - -
Moeskops et al 2° 12,40wks PMA (LOSO) 0.81-0.86°
30, Young adults 0.85-n/a®
15, Aged adults 0.92-0.76
Mandell et al Clinical Semiautomated edge tracing Simulated data set 0.62 0.94 -
Grimm et al2® True FISP BET/FAST 15,65-80 yo, controls 0.70 0.93 0.94
Grimm et al2”
Mendrik et al 2
St. George et al.? Clinical Semiautomated edge tracing 4 healthy children - - -
Jain et al.!"
Xenos et al®
bSgouros et al®
Vasileiadis et al.'® MPRAGE Semiautomated signal n/a - - -

intensity thresholding

The table shows a summary of brain MRI segmentation studies of pediatric hydrocephalus, where multiple studies are reported, the last one is where the validation

data are listed.
2Ventricular-periencephalic CSF.

bAs validation, only % differences with ICV traced on volumetric sequences were reported (0.06%—4.5%).
Abbreviations: BET, Brain Extraction Tool?%; BP, brain parenchyma; CNN, convolutional neural network; CSF, cerebro-spinal fluid; FAST, FMRIB’s Automated Segmenta-
tion Tool®; ICV, intracranial volume; LOSO, leave-one-subject-out cross-validation; MPRAGE, magnetization-prepared rapid gradient echo; PMA, post-menstrual age

(weeks); True FISP, true fast imaging with steady-state precession.

and 200 ms and TR between 442 and 11 000 ms, echo
train length between 15 and 38, voxel size between 0.3
and 0.9 mm, slice thickness between 2 and 5 mm).

T1-weighted images were obtained either by 3D Turbo
Field-Echo (TE ranging between 3.2 and 4.6 ms and TR
between 7.1 and 9.6 ms, flip angle 8°, echo train length
between 213 and 232, voxel size between 0.87 and
1 mm, slice thickness 1 mm), 3D Fast Field-Echo (TE
4.6 ms and TR 25 ms, flip angle 30°, voxel size 0.8 mm,
slice thickness 1.6 mm with 50% overlap), or Conven-
tional Spin-Echo (TE between 12.5 and 15 ms and TR
between 530 and 786 ms, voxel size between 0.49 and
0.9 mm, slice thickness between 3 and 5 mm). Repro-
ducibility of the manual segmentation was assessed
in a subset of the validation dataset, including 10
hydrocephalus and four controls.

Finally, to assess the capacity of the method to
measure BP and iCSF volume changes with normal
development and in hydrocephalic patients, the method
has also been applied to the whole dataset.

The study was approved by the Ethics Com-
mittee “Cardarelli-Santobono” (Prot. # 00016911—

05/08/2021), who waived the requirement for written
informed consent for retrospective data analysis.

2.2 | Manual segmentation

As a reference, for both the optimization of the pipeline
parameters and the validation of the procedure, the T2w
volumes of a subset of 32 studies (composed of four
healthy and 28 hydrocephalic subjects) were manually
segmented by a neuroradiologist with more than 20
years of experience (MQ). To this end, CSF and ICV
were outlined on the original unprocessed T2w images
(and the BP compartment was obtained subtracting
CSF voxels from the ICV) using the interactive manual
editing routines available in 3D-Slicer (www.slicer.org).3"!
During the annotation process, the neuroradiologist was
able to adjust the brightness/contrast settings, if it was
needed for better visualization. To assess intrarater
reproducibility, the same operator performed in a subset
of 14 studies the manual segmentation twice, 1 week
apart.
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TABLE 2 Details of all the analyzed subjects in the selected dataset for this study.
Hydrocephalus Controls
Optimization Age (mean+SD, Range) 15.9+35.8 (0.1-111.1) n/a
Sex (F/M) 3/6
Validation Age (mean+SD, Range) 36.7+41.6 (0.6-153.3)
Sex (F/M) 5/14 20.5+12.2 (7.7-31.5)
@Reproducibility Age (mean+SD, Range) 46.5+49.1 (1-153.3) 2/2
Sex (F/M) 2/8
Others Age (mean+SD, Range) 13.8+15.7 (0-70) 55.8+46 (0-167.6)
Sex (F/M) 11/27 31/28
Total Age (mean+SD, Range) 20.7+29.7 (0-153.3) 53.5+45.4 (0—167.6)
Sex (F/M) 19/47 33/30
Hydrocephalus type PExternal (n = 22) nla

PExternal + ventriculomegaly (n = 9)

blsolated ventriculomegaly (n = 1)

CEx vacuo (n = 19)

Obstructive triventricular (n = 5)

Malformative (n = 9)

aTen of the 19 hydrocephalus and the four control studies used for validation were segmented manually twice by the same operator to estimate intra-operator

reproducibility of the manual segmentation.
Age is expressed in months.

bAll patients in the external, external + ventriculomegaly, and isolated ventriculomegaly groups displayed no brain parenchyma signal abnormalities and were negative

at the neurological exam at the time of the MRI study.

®Ex vacuo group includes patients with increases in iCSF due to post-hemorrhagic hydrocephalus (n = 12, 1 treated by ventriculocisternostomy), evidence of brain
atrophy associated with complex malformations (n = 2), perinatal hypoxic-ischemic events (n = 3), intrauterine CMV, and methylmalonic metabolic encephalopathy

(n =1 each).

2.3 | Automated segmentation
procedure

The segmentation procedure was written in Matlab
(Rel. R2020b; The MathWorks, inc.; Natick, MA, USA),
and integrates preprocessing steps from other image-
processing software packages.

DICOM files of the selected studies are preliminar-
ily converted to the NIFTI format using the “dcm2niix”
conversion routine from the MRIcroGL program (https://
www.nitrc.org/projects/mricrogl).

To ensure the correspondence of the two volumes into
a one coordinate system, the T2w volume is then co-
registered to the T1w volume into the T1w native space
using the intrasubject, intermodality co-registration
routine®? implemented in the Statistical Parametric Map-
ping software (SPM12) with standard parameters for
estimation options (normalized mutual information, sep-
aration, tolerances, and histogram smoothing). Both
volumes are resliced by trilinear interpolation to isomet-
ric 0.5 mm x 0.5 mm x 0.5 mm voxel size (1 mm X 1 mm
x 1 mm for the optimization steps, see below).

Nonuniformity intensity correction of the MRI images
is then applied to both T1w and T2w volumes using the
SPM8 method for bias field correction (debiasing), which
is based on an objective function that minimizes the
entropy of the volume histogram 33 This preprocessing

step is crucial for volumetric quantification of cerebral
tissues to reduce classification error rates during the
following segmentation of images into different tissue
types.

At this point, the T1w and T2w volumes underwent
a full-scale histogram stretch, which was followed by a
normalization of the intensity of the voxels in the images.

Subsequently, the two matched isometric volumes
undergo a skull-stripping (brain extraction) procedure
to zero extracranial voxels. Given the availability in the
current setup of two volumes (T1w and T2w) in each
study, we chose to use a multiparametric skull-stripping
method,** which combines the information contained in
the two acquisitions to obtain a more reliable definition
of the inner skull profile, overcoming the limited accu-
racy of other available deskulling tools in the presence
of severe anatomy distortions3® In the skull-stripping
procedure, a weighted average of the T1w and T2w
volumes is obtained, assigning to the T1w volume the
weight that provides the combined volume with the clos-
est approximation of a practically unimodal symmetric
bell-shaped histogram, resulting in a map of relatively
uniform signal in both intracranial (including CSF) and
extracranial tissues. The bell-shaped histogram of the
resulting combined volume is thus approximated to a
Gaussian function, and a threshold is automatically
calculated. This thresholding consistently provides for
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T1w and T2w ratio to maximize the CSF-to-parenchyma contrast. (a) To increase the CSF-to-parenchyma contrast, the T2w

volume (upper left) is divided by the T1w one (lower left) before subsequent processing. On the right, the resulting ratio image is shown.
Increasing in the CSF-to-parenchyma contrast compared to the T2w image can be visually appreciated. For comparison purposes, the three
images are scaled so that the mean value of the parenchyma voxels is equal. (b) Selected slices showing the resulting segmentation of the
brain parenchyma (in orange) and CSF (in blue) in a triventricular hydrocephalus patient. (c) The corresponding histograms of the manually
defined brain (orange) and CSF (blue) voxels are displayed for the original T2-weighted (left), and T2/T1 ratio (right) volumes. A wider separation
of the values of the intensities of the voxels of the two tissues can be appreciated, as the brain parenchyma voxels cluster toward lower values,
while CSF voxel values are spread toward the upper part of the histogram.

each patient a starting mask where intracranial vox-
els are almost neatly separated by the peripheral rim
of extracranial tissues. A cycle of erosions and dila-
tions is then carried out on the combined volume to
further separate the residual extra-cranial voxels from
the intracranial ones. The ICV mask is further refined
using a conditional expansion, which recover all the CSF
voxels at the convexity, which is in turn followed by a
regularization of the ICV external surface.*

For subsequent processing, all nonintracranial voxels
are zeroed on both the T1w and T2w volumes, which
are then combined to maximize the CSF-to-parenchyma
contrast. This is achieved by dividing the T2w volume
(where CSF has the highest signal intensity among the
intracranial tissues) by the T1w volume (where CSF
has the lowest signal intensity among the intracranial
tissues) (Figure 1).

The intensity histogram of the resulting combined vol-
ume, smoothed by a 5-point moving average filter, is
analyzed by a peak finding routine, which takes advan-
tage of the a priori knowledge of the possible peak
patterns. To this end, peaks with a height smaller than
10% of the maximum of the histogram are disregarded,
and a threshold to separate BP from iCSF is defined
based on the peak pattern. In particular, in case, a sin-
gle peak or two peaks differing in height less than 10%
are detected, or when the highest peak is the rightmost
one (i.e., the histogram patterns in which the CSF and
parenchyma peaks are not separated by a valley), the
image intensity at a fixed percentage (2.5%) of the peak
maximum is used as a threshold, and all intracranial
voxels above that value are labeled as CSF If more
than one peak is detected, differing in height more than
10% and/or separated by a valley, the highest one is
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considered the parenchyma, and the following formula
is used to define the threshold between the parenchyma
and CSF peak:

Threshold = BRAINp + F1(CSFp — BRAINp)

hCSFp >

where

— BRAINp is the brain parenchyma peak;

— CSFp is the CSF peak;

— V (valley) is the minimum in the histogram between
BRAINp and CSFp;

— hCSFp is the prominence of the CSF peak;

— hBRAINp is the prominence of the parenchyma peak;

— F1 is the minimum percentage distance between
parenchyma and CSF peak;

— F2 is the maximum percentage distance between
parenchyma and CSF peak.

The threshold, thus, ranges between a fixed percent-
age (F1) of the distance between the CSF and the
parenchyma peak and the valley between the two, in pro-
portion to the relative size of the two peaks (the higher
the relative height of the CSF peak, the further from its
position the threshold is moved). The optimal F1 was
found to be 20% on the optimization dataset, whereas
the optimal F2 was 65%.

Optimization of the parameters of the algorithm
(percentage of the peak maximum for single-peak—
or others assimilated—distributions, F1 and F2 in the
parenchyma/CSF threshold definition) was obtained
separately for each parameter by minimizing the differ-
ence between the absolute volumes of CSF obtained
by the automated and the manual methods. These
iterative optimization steps were carried out using a
1 mm x 1 mm X 1 mm resampling voxel size to allow
a reasonable processing time.

2.4 | Statistical analysis
The optimization and validation procedures were done
using two separate groups of patients; while the repro-
ducibility of manual segmentation was tested on a
subgroup of validation studies (as detailed in Table 2).
Then, the proposed method has been applied to the
whole dataset of hydrocephalic patient and normal
subjects available for demonstration purposes.

iCSF, BR, and ICV obtained by manual and automated
segmentation were compared by linear regression and
Bland-Altman analyses,*® and their volumetric abso-
lute agreement was assessed using the intraclass
correlation coefficient (ICC).3"

On the Bland-Altman plots, the presence of a possible
correlation between the differences between the manual
and automated measures and their means (proportional
bias) was also assessed using the Pearson’s correlation
coefficient.

In addition, the accuracy of the automated method
was compared to the intra-operator reproducibility in
14 studies that had been manually assessed twice by
the same operator. To this aim, the absolute differences
between the two manual measures were compared pair-
wise with the corresponding ones calculated between
their automatic measure and the average of the two
manual measures (considered as the gold standard).
This comparison was performed to assess whether
the differences between the automated method and
the mean of the two manual measures were signifi-
cantly larger than the differences between two manual
measures performed by the same operator.

The voxel-by-voxel agreement between the auto-
mated and the manual measures was evaluated using
the dice similarity coefficient (DSC),*® after obtaining
the automatically segmented images in the native T2w
space by inversion of the co-registration matrices (see
Section 2.3). To this aim, for each of the three metrics
(iCSF, BP, and ICV), the volume-weighted averages of
the DSC values were calculated both over the entire set
of studies used for validation, and on two study sub-
groups, obtained splitting the validation dataset into low
(£ median value) and high (> median value) volume
subgroups, to evaluate the performance of the method
as the degree of anatomical distortion increases.

For the validation studies that had been anno-
tated twice, the average volume obtained from the
two manual annotations was used for the Bland-
Altman analysis, and for the measure of ICCs and
DSCs.

The statistical analysis was carried out using the Sta-
tistical Package for Social Science (v.16.0, SPSS Inc.,
Chicago,USA). For all analyses, results were considered
significant for p < 0.05.

3 | RESULTS

In Figure 2 the results are shown of BP and iCSF seg-
mentation in a control patient (left), in a patient with
external hydrocephalus, without overt parenchyma dam-
age (center), and in a patient with post-hemorrhagic
hydrocephalus, associated with parenchymal damage
(right).

ICCs on the validation set (n = 23 subjects, 19
hydrocephalus, and four controls) were 0.984, 0.992,
and 0.996 for iCSF, BP, and ICV, respectively, indicat-
ing an excellent concordance of the two measures.
The corresponding Bland-Altman plots are shown in
Figure 3.
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CONTROL

Automatic

FIGURE 2

PRESERVED PARENCHYMA

PARENCHYMAL DAMAGE

Segmentation results in a control patient (left), in a patient with external hydrocephalus (without overt parenchyma

damage—central panel), and in a patient with post-hemorrhagic hydrocephalus (associated with parenchymal damage—right panel). For each
study, from top to bottom selected planes from the following volumes are reported of T1w volume, deskulled T1w volume, T2w volume, deskulled
T2w volume, manually segmented volume, and result of the automated segmentation. In the (manual and automatic) segmented maps, BP

voxels are shown in orange and iCSF voxels in blue.

Scatterplots of the automated volumes of BP, iCSF,
and ICV, as well as of the CSF/ICV ratio against the cor-
responding manual measures in both the optimization
and validation datasets are shown in Figure 4,along with
the corresponding scatterplots of the two manual mea-
sures carried out in 14 studies to assess intra-operator
reproducibility.

The mean absolute differences between the auto-
matic measures and the average of the two man-
ual measures (reference value) are reported for the
three compartments (iCSF, BR, ICV) along with the
corresponding mean differences between the two man-
ual measures in Table 3. Manual measures of ICV
were highly reproducible (mean absolute difference
between the two measures 7.7 + 6.1 mL), and differ-
ences between the automated method and the average
of the two manual measures were significantly higher
(28.3 + 21.5, p = 0.006 at paired T-test), although
still limited compared to the corresponding mean vol-
umes (on average 2.6% of the ICV). For both BP and
iCSF mean absolute differences between the auto-
mated method and the average of the two manual
measures were smaller than the corresponding differ-

ences between the two manual measures, although
nonsignificantly.

Spatial overlap of the automated and manual
classifications was excellent, with mean Dice coef-
ficients ranging from 77.2% (for the CSF volumes
below the median) to 96.8% for the largest ICVs
(Table 4).

Finally, in Figure 5, the volumes of BPF iCSF, and ICV
measured by the method, as well as of CSF/ICV, are
plotted versus age for controls (n = 63, empty circles),
patients with hydrocephalus associated with parenchy-
mal damage (n = 19, red dots), and hydrocephalus
patients without overt parenchyma damage (n = 38, blue
dots).

For the present study, the group of preserved BP vol-
ume includes, in addition to the patients with external
hydrocephalus with and without mild ventriculomegaly
(a relatively benign condition associated with increased
iCSF spaces), patients with isolated ventriculomegaly,
two of the patients with obstructive triventricular hydro-
cephalus (derived), one patient with Blake’s pouch cyst
and one with Arnold Chiari Il malformation, in whom no
parenchymal signal alterations or neurological deficits,

51017 SUOLULLOD SATES.ID) 3|0 [dde aU) AQ POULAOD 918 DI O 88N J0 S3|N1 10} ARIGIT BUIIUO /B |IA UO (SUONIPUOD-PLE-SULLBILIOD" B | W AIRIGIUIIUO//SANY) SUONIPUOD PUE S 1 3U) 39S *[£202/G0/2T ] Uo Ai18UIIUO K811 "BIEBURILI0D AQ SvOT dW/Z00T OT/10p/wi00" a1 AReiq 1 pul|uo"widee// Sty Lwoa popeojumod ‘0 ‘60ZVELYZ



BRAIN VOLUMES IN PEDIATRIC HYDROCEPHALUS

® | MEDICAL PHYSICS

8 BP (mL) | = ICV (mL)
601 o~ T TTTTTTTTTTTTTT 601 oo __ PR —
w0 o o w0 o
o (@) o oo fo) O
@20 - o le) @ 20 - o o
g g O
Ea : . ‘ 8 fo) ‘ .:\verage] E, ] ' & O N lAveragel
g 200 400 600 soo O1 O1200 @ 1600 g 250 500 750 01930 1250 1500 1750
-20 %) 6 o) -20 - o é)
40 -40 4 o ?
o o
- | e o s s s e o
_____________________ o-
-80 - -80 -
€0 CSF (mL) | #*¢ CSF/ICV
AOI] e e e . C_) 3% """"""'o """""
O 2% - oo
o 20 (@]
g (o) o ©)
g o Qo é)Ao Average g 1% fo) o Oo o
- - o : )
g 8 10000 @0 o 00 O 500 | |2 0% ' 0" o _Average .
20 - (o) o g o 0% 20% 30% 40% 50%
Q1% (o}
_______________________ (@)
401 2% o o
-60 - o e ol (o)
e Qe
-80 - -4% -
FIGURE 3 Plots of the differences between the automated and manual measures (Y axes), against their means (X axes) according to

Bland & Altman 3¢ Data from the validation dataset are plotted for the brain parenchyma (BP), cerebrospinal fluid (CSF), intracranial volume
(ICV), and CSF/ICV measures. For each metric, the mean difference (continuous line) is plotted along with the +95% confidence interval
(dashed lines). No proportional bias emerged from regression analyses for any of the four metrics.

TABLE 3 Absolute average differences between manual measurements and between the average of the two manuals and the automatic
one.
iCSF BP IcV
[m1-m2] [auto—man)] [m1-m2] [auto—man] [m1-m2] [auto—man]
Mean 347 13.0 36.7 19.4 7.7 20.6
SD 31.0 11.4 317 17.2 6.2 14.8
Min 24 0.2 0.5 3.9 0.4 1.0
Max 107.7 49.3 104.5 68.4 18.7 55.1
P 0.043 0.144 0.013

All volumes are expressed in milliliters. For each of the three compartments, estimates of the variability of the manual measures ([m1-m2], the absolute difference
between the two measures) are reported, along with the absolute differences between the automated method and the average of the two manual measures ([auto—
man)). Mean, standard deviations (SD), and ranges (Min and Max) are reported along with the corresponding p-values from the paired t-tests.

Abbreviations: BR, Brain parenchyma; CSF, cerebro-spinal fluid;

ICV: intracranial volume.

TABLE 4 Dice similarity coefficients for the 23 validation studies.

iCSF (median = 246.7 mL)

BP (median = 1029.2 mL)

ICV (median = 1308.5 mL)

Mean Min Max Mean Min Max Mean Min Max
Whole set (n = 23) 84.4% 50.7% 96.4% 93.6% 86.1% 96.8% 97.1% 94.4% 98.6%
< Median (n = 12) 78.5% 50.7% 86.8% 92.6% 86.1% 95.4% 96.9% 94.4% 98.6%
> Median (n = 11) 86.7% 76.4% 96.4% 94.2% 89.4% 96.8% 97.2% 95.0% 98.5%

For each metric, results are reported for the whole data set, and for the low (< median) and high (> median) volume subgroups.
Abbreviations: BP, brain parenchyma; CSF, cerebro-spinal fluid; ICV, intracranial volume.
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as reported in the clinical records, were present at the
time of the MRI study.

Patients with established parenchymal damage
include patients with increases in iCSF due to post-
hemorrhagic hydrocephalus (n = 12, 1 treated by

ventriculocisternostomy), evidence of brain atrophy
associated with complex malformations (n = 2), peri-
natal hypoxic-ischemic events (n = 3), intrauterine
cytomegalovirus (CMV), and methylmalonic metabolic
encephalopathy (n = 1 each).
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FIGURE 5 Scatterplots of the brain parenchyma (BP), cerebrospinal fluid (CSF), total intracranial volumes (ICV), along with the CSF/ICV

ratio versus age of controls (n = 63, empty circles), patients with hydrocephalus associated with parenchymal damage (n = 19, red dots), and
conditions limited to increase in iCSF volume (n = 38, blue dots). In patients with increased iCSF volume associated with brain damage, normal
or slightly reduced ICV compared to controls can be appreciated, also resulting in an increased CSF/ICV ratio. On the contrary, in patients with
hydrocephalus not associated with brain parenchyma damage, BP volumes overlap with those of controls, while CSF and ICV volumes, and

consequently the CSF/ICV ratio, are increased.

In patients with increased iCSF volume associated
with brain damage, normal or slightly reduced ICV and
reduced BP volume compared to controls can be appre-
ciated, also resulting in an increased CSF/ICV ratio. On
the other hand, the other hydrocephalus patient group
shows BP volumes overlapping with those of controls,
while an increase in iCSF can be appreciated, with
consequently increased ICV and reduced BP/ICV ratio.

4 | DISCUSSION

We developed a novel method to automatically segment
BP and iCSF from couples of T2w and T1w volumes,
suitable for the analysis of routine clinical MRI studies
of severely distorted brains.

The procedure has been validated against the man-
ual definition of iCSF and BP compartments on T2w
datasets, showing an accuracy comparable to the intra-
operator reproducibility on a set of studies comprising
severe hydrocephalic patients, and results of its appli-
cation to a sizeable dataset of normal and abnormal
studies are presented.

Several previous studies (summarized in Table 1)
have adapted segmentation methods originally devel-
oped for the adult brain or have applied new approaches
based on artificial intelligence to obtain intracranial tis-
sue volume measures from MRI studies of patients with
hydrocephalus.

In most cases, these methods, however, have been
applied to dedicated volumetric sequences, and none of
the methods proposed for processing of clinical stud-
ies has been validated against manual measures in
pathologic cases, where their accuracy is deemed to
drop.

In particular, the “Brain Extraction Tool” (BET?°) and
the FMRIB’s Automated Segmentation Tool (FASTZ?)
both implemented in the FMRIB Software Library for
use in adults, have been recently used jointly to assess
hydrocephalus, proving capable of assessing CSF
changes after surgical treatment .2 This approach, how-
ever, has been applied to dedicated highly T2w (1-mm
isometric 3D true FISP) sequences, and a proper val-
idation against manual assessment was not carried
out.

Alternatively, the use of recently introduced relaxo-
metric techniques based on dedicated sequences, such
as the “Synthetic MRI” approach based on the QMAP
sequence,®>® has the potential to render the segmen-
tation process independent of anatomical information,
and thus applicable to highly distorted brains. However,
the current implementation of the method has provided
limited accuracy in segmenting CSF and BP in studies
from subjects below 1 year of age*°

Other segmentation methods for neonatal and pedi-
atric MRI that have been designed to be relatively
independent of anatomical deformations and/or tissue
signal intensity changes, lack quantitative validation on
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this type of studies, and their validation on healthy con-
trols has provided Dice coefficients for iCSF similar to
ours (e.g., 0.84 + 0.02 for Gui et al*").

Our estimates of age-related brain volume changes in
normal subjects are in line with previous literature data
based on neuroimaging data segmentation. In particular,
previous studies using a combination of fully automated
and semimanual definitions of ICV on MRI studies [e.g.,
157.9*log(Age in days) — 104.1 in Breakey et al*?], or
of CT scans*® have provided results, which are overall
comparable with ours.

In addition, we have applied the method to the stud-
ies in our dataset from two groups of patients in whom
preserved or reduced BP volume, respectively, could
be expected based on clinical history and MRI find-
ings. When comparing these two groups to the controls,
volumetric estimates provided by the method clearly
separated these two populations, consistent with the
underlying conditions, suggesting a potential role of
these measures in supporting the diagnosis of BP
damage.

Whereas the proposed method has the advantage of
being relatively independent of sequence parameters,
so that it is suitable for the analysis of routine clinical
studies, and validation data demonstrate an accuracy
comparable or superior to other methods based on dedi-
cated sequences, some limitations should be mentioned
here:

— The method in its current implementation does not
separate ventricular and peri-encephalic iCSF so that
conditions in which one compartment is increased at
expense of the other would provide in principle nor-
mal results. Similarly, porencephalic cavities are not
separately segmented;

— Although no restrictions were imposed on the
sequence type, and an ample heterogeneity of
sequences was allowed in the dataset used for the
study, validation on other scanners is warranted to
further rule out the effect of different sequence imple-
mentations by different equipment manufacturers, as
well as the performance of the method at other field
strengths;

— Although manual contouring represents the only pos-
sible gold standard for the definition of intracranial
compartments in clinical studies, it suffers from obvi-
ous accuracy limitations, as exemplified here by
the limited intra-operator accuracy (columns [m1-—
m2] in Table 3 and second column in Figure 4).
Alternatively, the use of MRI simulations has been
proposed, which has in principle the advantage of
providing a proper ground truth (e.g., BrainWeb,**
Phantomag*®). However, this approach has been
employed so far only to simulate the adult brain,
and currently, no hydrocephalus simulations are
available.

MEDICAL PHYSICS——
5 | CONCLUSIONS

We have developed a tool for fully automated segmen-
tation of iICSF and BP volumes suitable for processing
of clinical pediatric MRI scans, which is independent
of anatomical information, and is, thus, capable of pro-
cessing MRI studies from severely distorted brains. The
method is fully operator-independent, and no assump-
tions are made on image contrast other than a generic
T1- and T2-weighting of the two sequences used for
the analysis, so that it can be applied in principle
to practically any clinical dataset. Validation results
across a large spectrum of hydrocephalus severities
demonstrated accuracy comparable to the one obtained
by other currently available segmentation methods on
MRI studies from healthy controls, and comparable to
the intra-operator reproducibility of manual segmenta-
tion, allowing to study both age- and pathology-related
intracranial tissue volume changes.

The proposed fully automated segmentation method
is based on the use of T2w/T1w ratio as a solid basis
for CSF/BP segmentation. This novel approach proved
suitable for processing nondedicated, clinical MRI stud-
ies from patients with hydrocephalus, as demonstrated
by the validation results. The proposed method provides,
for the first time to the best of our knowledge, a validated
fully automated tool for BP/CSF segmentation, for use
in pathologies characterized by severe anatomic distor-
tions, for which no properly validated tool capable of
processing clinical sequences was currently available.
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