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1 | INTRODUCTION

Magnetic Resonance Imaging (MRI) is a widely utilized
medical imaging technique due to its capacity to provide
detailed and precise visual data crucial for diagnosis,
treatment planning,and study of diseases. However, MRI
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Abstract

Purpose: As a portable and cost-effective imaging modality with better accessi-
bility than Magnetic Resonance Imaging (MRI), transcranial sonography (TCS)
has demonstrated its flexibility and potential utility in various clinical diagnostic
applications, including Parkinson’s disease and cerebrovascular conditions. To
better understand the information in TCS for data analysis and acquisition, MRI
can provide guidance for efficient imaging with neuronavigation systems and
the confirmation of disease-related abnormality. In these cases, MRI-TCS co-
registration is crucial, but relevant public databases are scarce to help develop
the related algorithms and software systems.

Acquisition and validation methods: This dataset comprises manually reg-
istered MRI and transcranial ultrasound volumes from eight healthy subjects.
Three raters manually registered each subject’s scans, based on visual inspec-
tion of image feature correspondence. Average transformation matrices were
computed from all raters’ alignments for each subject. Inter- and intra-rater vari-
ability in the transformations conducted by raters are presented to validate
the accuracy and consistency of manual registration. In addition, a population-
averaged MRI brain vascular atlas is provided to facilitate the development of
computer-assisted TCS acquisition software.

Data format and usage notes: The dataset is provided in both NIFTI and MINC
formats and is publicly available on the OSF data repository: https://osf.io/zdcjb/.
Potential applications: This dataset provides the first public resource for the
development and assessment of MRI-TCS registration with manual ground
truths, as well as resources for establishing neuronavigation software in data
acquisition and analysis of TCS. These technical advancements could greatly
boost TCS as an imaging tool for clinical applications in the diagnosis of neuro-
logical conditions such as Parkinson’s disease and cerebrovascular disorders.

KEYWORDS
MRI, multi-modal image registration, transcranial ultrasound

scanning is often costly and time-consuming with lim-
ited accessibility in some regions. In contrast, ultrasound
(US) offers a portable, cost-effective, and more accessi-
ble alternative that facilitates real-time imaging without
interrupting the medical procedure. Nevertheless, ultra-
sound’s imaging capabilities are characterized by lower
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resolution, unintuitive image contrast,' and non-standard
imaging planes, which pose challenges in interpreta-
tion that relies on operator's experience? Thickness
of the skull's acoustic window can also impact the
quality of the acquired US signal, occasionally render-
ing it unusable, in 5-20% of cases, due to excessive
skull thickness.2>* Therefore, fusing these two modalities
could well complement their strengths. This necessitates
the accurate inter-modal registration. However, discrep-
ancies in image features, anatomical variability, image
artifacts, and tissue motion can complicate the registra-
tion process.>~” While manual registration is laborious
and susceptible to the operator’s expertise, more effi-
cient and robust automatic registration algorithms still
require further investigation.

In neurosurgery and clinical diagnosis, transcranial
sonography (TCS) can image neuroanatomical struc-
tures through the intact skull, making it particularly
valuable for imaging neurovascular health and assess-
ing neuroanatomy in applications, such as ventricular
assessments during the placement of external ventric-
ular drains®® and differential diagnosis of neurological
conditions, such as Parkinson’s disease.'%~"> Similarly,
TCS can greatly benefit from fusion with MRI data to
better understand the acquired signals so that we can
further enhance its clinical potential. To date, only a
few public multimodality datasets exist focusing on MRI-
US registration. Natarajan et al.'® presents a dataset
comprising preoperative MRI scans paired with 3D
transrectal prostate US, specifically collected for image-
guided biopsy procedures. In neurosurgery, BITE,”
RESECT'81? and ReMIND? are examples of available
datasets, offering preoperative MRI alongside 3D intra-
operative US scans of patients undergoing brain tumor
resection to address the challenges of brain shift during
surgical procedures. However, to the best of the authors’
knowledge, similar datasets for registered MRI vs. tran-
scranial US are not available, and this dataset is the first
of its kind.

In this paper, we introduce a dataset of MRI ver-
sus TCS co-registration for the development of relevant
multi-modal registration algorithms. These algorithms
can greatly facilitate the interpretation of TCS and the
confirmation of its findings to further enhance its preci-
sion and value for diagnostic and surgical applications.
Our dataset comprises registered MRI and 3D vol-
umes of TCS scans from 8 healthy subjects, along
with their associated transformations. Examples of the
registered and superimposed MRI and US images are
shown in Figure 1b, c, and d. We also incorporate a
probabilistic blood vessel atlas into the dataset, which,
thanks to the relatively consistent spatial arrangement
of major cerebral vascular branches, provides another
valuable tool for interpreting transcranial US scans. This
can be leveraged in the development of computer-
assisted TCS acquisition software and algorithms, sim-
ilar to that proposed by Xiao et al2! which used the

atlas to guide transcranial Doppler (TCD) US exam-
inations. Furthermore, the atlas can be employed in
other computer-assisted diagnostic and surgical appli-
cations, where subject-specific CT/MRI angiographies
are difficult to obtain.

2 | METHODS

2.1 | Data acquisition

The described dataset comprises registered MRI and
3D volumes of transcranial US scans acquired from
eight healthy subjects (three females, age = 33 + 12 yo)
upon informed consent. It also includes the transforma-
tion matrices essential for the alignment of MRI and
US scans. The whole-head MRI scans were acquired
using a 3T Siemens Trio Tim scanner (Siemens, Erlan-
gen, Germany) with a T1w MP-RAGE sequence (echo
time = 2.98 ms, repetition time = 2300 ms, inversion
time = 900 ms, flip angle = 90, BW = 238 Hz/px, res-
olution = 1x 1x 1mm?®). This MRI sequence has low
geometric distortion, so no distortion correction was per-
formed. In addition, we provide the MRI data without
bias field correction. The TCS data were acquired using
the Toshiba Aplio XG scanner with the PST-25BT trans-
ducer (2-4MHz). During data acquisition, the transducer
was spatially tracked using an optical tracking system.
The tracked 2D B-mode transcranial US images were
obtained from left and right temporal bone windows of
the subjects at an imaging depth of 15 cm, from which
two 3D TCS volumes (left and right) were constructed
in the resolution of 1 x 1 x 1mm?3 for each subject. The
data collection was approved by the ethics committee of
the Montreal Neurological Institute (Montreal, Canada).

Manual MRI scans and TCS volumes co-registration
was performed by three raters, who are experienced
with neuroanatomy. From the TCS acquisition, the MRI
and TCS scans for each subject were initially roughly
aligned through facial landmark-based (nose bridge, left
and right medial canthi, left and right lateral canthi, left
and right tragi, and left and right tragus valleys) registra-
tion and optical tracking.2' Based on the initial alignment,
further manual rigid registration was performed with the
open-source IBIS (Intraoperative Brain Imaging System)
neuronavigation platform?? While visually inspecting
the image feature alignment in real-time, the six param-
eters of rigid transformation were manually adjusted
via a control panel within the software. One of the
three raters conducted the alignments twice in two
separate sessions with one week apart to assess the
intra-rater variability.

The silver ground truth transformation matrices for
MRI versus TCS registration, derived from three raters’
manual alignments, were computed for all subjects. First,
a grid of landmarks with 10 x 10 x 10 mm?3 spacing
was established within the brain region of each MRI
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FIGURE 1

Examples of superimposed MRI and transcranial US scans; (a) and (b) show the before and after application of the
silver-ground truth alignment, respectively. White arrows point to the brainstem and the edge of the brain where MRI and TCS images are
successfully aligned after the registration. Additionally, (c) and (d) illustrate the transcranial ultrasound signal variability from two additional
subjects. MRI, magnetic resonance imaging; TCS, Transcranial sonography; US, ultrasound.

\
\

\

FIGURE 2
resonance imaging.

scan. Then, these landmarks were rigidly transformed
to the space of the TCS volume based on the trans-
formation matrix from manual alignment. Three sets of
transformed landmarks were obtained from three raters’
registrations and an averaged spatial coordinate for
each landmark was obtained. Finally, the silver ground
truth registration matrix for each subject was created
based on landmark-based rigid alignment between the
MRI landmarks and the corresponding, averaged ones
in the TCS space. An example of MRI and TCS pair,
before and after the silver ground truth alignment is
depicted in Figure 1a,b.

Besides removing all identifying information from the
image headers of the MRI and TCS, further anonymiza-
tion of MRI volumes was conducted by manual defacing
using 3DSlicer?® to best preserve the facial landmarks
for computer-assisted TCS acquisition.?" Specifically, we
removed the ear lobes, the central portion of the eyes,
and the lower part of the face, while conscientiously
maintaining the integrity of the regions that contain the
facial landmarks. Figure 2 illustrates an example of the
defaced MRI volume for one subject, along with the
corresponding facial landmarks.

!
Medial Canthi /l
Lateral Canthi i

Front and side views of defaced MRI volume of one subject and the facial landmarks denoted by the red dots. MRI, magnetic

In addition to the individual MRI and TCS pairs,
we also include a population-averaged, unbiased head
atlas, comprising a T1w MRI template and a probabilis-
tic blood vessel map, with the construction procedure
detailed in our previous study?' Specifically, the T1w
head MRI template was constructed in the ICBM152
space using group-wise registration®* from 20 healthy
adult subjects. Additionally, the corresponding facial
landmarks of the template were also created. The
probabilistic blood vessel map was derived from MR
angiographies (MRAs), which were first segmented with
a Frangi vesselness filter?> and then averaged from all
subjects after group-wise registration. Figure 3 depicts
axial and sagittal views of the MRI template with the
probabilistic blood vessel map and the 3D rendering of
the head template with the average facial landmarks.

2.2 | Data validation

To assess the accuracy of the manual registration of
MRI and TCS scans, we measured the inter- and intra-
rater variability. To ensure a more detailed and accurate
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FIGURE 3 Axial and sagittal views of the MRI template superimposed by the average vessel map, highlighted using the heat colormap, and
the 3D volume of head template with average facial landmarks. MRI, magnetic resonance imaging.

TABLE 1 Absolute errors (mean + std) for individual elements of rigid transformation representing the inter- and intra-rater variability.

Inter-rater variability

Intra-rater variability

Rater | Rater Il Rater IlI Rater 1I-15f and 2"9 sets
Translation (mm) X axis 0.78 + 0.93 1.06 = 0.65 1.73+0.85 0.94 +0.77
Y axis 0.95+0.69 1.16 +0.78 1.51+0.87 1.18 +1.04
Z axis 1.72+0.78 1.52+1.02 1.63 +0.72 0.81+1.10
Rotation (degree) X axis 0.82+2.12 0.41+1.02 0.41+1.02 0.18 +0.75
Y axis 293+205 1.54 +1.06 1.51+1.06 0.25+0.77
Z axis 1.37 +1.31 0.79£0.81 0.77 £0.76 0.56 +1.41
TABLE 2 Landmark-based inter- and intra-rater variability assessments (mean =+ std).
Inter-rater variability Intra-rater variability
Rater | Rater Il Rater Il Rater 1I-15t and 2" sets
Average distance(mm) (mean + sd) 2.52+0.68 1.95+0.48 212+0.53 1.54 +0.87

analysis, the transformation matrices were decomposed
into individual translation and rotation parameters. Addi-
tionally, matrix elements were compared separately for
each of x-, y-, and z-axes to facilitate a thorough exam-
ination of discrepancies in registrations obtained by
different raters. The mean and standard deviation of
absolute error values of alignments conducted by three
different raters from the silver ground truth, as well
as alignments performed by Rater Il in two separate
sessions, were calculated and reported as inter- and
intra-rater variability, respectively. Table 1 presents the
error values representing these variability parameters.
To evaluate inter- and intra-rater variability using an
alternative method, we employed the grid of landmarks
previously mentioned in Section 2.1 to obtain distance
measures, which are more relevant to image registra-
tion tasks. As for inter-rater variability, we calculated
and reported the average distance between each rater’s
transformed grid of landmarks and the average of the
three sets of transformed landmarks in the TCS space
of a subject. For intra-rater variability, we computed
the average distance between two sets of deformed
landmarks in the TCS space from two separate trans-
formations performed by Rater Il. The landmark-based

inter- and intra-rater variability assessments are shown
in Table 2.

2.3 | Dataformat and usage notes

The described dataset includes MRI scans and 3D vol-
umes of TCS obtained from left and right temporal bone
windows from eight healthy subjects. The data is avail-
able in both NIFTI and MINC formats. For each subject,
the dataset provides one T1w MR image and a pair
of left and right 3D transcranial US scans. Additionally,
the averaged transformation matrices from three raters’
alignments are included, along with facial landmark
coordinates for each subject, available in both .FCSV
and MNI tag files, compatible with NIFTI and MINC
formats, respectively.

Besides individual MRI-TCS scans, the population-
averaged “Head Atlas” includes a T1w MRI template
and an average vessel map in NIFTI and MINC for-
mats, and the corresponding facial landmarks in .FCSV
and MNI tag file formats. The dataset is made available
on the Open Science Framework (OSF) data repository
https://osf.io/zdcjb/.
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3 | DISCUSSION

A dataset of registered MRI and 3D volumes of transcra-
nial US scans, as well as a population-averaged head
atlas are provided in this work. The manual registration
process performed by three raters yielded accurate reg-
istration of MRI and TCS scans in consideration of the
characteristics of the imaging modalities. The evaluation
of inter- and intra-rater variability provides a comprehen-
sive understanding of the reliability and consistency of
the manual registration process within the dataset.

The utility of this dataset extends across two primary
dimensions: technical and clinical. On the technical side,
one major application lies in the evaluation of regis-
tration algorithms. The precise alignment of MRI and
US images is imperative for leveraging the combined
strengths of both modalities. This dataset offers reliable
ground truths to facilitate the assessment of registra-
tion algorithms’ performance. Moreover, the provided
alignment can be exploited for image processing tasks,
such as the development of image fusion techniques,®
where MRI and US images are merged to enhance
data visualization. The dataset may further lend itself
to training machine learning models for pattern recog-
nition, harnessing the complementary information from
both imaging modalities.”2” With the advancement and
increased use of transcranial US, this dataset can also
be used in the development of techniques facilitating
the interpretation of the US282° On the clinical front,
the dataset holds significant potential to facilitate the
development of diagnostic techniques targeting dis-
eases affecting the structural, shape, and size aspects
of the brain, such as movement disorders2%-3? The
accessibility of US scans opens avenues for early diag-
nosis and subsequent treatment, potentially leading to
improved patient outcomes. Additionally, the dataset
can contribute to the development of systems catering
to pre-operative planning®® and intraoperative image-
guidance in neurosurgical procedures, such as cannula
insertions and ventriculostomy®° It can also be used in
developing software systems for guided TCS examina-
tion, facilitating both the acquisition and interpretation
of US data?! The integration of real-time US with pre-
operative MRI data and the population-averaged head
template provides enhanced, real-time guidance, exem-
plifying the dataset’s relevance in advancing clinical
applications for neurosurgery.

Nevertheless, there are limitations that need to be
considered. To help define the co-registration ground
truths, we obtained the averaged manual alignment from
three raters as absolute ground truths are not feasi-
ble to acquire. Several factors can complicate manual
registration, including the coarse features of US, naviga-
tion of volumetric data based on slice-wise 2D displays,
individual perceptual differences in image features, and
distinctions between the feature characteristics between

MRI and transcranial US. However, intra- and inter-rater
variability assessments have indicated good reliability in
consideration of these factors. Furthermore, the variabil-
ity in skull thickness among subjects, poses challenges
to good TCS image quality, resulting in the exclusion
of transcranial US data of two subjects from the orig-
inal data acquisition due to poor tissue contrast. Also,
the dataset’s sample size is limited; however, our unique
dataset provides the opportunity to inspect TCS-related
acquisition and analysis further, and we intend to enrich
the repository with additional subjects in the future.

4 | CONCLUSION

This work introduces a novel dataset of registered MRI
and TCS scans, along with a probabilistic blood vessel
atlas. It provides reliable ground truths that can be used
to develop and evaluate multimodal registration tech-
niques, as well as image fusion and machine learning
algorithms. These potential methodological develop-
ments can facilitate the diagnosis of neurodegenerative
diseases and neurosurgical planning. Overall, the pre-
sented dataset serves as a valuable resource for
advancing TCS research and its clinical applications.
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