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Abstract

Objective Thyroid nodules are extremely common, with prevalence rate up to 68%, yet only 7-15% of these are malignant.
Many nodules require surveillance and 2-dimensional ultrasound (2D US) is used. Issues include the huge workload of
obtaining and labeling images and difficulty comparing sizes of nodules over time due to large inter-operator variability.
Inaccuracies may result in unnecessary FNAC or missed diagnosis of malignant nodules.

Methods We compared two techniques: freehand plain 2D US against freehand 2D US with gyroscopic guidance, both fol-
lowed by 3D reconstruction using software. We measured the volume of nodules and a normal thyroid gland.

Results We found 2D US with gyroscopic guidance to be superior to plain 2D US as 3D reconstructions of greater accuracy
are produced. The volume of the thyroid lobe measured 8.42 cm®+0.94 was reasonably close to the normal average volume.
However, the measured volume of the ellipsoidal nodule by the software is 8.69 cm® +0.97 while the measured volume of
the spherical nodule is 7.09 cm®+0.79. As the expected volume of the nodules were 4.24cm® and 4.19 cm? respectively,
the measured volume of the nodule was not accurate. The time taken to characterise nodules was reduced greatly from over
30 min in usual procedure to less than 10 min.

Conclusion We find 3D US promising for evaluating size of thyroid nodules, with potential to study other TIRAD charac-
teristics. Freehand 2D US with gyroscopic guidance shows the most promise for producing reliable, accurate and faster 3D
reconstructions of thyroid nodules.
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Introduction

Thyroid nodules are extremely common, with a prevalence
rate of up to 68% in high resolution (7.5 or 10-15 MHz)
ultrasound (HRUS) [1, 2], yet only 7-15% of these are
malignant [1]. Conventional 2D ultrasound (2D US) has
been the first step in a series of investigations when a thy-
roid nodule is suspected. A combination of sonographic
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features according to the American Thyroid Association
(ATA) [1] or American College of Radiology (ACR)
Thyroid Imaging Reporting and Data System (TIRADS)
classification [3] helps us evaluate the likelihood of a nod-
ule being malignant so as to make a decision based on
size and features whether a fine needle aspiration cytol-
ogy (FNAC) is necessary. If a nodule achieves a grade of
TR3-5 but does not meet size criteria, we need to monitor
these nodules regularly [3]. As other imaging modalities
such as Computer Tomography (CT) or Magnetic Reso-
nance Imaging (MRI) scans do not provide adequate soft
tissue resolution, ultrasound (US) is still the first line pre-
ferred imaging modality. This represents a huge challenge
for doctors, as skilled operators are necessary to obtain
reliable images and much time is taken labelling every
benign nodule on each follow-up, especially due to the
high prevalence rate. Nevertheless, such efforts are neces-
sary as ultrasound images are still the most useful imag-
ing modality for the thyroid. As such, further modified
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ultrasound modalities such as color doppler ultrasound
(CDUS) [4-9], contrast-enhanced ultrasound (CEUS) [10,
11], shear wave elastography (SWE) [12], 3D power dop-
pler ultrasound (3D PDUS) and 3D ultrasound (3D US)
have recently come into practice to improve the diagnostic
accuracy of thyroid nodules. [13, 14] Modified ultrasound
modalities has also been used to great extents in other
fields of medicine as well such as detection of pediatric
encephalic hemorrhages [15], studying the gastroesopha-
geal region [16].

Despite the leaps made in imaging over the past few
years, it is hard to characterize the size of thyroid nodules
based on 2D US. The conventional method of taking the
largest measurement in each dimension has a few main
shortfalls. Firstly, there is high inter-operator variability as
the description of the nodule can vary depending on the slice
obtained by the operator [17]. Secondly, difficulty of com-
parison across multiple imaging time points of US assess-
ment as it is not a static cross sectional imaging modality.
This also takes a lot of time to perform. Inaccuracies arising
from this may result in unnecessary FNAC or missed diag-
nosis of potentially malignant thyroid nodules.

This motivates us to look for more objective ways of
assessing the thyroid through three-dimensional reconstruc-
tion. 3D US has been widely used in many other fields of
medicine such as breast nodule characterization [18], pros-
tate volume assessments [19] and fetal visualization [20] for
better visualization of masses in the body and characteriza-
tion of their exact shape and size with great efficacy. 3D
reconstructed images have also been used for evaluation of
other masses such as lymph nodes. [21]

Multiple attempts at utilization of 3D US for thyroidol-
ogy have been attempted. These include measuring the
total volume of a model balloon thyroid [22, 23] as well
as characterization of nodules using CEUS [24], power
doppler ultrasound [13, 14]. Most of these either make use
of a freehand scan [24] or a volumetric probe [13, 14] to
obtain 3D reconstructions which can be inaccurate. In order
to reconstruct a 3D model, multiple images of the thyroid
or the nodule have to be taken and stitched together as the
probe is not able to capture the entire nodule or gland in one
image. This stitching process might not be able to align all
the images accurately since the images are not taken with the
same frame of reference. We aim to use normal conventional
B-mode 2D US with a freehand linear probe in a similar
manner to Molinari et al. [24]. The images obtained will
then be used for 3D reconstruction. This will be compared
with a repeat scan using the same setup with an additional
gyroscopic attachment to the linear probe, which allows us
to perform 3D spatial based US tomography of the thyroid
via software reconstruction automatically.
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Materials and methods

We evaluated two 3D US modalities to determine the ideal
solution. We tried doing a B-mode freehand 2D US scan
of the thyroid with 3D reconstruction using ITK-SNAP
[25] dT-K SNAP v.3.8.0, PICSL and SCI, Philadelphia
and Salt Lake City, Pennsylvania and Utah, United States
of America), a free software available online to segment
structures in 3D US images semi-automatically. We also
augmented the freehand 2D US scan by adding gyroscopic
guidance to provide additional data for 3D reconstruction
using PIUR tUS software [26].

The first modality an augmented 2D US with gyro-
scopic guidance using the tUS Infinity platform from
PIUR Imaging (PIUR tUS infinity, PIUR imaging, Vienna,
Vienna, Austria). This product has three components. The
first component is the gyroscopic attachment (Infinity Sen-
sor) that is attached to the US linear probe via a clip on
attachment. The next component is a video box (Infin-
ity Video Box) that receives the US image data from the
US machine and tags the US image data with gyroscopic
data and sends that to the computer via Wi-Fi. The third
component is the computer software (Infinity Workstation)
that aggregates the data and produces 3D renderings of
the thyroid by using the gyroscopic data to align the 2D
US cuts taken. From these 3D renderings, nodules can be
segmented semi-automatically and the thyroid volume can
be calculated automatically using the Infinity Workstation
software. This process is shown in Fig. 1.

The second modality is is a 2D US with 3D reconstruc-
tion was achieved by using freehand 2D US scans of the
neck using a linear probe. We used the Mindray DC-80A
US machine (DC-80A, Mindray, Nanshan, Shenzhen,
China) together with a Philips L10-5 linear probe (L10-5,
Philips Healthcare, Amsterdam, North Holland, Nether-
lands) at 10 MHz to record a 2D US video file in DICOM
format. This was then analyzed using the ITK-SNAP
v. 3.8.0 software and its semi-automatic segmentation
approach to reconstruct a 3D image of the thyroid gland.

Apart from imaging the thyroid, we also imaged two
thyroid phantoms, one with an ellipsoidal nodule and one
with a spherical nodule of similar volumes. This was to
test if the 3D reconstruction of nodules by this software
could pick up differences in shape accurately. The phan-
tom was created by putting a grape in a container of agar
to simulate a thyroid nodule. Two phantoms were created
using identical 16 cm by 16 cm containers, each with a
differently shaped grape. One phantom had an ellipsoid
grape while the other had a roughly spherical grape. We
attempted to keep the grape volumes as close as possi-
ble to each other: the calculated volume of the ellipsoid
is 4.24 cm® and the calculated volume of the sphere is
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Fig. 1 Labelled picture of the tUS infinity platform with three components. A The Infinity Sensor (the gyroscopic attachment), B the Infinity
Sensor attached to the probe, C infinity Video Box, D infinity workstation (the computer software)

4.19 cm®. The live thyroid model is a scan of a healthy
volunteer’s thyroid. This is seen in Fig. 2. The phantoms
were used only for the modality with gyroscopic guid-
ance as the second modality did not give accurate results
for the thyroid volume, thus we concluded that since the
second modality was not able to reconstruct live thyroid
tissue accurately, further study on phantoms would not
hold much meaning. This is also because the phantom does
not accurately simulate human tissue well. The density
of the agar and the grape in the phantom is much more
homogenous compared to human tissue. Nevertheless, the
phantom was used to provide an approximation of a nodule
as a proof of concept.

A typical 2D US workflow follows ACR TIRADS proce-
dure [27]. For an initial study, sonographers will take a brief

Fig.2 A-C Pictures of the
grapes used in the thyroid phan- A
tom from 3 orthogonal views, D
picture of the thyroid phantom.
Grape on the left measured

2 cm by 2 cm by 2 cm. Grape
on the right measured 1.8 cm
by 2.5cm by 1.8 cm in A-C

respectively L

overview of the entire gland to identify nodules of interest
that require further studies. Thereafter, they will scan the
entire gland following each individual laboratory’s protocol
and should measure up to approximately four nodules that
are likely to require FNAC or follow-up as well as obtain
enough images to document the nodule architecture. Sonog-
raphers are recommended to label each nodule according
to its location in the gland. Should the patient be here for
follow-up, the sonographer should review prior images and
reports before reimaging to determine nodules of interest
that will require formal reassessment. If the previous sono-
gram was reported by using ACR TI-RADS, nodules should
be numbered as before even if previously reported nodules
are no longer present. Thereafter, the images are then passed
on to the radiologist for interpretation and characterization

B
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of nodules. A formal report consisting of tridimensional
measurements of the thyroid lobes and the isthmus, overall
description of thyroid parenchyma, formal description of up
to four most suspicious nodules and recommendations for
management is produced by the radiologist. While ACR-
TIRADS does not encompass regional lymph nodes, nodal
assessment is essential in the management of patients with
thyroid conditions, especially in the context of malignancy
as it would alter the staging, choice of surgery and nature of
adjuvant therapy for the patient. If patients have a history of
thyroid cancer or there is sufficient suspicion of thyroid can-
cer, a comprehensive evaluation of lymph nodes is required.
However, this comprehensive evaluation can be performed
at a later time, either together with the US-guided biopsy
or after cancer diagnosis has been made using the biopsy
results as a separate pre-op US evaluation. ACR-TIRADS
also borrows its definition of clinically important growth
from the American Thyroid Association (ATA) [27] which
is a 20% increase in at least two nodule dimensions and a
minimal increase of 2 mm or a 50% or greater increase in
volume. While rapid growth is suspicious, it does not relia-
bly differentiate between benign and malignant nodules [28].
At the same time, nodules that do not grow substantially
over the course of 5 years can be considered benign. This
protocol takes a total time of about 30 min for a typical US
with characterization in the local context.

However, if we were to adopt 3D US, these can be cap-
tured as videos in real time. Every slice would be tagged
with a well precisioned positional annotation, thus allowing
these slices to be re-aligned with computer software into
an accurate 3D model of the thyroid. In order to test this
hypothesis, we came up with a phantom model to allow
objective visualization of workflow as well as a live thyroid
model to test the scan. We did not inject any contrast for the
ultrasound scans performed in our studies.

Results

Using the PIUR tUS infinity imaging platform, we produced
3D renderings of the phantom with volumetric assessments
as shown below in Fig. 3.

PIUR’s Infinity Workstation software allowed for mul-
tiplanar reconstruction of the axial, sagittal and coronal
view while aligning the images obtained using information
sent from their gyroscopic attachment to their software.
The resultant semi-automatic 3D reconstruction as seen in
Fig. 4 allows for a much more accurate 3D model of the
thyroid to be produced in terms of volume measured as well
as the regularity of the 3D model produced. The machine
was able to successfully reconstruct it in under a minute
of scanning time. The 3D model produced has a regular
shape and is a clean reproduction of the thyroid nodule.

@ Springer

Automatic volumetric analysis measured the thyroid volume
at 8.42 ¢cm>+0.94, which is near the average volume [29,
30]. When calculated according to WHO estimation formu-
las [31], the calculated volume was cm?. This process did not
require the operator to modify multiple variables to obtain
a segmentation result and was fully automatic, generating a
3D model with the measured volume in 45 s after the scan.
Thus, it was comparatively easier to operate as compared
to ITK-SNAP. This could be due to the software being pre-
calibrated for the thyroid gland by the manufacturer.

For our two thyroid phantoms, the results are shown
below in Fig. 4.

As seen in Fig. 5, the software was able to automatically
identify the nodule from the surrounding tissue but was una-
ble to consistently segment the nodule across multiple cuts.
This semi-automatic process of drawing the areas of interest
took much longer for the nodule around 10 min 15 s as com-
pared to the live thyroid tissue, which had a much faster seg-
mentation process and took under 1 min. As a result, despite
both nodules being different sized as can be seen in Fig. 2,
the 3D reconstruction of both nodules was similar. The vol-
ume of the ellipsoidal nodule as measured by the software
is 8.69 cm® +0.97 while the volume of the spherical nodule
as measured by the software is 7.09 cm®+0.79. Using the
standard formula for a regular ellipsoid and sphere, the cal-
culated volume of this ellipsoid is 4.24 cm® and the calcu-
lated volume of this sphere is 4.19 cm®. These represent sig-
nificantly different measured and calculated volumes which
is still a current limitation of the software system.

We also attempted to reconstruct a 2D scan of the thyroid
using ITK-SNAP, with the results shown in Fig. 5.

ITK-SNAP arranges the DICOM images in sequen-
tial order, aligning them without using any gyroscopic
correction. The software allows us to do semi-automatic
segmentation by using their active contour function.
This allows for the modelling of objects of interest such
as the thyroid gland. However, as can be seen in Fig. 3,
the carotid artery is extremely jagged as the individual
slices obtained by handheld 2D US scans are not perfectly
aligned. This is due to the freehand nature of the scan,
which inevitably results in misalignment. The 3D model
generated, while retaining an overall shape similar to the
thyroid gland, is very imprecise and not ideal for clinical
use and interpretation. We attempted to adjust parameters
such as the threshold values for the intensity region filter
and weight of the velocities for image propagation among
other parameters to optimise the 3D auto-segmentation
according to the tutorial provided by ITK-SNAP and have
presented the most successful 3D reconstruction here.
Despite this effort, the volume of the thyroid is also not
calculated accurately by this software with a calculated
volume of 19,700 c¢m? (3sf). This could be due to the
width and height of the thyroid measured by the software
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Fig.3 3D reconstruction of 2D
thyroid US scan by ITK-SNAP.
A Axial view, B Sagittal view,
C 3D reconstruction, D Coronal
view, E 3D reconstruction of
the same scan in coronal view,
with the same views (A-D)

FIRST NAME: Thyroid Showcase
LAST NAME: Nodule

DATE OF BIRTH: 01/01/2000
NOTE:

FIRST NAME: Thyroid Showcase
LAST NAME: Nodule
DATE OF BIRTH: 01,/01/2000

NOTE:

being 558.9 mm and 354.1 mm. These inaccuracies could
be due to inadequate experience with the software among
the members of the research team. Overall, while this
open source program provides a good starting point for
trying out 3D segmentation on medical images, freehand
US +ITK-SNAP was not a suitable modality for us due
to the above-mentioned limitations.

ACQUISITION TIME: 18:12:5 MAGING
Carotid artery

ACQUISITION DATE: 24/
ACQUISITION TIME: 18:12:53

Carotid artery

Discussion

We undertook 3D gyroscopic guided 2D US and found
that this method is relatively efficient and accurate to pro-
vide 3D reconstruction of thyroid gland. In the live thyroid
model, the software was able to reconstruct the thyroid
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Fig.4 3D reconstruction of a 2D US scan using PIUR imaging gyro-
scopic guidance. Left: 3D reconstruction, A Original single frame
scans from the US device, B Axial view, C Sagittal view, D Coronal
view

despite the presence of multiple structures in the neck such
as the carotid artery and trachea. On the coronal view, the
carotid artery is reconstructed smoothly in Fig. 4 which
shows much better alignment compared to 3D reconstruc-
tion from freehand 2D US scans without any gyroscopic
guidance which can be seen in Fig. 3. Given our expe-
rience with ITK-SNAP without gyroscopic guidance,
gyroscopic guidance is clearly superior in terms of image
reproduction and 3D reconstruction. Hence, gyroscopic
guided 2D US scans might be the ideal way to improve the
workflow in capturing thyroid tomography.

This method could prove to be more objective than tra-
ditional 2D thyroid US scan by removing the inter-operator
variability because the thyroid gland is being reconstructed
in 3D rather than being evaluated in 2D. This method still
allows for individual 2D images to be preserved for compari-
son with older scans as well. However, more work needed to
be done to ensure its accuracy in reconstructing nodules in
thyroid phantoms and eventually live patients.
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Limitations

The limitation of this initial pilot study is the use of phan-
toms rather than actual patients to evaluate the system.
This limits us from being able to conclude whether the
system can accurately evaluate live thyroid nodules. With
our one thyroid live sample, we did notice an accurate 3D
reconstruction and volumetric assessment of the thyroid
lobe. More work can be done to prove the reproducibility
of our results and demonstrate the reliability and practical
application of this system.

The ultrasound scans in this study were performed by a
clinician doctor who specializes in Head and Neck surgery
and has had more than 15 years of experience with thyroid
ultrasound scans. As this is a preliminary study, we did not
involve a sonographer in the image acquisition process.
This is a limitation of our study as this does not properly
mimic the typical 2D US workflow.

In this preliminary study, the two approaches were not
compared equally as the team faced difficulty calibrating
ITK-SNAP for our purposes to calculate the volume of
the thyroid lobe properly. This resulted in inaccurate cal-
culations of the thyroid volume via ITK-SNAP. Thus, we
decided to move on and skip using ITK-SNAP with the
thyroid phantoms since we were unable to get accurate
thyroid lobe reconstructions using it. Furthermore, the
image sequence files obtained via the PIUR imaging plat-
form were not compatible with the ITK-SNAP software.
Performing the same tests using both approaches would
have made for a more rigorous study. More can be done
in future studies to utilise ITK-SNAP, such as reaching
out to experts familiar with the program for collaboration.

Operator familiarity was necessary to achieve consistent
results both in scanning and segmentation. Approximately
5-10 min were required to familiarize with the system
before performing a few scans of the thyroid phantom and
the live thyroid model. This revealed that some training
is necessary to hit the ideal 1-2 cm/s scanning speed con-
sistently and maintain the scanning speed throughout the
entire scan. However, as ultra-sonographers and doctors
are likely to have a wealth of prior experience in 2D US
scans, this training process is not expected to be labori-
ously long. Despite the training process, we did notice sig-
nificant reduction in the time taken to acquire and segment
images, with the total time taken to be under 10 min, while
the typical US with characterization takes over 30 min in
Singapore. Taking more accurate timings rather than rough
timings like 10 min and 30 min is also something we could
have done.

We experienced some deviation from expected values
for the volume and shape when reconstructing the nodules
in 3D. This can be explained by a variety of factors. The
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Fig.5 3D reconstruction of 1:
ellipsoidal nodule in thyroid
phantom, 2: spherical nodule
in thyroid phantom, A original
single frame scans from the US
device, B Axial view, C Sagittal
view, D Coronal view. Viewing
options for the tissue surround-
ing the nodule were selected

in the 3D view based on which
view option highlighted the
nodule the most clearly

scanning speed of the probe should ideally be kept within
1-2 cm/s. Any variation in speed would affect the mul-
tiplanar rendering of the nodule, causing possible elon-
gation or distortion of the image. The ultrasound device
frame rate was 22 Hz. In contrast, the recommended frame
rate is much higher at 73 Hz [PIUR tUS 26]. That could
have caused the inaccuracy in reconstruction leading to an
elongated image. The ultrasound device image quality may
also play a role in the inaccuracies. Finally, this system
is not optimized for thyroid phantoms using agar, hence
segmentation in the application is not fully optimized for
this use case. Further work can be done to establish the
accuracy of this method, both in optimizing the software
and in operator training in order to achieve our goal of
highly accurate segmentation for comparative assessment
of thyroid nodules. We did not measure or account for the
phantom’s scattering characteristics either in this prelimi-
nary study.

We are also unable to evaluate the other TIRAD charac-
teristics of the nodules using our current 3D reconstructions.

zoom to fit
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101 of 249 601 of 12

zoom to fit

Copy of 20200928121... [1/3] S

% \ )
~ Carotid artery

Conclusion

3D US Tomography with the aid of gyroscopic guidance
provides a new modality in which we can assess, evaluate,
and follow up thyroid nodules with greater efficacy and pre-
cision. Gyroscopic guidance for 3D reconstruction is the
way forward, offering greater reproducibility of adequately
reconstructed imaging. Further studies in the future are
required to validate this methodology on real patients and
actual thyroid nodules. Further studies into the evaluation
and follow-up of thyroid gland volume using our 3D ultra-
sound technique in the case of goiters treated by thyroxine
and/or iodine should be considered.
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