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1. Wykaz publikacji stanowigcych podstawe¢ rozprawy doktorskiej
Niniejsza praca sktada si¢ z cyklu nastepujacych publikac;ji:

[Al]  Szostek K., Piorkowski A.: Real-time simulation of ultrasound refraction phenomena
using ray-trace based wavefront construction method. Computer Methods and Programs
in Biomedicine, 2016, vol. 135, pp. 187-197. DOI: 10.1016/j.cmpb.2016.07.034. IF (2016)
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Ultrasound Imaging. Applied Sciences, 2023, 13, 9805. DOI: 10.3390/app13179805. IF
(2022) = 2.7

[A3]  Szostek K.: Real-Time Deformation of Three-Dimensional Volumetric Models Using
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CORES and IP&C 2023. Springer 2023, LNNS, vol. 766. DOI: 10.1007/978-3-031-
41630-9_6

[A4]  Szostek K., Les$niak, A.: Parallelization of the seismic ray trace algorithm. Parallel
Processing and Applied Mathematics: 9th International Conference, PPAM 2011.
Springer 2012, LNCS, vol. 7204, pp. 411-418. DOI: 10.1007/978-3-642-31500-8_42

Artykul pomocniczy:

[B1]  Szostek K., Piorkowski A., Kempny A., Bany$ R., Gackowski A.: Using computed
tomography images for a heart modeling. Journal of Medical Informatics & Technologies,
2012, vol. 19, pp. 75-84



2. Streszczenie W jezyku polskim

Symulatory medyczne stanowia wspodtczesnie nieodlaczny element ksztalcenia przysztych kadr
medycznych. Wielokrotnie potwierdzono, ze trening skomplikowanych procedur medycznych
z wykorzystaniem realistycznych symulatorow podnosi kwalifikacje uczacych si¢ osob. W pracy tej
przedstawione zostaly badania nad implementacja symulatora ultrasonografii, ktore pozwola w czasie
rzeczywistym na wizualizacj¢ wybranych zjawisk falowych przy uzyciu techniki $ledzenia promieni.
Praca sktada si¢ z cyklu powigzanych tematycznie publikacji. Przedstawione w nich zostaty metody
reprezentacji modeli anatomicznych, trojkatowych oraz wolumetrycznych, pochodzacych z tomografii
komputerowej. Zaprezentowano sposob analizy i przygotowania, a nast¢pnie transformacji danych
wolumetrycznych na potrzeby symulacji fal ultradzwigkowych. Nastepnie omodwione zostalty
zagadnienia symulacji propagacji fali. Wykorzystujac rozwigzania symulacji propagacji fali
w geofizyce, opracowano algorytmy bazujace na technice $ledzenia promieni, KtOre upraszczaja
problem propagacji fali w tkankach z uwzglednieniem zjawisk takich jak ostabianie, ugiecie,
zatamanie i rewerberacja, z zachowaniem wysokiej wydajno$ci obliczen. W wyniku prac wspieranych
przez program Doktorat Wdrozeniowy III powstaty dwa symulatory, ktore zostaty wdrozone w postaci
produktow firmy Medical Simulation Technologies. Pierwszy produkt to symulator punkcji
transseptalnej, w ktorym wykonano symulacj¢ obrazu USG serca oraz dynamiczng modyfikacj¢
tkanek w modelu wolumetrycznym. Drugi produkt opracowany zostal z grantu w ramach projektéw
szybkiego reagowania europejskiego centrum EIT Health Rapid Response w czasie pandemii SARS-
COV-2. Jest nim symulator USG ptuc LUS (Lung Ultrasound Simulator), ogolnodostgpny W sieci
Internet.



3. Streszczenie w jezyku angielskim

Nowadays, medical simulators are an integral part of educating future medical staff. It has been
repeatedly confirmed that training in complex medical procedures using realistic simulators improves
the qualifications of learners. This work presents research on the implementation of an ultrasound
simulator that will allow real-time visualization of selected wave phenomena using the ray tracing
technique. The work consists of a series of thematically related publications. They present methods for
representing anatomical models: triangular and volumetric derived from computed tomography.
A method of analyzing, preparing and then transforming volumetric data for the simulation of
ultrasonic waves was presented. Then, the issues of wave propagation simulation were discussed.
Using a wave simulation solutions in geophysics, algorithms have been developed based on ray
tracing techniques, which simplify the problem of wave propagation in tissues, taking into account
phenomena such as attenuation, refraction, diffraction and reverberation while maintaining high
computational efficiency. As a result of the work supported by the Implementation Doctorate il
program, two simulators were created and implemented as products from Medical Simulation
Technologies. The first product is a transseptal puncture simulator in which a cardiac ultrasound
image was simulated and tissues were dynamically modified in a volumetric model. The second
product was developed from a grant as part of the European EIT Health Rapid Response projects,
during the SARS-COV-2 pandemic. It is the LUS (Lung Ultrasound Simulator) lung ultrasound
simulator, publicly available on the online platform.



4, Autoreferat

Niniejszy autoreferat dotyczy pracy naukowej nad symulacja w czasie rzeczywistym obrazowania
ultrasonograficznego z uwzglednieniem wybranych zjawisk falowych. Omowiono cel takiej
symulacji, dane wej$ciowe, metody realizacji i przedstawiono otrzymane wyniki oraz przeprowadzone
wdrozenia.

4.1 Cel i zatozenia

Symulacja medyczna staje si¢ waznym elementem szkolenia przyszitych lekarzy, ale takze
elementem doskonalenia zawodowego czy pomoca w przygotowywaniu zabiegéw. Znamiennym jest
fakt, ze nie wymaga ona uczestnictwa pacjenta czy tez ochotnika do celow treningowych lekarzy,
a zatem mozna ja przeprowadzaé bezpiecznie i wielokrotnie. Mimo, Ze nie zastapi ona prawdziwego
kontaktu z czlowiekiem, pozwala jednak na opanowanie manualne specyfiki badania, ale takze
ksztattuje percepcj¢ obrazow i zachowan, CO odnosi si¢ do np. wyrabiania orientacji przestrzennej
lekarza, czy tez zwracania uwagi na konkretne aspekty danej jednostki chorobowej. Obecne trendy
w kierunku medycyny spersonalizowanej pozwalaja przygotowaé si¢ lekarzom do zabiegdéw
w nietypowych przypadkach chorobowych czy anatomicznych. Aby jednak szkolenie byto
wartosciowe dla trenujacego, aby przebiegalo w sposdb maksymalnie zblizony do badania na zywo,
symulacja musi si¢ odbywa¢ w czasie rzeczywistym. Realizacja tego zagadnienia w przypadku
rozchodzenia si¢ fal mechanicznych w osrodku trojwymiarowym jest bardzo czasochtonna. Stad
realny problem naukowy, ktory jest celem niniejszej pracy, czyli zbadanie mozliwo$ci i opracowanie
implementacji symulacji obrazowania ultrasonograficznego, realizujacego wybrane zjawiska falowe,
takie jak ugiecie, zalamanie czy wielokrotne odbicia tak, aby zachowa¢ ptynnos¢ wizualizacji.

Przedstawiane badania maja charakter §cisle wdrozeniowy. Sa one czeScia dziatalnosci firmy
Medical Simulation Technologies, sp. z 0.0. w Krakowie (MST). Firma ta specjalizuje si¢
w konstrukcji i dystrybucji symulatorow badan echokardiograficznych przezprzelykowych oraz
symulatoréw interwencji przezskoérnych w chorobach serca. Dodatkowo, w czasie pandemii SARS-
COV-2, Firma opracowata wirtualny symulator diagnostycznej ultrasonografii ptuc, zwigzanej wlasnie
z pandemia. Badania wdrozeniowe Firmy byly realizowane w ramach dwoch grantow:

e FElektroniczny symulator zabiegu punkcji transseptalnej z mozliwoscia rozbudowy
0 symulacje¢ innych procedur z dostepem przez naczyniowym”, w ramach Regionalnego
Programu  Operacyjnego Wojewddztwa Malopolskiego na lata 2014-2020,
nr RPMP.01.02.01-12-0027/19, realizowanego w okresie 10.2019 — 10.2021 (w trakcie
rozliczenia).

e Ultrasonographic Lung Simulator” — EIT Health, 20880 — europejski grant badawczo-
rozwojowy, realizowany w okresie 01.05.2020 - 31.12.2020 (rozliczony).

Rozwdj mozliwosci symulacji, zwiazanej takze ze zjawiskami wystgpujacymi poza obszarem
serca, zostal wsparty w programie ,,Doktorat Wdrozeniowy 111", rozpoczegtym 1 pazdziernika 2019 r..
W ramach tego programu okreslona zostata wspotpraca migdzy Firmg MST, a Akademig Gorniczo-
Hutnicza im St. Staszica w Krakowie, a ktorej celem jest realizacja pracy doktorskiej mgr inz. Kamila
Szostka pod nadzorem promotora z ramienia Akademii Goérniczo-Hutniczej, dr hab. inz. Adama
Piorkowskiego i opiekuna z ramienia Firmy MST, dr inz. Tomasza Dziwinskiego.

Nad poprawnoscia ze strony medycznej czuwatl dr hab. n. med. Andrzej Gackowski, wsparciem
sprzetowym stuzyt dr hab. inz. Pawet Pigtek, natomiast w kwestiach finansowych wspierat mgr Kamil
Kipiel.



4.2 Dane i modele

Zrealizowane w pracy symulatory medyczne oparte zostaly na jednym z dwdch sposobow
reprezentacji struktur anatomicznych. Pierwszym z nich jest reprezentacja przy pomocy danych
wolumetrycznych, np. poprzez wykorzystanie danych tomografii komputerowej (CT). Drugim
sposobem jest wykorzystanie modeli trojkatowych, ktore reprezentuja granice migdzy strukturami.

Pierwszy sposob, opisany szerzej w [B1] i wykorzystany w [Al], pozwala na lepsze
odwzorowanie rzeczywistych struktur, gdyz wykorzystywane dane pochodza bezposrednio
Z obrazowan pacjentow. Daje to zdecydowang przewage nad drugim sposobem, w ktorym
uproszczenia mogg powodowac utrate istotnych szczegdtow anatomicznych. Jednakze, wykorzystanie
metody trojkatowej pozwala na wigksza kontrolg zarowno nad samym modelem anatomicznym, jak
rowniez nad symulacja zjawisk fizycznych. Metoda ta wykorzystana zostata w [A2].

W przypadku pracy [A3] =zastosowano potaczenie dwoch wyzej wymienionych modeli
reprezentacji danych, aby wykorzysta¢ korzysci wynikajace z obu tych metod.

4.3 Metody symulaciji

W literaturze opisanych zostato wiele metod symulacji zjawisk falowych, ktére mozna zastosowac
przy konstrukcji symulatora obrazowania ultradzwiekowego. Kompletng i doktadna symulacje zjawisk
falowych mozna przeprowadzi¢ za pomocg rownan falowych. Inne podejscie polega na obliczeniu
impulsu przestrzennego dla kazdego rozpraszacza w odniesieniu do modelowanych elementow
przetwornika. Powszechnie znane modele ultradzwickow opierajg si¢ na rownaniach Westervelta lub
KZK. Niestety metody te wymagaja bardzo intensywnych obliczen. Rozwigzania takie nie sg w stanie
wykonywac obliczen w czasie rzeczywistym.

Uproszczeniem problemu jest technika $ledzenia promieni (raytracing), ktéra koncentruje si¢
przede wszystkim na $ledzeniu pojedynczych promieni, CO znaczaco Skraca czas przetwarzania
danych. Technika ta pozwala na uwzglgdnienie zjawisk takich jak tlumienie, odbicie, zalamanie
i dyfrakcja. Ponadto mozliwa jest implementacja tej techniki z wykorzystaniem procesoréw kart
graficznych, ktérych gtowng charakterystyka jest wpieranie obliczen rownolegtych.

Symulacje mozna rowniez uprosci¢ za pomoca techniki rzutowania promieni (ray-casting). Ta
zaktada analize¢ promieni w linii prostej od nadajnika-odbiornika, co pozwala na symulacje jedynie
odbi¢ i thumienia. Uproszczenie to mozna stosowac¢ jedynie w szczegolnych przypadkach, w ktorych
predkos¢ dzwieku i impedancja akustyczna tkanki sa podobne, np. w sercu.

Na uwage zashuguje roéwniez metoda, ktOéra najpierw przygotowuje rzut 2D modelu
tréjwymiarowego, a nastepnie przeprowadza symulacje ultradzwiekowa na tej projekcji. To podejscie
nie uwzglednia jednak w petni zjawisk ugiecia i zatamania fali.

4.4 Proponowane rozwigzania

Rozwigzanie problemu symulacji fali mechanicznej, przedstawione w pracy [A4], jest oparte na
konstrukcji frontow falowych. Metoda ta zaktada, ze fala dzwigkowa rozchodzi si¢ w medium
w postaci frontow falowych, czyli powierzchni (albo krzywych w przypadku dwuwymiarowym)
0 rownym czasie propagacji. Pierwszy front falowy tworzony jest w wybranym miejscu zrodta fali
jako sfera. Kolejne fronty falowe powstajg iteracyjnie z wykorzystaniem techniki $ledzenia promienia.
W zagadnieniach geofizycznych, na podstawie trajektorii powstatych promieni mozliwe jest



zarejestrowanie czasow propagacji fali sejsmicznej (Rysunek 1). Na podstawie otrzymanych czasow
propagacji mozliwe jest oszacowanie parametrow medium, przez ktore przechodzita fala
mechaniczna.

150 m

Rysunek 1. Przyktad wyniku algorytmu konstrukcji frontéw falowych w dwuwymiarowym modelu geologicznym. Zaznaczony
zostat jeden z frontdw. Usuniete zostaty krzyzujgce sie promienie.

W pracy [Al] zaproponowane i opisane zostaly modyfikacje powyzszego algorytmu, ktore
pozwolity na wykorzystanie go do symulacji fali ultradzwickowej w tréjwymiarowym modelu
wolumetrycznym, charakteryzujacym struktury w ciele cztowieka. Jako model danych wykorzystano
pochodzace z tomografii komputerowej obrazy, ktore opisuja model tkanek w jednostkach
Hounsfielda. Zaprezentowano metod¢ konwersji tych danych na wartosci predkosci dzwieku, co
pozwolito na symulacj¢ zjawisk zatamania, ugiecia fali dzwigkowej oraz cieni akustycznych
(Rysunek 2). Opisywany algorytm zostat zaimplementowany z wykorzystaniem metod zroéwnoleglania
operacji na wielu procesorach, co pozwolito na przyspieszenie obliczen i uzyskiwanie wynikow
W czasie rzeczywistym.

Rysunek 2. Przyktadowa wizualizacja propagacji promieni ultradzwiekowych na wybranym przekroju.



Rysunek 3. Przyktadowy obraz symulacji USG w oparciu o algorytm frontéw falowych.

Otrzymane wyniki symulacji na danych syntetycznych oraz rzeczywistych (Rysunek 3) zostaty
poréwnane z wynikiem symulacji przeprowadzonej przy pomocy rozwigzania ,,Field II” oraz
z rzeczywistym obrazem ultrasonograficznym. Dokonano analizy opracowanego rozwigzania pod
wzgledem parametryzacji i wydajnos$ci, ktéora dowiodta mozliwosci uzycia go w symulacji w czasie
rzeczywistym, czyli z predkoscia przynajmniej 10 klatek na sekunde.

W kolejnej pracy [A2] zaprezentowano opracowany symulator USG ptuc LUS (Lung Ultrasound
Simulator), ktory znajduje si¢ na ogdlnodostepnym portalu internetowym (https://lus.mstech.eu).
Wybdér takiej formy symulatora wymusit zastosowanie konkretnych rozwiagzan implementacyjnych, co
stanowilo dodatkowa trudnos¢ zaréwno w kwestii konstrukcji algorytmow, jak réwniez modelu
danych wykorzystywanych w symulacji. W zwigzku z tym symulator powstal w oparciu 0 modele
trojkatowe, natomiast algorytmy symulacji zaimplementowano przy uzyciu programoéw cieniujgcych
(shaders) technologii WebGL. Programy te wykorzystuja procesory kart graficznych (GPU),
zrownoleglajac obliczenia w celu osiggniecia lepszej wydajnosci. Czas generowania pojedynczej
klatki symulacji pozwalat na uzyskanie wysokiego od$wiezania o wydajnosci okoto 270 klatek na
sekundeg.

W przypadku symulatora USG ptuc, kluczowym bylo przygotowanie go w sposéb, ktory utatwi
zapoznanie si¢ z podstawowymi aspektami badania, tj. zaprezentuje w klarowny sposob artefakty
obrazowania, stanowigCe podstawe interpretacji obrazu USG ptuc.

Przygotowane zostaly modele trojwymiarowe pacjentdow, Wraz z animacja ruchu phuc.
Opracowano algorytmy symulacyjne, ktorych rezultatem byt obraz USG badanych phuc
z generowanymi najwazniejszymi pod kontem diagnostyki artefaktami: cieniami akustycznymi,
liniami A i B, przesuwaniem si¢ oraz nieciagtoscia optucnej, i wreszcie konsolidacjami (Rysunek 4).

Rysunek 4. Przyktadowe artefakty zaimplementowane w symulatorze LUS.



Oprocz samej symulacji USG ptuc, aplikacja pozawala uzytkownikowi na wybranie do
wirtualnego badania jednego z 5 pacjentéw, zapoznanie si¢ z Krotkim opisem kazdego z nich,
a nastepnie wykonania badania. W trakcie tego badania uzytkownik zaznacza zaobserwowane
artefakty w ustandaryzowanych punktach przylozenia gtowicy USG, a nastepnie dokonuje wstepnej
oceny jednostki chorobowej pacjenta. Catos¢ mozliwa jest do powtoOrzenia w celu sprawdzenia
poprawnosci obserwacji (Rysunek 5).

Pomimo znaczacego uproszczenia niektorych elementow badania i symulacji, w tym koniecznosci
operowania myszg W celu wykonania badania, opracowana aplikacja moze by¢ traktowana jako wstep
do nauki obrazowania USG ptluc.

fof Single B-Line
Pleural
|  Discontinuity

Rysunek 5. "LUS Simulator", przyktadowy obraz w trakcie wirtualnego badania pacjenta.

4.5 Realizacje i wdrozenia

Doktorant brat udziat w dwoch projektach badawczo-rozwojowych, Ktére nastepnie zostaly
wdrozone w formie opracowanych produktow.
Pierwszy grant pt. ,,Elektroniczny symulator zabiegu punkcji transseptalnej z mozliwoscia

rozbudowy o symulacje innych procedur z dostgpem przez naczyniowym”, W ktorym
doktorant realizowat badania w ramach dwoch zadan:

Opracowanie technologii umozliwiajacej dynamiczna modyfikacje wybranych
struktur tr6jwymiarowych serca (m.in. tenting). Rezultaty badan zostaty
czgsciowo przedstawione w pracy [A3]. Opisano w niej metode dynamicznej
modyfikacji ~ modeli ~ wolumetrycznych, w  szczegdlno$ci  przegrody
miedzyprzedsionkowej, przy uzyciu przygotowanej segmentacji trojkatowej oraz
dostepnych rozwigzan symulacyjnych.

Opracowanie metody obrazowania narzadzi oraz przetwarzania danych CT na
widok fluoroskopii. W ramach tego zadania doktorant opracowal metode
symulacji obrazu fluoroskopii na podstawie danych z tomografii komputerowej,
wraz trojwymiarowymi modelami narzedzi chirurgicznych.

Rezultatem prac w grancie jest opracowany symulator punkcji transseptalnej,
z wielomodalnym obrazowaniem (USG oraz fluoroskopia). Stworzony symulator jest
kolejnym produktem w ramach oferty firmy Medical Simulation Technolgies.



W drugim grancie pt. ,,Ultrasonographic Lung Simulator”, doktorant zrealizowat badania nad
symulacjg zjawisk falowych w przypadku badania USG ptuc. Nastepnie na tej podstawie
zaimplementowat i wdrozyt symulator USG ptuc z wykorzystaniem technologii WebGL oraz
modeli trojkatowych. W ramach grantu powstala strona internetowa pod adresem
https://lus.mstech.eu, na ktorej zamieszczono stworzony symulator. Powstaty symulator zostat
opisany w [A2].
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ABSTRACT

Ultrasound (US) imaging is one of the most popular techniques used in clinical diagnosis,
mainly due to lack of adverse effects on patients and the simplicity of US equipment. However,
the characteristics of the medium cause US imaging to imprecisely reconstruct examined
tissues. The artifacts are the results of wave phenomena, i.e. diffraction or refraction, and
should be recognized during examination to avoid misinterpretation of an US image. Cur-
rently, US training is based on teaching materials and simulators and ultrasound simulation
has become an active research area in medical computer science. Many US simulators are
limited by the complexity of the wave phenomena, leading to intensive sophisticated com-
putation that makes it difficult for systems to operate in real time. To achieve the required
frame rate, the vast majority of simulators reduce the problem of wave diffraction and
refraction.

The following paper proposes a solution for an ultrasound simulator based on methods
known in geophysics. To improve simulation quality, a wavefront construction method was
adapted which takes into account the refraction phenomena. This technique uses ray tracing
and velocity averaging to construct wavefronts in the simulation. Instead of a geological
medium, real CT scans are applied. This approach can produce more realistic projections
of pathological findings and is also capable of providing real-time simulation.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

petency at early training stages [1-10]. The main problem is
that simulators need to produce realistic images in conve-
nient time and should be designed in a way that enables users

Simulation in medicine is a new educational method which
accelerates the learning process for physicians in training and
allows them to familiarize themselves with rare diseases. Com-
puter based simulators are a popular research area and they
are proven to have significant importance in enhancing com-

to practice. A simulation can be helpful for learning both di-
agnostic and surgical techniques. The aim of ultrasound (US)
training is to master spatial orientation and the ability to ma-
nipulate a device while performing medical examinations or
even surgery. Ultrasound examination, particularly when per-
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formed endoscopically, is a common issue that would benefit
from simulation, especially in gastroenterology, urology or pul-
monology. Moreover, the simulated images can be used for
testing, validating and improving algorithms for real imaging
registration [11]. There are some ultrasound simulators, but the
problem is not fully covered by scientific research and not all
the necessary solutions are implemented.

Ultrasound simulation is complicated due to the nature of
the examination to be simulated. US images may be signifi-
cantly distorted due to the fact that the lengths of waves used
by this examination technique are relatively closer to the di-
mensions of the examined object. The impact of reflection,
attenuation, refraction and diffraction must be mentioned as
these fundamental wave phenomena have a significant impact
on imaging, generating artifacts (mirroring, velocity errors,
comet tail, ring-down, etc.) which can both facilitate and confuse
diagnosis [12].

There are several ultrasound simulators. They differ in terms
of model structure, input data, simulation method, and final
effects. It is reasonable to present them in the context of ul-
trasound simulation methods.

A complete and accurate simulation of wave phenomena
can be performed using a wave equation [13]. Another ap-
proach is to compute spatial impulse for every scatterer with
respect to modeled transducer elements [14,15]. Widely known
models for ultrasound are based on the Westervelt or KZK equa-
tions [16-18]. Unfortunately, these methods require highly
intensive computation. Solutions such as those in references
[13,14,19,20] are not able to perform the calculations in real time.
A simplification of this problem is the technique of ray tracing,
which focuses primarily on the tracking of individual rays. This
procedure reduces the time required for processing simula-
tion data. This technique allows such phenomena as
attenuation, reflection, refraction and diffraction to be
considered.

Simulation is best simplified with ray casting. This assumes
a ray analysis in a straight line from the transmitter-receiver,
which only allows the simulation of reflections and attenua-
tion [21,22]. Simplifications can be applied only in special cases
in which the speed of sound and the acoustic impedance in
tissues are similar, for example, in the heart [23].

Classification of simulation methods was proposed in the
work of Zhu and Salcudean [24]. Worthy of attention is the
model which first prepares a 2D projection of the model and
then performs an ultrasound simulation for the projection. This
approach also does not take diffraction and refraction into
account, but it is used in some real solutions. Shams et al. [25]
created a simulation view using a combined reflection and scat-
tering simulation for 2D projection. Kutter et al. [26] proposes
a ray-based method that is based on transmission, reflection
and scattering functions. Reichl et al. [27] take into account a
combination of transmission, absorption, reflection and noise
functions, but do not include diffraction and refraction. Also,
Dillenseger et al. [28] presented a solution based on Bamber
and Dickinson’s model [29], but did not consider the afore-
mentioned phenomena. Advanced simulation, based on
convolution of the point spread function of the ultrasound probe
with scatterer distribution, is presented in reference [30]. The
authors implement such artifacts as shadows, attenuation,
speckle and specular reflections, but not diffraction and re-

fraction [31]. In reference [32] only reflection, transmission,
attenuation, noise and blur are considered.

The presented solutions require high computational power
to deliver real time results. Therefore, the authors performed
their simulations using graphics processing units (GPU)
[26,27,30,33]. Real-time performance of volumetric data pro-
cessing and visualization on small mobile devices can be
obtained with remote volume rendering approach [34].

The latest and most interesting research is the work pre-
sented by Burger et al. [35]. The authors propose a method that
uses 3D polygonal meshes to render simulated images di-
rectly. The simulation engine uses the OptiX library [36]. This
method allows the refraction phenomenon to be taken into
account. The disadvantage of this method is the necessity of
triangular mesh creation for input data. Described in this paper,
our studies on the adaptation of wavefront construction al-
gorithms (known in the field of geology) for ultrasound
simulation, in particular modification, parallelization and imple-
mentation, provide a new solution that allows ultrasound to
be simulated in real time, whilst still taking into account general
wave phenomena such as refraction.

2. Method of ultrasound simulation
2.1. Wavefront construction method

The wavefront construction algorithm presented by Urdaneta
in reference [37] and parallelized in reference [38] was devel-
oped to solve the problem of seismic wave propagation in
geological mediums, in particular the travel times of the seismic
waves from source to receivers. This algorithm assumes that
a seismic P-wave propagates from the source in all directions
as a wavefront, which is considered as a surface (or a closed
curve in 2D) with equal propagation time. The initial wavefront
is created at the selected shot point position as a sphere (or a
circle in 2D) with a defined number of initial rays perpendicu-
lar to the wavefront. The following wavefront is constructed
from the previous one using raytracing. These rays represent
the shortest paths (which means, according to Fermat’s prin-
ciple, the path with the least traversal time) of the wave
propagation in the medium. Every ray contains information
about its starting point and direction and can collect data while
passing through the medium. The directions of these rays
change, depending on the medium velocity that they are passing
through, which implies that the wavefront shape changes as
well. The wavefront motion is then given by:

Ry =Xy + U(Ry, T)ALS (1)

where %,,, is a new ray position, At defines time step and
v(%,, T) is velocity at point % and period T § is a unit vector
that represents direction of propagation (Fig. 1).

The selected algorithm combines two approaches to solving
the wave propagation problem. First is Lomax’s waverays ap-
proximation method, described in reference [39]. This
approximates the wave speed in a medium using a Gaussian-
weighting curve whose shape depends on the frequency of the
wave (Fig. 1). This approach increases the stability of the ray-
tracing and makes it possible to handle inhomogeneities of
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Fig. 1 - Lomax’s velocity averaging at the point %, using Gaussian curve (left) from reference [37] adapted from reference
[39]. The ray from the point ¥, is disturbed by the nearby rays and new wavefront is constructed (right). AS is the change in

direction of the waveray, calculated from the neighboring rays.

different sizes, hence simulating refractions and diffractions.
Averaging in a two dimensional medium is given by:

[ o@)cE(y, T)dy

Y (ivr T) = -
[ omdy

(2)

which averages velocity U at point ¥, and period T, where y
is the arc length along the wavefront away from %, in wave-
lengths. ¢(%) is the value of speed at that point. The Gaussian
weighting curve is chosen to average velocity:

o(y)=e e’ @)

where o describes the half-width of the Gaussian bell in wave-
lengths. %(y,T) is given by recursive relation and represents
positions along the instantaneous straight wavefront:

%(1,T) =%, + [} c(&(y, T)n(T)dy’ @

where 1 is the unit normal to the ray at point %, [39]. For the
discreet version of the above equations, please refer to refer-
ence [37].

The second technique implemented in Urdaneta’s algo-
rithm is the ray interpolation from Vinje et al. [40]. The idea
of this method is as follows: whenever the distance between
two neighboring wavefronts’ rays is greater than an arbi-
trarily selected threshold value (maximum distance), new rays
are added in-between by interpolating existing rays. This in-
creases accuracy and guarantees constant density of the rays.
What is more, Vinje et al. described a gridding process which
recalculates values from the wavefronts into a grid of theo-
retical geophones or seismometers. However, for US simulation
this process is redundant.

An example result from this algorithm for a geological
medium is presented in Fig. 2. It shows the outcome of the al-
gorithm for a selected profile of the Legnica-Glogow Copper
Area (the vertical axis represents depth). The shot-point, which
is the source of the wavefronts, was positioned at coordinate
(0, 0), which is in the upper left corner of the model. The shades
of gray vary according to velocity, from 800 m/s at the top to
6000 m/s at the bottom of the model. Strong refraction causes
the rays to bend, as is clearly visible in the figure.

This algorithm was chosen for US simulation because of its
parameterization features and computation speed. In refer-
ence [41] it was compared with two different methods: the
Shortest Path Method and full-wave field modeling. The
wavefront construction method can provide results similar to
these techniques, but in a more convenient time. Also, this al-
gorithm is based on velocity raster data, which makes it suitable
for a CT-based US simulators. Finally, the algorithm takes into
account the refraction, which can significantly increase the
realism of the US simulation.

2.2. The refraction problem

When considering a wave (i.e. light or sound wave) passing the
border of two mediums with different velocities, its direction
changes according to Snell’s law. This phenomenon is widely
discussed in seismology, because it may lead to misinterpre-
tation of the data [42].

Refractions in ultrasound may produce artifacts or change
the observed objects size and position [43]. Fig. 3 presents a
schematic ray refraction on a cyst, which leads to incorrect lo-
cation of the nodule. A real example of the refraction problem
in US is shown in Fig. 4 (left), where discontinuity of the dia-
phragm artifact is clearly visible [44]. As presented in Fig. 4
(right), rays from transducers meet the diaphragm at points
P, and P,, because the speed of sound in the liver is slightly

i TIENSORSA
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150 m

Fig. 2 - An example of wavefront construction method
result for geological medium. All crossing rays are
removed. One of the wavefronts has been marked.
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Fig. 3 - The refraction artifact example. The image of the nodule is displayed at a wrong position.

higher than in the surrounding ascites. These points are mis-
placed at P’; and P, in the US image, therefore the diaphragm
is wrongly displayed (marked with dashed line). This problem
has also been discussed previously, i.e. in reference [45], in which
the authors consider the US refraction problem for better image
reconstruction and use the Fast Marching Method [46] and the
High Accuracy Fast Marching Method from reference [47] to
solve the Eikonal equation. The algorithm adopted in this paper
simulates refraction. Also, other phenomena could be imple-
mented to increase the quality of the images.

2.3. Input data

The basis for the US simulation is a 3D model of a patient body.
Most solutions use a 3D CT scan [25,26,30,35,48]. This pro-
vides information on the shape of tissues, but the values
describe the X-ray absorption and must be properly con-
verted to be used in ultrasound simulation. In reference [49]
a 4D US scan is used. The proposed method in reference [35]
requires the construction of a triangular mesh based on CT
volumes. Also, in reference [50] a mesh model is used to simu-
late deformations.

In this paper, synthetic data and CT images are used to simu-
late US images. This solution can provide results based on a
real patients anatomy, including different pathological find-
ings and movement of organs (if 4D data is applied).

The original CT data contains Hounsfield values (rescaled
to 4096 shades of gray); therefore, it has to be preliminarily
modified in two separate preprocessing stages. First, CT images

are converted into US reflections, as is explained in reference
[23]. The second transformation changes the same CT bright-
ness values into a velocity model, which is required for the
simulation algorithm. Fig. 5 shows the transfer function from
CT brightness to the speed of sound, based on Table 1, which
can be considered as the initial transfer function. Due to varia-
tions of tissues radiodensity of different patients, this conversion
has to be adjusted manually for each data set. For example,
the muscles and bones represent a wide range of CT bright-
ness, as well as a high speed of sound changes. A solution for
obtaining tissue parameters such as acoustic impedance or at-
tenuation from CT images is presented in reference [31].

These transformations can be part of data preprocessing
or can be performed during the simulation. The second solu-
tion is more flexible and less resource intensive, but is more
time consuming, so the first option was chosen.

CT scans are 12-bit grayscale images, but 16 bit aligned,
which means the maximum brightness of a CT pixel is
212 -1 =4095. This results in better image dynamics, there-
fore the transformation can be done more precisely, as shown
in reference [53]. The Hounsfield Units HU(x, y) for a given pixel
p(x, y) can be determined for DICOM files by formula (5):

HU (x, y) = (RescaleSlope * p(x, y)) + RescaleIntercept (5)
where:

RescaleSlope—is of 1 for the all collected CT sets (for Siemens
CT Definition),

False diaphragm

Fig. 4 - The refraction artifacts of the liver (L) image caused by the border with the ascites (a) [43] with corresponding

diagram on the right.
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Fig. 5 - The graph shows the relation between the speed of
sound for the selected tissues and CT scan pixel
brightness. Green lines represent the speed of sound
assigned to pixels in CT image during preprocessing. The
detailed part marked with a dashed rectangle is shown
below.

e Rescalelntercept—is of —~1024 for the all collected CT sets (for
Siemens CT Definition).

3. Algorithm for US simulator

Fig. 6 shows a diagram of the algorithm. At the beginning of
simulation, a two-dimensional projection is extracted from the

Table 1 - Hounsfield values and the speed of sound for
different tissues

Tissue/ Hounsfield Speed of
medium Units [HU] sound [m/s]
Air -1000 331

Lungs -500 400

Fat -100 to -50 1450

Water 0 1480

Kidney 30 1560

Blood 30 to 45 1570
Muscles 10 to 40 1542 to 1626
Liver 40 to 60 1570

Soft tissue 100 to 300 1540

Bones 700 to 3000 3000 to 4080

preprocessed CT dataset. This contains the reflections and ve-
locities after application of the transfer function. Subsequently,
the projection is used as a model for Urdaneta’s algorithm,
which, besides changes related to medium scale, is modified
as explained in the following sections.

3.1.  Wavefront initialization

The algorithm is initialized with the closed circular curve of
the first wavefront (Fig. 6). The US simulation targets a 90° field
of view, not 360°. Therefore, some of the rays are not used in
the rendering. These extra rays can be assigned to a second
group of rays and then attributed with a different interpola-
tion threshold and flagged to be omitted in later steps. Thus,
the first group simulates the transducer rays and its results
are used in further processing. However, the second group is
required for ray interpolations and velocity averaging. These
two groups are simulated simultaneously (Fig. 7). Also, the dif-
ferent interpolation threshold of the second group increases
algorithm speed.

3.2.  Simulation stop conditions

As explained in reference [40], one wavefront may cross itself.
This might happen when a wavefront meets inhomogeneity of
velocity. In seismic simulation, firstbreakes (time of the first
wavefront reaching a receiver) are usually sufficient for further
calculations, so if a wavefront intersection appears, it is reduced
by eliminating the later rays. Also, rays are removed when they
reach the model boundaries. Therefore, in reference [37] wavefront
propagation stops when the number of rays is below 5.

On the other hand, full paths are required in US simula-
tion; therefore, removal occurs only for rays that leave the
models boundaries. Unfortunately, when a wavefront becomes
more complicated, the calculation time increases, so the process
has to be limited either by a step count (which can corre-
spond to US penetration depth) or wavefront length (calculated
as the number of rays constructed over it, or simply list length).
The first approach is chosen.

3.3.  Wavefront propagation

The algorithm’s diagram reveals the loop in which the wave
iteratively propagates in the medium. Each iteration corre-
sponds to the time step of the simulation. The propagation
process which creates a new wavefront using ray tracing was
described with equations earlier. As a result, the wavefront
expands and changes its circular shape in response to the
medium velocities. The new wavefront is then the subject of
the following steps.

3.4. Data acquisition

The gridding process, as mentioned before, is redundant is this
simulation. However, collecting data from the ray paths is still
required. Therefore, during the ray tracing process, the reflec-
tion values from the model are gathered by the rays of group
1 and stored as array G for further reconstructions. The height
of this image is given by the number of steps (US penetration
depth). The width is calculated to ensure a sufficient amount
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Fig. 6 — Diagram of the algorithm, explained in text. The images next to each steps illustrates intermediate results.

of rays at the last wavefront for the final transformation. For
example, for the 90° field of view and 256 steps, the last
wavefront should consist of 402 rays. If oversampling occurs
(more rays than required), the collected values are averaged
to fit the resulting image resolution.

Fig. 8 shows synthetic model and an example of images G
for this model is presented in Fig. 9b. Each pixel G(x, y) corre-
sponds to the acquired data, where x (column) is a ray number
and y (row) is a wavefront number or time step. Rays produce
vertical traces. As new rays are interpolated at certain time
steps, gaps might appear in the image where these rays have
not been created yet. These gaps need to be interpolated. For
every time step, (each row of image G) the linear interpola- Fig. 7 - Two groups of rays used in US simulation. Lower
tion is applied (Fig. 9c) and it is performed during this interpolation threshold for group 2 decreases ray density
acquisition step. and therefore increase algorithm speed.
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Fig. 8 - Image of the synthetic model used in first
simulation test.

Also, to simulate the ultrasound shadow artifact, the col-
lected values are modified as explained in reference [23].

3.5.  Ray interpolation and ray advance

These parts of the algorithm were described previously. Exten-
sive explanations are presented in reference [40] as well as in
reference [37]. In brief, new rays are interpolated (with the thresh-
old depending on the group) over the wavefront for undersampled
areas (when the distance between the rays is higher than se-
lected threshold). All endpoints of rays construct a new wavefront
which becomes the new source for the next step (Fig. 1).

3.6. Final transformation

The image G has to be transformed to the final ultrasound simu-
lated image U — a 90° field of view of a sector type transducer
(Fig. 9d). During this transformation, circular blurring (by av-
eraging values in rows) and radial noise are applied.

4. Implementation highlights

The algorithm was implemented using the C/C++ language
and compiled using the Microsoft Visual C++ compiler version
18.00.30501. To display the resulting projection, the OpenGL
is used with help of the Freeglut library (version 2.6.0.1). The
initial wavefront is constructed as a circular doubly linked
list, which differs from the original approach where a simple
array was used. This approach simplifies processes of adding
and removing ray on the wavefront. Every element of the list
contains the attributes necessary for ray simulation, such as
ray vector and status flag. What is more, every ray holds its
number corresponding to the column number of the image
G. Initially, these numbers are integers, uniformly distributed
in the range determined by the width of the image G. When
the wavefront propagates and new rays are created, these
numbers are interpolated. Then, the data acquisition process

G \Q

Fig. 9 - The algorithm main steps: wavefront with ray-
tracing modeling (a), image G (b), interpolated gaps (c), final
transformation (d). For clarity, neither blur nor noise is
included.

averages values of the rays with decimal numbers into the
column of image G.

5. Results
5.1.  Synthetic model

For the first test a simple 2D synthetic model was used, which
was 512 x 512 pixels in size. It is filled with constant velocity that
corresponds to ascites fluids and two objects: a circular object
representing the liver (1570 m/s from Table 1), and a second object
representing the diaphragm (1584 m/s). The ascites fluids which
fill the synthetic model have relatively lower speed than the liver.
In the simulation, its speed was set to 1500 m/s. Fig. 8 shows
this synthetic model and Fig. 9 presents the four main steps of
the algorithm. Fig. 10 magnifies the image to illustrate how ray
directions change while traveling through the tissues.

5.2.  Real model from CT data

Selected input data from the CT scan of a human body is shown
in Fig. 11 on the left panel. A single projection containing a

Fig. 10 - The close up of the ray passing the border of the
synthetic liver. Ray bending is a result of difference in the
speed of sound in tissues.
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Fig. 11 - The CT scan selected for test (left), velocity model (middle) and reflection image (right) computed using transfer

functions.

cross-section of a liver with cysts was extracted from 3D CT
data. In spite of the scan size (512 x 512 pixels), the useful part
of the data is considerably smaller: dark pixels (with values
below 100, which correspond to surrounding air or lungs) cover
more than 45% of the image. Nevertheless, it might still be used
in the simulation. As mentioned previously, the proper trans-
formation is required, and Fig. 11 (middle and right) shows the
results of transfer function application in the preprocessing
stage. Fig. 12 illustrates the second group of rays during the
simulation, and the final image is shown in Fig. 13. To in-
crease its quality in the context of US simulation, a circular
blur and simple noise were introduced as previously mentioned.

Fig. 12 - The second group of rays generated during
simulation.

What is more, Fig. 14 compares the results of the simula-
tion with and without the refraction phenomenon. The
performance increases without the refraction and the projec-
tion is then prepared about 7.6 times faster. Finally, one US
projection was created using Field II software to compare the
results. The generated image is presented in Fig. 15.

6. Program performance

To provide a real-time solution, the algorithm has to provide
the requested projection in a satisfactory time, which should
be greater than 10 frames per second. The presented algo-
rithm requires about 70 ms to render one frame on Windows

Fig. 14 - Comparison of the projection made with (left) and
without refraction phenomenon (right).

Fig. 13 - The result of the simulation with noise and radial
blur.

Fig. 15 - Field II results for the selected CT image.
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Fig. 16 — Performance measurements for 10 different projection and different time step values.

8 with an Intel(R) Core(TM) i7 3.5 GHz CPU. The average time
is usually less than 100 ms, but the algorithm speed directly
depends on its parameters and indirectly on the velocity model.
The number of rays and the length of the wavefront, as well
as the depth of propagation, can be controlled via interpola-
tion threshold value, time step and stop condition (step limit
particularly). Fig. 13 was achieved using 0.5 ms time step and
256 steps that reflect the projection radius. Interpolation thresh-
old value was set to 2 pixels, which is about 1.56 mm. The final
image was constructed in 72 ms as a 90° field of view sector
projection. Increasing the interpolation threshold value in-
creases the quality of the final image, as well as the
computation time. Similar effects can be achieved with time
step parameter adjustments.

To present the performance of the program, 10 different pro-
jections (different CT slice and starting point) were chosen and
tested using different value of the time step parameter, which
has the most significant influence on the program speed. To
keep the same size of the projection, a change of the time step
parameter must entail a change in the propagation depth. Fig. 16
shows mean times of the selected 10 projections rendering,
for different values of time step parameter. The lower value

of the time step should create larger projection with more
details, including small inhomogeneities influences, while
higher values creates smaller and less detailed images—in ex-
change for the performance of the program. Differences of the
resulting projection are presented in Fig. 17. The qualitative
measurements of differences will be investigated in the future
work.

One of the most time consuming parts of the algorithm is
wavefront propagation, which includes speed averaging using
a Gaussian curve. This function might be replaced in the future
with a faster alternative. The linear interpolation proposed for
gap filling can also be replaced with a more accurate or faster
method, i.e. the fast nearest neighbors method.

7. Discussion and conclusion

In spite of the 2D approach and simplicity of the synthetic
model, the algorithm reveals the refraction artifacts on the re-
sulting image. As expected, the diaphragm discontinuity artifact
is clearly visible in Fig. 9d.

Fig. 17 - Three projections of different values of time steps parameter: 1 s, 5 us and 9 us for image (a), (b) and (c),

respectively.
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More significant results are presented in Fig. 13, where
real CT data was used for simulation. The projection depicts
the cyst size change, which is a consequence of the velocity
differences between liver and cyst. Also, an interesting com-
parison was presented in Fig. 15, where the influence of the
refraction can be observed next to the undistorted projec-
tion. The larger cyst visible on both images has different
shapes, which is the result of the discussed phenomenon.
What is more, the area of the presented liver slice is also
different.

The result of the algorithm was compared with the popular
Field II software, however it is difficult to compare both algo-
rithms, because Field II uses a different approach and focuses
on different aspect of the simulation. This algorithm uses the
concept of spatial impulse responses. The input data it uses
is an MRI image, truncated into 8 bit gray image, which is trans-
formed into the scatterer map of the tissue. What is more, the
performance of the Field II is unsatisfactory in context of real
time simulator—the result presented in Fig. 14 was created in
about 1.5 hour. Despite its high quality results, it cannot be used
as the simulator software. Finally, the algorithm does not simu-
late refraction—the sound speed is defined constant for the
model.

The presented algorithm can be considered as a part of
the even more complex US simulation process. It focuses
mainly on the refraction phenomenon and successfully pro-
vides the required results, but also, by implementing shadowing,
noise and circular blurring, it shows the potential for further
algorithm development to simulate attenuation, reverbera-
tion, and other artifacts. Furthermore, in future the algorithm
and final image may benefit from amplitude calculations,
which are not discussed in this work but are explained in
reference [37].

The algorithm uses 2D projections of 3D data sets, which
might be considered as a compromise between speed and
accuracy. 3D simulation, which will be undertaken in the
future, will definitely be more precise, but also more time
consuming.

The obtained times show that the modified wavefront con-
struction method, adopted from geophysics, can successfully
render images of a CT-based US simulation in real-time. Ad-
ditionally, the presented algorithm is planned to be optimized
and parallelized in future, using multiple CPU cores and graphic
processing units (GPU). However, parallelization of the ray
tracing part of the algorithm will significantly differ from usual
approach. The speed averaging technique requires informa-
tion from neighboring rays and therefore a sophisticated
synchronization or completely different approach would be
necessary.
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Abstract: Medical simulations have proven to be highly valuable in the education of healthcare
professionals. This significance was particularly evident during the COVID-19 pandemic, where
simulators provided a safe and effective means of training healthcare practitioners in the principles
of lung ultrasonography without exposing them to the risk of infection. This further emphasizes
another important advantage of medical simulation in the field of medical education. This paper
presents the principles of ultrasound simulation in the context of inflammatory lung conditions.
The propagation of sound waves in this environment is discussed, with a specific focus on key
diagnostic artifacts in lung imaging. The simulated medium was modeled by assigning appropriate
acoustic characteristics to the tissue components present in the simulated study. A simulation
engine was developed, taking into consideration the requirements of easy accessibility through
a web browser and high-performance simulation through GPU-based computing. The obtained
images were compared with real-world examples. An analysis of simulation parameter selection was
conducted to achieve real-time simulations while maintaining excellent visual quality. The research
findings demonstrate the feasibility of real-time, high-quality visualization in ultrasound simulation,
providing valuable insights for the development of educational tools and diagnostic training in the
field of medical imaging.
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1. Introduction

Lung ultrasonography (LUS), also known as lung ultrasound or chest ultrasound, is a
non-invasive imaging technique that allows real-time assessment of pulmonary structures.
Research evidence indicates the importance of this technique, which may be a significant
tool for a wide range of lung diseases, including both diagnosis and treatment consider-
ations. There is a steady increase in the prevalence of LUS, and it has been shown to be
effective in conditions including pneumonia [1], pleural effusion, lung consolidation [2],
pneumothorax [3] and much more common etiologies of respiratory failure. Lung ultra-
sonography is recommended as a “point of care” examination in patients with dyspnea,
chest pain, and any symptoms in the chest [4]. Moreover, LUS played a significant role
during the COVID-19 pandemic [5,6]. In [7], authors present machine learning-based diag-
nostic tools for COVID-19 detection that are among other factors based on LUS examination.
Despite the fact that ultrasonographic methods offer many inestimable advantages, such as
portability (bedside usage), no ionizing radiation exposure, efficiency, and low-cost [8], its
main limitation—operator-dependency, should also be mentioned. The appropriate inter-
pretation of lung ultrasound images requires adequate training, experience and expertise
to ensure the accuracy and reliability of the results [9].
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Lung ultrasound has been shown to be an easy-to-learn technique by personnel with-
out previous experience in a relatively short period of time [10-12]. Chiem et al. found that
after a brief 30-min training, clinicians achieved a 95% success rate in obtaining adequate
images and demonstrated comparable B-line interpretation sensitivity and specificity to
expert sonographers [11]. In order to achieve effective training, several approaches are
used. There are traditional ways of education based on lectures and seminars [13], in
addition, e-learning courses with online lectures [14-16] and hands-on sessions involving
healthy live models [16,17] or phantoms [17,18]. Each method has certain advantages; for
example, learning from online lectures is distinguished by high accessibility, flexibility,
and affordability, while hands-on learning on phantoms simulates the process of a real
examination without exposing the patient to risks [19]. A promising solution that combines
a number of advantages is a web-based LUS simulator, which visualizes US images on the
screen, allows users to manipulate the probe, and presents different disease scenarios.

The development of an LUS simulator requires a comprehensive understanding of the
fundamentals of ultrasound physics and the phenomena used in lung ultrasound diagnosis.
LUS is achieved by interpreting ultrasound reverberation artifacts, generally referred to as
A and B lines.

A-lines are horizontal, hyperechoic (bright) lines that are evenly spaced and parallel to
the pleural line. These artifacts are caused by subpleural air, resulting in large differences
in the acoustic impedance between the chest wall and alveoli of the lung. The sound waves
travel through the lung and reflect between the pleural line and the transducer, producing a
sequence of horizontal lines that are typical findings in air-filled tissues. The B-lines (known
as ultrasound lung comets) are vertical, hyperechoic lines that originate from the pleural
lines and extend without fading to the bottom of the screen. They replace normal A-lines
and are synchronized with the lung sliding. B-lines are the consequence of interlobular
septal thickening covered by air-filled alveoli, creating a significant acoustic impedance
gradient that produces the reverberation artifacts. B-lines are associated with various lung
diseases, including pulmonary edema, interstitial lung disease and pneumonia [20-23].

In this work, we presented a web-based LUS simulator that was created to provide a
comprehensive learning tool that visualizes ultrasound images, allows probe manipulation,
and presents various disease scenarios. The simulator includes artifacts that are commonly
seen during lung exams, such as shadows, A-lines, B-lines, pleural breaks, pleural sliding,
and consolidation. The simulator has been tested for compatibility and performance. Its us-
ability and effectiveness in providing practical experience in lung ultrasound interpretation
have been demonstrated.

2. Simulation Method

The Lung Ultrasound Simulator was intended to be a web-based application, available
for free using only a web browser. This requirement had a significant impact on the selected
technology and method of algorithm implementation. Particularly, instead of relying on
common 3D libraries, the Lung Ultrasound Simulator had to utilize WebGL technology
based on OpenGL ES. WebGL is specifically designed for web-based applications and
comes with certain limitations compared to the full OpenGL standard [24]. For example,
it may lack support for certain advanced features, such as compute shaders for parallel
computations, and it may have restrictions on certain texture types or dimensions.

The first stage of the work includes collecting anonymized real images of the actual
ultrasound examinations, with detailed descriptions, and then analyzing and defining
the requirements for the project lung simulator. A database of real US examinations was
created and used as a source of reference images. The images were prepared for educational
purposes and supplied by the Department of Coronary Disease and Heart Failure at John
Paul I Hospital, Krakow, Poland.

The next stage was a definition of the learning tool in the simulator. The chosen
approach assumes the existence of 14 predefined standard application points for the ultra-
sound probe on each patient, following established guidelines presented in Figure 1 [25].
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Each of these points corresponds to a specific observation that the user should identify
on the ultrasound image. After noting all the observed phenomena and considering ad-
ditional patient information, the user is asked to select the most probable diagnosis. In
the subsequent step, the simulator can provide feedback to ascertain the accuracy of the
user’s observations.
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Figure 1. Schematic representation of the acquisition landmarks on chest anatomic lines. (a) From
guidelines [22]; (b) represented on the virtual patient in the simulator.

The next stage was to prepare scenarios: different pathologies and diseases were
selected, and virtual patients were created to reflect defined conditions. For each of
the 14 landmarks, the corresponding pathology was selected, along with the appropriate
artifacts that would be visible when the ultrasound probe was positioned over that point.

2.1. Simulation Model

There are typically two main models used in ultrasound simulations: vector-based
and volumetric. The vector-based model is created by 3D graphic artists and often relies
on CT data as a foundation. This model involves the generation of geometric shapes to
simulate ultrasound wave propagation.

On the other hand, the volumetric model is derived directly from CT data, allowing
for a more accurate representation of the scanned anatomy. By utilizing the actual CT data,
the volumetric model offers a higher level of realism, anatomical details and precision in
simulating ultrasound images [26-34].

Both approaches have their strengths and are commonly employed in ultrasound
simulation technology. Vector-based (or triangle-based) models are easier to edit, animate
and apply interactions to. The Ultrasound simulation can then be performed using a cross-
section of that 3D model or using a raytracing technique [35], where rays are sent from the
transducer position and travel through the model, simulating a wavefront propagation.

On the other hand, the volumetric model may have lower temporal resolution, may be
corrupted by different artifacts, is more challenging to process, and occupies more memory
space. A volume model can be sampled using a ray-marching technique, which can
implement most of the required phenomena to produce a realistic final ultrasound image.



Appl. Sci. 2023, 13, 9805

40f12

2.2. Ultrasound Simulation

The first step was a 3D vector model creation of a patient and internal structures.
The authors decided to use the Daz 3D [36] software and an asset of male and female
with internal organs available in the Daz 3D Assets Store [37]. To meet the simulation
requirements, models were adjusted and animated; in particular, the motion of the lungs
was added. The animation was manually implemented to reflect the lung’s movement as
visible on the acquired ultrasound videos. Ribs movement was not implemented because
the complexity of modeling exceeds the benefits and impact of animation on the final
outcome. The speed and the range of the lung animation vary depending on the selected
patient, which reflects the breathing speed and the depth of inhalation.

In the following step, the Unity framework was used to create a simulation platform
for the Lung Ultrasound Simulator. The Unity framework is widely utilized for developing
2D and 3D games, and it has also found extensive application in the medical field [38—41].
Moreover, it serves as a solid foundation for creating web-based 3D applications, offering a
versatile platform for delivering immersive experiences over the Internet.

The previously prepared models were imported into the Unity framework, and then a
virtual examination room and virtual US probe were created. Users can manipulate the
probe and position it on the patient’s body using a computer mouse.

Next, a disease scenario was implemented for each patient by configuring the land-
mark states to the appropriate values based on the expected observations.

Then, the simulation algorithm is used to render the simulated US image:

1. According to the virtual probe position and orientation, the 3D model of the patient
and its internal structures are rendered using a virtual camera and custom shader
program. Only the cross-section is visible and rendered as an image into the frame-
buffer. This is an approximation of an ultrasound image in which individual tissues
are rendered using a custom shader (called Material) that, among others, encodes
the required physical parameters (like absorption coefficient and acoustic impedance)
as a color. Additionally, the cross-section is completed with a simulation of the tis-
sue structure. This is achieved using a position-dependent pseudorandom values
function [42].

2. The same virtual camera renders a UV map of the moving tissues. UV value is a
vertex attribute required to correctly map a texture on an object. However, in this case,
this step is used to simulate pulmonary pleurae movement and related artifacts. The
values rendered on the UV map correspond to the local position of the lung surface.
The lung’s movement corresponds to the changes in these values.

3. Another virtual camera is employed to render the ultrasound (US) sector. This camera
utilizes a shader program that incorporates the modified ray-marching method to
simulate wave propagation. This step was challenging because instead of a compute
shader, better suited for this problem, a regular fragment shader had to be used.
Compute shaders were not supported in the web browser environment at the time of
writing. In the resulting image, each column corresponds to a ray, and each row is a
ray marching step.

4. A shader program that extends the results of previous steps with additional wave
phenomena, including A-lines and noise.

5. A shader program that transforms the results into a selected sector view.

2.3. Artifacts Simulation

In order to create an effective learning tool, it is crucial to simulate various ultrasound
artifacts that are commonly encountered during lung examinations. These artifacts play
a significant role in the interpretation and analysis of ultrasound images. By accurately
replicating these artifacts in the Lung Ultrasound Simulator, users can develop the necessary
skills to identify and interpret them in real-life scenarios.
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The artifacts can be rendered according to the classical wave equation [43,44]:
2
c2 ot?
where:
p—acoustic pressure,
c—speed of sound in the medium,
t—time,
and with a relaxation term:
2 p— 1 azl — _Tal (2)
c2 ot? ot
where:
T—is a relaxation coefficient.
In cases where there is negligible or no scattering, it leads to (1-D):
I(x) = Ipe 2%~ (3)

where:

I(x)—remaining intensity at the distance x to the wave source,

Ip—initial intensity,

x—absorption coefficient—a product of the medium attenuation coefficient and the
frequency of the ultrasound wave.

To solve Equation (2), ultrasound waves can be simplified as a ray that is generated
at the transducer and marched over a 2D cross-section plane. During that process, a ray
interacts with the medium (tissue characteristics set up with a custom material) and renders
the intensity image. The attenuation is implemented using the Equation (3). No reflection or
refraction rays are implemented. However, the reflected intensity is calculated as follows:

Zo — 71\ 2
L=I=2=_=2 4
r 1<Zz+Z1> 4)

where:

I,—is the reflected intensity,

I;i—is the incoming intensity,

2y, Zy—are the acoustic impedances, defined as a product of tissue density and speed
of sound.

Key artifacts that should be simulated include shadows, A-lines, B-lines, pleural
breaks, and pleural sliding. The strength of each artifact can be adjusted as needed and
defined for each standard probe application point.

1. Shadows are dark areas that occur when ultrasound waves are blocked or absorbed by
dense structures, such as ribs or air-filled spaces (Figure 2). To simulate shadows, first,
the cross-section image is rendered with Material attributes defined for each tissue.
Then, a ray marching technique utilizes these values to compute shadows for each ray.
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(a) (b)

Figure 2. Ultrasound shadows example: (a) real examination; (b) the LUS simulation.

2.

A-lines are horizontal, parallel lines seen in normal lung tissue and are created by
the multiple reflections of ultrasound waves between the pleural line and the trans-
ducer. This is achieved during the ray marching step without a time-consuming ray
generation: the input frame buffer, which stores the image of the first render pass, is
repeatedly sampled relative to the distance of a pleural line to the transducer. The
results can be seen in Figure 3.

() (b)

Figure 3. A-lines example: (a) real examination; (b) the LUS simulation.

3.

B-lines, on the other hand, are vertical lines that represent thickened or edematous
lung interstitial spaces and are commonly associated with pulmonary edema or inter-
stitial lung diseases. To simulate this artifact, the intensity of the response is randomly
increased at the pleural line, leaving a bright trail interpreted as a B-line. A pseudo-
random value is calculated from the UV map (rendered in the previous step) for each
ray of the ray marching algorithm. Then, a strength parameter associated with the
patient’s landmark determines the visibility of the B-lines. This parameter ranges from
0 (no B-lines) to 1 (multiple coalescent B-lines). Radial blur, added in the final step,
increases visual similarity to real artifacts. An example of that artifact results is visible
in Figure 4.
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(a) (b)
Figure 4. B-lines example: (a) real examination; (b) the LUS simulation.

4.  Pleural breaks, also known as pleural irregularities or pleural abnormalities, appear
as disruptions in the smooth pleural line. It was achieved by changing the pleural
reflectance parameter in the function of distance to the axis of the probe standard
application point (landmark). Figure 5 shows this simulated artifact.

(a) (b)

Figure 5. Pleural break example: (a) real examination [18]; (b) the LUS simulation.

5. Lastly, pleural sliding refers to the dynamic movement of the visceral and parietal
pleura during respiration. As mentioned before, it was created using the UV maps of
the animated lungs model and calculating pseudorandom values on that basis. The
sliding is then achieved by modifying the intensity of the outer part of the pleural line
according to the random values.

The attenuation phenomenon is also applied during ray marching, according to the
traversed tissue attenuation values. Furthermore, pleural fluid was implemented using a
custom 3D object and appropriate material parameters.

In addition to the mentioned artifacts that are highly important during lung ultra-
sound examinations, it was crucial for educational purposes to simulate the presence of
consolidation. Consolidations are regions of lung tissues filled with liquid instead of air.
It ensues from the accumulation of inflammatory cellular exudate within the alveoli and
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contiguous ducts. The simulation of the image of consolidation was achieved using a
predefined mesh object created in 3D software (3D Studio Max, Autodesk) and positioned
in a virtual patient interior. Material attributes are added to the consolidation object to
increase attenuation and induce more reflectance and then rendered in the final image
(Figure 6).

(a) (b)
Figure 6. Consolidation example: (a) real examination; (b) the LUS simulation.

Finally, image noise and radial blur are applied to the image.

By simulating these artifacts within the Lung Ultrasound Simulator, users can de-
velop a comprehensive understanding of their appearance, characteristics, and clinical
significance. This simulation enables medical professionals and students to gain practi-
cal experience in identifying and interpreting these artifacts, enhancing their diagnostic
capabilities and preparing them for real-world lung ultrasound examinations.

Due to their lesser importance and the complexity involved in their implementation,
other artifacts have not been incorporated into the system at this stage.

3. Results

The LUS simulator is available for free at https://lus.mstech.eu/ (accessed on
20 August 2023). Using only a web browser and a computer mouse, the user can ex-
amine a selected virtual patient (5 cases available) and afterward choose the most probable
diagnosis (Figures 7 and 8). The simulator shows the correct answers and allows one to
revisit all the points to check the correct observations.

Carl )] Mark(85)
g
L

& -~/

Carl, Age: 80, male

Physical exam:

Chest dyscomfort for several days, muscle pain, loss of taste, rapidly
aggravating dyspnea, and cough

Medical history:

DM2, hypertension

Available after examination:

Back J [ Start Lung US test J

Figure 7. The LUS simulator, patient selection screen.
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Figure 8. The LUS simulator, patient examination screen.

The simulator underwent thorough testing on various machines, operating systems,
and web browsers, demonstrating its compatibility without encountering significant issues.
Performance testing was conducted by measuring the simulator’s performance with differ-
ent frame buffer sizes, and the findings are summarized in Table 1. The results indicate that
the size of the framebuffers has an impact on performance, with the largest framebuffer
making the simulator unusable. Furthermore, a resolution of 512 by 512 pixels was selected
as it provides the optimal balance between image quality and rendering efficiency, ensuring
that the resulting images maintain sufficient visual clarity.

Table 1. Frames per second (FPS) for different sizes of framebuffers.

Framebuffers Size Max FPS Min FPS
4096 x 4096 2.6 14
2048 x 2048 78.3 74.3
1024 x 1024 215 181

512 x 512 261 239
256 x 256 271 241
128 x 128 274 247

4. Discussion

Lung ultrasonography (LUS) is a non-invasive imaging technique that allows real-
time assessment of pulmonary structures. It has proven to be effective in diagnosing and
treating various lung diseases, including pneumonia, pleural effusion, lung consolidation,
and pneumothorax. LUS is recommended as a point-of-care examination for patients with
symptoms in the chest. We presented a web-based LUS simulator developed to provide a
comprehensive learning tool that visualizes ultrasound images, allows probe manipulation,
and presents different disease scenarios. The simulator utilizes WebGL technology and a
combination of vector-based and ray-marching techniques to simulate ultrasound waves
and generate realistic ultrasound images. It incorporates various artifacts commonly
encountered during lung examinations, such as shadows, A-lines, B-lines, pleural breaks,
pleural sliding, and consolidation. By simulating these artifacts, the simulator helps users
develop skills in identifying and interpreting ultrasound findings. The simulator has been
tested for compatibility and performance, demonstrating its usability and effectiveness in
providing practical experience in lung ultrasound interpretation.

The LUS simulator developed as part of the COVID-19 Rapid Response Projects and
made available free of charge constituted a significant stride in responding to the COVID-19
pandemic while simultaneously aiming to encourage the utilization of ultrasonography in
diagnosing COVID-19 patients. Faced with the challenges imposed by the pandemic, this
innovative tool facilitated the learning and practice of ultrasonography from the comfort of
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one’s own home, offering immense value to aspiring medical professionals and physicians.
The unrestricted access to the simulator not only democratized the acquisition of this crucial
skill but also facilitated the commencement of ultrasonography education, which gained
paramount importance in the context of COVID-19.

5. Conclusions

In conclusion, the LUS simulator stands as a remarkable innovation in the field of
medical education, particularly within the context of the COVID-19 pandemic. While
its quality may not rival that of top-tier commercial counterparts, its distinct advantage
lies in its accessibility, simplicity, and cost-free availability. The online platform offers an
easy-to-use interface that incorporates essential learning features, making it an invaluable
resource for aspiring medical practitioners.

In the future, research on the effectiveness of learning using the developed simulator
is planned. Additionally, there is an intention to enhance its capabilities through improved
implementations of both simulation algorithms and 3D models. Furthermore, the simulator
will be supplemented with additional scenarios.
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Abstract Medical simulations based directly on CT data are appreciated for their
realism in reflecting anatomy. On the other hand, such an approach introduces a num-
ber of complications when it comes to the possibilities of constructing interventional
simulators. In this paper an approach to CT-based volumetric data deformation is pre-
sented using the Obi simulation system and Unity framework. This method allows
for easier and faster development, while yielding realistic outcomes built upon estab-
lished and reliable solution. The method was implemented within the MrTEEmothy
simulation system, where deformations of the heart tissues are visible in the simulated
ultrasound images, during the transeptal puncture procedure.

1 Introduction

In medical simulations, employing CT-based volumetric data is a means to create
a realistic simulation and visualizations. This approach ensures not only anatomical
accuracy but also enables training on specific patients using their CT scans. Unfor-
tunately, CT data introduces many limitations and increases processing difficulties.
One significant challenge is the implementation of deformation and distortion of tis-
sues. This issue has been discussed in the literature and various methods have been
proposed for the implementation of interactive deformations. Torres et al. proposed
a volume data resampling and constructing a tetrahedral mesh and use it to calculate
volume deformations [2, 10]. They have also introduced an interactive deformation
of medical 3D scans using a touchscreen interface [11]. In [8] authors use a regular
free form deformation structures as a wrapper for a volume deformation, similar to
the solution presented in this paper.

In Ultrasound Simulation system, like MrTEEmothy from Medical Simulation
Technologies, the CT scans of hearts are used directly to create realistic ultrasound
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images of transesophageal echocardiography examinations [3, 7, 9]. This approach
allows to experience the real anatomy and pathologies without any interference from
a graphic designer. The visualization is based on a 4D data sets, with minimum 10
heart phases and about 512° voxels per frame. This data is processed in real time to
simulate ultrasound images from transesophagus heart examination.

2 Motivations

Using CT data for multi-modal medical imaging simulations, including ultrasound
or fluoroscopy, provides a realistic representation of a patient’s tissues, facilitating
teaching and skills development. However, when volumetric data is used for simulat-
ing surgical procedures, the interactions of the surgical devices and other tools with
the volumetric model becomes challenging, as well as its deformation and haptic
response.

In this paper an approach to volumetric data deformation is presented, based on
an existing solutions available in the Unity Framework [12]. This method offers
advantages of easier and faster development, allowing for extensions of existing
simulation systems, and delivers realistic results based on well-tested and stable
solutions. The volume deformation technique is then used in simulation where the
heart tissue reaction is visible on the simulated ultrasound image. Specifically, a
deformation of a septum, a structure between the atriums of the heart, is presented.
This structure is susceptible to deformation during structural heart interventions, i.e.
transeptal puncture.

3 Deformation Simulation

In this section the approach to CT data deformation is presented. By leveraging
the Obi simulation system available in Unity and authors scripts, the ray marching-
based ultrasound simulation was enhanced with the capability to visualize tissue
deformations.

3.1 Obi Based Simulation

Obi is a powerful physics simulation engine designed for Unity, a popular framework
used for developing 2D and 3D games, simulations, and other interactive applications
[6]. With Obi, developers can create realistic and dynamic soft-bodies, cloths, and
fluids simulations, which can interact with the environment and other objects in the
scene. The engine offers an intuitive and flexible interface, empowering users to adjust
physical properties and behaviors to achieve precise control over the performance
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and appearance of the simulation. Obi features multi-threaded capabilities, however
it does not utilize GPU for computation purposes.

The Obi approach is to simulate all physics using particles that can interact with
one another and be affected by other objects. This methodology implements the
solution proposed in [5], where authors shows a technique for resampling a vertex
model into particles with defined constraints. The physics calculations are performed
on these particles, and the results are then mapped to the original vertex mesh. In
this work, the Obi’s particles are mapped onto the CT-based volumetric model.

The physical simulation in Obi system is controlled by a wide range of adjustable
parameters to cater to specific requirements. These parameters can be fine-tuned
at different levels, including individual particle properties such as mass, plasticity,
and size, as well as global settings for the entire soft-body object and the solver.
The solver is a core processing module, where simulation details can be defined,
including environment parameters like gravity, damping, collisions and the number
of iterations for constraint calculations. The correct set up of the solver and the
particle-based object’s details is essential in achieving accurate simulation results
for the selected soft body, i.e. heart tissues. Using the Obi’s editor, the user can
precisely set the physical parameters of objects.

3.2 3D Volume Deformation

The first step of volumetric model deformation was to create a triangle based 3D
models from the selected tissue of the volume model. This segmentation process
was performed manually using the 3D Slicer software [1], utilizing the methods
proposed in [4]. The outcome of the partial segmentation (only septum) is presented
on Fig. 1a.

The segmented model was imported into Unity framework, simplified and trans-
formed into a soft-body “particle blueprint". This blueprint contains particles infor-
mation required to conduct a simulation. The Obi plugin was used to automatically
populate particles over the mesh, using a predefined density (Fig. 1b). This step is
one of the crucial part in ensuring both the quality and performance of the final
simulation.

With the particle model in place, the next step requires a solver configuration.
Depending on the requirements and complexity of the simulation system, some of
the constraints iterators can have a reduced number of steps or be disabled altogether.
The parameters like damping, gravity, sleep threshold and number of collision’s
iterations must be adjusted.

After setting up the scene with volume models and Obi particles, the simulation
can be performed. To reflect the deformations of the particle structure, it is necessary
to map them to the voxel data in rendering algorithm. The following approach was
implemented: the positions of the particles and their translated location, are copied to
the GPU buffers and utilized in a compute shader. This shader creates a 3D texture,
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(a) The septum tissue segmentation, repre- (b) Particles used for calculations.
sented as a green mesh (L - left, R - Right,
A - atrium, V - ventricle).

Fig. 1 Rendering of the CT scan data, heart model, with septum vertex model and particle rep-
resentation. Volume rendering is performed using author’s custom method, implemented in Unity
Framework.

where each voxel V at position x, y, z contains a vector of its deformation. The
vectors are calculated as a weighted sum of all particle transitions (Eq. 1):

N
Viye = Z —(T; — Sp)e HIVera=Sill (1)

i=I

Vi.y,; - original sampling source at x, y, z

N - number of particles,

S - position of source particle,

T - position of current particle,

H - a distance scaling factor.

In this approach the performance is dependent on the number of particles and
the size of the generated proxy texture. However, it can be optimized by adding an
influence distance limit.

The resulting 3D texture contains a deformation map that is applied during the
rendering of the simulated ultrasound image. It can be also used for 3D volume
visualization of the heart model.

The number of particles generated for the septum model was 115, 417, 965 and
1546 (Fig. 2). The deformation 3D texture size was 643, 1283, 196° and 256> voxels.
The heart model was a CT data set of 512 x 512 x 640 voxels. The resulting ultra-
sound image was a 512 x 512 pixels. The visualization was done using a Intel(R)
Core(TM) i17-8700 CPU, 3.20GHz and NVIDIA GeForce RTX 2060 GPU. The
average framerate was 30 fps (including US simulation and deformations). The per-
formance results are presented on the Fig. 3 and Table 1 (Fig.4).
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(a) 115 (b) 417 (c) 965

(d) 1546

Fig. 2 Different numbers of particles generated for the septum mesh.

I8 Proxy size 64

I B Proxy size 128

I8 Proxy size 196
Proxy size 256

100 | -
I III IIL
0
115 417 965

1546

150

Average FPS

Particle count

Fig. 3 Average number of frames per seconds (FPS) for different configurations.

Table 1 Average number of frames per seconds for different proxy sizes and particles counts.

Proxy Size
Particle count 64 128 196 256
115 162 160 88.9 50.1
417 121.1 86.8 28.9 14.7
965 80 44.1 13.1 5.7
1546 58 31.5 9.7 4.8
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Fig. 4 The rendering of the sprum mesh (a, b), CT data (c, d) and simulated ultrasound images (e,
f). The right side has no deformation, left side demonstrates the influence of a custom object on the
tissue.
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4 Results and Discussion

In this work, a solution for a volume data deformation is presented. The Unity
framework with Obi extension was used to implement complex soft body physics,
i.e. elastic and plastic deformation, and map it onto CT data. This method provides an
easy way to extend existing ultrasound simulation platform with device interactions,
including not only rigid bodies, but also other types of physical object supported
by Obi extensions, such as ropes, rods, clothes or fluids. Furthermore, this solutions
offers a straightforward approach to implementing haptic feedback if needed, as the
Obi extensions provides force data for each particle or body used in simulation.

The performance and quality of the simulation are influenced by the size of the
proxy volumes and the number of particles. Table 1 shows that the best performance
is achieved with small proxy volumes and a limited number of particles. However,
this approach decreased the level of detail that can be visualized.

One of the limitations of presented method is the manual segmentation process
required to create the 3D model of the heart. Although segmentation methods are
well-known, they are often time-consuming and require a high level of expertise.
Therefore, automating the segmentation process would be desirable to reduce the
time and effort required.

Another limitation is the lack of details in the resampled models. The sampled
volume points are limited by the resolution of the mesh model, which can result
in a loss of detail in the 3D volume model. This may impact the accuracy of the
simulation, particularly for small or intricate structures. Increasing the size of the
resampled models have significant impact on the performance. However, if the phys-
ical simulation is not required for the whole model all the time, it could be divided
into smaller parts or with different sampling rate, increasing the quality and the
simulation performance.

Finally, the lack of GPU computing in the Obi plugin can also be considered as
a limitation of presented method. Although presented method is capable to create
real-time simulation, it still requires significant computational resources. Using GPU
computing could further accelerate the simulation process, allowing for even faster
and more efficient simulations.

Acknowledgment The financial support was provided by the Regional Operational Programme
for the Matopolska Region 2014-2020, grant number RPMP.01.02.01-12-0027/19-00, title “Digital
Transseptal Puncture Simulator”.
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Abstract. This article presents the parallelization of seismic ray trace
algorithm. The chosen Urdaneta’s algorithm is shortly described. It pro-
vides wavelength dependent smoothing and frequency dependant scatter-
ing thanks to the implementation of Lomax’s method for approximating
broad-band wave propagation. It also includes Vinje et al. wavefront prop-
agation technique that provides fairly constant density of rays. Then the
parallelized algorithm is preliminarily tested on synthetic data and the re-
sults are presented and discussed.

Keywords: raytrace, 2D seismic modeling, parallel algorithm.

1 Introduction

Ray trace algorithms are the techniques widely used in computer calculation and
simulation, whenever tracing rays needs to be performed. In computer graphics,
one of the most popular ray trace problems, these algorithms are implemented
to achieve high quality images of virtual scenes, including reflections, refractions,
shadows and more. Also in medicine ray trace algorithms are used to achieve
extremely high quality images in simulation or reconstruction [I]. In seismology,
the accuracy of ray trace algorithms is essential in successful seismic events local-
ization and inversion of seismic source parameters [2]. Furthermore, in seismic
modeling different ray trace algorithms have evolved during last years to sat-
isfy computation time and accuracy needs. Eikonal equation solving technique
has been developed in parallel systems and presented in [3]. Different approach
showed in [4] adapt staggered-grid, finite-difference scheme. Another promising
raytracing algorithm was introduced by Asakawa in [5] with later improvement
by W. Hao-quan [6].

Algorithms parallelization is one of the most important techniques to im-
prove computational speed. The development of multi-cored processors, highly
efficient graphic cards and cluster technologies offers programmers and computer
scientists significant acceleration of their algorithms with minimum costs [7]. Ur-
daneta presented sophisticated join of two techniques and his solution will be
briefly presented in this paper and analyzed in terms of calculation speed and
parallelization potential.

R. Wyrzykowski et al. (Eds.): PPAM 2011, Part II, LNCS 7204, pp. 411 2012.
© Springer-Verlag Berlin Heidelberg 2012
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2 Urdaneta’s Algorithm

2.1 Wavefront and Waverays

Lomax presented a new method for approximating broad-band wave propagation
in complex velocity models.[8] This approximation is done using Gaussian weight
curve (Fig. [[h). Then the Huygen’s principle provides wavepath bending A3
from points ;! and x! (Fig. 1b). Advantages of this technique are: wavelength
dependent smoothing which increases wavepaths stability, frequency dependant
scattering and capability of handling large to small inhomogeneity sizes (Fig. [2)).

Urdaneta in [9] has joined together Lomax’s waverays approximation method
with Vinje et al. [I0] wavefront method. Wavefront is defined as a curve with
equal traveltime. Its construction presented by Vinje et al. implements different
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Fig. 1. Lomax’s wavelength-dependent weighting function is evaluated by averaging
velocities with Gaussian curve centered at point ,[9]

Fig. 2. Lomax’s raytracing is wavelength and frequency dependant: on the left fre-
quency was set to 500Hz, on the right to 10Hz. Rays are influenced by small inhomo-
geneities. Here they are also interpolated using Vinje et al. method.
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approach to parameters computation: instead of calculating each ray separately,
traveltimes and amplitudes are obtained from constructed wavefront. Propaga-
tion in medium is achieved by performing raytrace on preceding wavefront (Fig.
Bh). If the distance between two successive rays is greater than predefined DSmaz,
a new ray is interpolated between two old ones. This interpolation is done using
third order polynomial. Grid values are calculated from surrounding waverays and
wavefront (Fig. 3b). New amplitudes are calculated in a similar way.

Interpolated New wavefront

| = Rectangular
point ) | i

grid

Receiver

Initial
wavefront

wavefront

DS > DSmax

Fig. 3. Wavefront construction presented by Vinje et al. Points at time 7 + A7 are
calculated from previous wavefront. If distance between new points is greater than
predefined DSmaxz a new point x, is interpolated (a). Traveltimes and amplitudes are
interpolated onto the grid as presented in figure b [9].

2.2 Urdaneta’s Algorithm

Urdaneta’s final algorithm begins with the definition of structure of ray in the
wavefront. This structure, called cube, is as followed:

— points z0 and z1 — positions of the beginning and the end of the ray, respec-
tively,

— angle — arriving angle of the ray at point z1,

ampl — amplitude at the ray end,

cf — flag that describes the ray status.

The maximum size of the wavefront is predefined. In case of exceeding this
value, an error message is sent and the algorithm stops. In the initialization
function, the first wavefront is defined — the ‘shot point’ — with starting points
z0 and proper angles. The propagation of wavefront is performed using Lomax’s
algorithm for waverays. The wave frequency and timestep are arbitrarly chosen.
For each ray in the wavefront array, a new position (point z1) and arriving
angle are calculated. Then, if there is self crossing wavefront or any ray is out
of borders, status flag is properly set. In next step, these rays are removed from
the array. Amplitudes, gridding and new rays interpolation are done using Vinje
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et al. methods. Finally, the wavefront proceeds to next timestep. It is complete
by replacing point 0 with z1. These calculations repeat until wavefront array
size is more than 4 (Fig. Hl).

In order to calculate all arrivals times, selfcrossing check subroutine should
be deactivated, but, for the sake of simplicity and to reduce the computational
time, crossed rays are removed.

. ™
\ Predefinitions /l—) Initialization
.

_

PN
- ™ Check f
- ™ eck for
—\/: Number of rays >4 ? /¥True Propagate selfcrossing and
wavefront
out-of-bound rays
False ¢
Calculate
amplitudes
Move forward |« Interpolateinew Gridding
rays
3 \ 4
/ Finish )
\ /
o 4

Fig. 4. Diagram of Urdaneta’s algorithm [9]

3 Algorithm Parallelization

3.1 CPU Utilization

Urdaneta’s algorithm has been implemented in C# (.NET 4.0) and tested using
synthetic velocity models. Before any parallelization, CPU workload should be
measured to get information, which procedures have the largest influence to
the computation speed. The ANTS Performance Profiler was used to obtain
CPU most time consuming function. Table [l shows the results of this analysis.
Insignificant methods are omitted. The profiling and later tests was performed
using 512m x 512m synthetic isotropic velocity model, with 1600 grid nodes and
timestep equal 3ms. Shot-point was set to the x=256m and z=256m.
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The most time consuming procedure, according to profiler results, is gridding.
It takes about 80% of whole computation time for chosen set of parameters. This
procedure loops over every grid point on every wavefront step, so the size of the
grid has a major influence on raytrace computation time. Enlarging the number
of nodes will result in increasing gridding computation time.

Table 1. Results of Urdaneta’s algorithm time analysis with ANTS Performance
Profiler

Procedure Name CPU Time [%] CPU Time With Children|[%] Hit Count

RaytraceTest 0.029 97.851 1
Gridding 76.964 79.811 56
PropagateWavefront 0.009 5.204 56
CalculatePropagation 0.079 5.173 5581
GetAvarageVelocity 2.345 5.044 16743
CheckForSelfCrossing 1.734 3.480 55
GetDistance 2.862 2.862 3648859
CheckIntersection 1.715 1.715 371403
CalculateAmplitudes 0.240 0.240 56

3.2 Parallelization Procedure

The major idea is to change the most time consuming process, gridding, into its
parallelized version by domain decomposition of the nodes grid. The gridding
procedure consists of loop over all grid nodes and this loop can be parallelized,
which means that grid nodes can be calculated simultaneously, e.g. in separated
threads. As Table 1 shows, gridding procedure was called 56 times during pro-
filing — each call for each of wavefronts. Therefore gridding procedure is moved
outside the main loop. Tests have showed that this can decrease the compu-
tation time by about 10%. Gridding function is then performed with another
loop over all calculated wavefronts, which are stored in array during wavefront
propagation (Fig. B).

The Parallelization is made by creating a thread pool for each processor found
and performing gridding partially in each thread. Each processor works on part of
the grid and calculates nodes values using Vinje et al. interpolation method (Fig.
3b). This solution is possible, because there is no interaction between already
calculated wavefronts as well as between grid nodes.

3.3 Results of Preliminary Test

Parallelized algorithm was preliminarily tested on dual core processor. Synthetic
tests were made for different grid size, starting with 10x10 grid nodes up to
500x500. Results of tests are presented in Table



416 K. Szostek and A. Lesniak
[ Predefinitions Initialization
\\,,
//"// A . _J P 5 Check for
False (\'\ Number of rays >4? ~ >——True Wr:VF;affgni — selfcrossing and
\\\ ‘ out-of-bound rays
\\\ \ ”/// ¢
Calculate
parallel amplitudes
Gridding ¢
Interpolate new Save current
ISR rays < wavefront
v
( Finish )
/
Fig. 5. Diagram of modified Urdaneta’s algorithm with parallelization
Table 2. Preliminary test results
Grid size  gridding part [%)] Computation time [ms] Acceleration
1 CPU 2 CPUs
10x10 44.09 156.00 140.40 1.111
20x20 76.51 358.80 249.60 1.438
30x30 87.80 702.00 436.80 1.607
40x40 92.63 1170.00 686.40 1.705
50x50 94.46 1778.40 998.40 1.781
60x60 96.44 2527.20 1388.40 1.820
70x70 96.88 3416.41 1872.00 1.825
80x80 97.58 4399.21 2418.00 1.819
90x90 98.25 5506.81 3010.81 1.829
100x100 98.79 6817.21 3697.21 1.844
150x150 99.47 15319.23 8174.41 1.874
200x200 99.63 26988.05 14414.43 1.872
250x250 99.82 42510.07 22604.44 1.881
300x300 99.85 60886.91 32370.06 1.881
350x350 99.87 83116.95 43960.88 1.891
400x400 99.90 108154.99 57486.10 1.881
450x450 99.94 136859.04 72680.53 1.883
500x500 99.93 169260.30 89996.56 1.881
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The tests proved that parallelization was done correctly. For each grid size
the acceleration is more than 1.85, except the small ones: small grid sizes are
calculated faster and parallelizable part takes less time, as presented in Table 2.
What is more, usually small grid sizes are considered as less relevant.

4 Summary and Future Work

This paper is an introduction to the subject of ray trace algorithms paralleliza-
tion, presenting the parallelization of one of the seismic ray trace algorithm.
It computes first arrival travel-times and amplitudes estimation in 2D medium
using Lomax’s ray trace method and Vinje et al wavefront propagation tech-
nique, both joined by Urdaneta. Parallelization has been done on the most time
consuming procedure, gridding, which has the most influence on the algorithm
speed. Preliminary tests on dual core CPU proved that acceleration is consider-
ably high for relatively dense grids of nodes. Future work will be done in several
areas of interest. Firstly, the presented parallel algorithm is going to be tested
on machines with more than two CPUs to prove its reliability. Secondly, pre-
sented technique will be compared to other popular travel time and amplitude
estimation techniques and their parallel versions in the matter of computation
time and errors. What is more, as the GPU calculations become more popular
and efficient, presented ray trace algorithm will be implemented and tested on
graphic hardware, also in context of server side calculations [I1].

Acknowledgements. The study was financed from the statutory research
project No 11.11.140.032 of the Department of Geoinformatics and Applied Com-
puter Science, AGH University of Science and Technology.
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USING COMPUTED TOMOGRAPHY IMAGES
FOR A HEART MODELING

In this paper the quality and analysis of the comguomography scan sets are presented in the xtoofte
creating a 3D/4D model of a heart for the ultragwaphy simulator. Data was collected during regyatients
examination, using various equipment and technitherefore not every set has required quality. @iadan be fast
characterized with histogram that can show if thighiness ranges of objects (heart structures)satective. This
makes CT data usable for simulation by applyingaasform function on the CT images to produce sttr@graphy-
like images. The aim is to use a PACS system opkials which is the source of data. Therefore gpprdechnique and
system for analysis is needed.

1. DATA FOR CT2TEE SIMULATOR

CT2TEE simulator is a software that renders eclibograms (both transthoractic and
transesophageal) based on patient’'s real heart InjdfleThe data is obtained from the computed
tomography (CT) called “cardio-CT”, which meansiigensity is synchronized with ECG and includes
the contrast agent usage to increase the visilafitglood vessels. This technique was describg@]in
and [3].

CT data is collected in DICOM files, where eachk fibntains an uncompressed 2D CT image of the
body scan in vertical and horizontal axis as pregskon the Figure 1. Spatial dimension of that ieneg
either 512x512 or 256x256 and dynamic dimensidiRibits per pixel, but aligned to 16 bits.

Set of files from one examination creates a thiegedsional block of data, which is evaluated by
CT2TEE simulator. Blocks may represent differerdrhstage of the cycle, hence set of these bloaks ¢
be used to simulate animation of the heart actitherwise one of these blocks can be selected for
static simulation. Figure 2 shows an example oftloeks set. The percentage values indicate thg hea
motion phase.

One CT examination produces large amount of dadan(R up to 4GB) that should be evaluated in
the context of the use in the CT2TEE simulator sTgrnocess should be automatic, as the CT datgts ke
only few days after the examination.

1 AGH University of Science and Technology, Deparitref Geoinfomatics and Applied Computer Sciencec@rg Poland, email:
pioro@agh.edu.pl

2 Adult Congenital and Valvular Heart Disease Centeiiyersity of Muenster, Muenster, Germany

3 Department of Diagnosis, Prevention and Telenieeliddohn Paul Il Hospital, Krakéw, Poland
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Fig. 1. An example of CT data block. 12bit values mescaled to 8bit.

G —

Vg V%

— —

Fig. 2. Example of DICOM CT data set for differenahephase.

2. CT DATA TRANSFORMATION FOR ULTRASONOGRAPHY SIMULATDON

CT data must be transformed in order to use foastinography simulation (Figure 3). The reason
is that computed tomography shows different tharasbund-based imaging characteristics of the human
body tissues, as this examination methods are basatifferent physical phenomenon. Human tissue
response in the ultrasonography imaging has beead widely discussed [4-8].

What is more, each CT data set, or even a blockite@wn features, as a result of different fagtor
for example: CT scanner features, amount and typ#he contrast agent applied, X-Ray absorption
characteristics of the tissue. This necessitatdisidual approach to each CT data set, which méaais
the transform function [9] should be selected serisure the best possible object separation @a&rth
muscle from blood with contrast agent). Qualityted CT scans is very important in this process.

2.1.OBJECT IDENTIFICATION PROBLEM

To use CT data in the ultrasonography simulatiomaust be possible to differentiate objects by
their brightness on the image. Detection of theth@@mbers in images from computed tomography was
presented in [10], where various problems of autamprocessing where also discussed. Another
example of heart structure recognition and seleaiging image brightness was presented in [11].

Figure 4 presents an example of CT image andstedram. It shows group of peaks and how they
correlates with certain object, for example twoksean the left represents lungs. In the simulatios
part of data is removed (truncated to 0) as thasdund waves cannot propagate in this mediumpubkeca
of the high difference of the acoustic impedancéhentissue-air border [12].
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Fig. 3. An example of a transformation functiorspfine type, applied on a CT image (left) and tlsiltgright).

tl
0 4095

Fig. 4 The most important part of the CT image wlith corresponding range on the histogram. Histogsamrmalized and represents
values from 0 to 4095 of 12bit DICOM image.

The most important part of the CT image is the eaofytree peaks, usually between 800 and 1300
level of brightness, as presented on the Fig. & firkt peak from the left, usually in the range860D-
1000, represents a heart muscle, the next one rielai®d with contrasted blood. The last one is
associated with saturated blood and bones (steemghribs). Quality and utility of the CT data midie
defined as the selectivity of these histogram gsoup

77



SELECTED TASKSOF MODERN MEDICAL DIAGNOSTICS

Fig. 5. Example of the correlation of objects oni@ifige with its histogram.

3. CT DATA ANALYSIS

In the next paragraphs the results of the CT da#dyais is presented. The CT data was received
from The John Paul Il Hospital in Cracow as a pdrtooperation with the AGH University of Science
and Technology. The CT data is collected in setgaofing number of blocks and slices. Table 1 shows
general characteristics of these data.

These data have not been gather with the inteasefin the ultrasonography simulation - it was a
result of standard medical examinations. Selectgts were performed for assessment of coronary
arteries. These sets may give the best resultaubedhe intensity was not adjusted during examimat
and the spatial resolutions and contrast are high.

All the data have been anonymized before furthecgssing.

Table 1. General characteristics of the CT data sets

Name Dimension [pixels] No. blocks No. slices Datasize[MB] | Equipment vendor
SET 2 512x512 1 324 161 Siemens
SET 3 512x512 1 351 176 Siemens
SET 11 512x512 8 262 1044 Siemens
SET 12a 256x256 10 261 326 Siemens
SET 12b 256x256 10 233 291 Siemens
SET 12¢ 256x256 10 218 272 Siemens
SET 15 512x512 20 210 2201 Siemens

3.1. QUALITY OF THE CT DATA SETS

As mentioned before, there are numerous and vafamiers that has significant influence on the
CT image quality. One of them is the machine chargstic. First analysis of the CT data derivedriro
the hospital showed that machine has implementeédadef decreasing the X-ray intensity when a heart
is in motion (some phases) to reduce patient radiadose (CARE Dose technology). This solution
creates streaks of noise on the CT images as caedneon Figure 6. Noise is clearly visible at issagf
heart in motion phase as well on the related magibns and their histograms, which show the
destructive influence of noise. Therefore, onlyseeiree data blocks can be used for simulationsowtt
de-noising. Otherwise additional processing hdsetmade on the data.
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One of the methods of de-noising was presented 3j [For the ultrasonography simulation the
median filter followed by the average blurring @&tisfying and fast enough to be use in automatic
CT data processing (Fig. 7).

5% |L ].L‘ 55%
10% K I 60%
15% R I 65%
20 4 b, 70%
25% E I 75%
30% |k ada 80%
35% 4 ada 85%
a0 & 4 90%
45% a4 95%
50% o o8 100%

0 2000 4000 0 2000 4000

Fig. 6. CT data frames from Set 15 that represeatstioe of the heart activity animation (above)wabrresponding noise level
magnifications (middle) and histograms.

1000 2000 3000 4000 0 1000 2000 3000 4000

Fig. 7 Example of de-noising filter application lowv-dose CT image (0% heart stage) with correspanpdistograms.
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Another important feature of the CT images is tk@mension. Data sets of 512x512 size (in pixels)
might provide more details, but on the other hatadge data set may be difficult to use in
ultrasonography simulation, because of the limrtesimory resources.

3.2. DATA BLOCK ANALYSIS

Data block where analyzed in the context of usighiti the simulator. Analysis was focused on the
histogram characteristics.

Block from Set 3 can be described as a good datarsthe simulator (Figure 8). The histogram of
a single image vyields three main peaks correlatethe heart muscle, same the block histogram. The
variance of each slice (in the range from abouef.dp to about 2.7e5) gives information about the
domain resolution of the set, which can be consedlers good. What is more, the images are 512x512
pixel size and the majority of their space is cedawith the heart muscle.

Block from data sets 12a, 12b and 13c also pra$esitable characteristics (Figure 9). The single
image histogram is good and three peaks can be fonrhe block histogram as well. The variance lgrap
also proves that the blocks quality is more thamsfyang. However, this data set has lower resoluti
(256x256), which has negative impact on the imagadity, but might also be considered as advantage,
because its smaller size makes this data set nootabpe.

The last block described in this paper is from Eet(Figure 10). It has very poor usability in
ultrasonography simulation, as only one peak rdl&iehe heart muscle can be found on histograrmes. A
described before, streak noise has to be remov#d de-noising processing to make this set useful.
Another disqualifying feature of this set is thadk area where no tissue can be found.

Other data sets, not described in this paper, slsowiar characteristics, and will be used to azeat
automatic decision algorithm.
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Fig. 8 Set 3 characteristics.
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Fig. 9. Set 12 characteristics.
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Fig. 10. Set 15 characteristics.

4. SUMMARY

In this paper the quality and analysis of the @&ldata sets were presented. The analysis focuse:
on the selectivity of the heart structures by udimg histogram of the individual images as welklas
whole sets. The best results was achieved for Thedans that came from the CT coronary angiography,
because it does not include the intensity changengluhe examination and produces high spatial
resolution images.

The histograms analysis is essential during thasibec process of CT scan sets usability, as
described in this paper. What is more, automatasi®n process, part of the future work, will alsty
on the histogram analysis. Furthermore, future woviolves creating a complex Internet-based satutio
for eTraining using simulators [14].
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