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INFLUENCE OF THE CHOICE OF PROTOCOLS ON THE ACCURACY OF THREE-
DIMENSIONAL MEDICAL MODELS, SURGICAL GUIDES AND BONE
REPLACEMENT

Abstract:
Background:

Bone defect reconstruction in contemporary medicine increasingly relies on 3D printing.
This fast-evolving technology involves areas such as software engineering, 3D modeling, 3D
printer, and bio-printer engineering and has a significant impact on biomedicine. There are two
main research directions in biomedical 3D printing: 1) 3D reconstruction of radiological images
for guided surgery, creation of medical models (MM) and surgical guides (SG), and 2) tissue
engineering for a bone replacement material, tissue scaffolds, cells, and implants. To achieve both
tasks, appropriate surgery navigation systems and software are needed. However, these software
are lacking for complex operations on digital radiological images for various types of surgery,
resulting in the slow clinical application of this advanced method. Still, numerous studies point
out that computer-aided design and manufacturing are beneficial for surgery, resulting in more
predictable surgery outcomes, less operation time, shorter ischemia periods, reduced complication
risks, and lower healthcare costs.

Aims:

In this thesis, we aimed to include both main research directions in biomedical 3D printing.
Specifically, our first objective was to test whether different radiological scanning protocols,
various kernel and window settings, and different equipment influence linear and volumetric
measures of both radiological images and 3D printed MM of the human mandible.

The second study phase involved the use of 3D printed bone scaffolds for over-critical size
long bone reconstruction on an animal model to achieve regeneration using novel bone mimicking
resorptive substitutes based on nanohydroxyapatite and polylactide-co-glycolide, without using
stem cells, growth factors, and external fixation.

In the final phase of research, we implemented the methods of MM and SG fabrication,
determined in the first phase of the research, in clinical practice, for the reconstructive surgery of
the mandible, aiming to improve standard surgical procedures at the Clinic of Maxillofacial
Surgery, Faculty of Dentistry, University of Belgrade: by achieving shortened operation and
postoperative time as well as improving the functional and aesthetic result of the procedure. In this
phase, we also aimed to highlight the benefits of utilizing of “in-house 3D printing” concept.

Material and methods:

In the first phase of research, one dry human mandible from Center of Bone Biology
osteological collection, was scanned with six multi-slice computed tomography (MSCT) and two
cone beam computed tomography (CBCT) scanning protocols. Eight MM was 3D-printed based



on those scans and compared with human mandible used as a reference. The mandible was chosen
because, by its shape, it enables testing of linear and volume contraction of 3D model in all 3 axes.
Linear and volumetric measures were compared on medical scans, 3D printed MM, and dry
mandible (500 linear and 63 volumetric measures, 563 measures in total). Although there are
commercially available surgery navigation systems and software, they are expensive and limited
at one specific area of surgery (almost exclusively dental implant guide systems). Moreover, the
source code of such software is not available to researchers, making it impossible to experiment
by measuring the effects that software architecture modifications imply on 3D models and MM as
an end product. That is the reason we focused in this study on open-source software (3DSlicer), as
it has high compatibility and surface resolution for medical 3D printing and a wide range of tools
for complex operations on digital radiological images.

In the second research phase, a New Zealand white adult rabbit (five months of age, weight
2.5 kg) was used to reconstruct overcritical size bone defect. We firstly done preoperative
radiography and optimal MM and SG fabrication procedure obtained in the first phase of the
research. Innovative biodegradable materials, nanohydroxyapatite (nHAP) and polylactide —co-
glicolyde (PLGA) were used for scaffold fabrication, and a 3D-printed bone scaffold was tested
for micro porosity, wettability, and cytocompatibility. Control radiographs were done
postoperatively, nine months after the operation and again, after sacrificing of the animal.
Explanted material was subject to micro-CT analysis, histological and histomorphometric tests, as
well as immunohistochemical staining for confocal microscopy in order to evaluate the
osteointegration and restoration of bone continuum.

In the third research phase, seven adult patients of both sexes, with large bone defects of
the mandible, from the Clinic for Maxillofacial Surgery on the Faculty of Dentistry, University of
Belgrade, were selected for application of the most adequate technical procedure for MM and SG
fabrication using 3D printing. The control group, operated without virtual planning, MM, and SG,
consisted of five patients.

Results:

Linear measurement comparison on 3D printed MM and dry mandible has shown that the
most adequate radiological protocol for precise MM fabrication was CBCT 0.25, while next on
the precision scale were CBCT 0.35 and Dental 2.0 H60s, which generated almost the same
precision. Volumetric comparison has shown that volumetrically most precise MM were derived
from Dental 2.0 H60s and InnerEarUHR1 0.6 U30u radiological protocols. An attempt of volume
measure correction through compensation of detected linear deviations improved results of
anisotropic volume reconstructions in 4 out of 6 cases, while it has shown negative results on
isotropic volume reconstructions.

In the second phase of research, an overcritical size full-diameter long bone (ulna) defect
(more than ¥4 of total bone length) was reconstructed, for the first time, by a 3D-printed bone
scaffold made of innovative biodegradable materials (NnHAP and PLGA). All preoperative analyses
of bone substitutes, postoperative radiographs, and analyses of explanted material after animal
sacrifice have shown desirable osteoconductive, osteoinductive, and osteointegrative
characteristics.

During the clinical implementation of virtual planning of lower jaw reconstruction surgery
with MM, SG fabrication through an “In-house” 3D printing concept, seven patients were



successfully and on time treated at the Clinic for maxillofacial surgery, Faculty of Dentistry,
University of Belgrade. Compared to the control group, an experimental group of patients had
significantly decreased postoperative recovery time, better functional and aesthetic operation
results, and increased patient satisfaction. A significant positive correlation between the number
of guided surgery 3D printed elements (MM, mandibular resection and reconstruction SG, fibular
resection SG) and the functional and aesthetic result of the surgery was also determined.

Conclusion:

In total, the results of this dissertation have shown that precise virtual planning, with the
use of adequate radiological protocols, as well as corrective and fabrication procedures for 3D
models, can successfully produce MM, SG, and even bone replacement scaffolds designed to
achieve primary stability without external fixation. Because of the demanding procedure of bone
replacement scaffold fabrication and their use in human medicine, this part of the study was limited
to proof of concept on an animal model, where for the first time, we used innovative materials for
overcritical size (¥ of total length) long bone defect reconstruction, without the use of SC, GF, or
external fixation.

The specificity of MM and SG fabrication using different radiological protocols is
especially important for mandibular reconstruction surgery, where the donor and recipient regions
of patient anatomy are frequently scanned with different radiological protocols or even by different
technologies. Therefore, it was essential to simplify the preoperative scanning procedure and
enable quick response-guided surgery, which is the core "in-house 3D printing" concept.

Clinical use of virtually planned surgery with the "in-house 3D printing" concept of MM
and SG in this dissertation has shown that operation planning time, as well as a time of
postoperative patient recovery, was significantly decreased, while functional and aesthetic results
of the operation along with patient satisfaction were increased.

Key words: guided surgery, surgical guides, medical models, 3D printing, radiological protocols,
bone grafts, overcritical size bone defect
Scientific field: Medicine

Scientific subfield: Skeletal biology
UDK number:




YTHUIAJ U3BOPA ITPOTOKOJIA HA TAYHOCT TPOAUMEH3NOHAJIHUX
MEJUIUHCKHUX MOJEJIA, XUPYPIIKUX BOANYA U KOIITAHUX 3AMEHHUKA

Caxerak
VBon:

PexoHcTpyKkInja KomTaHUX nedeKara y caBpeMEHO] MEIUIIMHU CBE BHUIIIE CE OClIamba Ha
31 mrammy. OBa Op30 Hampenyjyha TexHOJOTHja YKIJbydyje 0OJAcTH Kao IMITO Cy cCO(QTBEPCKU
UHKEHhepHHr, 3J] MonenoBame, HHXKemepcTBo 3/] mrammadya u Ouo-mramnayda, 1 ©Ma 3Ha4ajaH
yTunaj Ha O6uo menunuHy. IlocToje nBa rinaBHa mpaBlia UCTpakMBama y OHMOMEeIUIMHCKO] 3 /1
mrammnu: 1) 3J] peKOHCTpYKIHja painoJIOMIKUX CIIMKA 32 BOl)eHy XUPYPIUjy, MEAUIIMHCKE MOJIEIIe
(MM) u xupypuike Boauue (XB), u 2) TKMBHO MHKEHEPCTBO 3a KOIITaHE 3aMEHUKE, TKHUBHE
ckadomnne, henuje u umrutanTe. [la 6u ce u3Bpimia 06a oBa 3aarka, moTpedHM cy oaroBapajyhu
CUCTEM HaBohema Xupypruje u coprep, MehyTum, 3a KOMIUIEKCHE Omepalyje Ha JUTUTATHAM
PaaMONIOIIKUM CIIMKaMa 3a pa3He TUIIOBE XUPYyprHuja, oBH copTBEepH HEOOCTajy, pe3ynryjyhu y
CTMOpPOj KIMHWYKO] AIUIMKAlMjU OBUX HampeAHux Merona. Mmak OpojHe cTynuje HCTUYy Ja
KOMIIjyTepCKH TOTIIOMOTHYT AM3ajH U MPOU3BOAa yHarpel)yjy pesyaTrare Xupypruje, cMamyjy
BpeMe omepanmje, ckpahyjy Bpeme KpBapema, CMamyjy PU3UK O KOMIUIMKANWja U CMambyjy
3PaBCTBEHE TPOILKOBE.

HusbeBu:

TokoM wuCTpakuMBama, KOPHCTHIM CMO 00a TJIaBHA TMpaBlia HWCTPAKUBAKA Y
ouomenununackoj 3J1 mramnu. Taynuje, HAI TPBU LKJb je OMO J1a MOKaXEMO Ja JH pa3IuunuTh
PaJIMOJIONIKK TTPOTOKOJIM 33 CKEHHpame, MOJCIIaBakha KepHEela W Mpo30pa, Kao M Pa3IuIuTa
orpema, yTHUy Ha JMHEapHa W BOIYMETPUjCKa Mepema PaAHoJIOMIKUX ciuka U 31 mrammanux
MM.

Hpyra ¢daza wuctpaxuBama je ykbyunBasia ynoTpeOy 3] mrTammaHux KOIITaHUX
HAJOKHAJIa 32 HAJIOKHAZY HaJI-KPUTUYHOT JedeKTa Ayre KOCTH Ha JKUBOTHECKOM MOJIeNy, Aa Ou
Ce IMOCTHIJIAa pereHepanrja yrmoTpeOOM WHOBATHBHOT PECOPITHBHOT KOIITAHOT 3aMEHHKA KOjU
CBOjUM OCOOMHaMa MOpakaBa KOIITAaHO TKUBO, Ha 0a3u HAaHOXUAPOKCHATIATHTA M MOJUIAKTH/I-
KO-TJIMKOJIU/Ia, 6€3 ynoTrpebe matnuHux henuja, pakropa pacta u crosbaiime Gukcaiuje.

VY ¢unanHO] ¢a3m UcTpakuBama, YHOTpPeOMSIM cMO MeToje mpousBoame MM u XB,
onpehene npBoj (a3u HCTpakuBamwa, y KIMHUYKO] MPAKCH, 32 PEKOHCTPYKTHUBHY XHUPYPTH]Y
MaHauOyse, ca HMJbEM Ja YHAIpeaIuMO CTaHAapJIHY XUPYpPLIKY mnpouenypy Ha Knmuuim 3a
Makcwiodamujanay xupyprujy, Cromartonomkor ¢dakynrera, YHuUBep3utrera y beorpany;
MOCTU3alkEeM CKpaheHOr ONepaTHBHOI BpeMEHAa M BpEeMEHa OIOopaBKa, Kao MU MOOO0JbIIAEM
€CTETCKOT M (DYHKIIMOHAIIHOT pe3yJiTaTta mporeaype. Y oBoj (asu, Takohe cMo ce Tpyawiu na
ucrakHemo npenHoctu “in house 3D printing” koHmenTa.

Marepujan u MeToIe:

VY npBoj ¢da3u ucTpakuBama, jeHa JbyAcka MaHIu0yna U3 octeonolke 30upke LlenTpa 3a
ouonorujy koctu u Ouoantponoiorujy, mect MSCT ckenoBa, nsa CBCT ckena u ocam 3]]
HITaMIIAHUX MEIULUHCKUX Mojena OuiM cy aHanusupanu. ManauOyna je ogabpaHa jep cBOjUM
obnukoM oMoryhaBa TecTupame JTUHEeapHe 1 3alpeMUHCKe KOHTpakiuje 3/ Moziena y cBe TpH oce.



JluneapHe W BOJIYMETPHJCKE Mepe €3 y3eTe y mopeheHe Ha paauoJIONIKUM CKeHOoBuUMA, 3]]
mrammaauM MM u cyBoj MauauOymu (500 nuHEapHUX U 63 BOIyMETpPHUjCKE, YKYITHO 563 Mepe).
Nako mocToje KoMepuujaqHO TOCTYIMHU HABUTALMOHM CUCTEMH U COPTBEpU, OHU CY CKYNH U
OrpaHUYEHU Ha jenHy cnennduyHy obaact Xupypruje (roToBO HCKJbYYHBO Ha CHCTEME 3a BOIUYE
JNeHTalHuX uMIiviantara). llrtaBume, codTBepcku Koa OBakBUX codTBepa HHjEe AOCTYIaH
UCTpaXMBauMMa, IITO YMHU HEMOryhHM eKcIlepuMEHTE ca MepemeM edekara Monuukaimje
apxutektype copTBepa Ha 3/ moaene 1 MM kao 3aBpirHe mpou3Boje. To je pasiior U3 KOr CMO ce
KOHIICHTpUCaIH Ha copTBep oTBOpeHor koaa (3DSlicer), kao u 300T BUCOKE KOMITATUOMITHOCTH H
MOBPIIMHCKE PE30JylHje 3a MEAUUUHCKY 3/] mTamMmy U MIMPOK CIEeKTap ajnara 3a KOMIUIEKCHE
orepaluje Ha paguoIOMIKIM CIIMKaMa.

VY npyroj ¢dasu uctpakupama, oapaciu HOBO3EJIAHACKU Oenu 3ell (CTapocTu 5 Mecelu,
TeXHUHE 2,5 Kr) KOpUIINeH je 32 peKOHCTPYKIMjy HAAKpUTHUHOTr KomTaHor aedekra. IIpBo je
u3BelleHa IpeorneparuBHa paauorpaduja u ontumania MM u XB dabpukannona mpoueaypa,
yTBpheHa TOKOM TipBe (ase HCTpakuBama. VIHOBaTHBHH OWOACTPagHOMIHA MaTepHjall,
Hanoxuapokcuanatut (nHAP) u mommnaktung — ko — mmukonua (PLGA) cy kopumthenu 3a
¢dabpukannjy ckadonga a 3/ mrammanu KomraHu ckado je TeCTHpaH Ha MHKPO ITOPO3HOCT,
KBallUBUBOCT W LuTOKOMMaTtubuiHocT. Kontponna paauorpaduja je ypahena mocronepaTuBHo,
JIeBET MECEIH IMOoCIe Omepalyje W IOHOBO, IMOCIE >XPTBOBamka >KUBOTHIGE. EKCIulaTHMpaHu
Matepujan je mnoaBprHyT MHKpo-L[T aHanu3m, XHCTONOMIKMM U XUCTOMOP(HOMETPH)jCKUM
TECTOBUMA, KA0 1 MMYHOXUCTOXEMH]CKOM 00jerhYy 3a KOH(OKaTHY MHUKPOCKOITH]Y Y IIUJbY TPOIICHE
OCTEOMHTETpallMje U pecTaypalrje KOHTUHyyMa KOCTH.

Y Tpehoj ¢asm mcrTpakmBama, cedaM OApACIMX MaldjeHara oba 1ojia, ca BEIUKHM
KomTaHuM nedekruma ManHauOyne, ca KioumHuke 3a MakcuinodanujalHy XUPYPrHjy
Cromatonomikor ¢akynTera, YHuUBep3uTeTa y beorpany, n3adbpanu cy 3a IpUMeHY HajaIeKBaTHU]C
TEeXHHUKe mpolueaype 3a ¢pabpukanujy MM u XB, y3 nomoh 3/[ mramne. Kontponna rpymna, koja
je omepucana 6e3 BUpPTyeIHOT Tianupama, MM u XB, cacTojana ce o meT naiujeHara.

Pesynraru:

ITopeheme nuneapHux mepa Ha 31 mramnanum MM u cyBoj MaHAMOYIIH je TIOKa3alo Ja
j€ HajaJIeKBATHUJU PATUOJIONIKH MTPOTOKOI 32 (habpukoBame npenu3saux MM CBCT 0.25, 1ok cy
npsu ciezaehu no npermsnoctu CBCT 0.35 u Dental 2.0 H60s, koju cy ce mokasaiu roToBO HCTY
npenu3HocT. Bomymerpujcko nopeheme mokasano je 1a BoIyMeTpHjcKku Hajupeunsuuje MM najy
paguonomku nportokomu Dental 2.0 H60s u InnerEarUHR1 0.6 U30u. IMokymiaj kopekimje
BOJIYMEHCKHX Mepa TpPEeKO KOpEeKIHje JMHEApHUX JIeTEKTOBAHWX JIMHEAPHHUX JCBHjallyja,
1000JBIIIA0 je pe3yNITaTe aHU30TPOIICKUX BOIIYMEHCKUX PEKOHCTpYKLHja y 4 oa 6 cinyyajeBa, 0K
j€ TI0Ka3a0 HeTaTUBHE Pe3yJsTaTe KO N30TPOIICKUX BOIYMEHCKHX PEKOHCTPYKIIH]ja.

VY npyroj ¢a3u ucTpakuBama, M0 IPBU MYT j€ YCHEUIHO PEKOHCTPYHUCAH HAJ-KPUTHYHU
nedexT (BUIIE 01 Y4 yKyNHE AyXXHHE) IyHOT TUjaMeTpa Jyre KOocTu (yJIHE) Ha KUBOTHHCKOM
Mojienry, y3 momoh 3ameHuka pobujeHor 3JI mramMnoM oJf MHOBAaTMBHUX OHOpas3TpaIuBUX
Matepujana; HaHoxuapokcuanatuta (nHAP) u mnomunaktuna-xo-rmukonuaa (PLGA). Cse
IpeornepaTuBHE aHaJIM3€ KOIITAHOI 3aMEHHUKA, MOCTONEpaTHBHE paauorpaduje Kao U aHaiuze
eKCIUIAHTHPAHOI ~MaTepHjajla Iocje JKPTBOBAaWkA JKUBOTUIE, IIOKa3ale Cy IOXKEJbHE
OCTEOKOHAYKTUBHE, OCTEOMHYKTUBHE U OCTEOMHTETPaTHBHE OCOOMHE.

[TpunukoM KJIMHUYKE TMPUMEHE BUPTYAIHOI IUIAaHMpama PEKOHCTPYKTUBHUX XHUPYpruja
nome BuiHIe ca u3pagoM MM, XB u ,,In house* 3 /] nmpuHTHHTa, YCIENTHO je ¥ Ha BpeMe 30pUHYTO



cenaam manujeHara Ha Knuaunm 3a makcunodanujanny xupyprujy Cromartonomkor dakynrera
VYuusepsutera y beorpany. Y onHocy Ha KOHTPOJIHY TPYITy HalMjeHaTa, eKCIIepUMEHTAIHA IpyTia
raiyjeHaTa uMaja je CTaTUCTUYKY 3Ha4ajHO: CMakEHO BPpEME IOCTONEPaTUBHOT OMOpaBKa, 00Jbe
(GyHKIMOHATTHE W €CTeTCKe pe3yJdTare omnepainuje W MoBehaHo 3a70BOJBCTBO MAlMjeHTA
nenokynHuM TpertManoM. Ocum Tora, yTBpheHa je 3HadajHa mo3suTHBHA Kopenalnja usmely 6poja
ynotpebsbenux 3 /] mramnanux enemenara sohene xupypruje (MM, ManauOynapHu peCeKIIMOHH
U pekoHcTpykTuBHU XB, hubynapuu pecekipionn XB) u pyHIHOHATHOT ¥ €CTETCKOT pe3yJiTaTa.

3aKkJpyyak:

VYKymHO, pe3yliTaTi OBE CTyAMj€ Cy TOKa3alu Ja MPEUHU3HO BUPTYEITHO IUIAHUPAE, ca
yrnoTpeOboM oroBapajyhux pajnosiomKuX MPOTOKOJA, KA0 U KOPEKTUBHUM U (aOpHKAIIHOHIM
npouenypama 3a 31 moxene, Moxe ycnemHo ga npoussene MM, XB, na yak u ckadoige 3a
PEKOHCTPYKIIU]Y KOCTH, IHM3ajHHpAHE Ja TOCTHTHY MPUMapHy CTa0MIIHOCT O3 CIOJbhalllihe
¢dukcanuje. Ycien 3axTeBHE Nporeaype 3a (abpukamujy KOIMTAaHOT ckadoiia U HEroBy
yrnoTpedy y JbYICKOj] MEIHUIIMHH, OBaj IO UCTPpaXKKMBarba je 0o orpannyeH Ha ,,proof of concept*
Ha JKMBOTHUELCKOM MOJENY, I/I€ je 1O TPBU IyT, KOpUIINEH HWHOBAaTHMBHH MaTepHjaj 3a
PEKOHCTPYKIM]y HagkpuTuuHor (1/4 nmyxuHe KOCTH) AedeKkTa ayre KOcTH, 0e3 kopuinhema
MaTHYHUX henuja, pakTopa pacta UM CroJballkbe (PUKcaIuje.

Crneuunduynoct dadbpukanrje MM u XB xopumihewmeM pa3znuuuTUX PaaHOTIOMIIKUX
MIPOTOKOJIA je TIOCEOHO BaKHA 32 PEKOHCTPYKTHBHY XHUPYPTHjy MaHIuOyIe, TIe ce JOHOPCKa U
pCLMIIMjEeHTHA pervja aHaTOMHje MaIMjeHTa YeCTO CKEHHUPAjy pPa3Iu4UTUM PaTUuOIONIKHM
MIPOTOKOJIMMA WJIH YaK Pa3IMduTUM TexHoyorujama. [Ipema Tome, OMIIO je CyMITUHCKHA BaXKHO J1a
ce MOjeHOCTaBU IpeonepaTuBHA AUjarHOCTHYKA Mpolieaypa u omoryhu 6p3u 0AroBOp Ha 3aXTEB
Bol)eHe xupypruje, koju je cymrtuna “in house 3D printing” kourenra.

Kiuanuka ymorpeba BUpPTYENHOr IUIaHHMpama xupypruje ca “in house 3D printing”
koHnenroM MM u XB, y 0B0j tucepTanuju, je nokasana aa je BpeMe IUlaHupama ornepanuje, Kao
MU BpeMe IOCTOMEPATUBHOT OIMOpaBKa MAIlMjeHTa Ha OBaj] HAYMH 3HAYaJHO CKpaheHo, JI0K Cy
(YHKIMOHATHM M €CTETCKU pEe3yJdTaTH 3ajelHO Ca 3aJO0BOJBCTBOM THAalMjeHTa YUTaBOM
MIPOLIETyPOM 3HauajHO MoBehaHu.

KibyuyHe peuu: BoheHa Xxupypruja, XUpypIIKH BOAMYHM, MEIULMHCKU Mojenu, 3J[ mramma,
PasMOJIONIKY MPOTOKOJIH, KOIITAaHU 3aMEHUIH, Ha/l-KPUTUYHU KOIITaHU Ae(eKT

Hayuna obaact: Meaumuna
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1. Introduction

Current strategies for reconstructing bone defects are increasingly utilizing three-
dimensional (3D) printing technology, which allows the fabrication of physical 3D objects
based on virtual models (Berman 2012). This technology is rapidly advancing in areas such as
3D modeling, software engineering, and 3D printer engineering, and is having a significant
impact on biomedicine (Ballard et al. 2018). A search of the PubMed database for the term "3D
printing" over the past 30 years (1991-2021) shows a steady increase in its appearance
frequency, from a few instances per year in the first half of this period to over 4,500 instances
in 2021.
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Figure 1: Graph of PubMed database 30-year timeline (1991 — 2021) search for frequency of the term
3D printing in scientific papers.

The most dominant fields of 3D printing implementation in medicine, reported in
scientific papers, are knee surgery and maxillofacial surgery, comprising more than 55% of
total reported usage (Figure 2, Tack et al. 2016). Research of Tack and associates (Tack et al.
2016) classifies different ways of 3D printing usage, where absolute majority of reported
studies use 3D printing in medicine for surgical guides (SG) and medical models (MM) for
surgical planning (Figure 2).
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Figure 2: A: Overviev of 3D printig utilization in medicine, B: 3D pringing use by field of surgery (modified
from Tack et al. 2016).

Same study showed that SG and MM comprise more than 80% of medical 3D printing
and they represent the first of two major directions of research concerning 3D printing in
biomedicine. SG and MM are derived from 3D reconstructions of radiological images in the
process of virtual surgery planning in the form of 3D models, which then are 3D printed as
physical objects that can be used during guided surgery procedures. The second research
direction involving 3D printing is tissue engineering and, in the bone surgery field it includes
production of bone replacement materials, acellular and cellular tissue scaffolds, or implants to
be used during surgical procedure (Sohn and Oh 2019). Both the surgical navigation and the
bone scaffold fabrication research directions are complementary in the process of surgical
reconstruction of bone defects.

Numerous scientific publications have shown that computer-aided design and
manufacturing, particularly in the form of MM and SG, can improve surgical outcomes, reduce
operation time, shorten ischemia periods, lower risks, and decrease healthcare costs (Yuan et
al. 2016; Serrano et al. 2019; Seruya et al. 2013; Hong et al. 2021; Eltes et al. 2020; Tel et al.
2018). The term "medical models" (Hong et al. 2021) is often used interchangeably with "3D-
printed bone" (Eltes et al. 2020) and "human anatomy models™ (Vani and Prasad 2017).
Moreover, the vast majority of surgeons who have undergone training on the use of computer-
aided design and manufacturing are willing to incorporate these methods into their daily
practice (Ganry et al. 2018). There are also reports that suggest that virtual surgery planning
takes too much time and has questionable cost to benefit ratio, but researchers suggest that
these results came from lack of standardized procedures and cooperation between virtual
planning and modeling experts and operation surgeon (Martelli et al. 2016).

New technologies in medicine such as 3D-printed MM and SG have also brought new
dilemmas and unresolved questions (Tel et al. 2018; Mitsouras et al. 2015; Della Bona et al.
2021). Some of them are related to quality of medical images. Namely, SG, 3D-printed human
anatomy MM for surgery planning and aid, along with educational models are all derived from
Computed Tomography (CT), Cone Beam Computed Tomography (CBCT) and Nuclear
Magnetic Resonance Imaging (NMRI), which produce Digital Imaging and Communication in
Medicine (DICOM) files that are essential for 3D printing in medicine. However, radiologists
are yet far away from adopting medical 3D printing as a crucial tool for producing precise 3D-
printed MM and SG for all types of innovative surgeries (Della Bona et al. 2021). In clinical
practice, radiologist often rely on their experience during CT reading, which may not be
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scientifically verified (Auriemma, Voorhout and Barthez 2007). This can result in differences
in image quality and influence on linear and volume measures, especially in lung and bone
analyses (Mah, Reeves and McDavid 2010). Acquisition settings can also affect these variables
(Troy and Edwards 2018). Additionally, bone kernel settings sharpen the radiological image
and may lead to voxel order of magnitude alteration in bone dimensions' measurement on a
radiological image (Dalrymple et al. 2007). All these variables in interpretation of radiological
image and its segmentation for 3D model creation, can lead to discrepancies in dimensions
used for MM and SG fabrication. The discrepancies of even one mm order of magnitude can
result in misfit when bone surgical guides or scaffolds are placed, ultimately leading to a poor
or unsuccessful surgical outcome. For example, while CBCT is a preferable method for
scanning the mandibular region, creating a set of SG for mandibular reconstruction often
involves CT of the donor region, which should enable the same precision as CBCT for autograft
SG and MM, reported usually as “accuracy of the harvested transplant” and “final aesthetic
result” throughout the different studies (Serrano et al. 2019).

Altogether, while there is a significant amount of evidence on the preciseness of 3D-
printed models using different 3D-printing technologies, there is a lack of investigation into
the influence of various scanning protocols and different radiological scanner technologies on
the geometrical accuracy of 3D-printed models compared to the physical object of medical
scanning (Ballard et al. 2018; Eltes et al. 2020; Whyms et al. 2013). Furthermore, there is a
need for further exploration of comparing 3D CT/CBCT renderings and 3D models for
volumetric measurements (Troy and Edwards 2018).

In order to initialize the process of virtual surgery planning the software that can
correctly transform radiological images to surface 3D models to enable MM and SG modeling
and 3D printing is also needed. Commercially available surgical navigation systems and
software are limited to specific areas of surgery, with dental implant guide systems being the
most common. Optical oral scanners in combination with CBCT have made dental implant
guide fabrication more automated and easier compared to other fields of surgery. However,
there is no commercially available software that can automatically design a reconstruction of a
large bone defect or any irregular shape defect caused by disease or trauma. This highlights the
need to focus on principles that can be applied in most surgery areas and open-source software,
such as 3DSlicer (Brigham and Women's Hospital, Inc., Boston, MA), which has shown the
highest compatibility and surface resolution for medical 3D printing and provides a wide range
of tools for complex operations on digital radiological images (Bticking et al. 2017) to improve
surgical outcomes and ensure success (Hou et al. 2020).

The second stream of bone tissue engineering research, which deals with bone tissue
scaffolds fabrication, aims to integrate all the principles of SG and MM fabrication, because
scaffold fabrication requires the same precision. However, this is only possible if researchers
can mimic the micro-architectural and biological characteristics of natural bone tissue. One
promising solution is medical 3D printing or 3D bio-printing of bone substitutes, which can
meet the strict demands for 3D micro-architecture and material properties (Xu et al. 2012).

Recent research suggests that an ideal bone substitute material should provide primary
stability and temporary mechanical integrity at the defect site until the bone tissue is
regenerated, replacing the scaffold (Yang et al. 2018). It should also possess desirable
compressive strength and toughness, bone-mimicking porosity (>50% porosity and >100 um
average pore size), and nanotopography surface features, including roughness and wettability
(Cao et al. 2015). Thus, the final goal is to achieve adequate osteoconductivity (the capability
of the material to provide the transport of nutritive agents through its pore system),
osteoinductivity (the capability of the material to induce new bone formation in contact with
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the substitute) and osteointegrativity (the capability of the material to incorporate into the
surrounding bone structures) (Liu et al. 2017).

In addition, the micro- and nano-meter surface topography of the bone construct is
crucial for directing cellular adhesion, cell spreading, and proliferation. Bone substitute
manufacturing should be inspired by the natural processes of developmental biology and
promote tissue remodeling, rather than merely supporting definitive form and function (Cao et
al. 2015; Liu et al. 2017). Finally, customized 3D printing for bone construct manufacture is
highly recommended, as critical-size defects usually have a complex shape in different clinical
conditions (Lee et al. 2018).

Despite the significant progress made in creating bone substitutes that meet the
requirements for long-term bone repair (Hutchens et al. 2016; Sohn and Oh 2019), researchers
still face several challenges. Calcium sulfate products have very high solubility,
hydroxyapatites (HAPs) have a low resorption rate, while coral-based substitutes are too brittle
(Yang et al. 2018). However, a novel bone-mimicking resorptive bone substitute based on
nanohydroxyapatite (nHAP) and poly(lactide-co-glycolide) (PLGA) has recently been
introduced and shows numerous desirable characteristics (Karadzic et al. 2015). It
demonstrated adequate surface characteristics for cell attachment, satisfactory solubility and
desirable mechanical properties. Using this innovative material, complete bone repair in
rabbit’s calvaria was achieved in 12 weeks (Jokanovic et al. 2016, Jokanovic et al. 2017).

Traditional methods of bone scaffold fabrication, such as solvent casting and particulate
leaching, require around eight days to prepare the material and additional time for machining
and post-processing to personalize the scaffold (Xu et al. 2012). Despite progress in bone
substitute fabrication, many issues remain unresolved, such as achieving an ideal balance
between the replacement material's resorption and bone in-growth (Zhang et al. 2017).

To authors best knowledge, only two studies have reported successful reconstruction of
bone osteotomy, where the complete long bone diameter was removed, by seeding stem cells
on the construct's surface before implantation along with bone morphogenetic protein (BMP2)
acting as an osteoinductor (Zhang et al. 2017; Zhang et al. 2009). The authors speculated that
current developments are nearing the point where large bone defects can be restored without
such stimulative biofactors.

The next issue concerns the possibilities for clinical utilization of virtual surgery
planning with MM and SG fabrication protocol, optimized in the first step of the research. The
current situation in Serbian clinical practice regarding SG, MM, and bone tissue engineering is
such that their usage is insignificant compared to the number of medical cases that would
benefit from their utilization. The situation is not very different in other countries, given that
the number of scientific papers that deal with 3D printing in medicine has reached over 4.500
per year (Figure 1), and only a a small number of clinics use 3D printing techniques for human
medical ends. Out of 757 scientific papers dealing with 3D printing from January 2011 to
January 2015, according to the PubMed database, only 189 of those used it for human medical
ends, according to Tack and associates (Tack et al. 2016 Even in the European Union countries
with higher standards, involvement in these technologies is still unsatisfying. Della Bona et al.
eport that 3D printing of restorative materials, even in dentistry, is in its early translation phase
since the review found that only five studies actually applied 3D printed restorative structures
to patients (searching MEDLINE/PubMed, Scopus, and Web of Science databases, with no
time limitation) (Della Bona et al. 2021). Other reviews point out that studies often do not
report complete guided surgery, MM and SG preparation time, but only the time needed to
print the model. However, the studies that state the actual virtual planning, design, and 3D
printing time — report up to 2 weeks needed to complete the procedure (Martelli et al. 2016).
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This is usually because the production facilities, with necessary 3D printers and other
equipment are, in the vast majority of cases, very distant from the clinic that the patient is in
and where medical scanning is being done. Moreover, preoperative virtual planning requires
considerable involvement of the surgeon, who is often not a part of the virtual planning and 3D
printing team. The issue is further complicated because mandibular and maxillofacial injuries
in general, as well as oncological patients with morbidity of this region, require urgent surgical
procedures in most cases. It is clear that 14 days of planning and preparing the surgical
procedure in these cases may mean inadequate healing and serious consequences.

The first issue in further research should address the possible influence of different
radiological protocols and different radiological equipment on virtual surgical planning with
MM and SG fabrication to ensure that chosen protocol is the most suitable for virtual surgical
planning. Having in mind the stated problems with bone scaffold fabrication and long bone
reconstruction, the shortening scaffold fabrication procedure and long bone defect
reconstruction without complex and time-consuming procedures, like stem cells seeding (SC),
growth factors (GF), and external fixation (Zhang et al. 2009; Xu et al. 2012; Fassbender et al.
2014) is desirable to achieve.

To address questions of clinical utilization of virtual surgical planning, MM and SG,
we propose “in house 3D printing” concept, meaning that a small 3D printing facility should
be built in the clinics where patients should be operated in. In this way the delay in the
procedure, from acquiring DICOM files to fabrication of MM and SG might be avoided.



2. Research Aims and Objectives

To address the influence of different radiological protocols and various scanning

technologies on dimensional accuracy of MM and SG, we aimed to determine the best
radiological protocol, as well as most adequate technical procedure for 3D printing of MM and
SG. Specific objectives to test the first hypothesis were:

1. To scan the dry mandible by using six different MSCT and two CBCT radiological
protocols.

2. To transform DICOM data obtained by these protocols intoprintable 3D object and
3D-print them, using the same programs and the same software settings.

3. To measure and compare linear and volumetric measures taken on dry mandible
(used as a reference) with the same measures on MSCT /CBCT scans and 3D-
printed MM derived based on these scans.

Aim of the second part of this research was to produce personalized hydroxyapatite-

based bone substitute for overcritical size (over 4 of long bone length) bone defect on the
rabbit model and reconstruction of the defect without SC seeding on the bone substitute,
addition of bone morphogenetic proteins or external fixation.
Specific objectives of the second hypothesis were:

1. To design and fabricate a custom 3D printer for bone substitute prototyping.

2. To characterize the bone substitute after its production via 3D printing, for 3D micro-

porosity testing, wettability and cytocompatibility in order to check its suitability for
bone replacement.

To implant the construct and reconstruct segmental defect of rabbit’s ulna following
the most suitable methods based on the first part of the research.

To perform radiography and micro-CT evaluation, as well as histological and
immunohistochemical analysis of the reconstructed area ex vivo, in order to assess level
of graft osteointegration and bone regeneration.

Aim of the final part of the research was to determine the effects of clinical implementation
of “in house” virtual surgical planning, MM and SG. Specific objectives to this aim was to
measure and compare the results of experimental group (threated with the use of this
technology) to the control group (threated without use of this technology) for these parameters:

1.

O N o a k~ w N

Time to surgery (time required for the whole procedure of surgical planning, MM and
SG fabrication)

Surgery time or surgery duration
Time of hospitalization

Surgical complications
Functional result

Final aesthetic result

Patient satisfaction

Clinical outcome



3. Materials and Methods

3.1. Material and patients included in the study

In the first part of the research (testing different scanning protocols), one dry human
mandible from the osteological collection of the Center of Bone Biology was assessed with six
MSCT scanning protocols and two CBCT imaging protocols. Then eight MM was 3D printed
and subsequently compared with human mandible (used as a reference) to compare the
accuracy of the MM fabrication using different imaging technologies and scanning protocols.
The mandible was chosen due to its shape, which allows for testing of volume and metric
contraction of 3D models in all three axes.

For the second part of the research (using the chosen protocol and 3D printing
procedure for reconstruction of large bone defects), one New Zealand white adult rabbit (five
months old, weighing 2.5 kg) was used in accordance with EU guidelines for animal model
study procedures (86/609/EEC), the Guide for the care and use of laboratory animals, National
good laboratory practice guidelines and principles of laboratory animal care. The rabbit was
obtained from the Faculty of Veterinary Medicine, University of Belgrade. To reconstruct an
overcritical size bone defect, nHAP and PLGA materials were used during 3D printing of bone
scaffold. This part of the research was specifically approved by the Ethics Committee of the
Faculty of Veterinary Medicine, University of Belgrade (approval number: 323-07-
06340/2019-05/1, issued on 08.03.2016).

In the third part of our research, the total of 12 adult patients of both sexes (4 men and
8 women) with large bone defects of the mandible were selected from the Clinic for
Maxillofacial Surgery,Faculty of Dentistry, University of Belgrade, to test clinical application
of the most appropriate technical procedures for MM and SG fabrication. Of all included
patients, seven individuals were included in experimental group (2 men and 5 women) treated
with use of virtual planning and 3D printing technology, while five individuals (2 men and 3
women) were treated without the use of 3D printing technology (control group). This part of
the research was approved by the Ethics Committee of the Faculty of Dentistry, University of
Belgrade (approval number 36/30, dated 10" December 2021), and informed consent was
obtained from the patients involved.

The inclusion criteria for study participants were large bone defects on the mandible
and the patient's consent to the procedure. We classified the type of mandibular defect required
for surgical treatment according to Ragbir et al. 2016, as follows:

. Class I (70 mm)/Ic (84 mm): Subcondylar region to the ipsilateral canine, and class Ic
includes the condyle.

. Class 11 (85 mm)/lic (126 mm): Hemimandibulectomy from the subcondylar region,
including the ipsilateral canine, and class llc includes the condyle.

. Class 111 (100 mm): Includes both canines but neither angle.

. Class IV (152 mm)/IVc (168 mm): This is an extensive mandibulectomy, including at

least one angle and both canines.

Ethics Committee of the Faculty of Medicine, University of Belgrade confirmed that
procedures conducted during this research are in accordance with Helsinki declaration and
comparable ethical standards (approval number 1322/X11-5, dated 30" December 2021).



3.2. Methods

3.2.1. Radiological protocols

We used eight radiological protocols to determine the most suitable one for deriving
3D printed MM of bone tissue and to determine the influence of different radiological protocols
on linear and volumetric mandibular measures. Scanora 3D CBCT scanner (Soredex, Tuusula,
Finland) and SOMATOM Sensation 16 MSCT system (Siemens, Germany) were used to scan
one human mandible. The human mandible was emersed in the water in order to mimic
surrounding soft tissue (Mah, Reeves and McDavid 2010).

Table 1: Scanning protocols used in our study

Scanning methodology Scanning protocol

Dental 0.75 H60s
Dental 0.75 H30s

Dental 2.0 H60s

MSCT
Dental 2.0 H30s
InnerEarUHR 0.6 U90u
InnerEarUHR 0.6 U30u
CBCT CBCT 0.25

CBCT 0.35

On Table 1, used protocols for mandibular scanning are listed. In short, we used the
following MSCT protocols:

1) Dental 0.75 protocols: the scanning protocol officially recommended by Siemens for jaw
analyses on used scanning equipment; To determine the influence of kernel and window
settings, protocol involved kernel and window reconstructions for bone and soft tissues (Dental
0.75 H60s and Dental 0.75 H30s protocols).

2) Dental 2.0 protocols: the wide collimation mode of the same scan protocol as the previous
one, considering radiation dose reduction; To determine the influence of kernel and window
settings, protocol involved kernel and window reconstructions for bone and soft tissues (Dental
2.0 H60s and Dental 2.0 H30s protocols).

3) InnerEarUHR 0.6 protocols: another scanning protocols designed for accurate assessment
of delicate bone structures; To determine the influence of kernel and window settings, protocol
involved kernel and window reconstructions for bone and soft tissues (InnerEarUHR 0.6 U90u
and InnerEarUHR 0.6 U30u protocols).

We used clinically relevant scanning protocols that achieve only anisotropic MSCT
voxels and compare them with two CBCT scan protocols (CBCT 0.25 and CBCT 0.35) that
are known to produce isotropic voxels, in order to compare the anisotropic and isotropic voxel
influence on dimensional accuracy.



MSCT examinations were carried out with the same FOV (150+x1mm) without
repositioning of the mandible. The body of the mandible was positioned on a flat surface during
all scanning procedures, aligned to the axial plane of the scan. Anatomical landmarks on the
condyles of the mandible were aligned to the coronal plane, while anatomical landmarks on
the mandibular symphysis were aligned with the sagittal plane of the scan. MSCT and CBCT
data were exported and saved in DICOM mode from the acquisition station to be used in 3D
printing of mandibular MM.

3.2.2. 3D model creation

The acquired DICOM files were imported into 3DSlicer software version 4.10
(Brigham and Women’s Hospital, Inc., Boston, MA, USA). The Volume Reconstruction tool
and Editor Mode were used to segment the mandibular bone tissue from the rest of the DICOM
volume, starting from a grayscale value of 400, based on grayscale bone values defined for
Scanora3D scanner by Mah P. and associates (Mah, Reeves and McDavid 2010) and
experience of the researcher with the attention to most segmentation-sensitive areas of
mandible, like mandibular condyle. The segmentation was performed using thresholding and
segmentation tools, which were used to exclude any non-connected voxels, resulting from
artifacts or other surrounding structures. The segmentation was performed by two investigators,
and the Dice Similarity Index (DSI) was calculated with the 3DSlicer Computation tool (Eltes
et al. 2020; Bharatha et al. 2001). The DSI quantifies the relative volume overlap between two
segmentation procedures, using the following formula: DSI = 2V(I1 N 12) / V(11) + V(12),
where V is the volume of the voxels inside the binary mask, and 11 and 12 are the binary masks
from two segmentation processes performed by two investigators. The acquired segmentations
were then converted to 3D surface models in the Editor Mode of the 3DSlicer and exported as
STL files.

Meshmixer 2020 (Autodesk Inc.) and Autodesk 3Ds Max 2010 (Autodesk Media and
Entertainment, San Francisco, California) software were used to remove inner shells,
duplicates faces and edges, and create solid surface 3D models suitable for G-code generation.
This software was also used to create 3D models of SG needed for seven patients treated at
Clinic for Maxillofacial Surgery, Faculty of Dentistry, University of Belgrade. During all
DICOM to 3D conversion procedures, there was no repositioning of the DICOM/3D model
axis.

3.2.3. 3D printing procedure

The 3D printing procedure was performed using the Creality Ender-3 3D printer
(Shenzhen Creality 3D Technology Co, Ltd, Shenzhen, China) and fused deposition modeling
technique (FDM). The printer was calibrated and tested by printing ten 20x20x20 mm test
cubes and ten 40x40x40 mm cubes using the same settings for G-code preparation and Creality
PLA+ 1.75mm diameter 3D filament. All cube 3D models were aligned perpendicular to the
X, Y, and Z axes of the printer before G code generation so that linear measurements taken



from the printed cube's sides reflected standard errors occurring on the related axis of the
printer. For all cubes, errors related to the X and Y axes were in the range of 0 to +0.16mm,
while errors on the Z axis were in a span from 0 to 0.1mm. These errors did not show any
relation to the virtual 3D model size and were most probably the result of 3D printer design.
The standard errors of the 3D printing process were dimensionally smaller than the scanning
resolution or the volumetric reconstruction voxel of the radiological image, so they could not
affect the study results. G-code files were prepared by importing the prepared solid surface 3D
models into Cura software, version 4.0 (Lesser General Public License -LGPL). In the Cura
4.0 settings, the Creality Ender-3 3D printer was selected from the "Preset printers" menu, and
the slicing settings were set to "Normal” mode, where the nozzle diameter was set to 0.4mm,
the layer height was set to 0.15mm.

3.2.4. Linear and volumetric measurements on physical objects (mandible and 3D printed
MM)

Linear and volumetric measurements were taken on radiological scans, 3D printed
mandibular MM and dry mandible, all aligned with sagittal and coronal plane, as it was
described previously. Firstly, eight anatomical landmarks were determined on dry mandible
and then reproduced on MSCT, CBCT scans and MM 3D printed based on these scans. Then,
five measures between these anatomical landmarks were established for comparison between
dry mandible and each scan's volume reconstruction and each 3D printed MM.

Anatomical landmarks were as follows:

a) Unilateral: most inferior (mentum - Me) and the most superior (interdentale - 1d) point on
the mandibular symphysis, most anterior point on the mandibular symphysis (pogonion — P),
most posterior point on the mandibular symphysis.

b) Bilateral: most lateral points on the mandibular condyle (CDL), most posterior points on the
mandibular condyle.

Between these anatomical landmarks, we analyzed the following linear measures:
symphysial height (SH, Figure 3A), symphysial width (SW, Figure 3B), bicondylar width (BW,
Figure 3C), left (L) pogonioncondyle line (from pogonion to the most posterior point on the
left mandibular condyle -LPCL) and right (R) pogonioncondyle line (from pogonion to the
most posterior point on the right mandibular condyle-RPCL, Figure 3D).
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Figure 3: Positioning of the dry mandible during scanning and the procedure of 3D model creation ensured that
SH measure is aligned with Z axis of the 3D model, SW is aligned with Y axis and BW with the X axis.

Linear measurements on dry mandible and MM were taken by digital caliper.

Following the method from work of Whyms and associates (Whyms et al. 2013),
volume measurements on dry mandible and MM were taken by three separate water
displacement trials. To prevent water from leaking in and underestimating the volume, the
openings on the mandible and MM were covered with a thin layer of paraffin wax. Water
displacement was measured on a digital scale, three separate measurements were taken and the
mean value was used as a reference standard. Three trials were performed by one observer, in
a one-week time span.

3.2.5. Linear and volumetric measurements on MDCT and CBCT scans

Linear and volumetric measurements on radiological scans were recorded using FDA-
approved Carestream Vue PACS Power Viewer version 12.0.0.5756 in 3D application on
reconstructed volume and following basic radiological principles in Multi-Planar Reformatting
viewbox. Linear measurements analyses involved following measurements: BW, RPCL,
LPCL, SH and SW. Volume measurements on DICOM data and 3D models derived from
DICOM data were taken in Materialise Mimics software (Materialise NV, Leuven, Belgium).

Measurements on radiological scans were taken by two independent observers. The first
observer was research associate and radiologist with PhD in Skeletal Biology, experienced in
the field of oncology and paleoradiology. The second observer was teaching assistant and
radiologist with PhD in Dental Medicine, experienced in the field of dento-maxillofacial
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radiology. Intra-observer reliability was tested by repeated measurements in one month
timespan.

The accuracy of all measures taken on CT, CBCT data and 3D models was measured
by comparison to reference standard measured on human mandible by calculating the average
relative error (ARE). Measurement ARE < 0.05 are considered within experimental accuracy
(Whims et al. 2013).

3.2.6. Correction of 3D model axis and volume

Average linear measurements on the mandible were compared to the same measures on
the MM derived from DICOM images of the mandible. Average measure value, taken on the
mandible, is considered to be 100% of the desired corresponding measure on the 3D model and
MM. Correction percentage for every axis was calculated by dividing the value of
corresponding measure on the mandible with one on the MM.

Example for 3D model axis and volume corrections:

SW measure corresponds to Y axis, its dry mandible value is 14.3425mm and its MM value
for the CBCTO0.25 radiological protocol is 14.865mm. Correction of the Y axis is then
calculated by following formula:

1-(14.3425/14.865)=0.03515

Output value decimal number is expressed as a percentage (0.03515 = 3.515%). Value of
standard deviation is recalculated as a percentage of average measure on the dry mandible:
0.0319/(14.3425/100)=0.2167%. And added to axis correction: 3.515% + 0.2167%=3.7317%.
Finally, axis correction of Y axis for CBCT0.25 3D model is expressed with negative sign,
since its SW measure is greater on the MM than on the dry mandible.

For calculating the volume correction, axis correction value for X, Y and Z axis of the
3D model or MM are added up and resulting volume correction percentage is applied to the
volume value.
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Figure 4: Graphical presentation of the first part of the research, showing measurement comparison

3.2.7. Bone replacement material synthesis and characterization

A novel bone substitute based on nHAP and PLGA, which mimics natural bone and
can be resorbed by the body, was synthesized using a method described previously (Jokanovic
et al. 2017), at Albos d.o.o. in Belgrade, Serbia. The nHAP was synthesized through a
hydrothermal process using calcium oxide from eggshells and (NH4)2HPO4. The eggshells
were calcined at 900°C to remove carbon and the resulting powders were analyzed for their Ca,
Mg, and P content, using adsorption atomic spectroscopy (PerkinEImer 3030B) and found to
be 38.38 mass%, 1.11 mass%, and 0.2 mass%, respectively. A solution containing Ca(OH)>
and (NH4)2HPO4 was prepared, and the (NHs)2HPO4 mixture was added to the Ca(OH):
mixture. The pH of the solution was adjusted to 7.4 using 0.1 M HCI or (NH4)OH and the
solution was autoclaved at 150°C under 5x105 Pa pressure for eight hours. The resulting
precipitate was dried, ground, washed, and ultracentrifuged to obtain pure nHAP.

To create the bone scaffold, 5g of nHAP and 1.5g of polyethylene-vinyl acetate/
polyethylene-vinyl versatate (PEVA/PEVV) were mixed and processed in the autoclave at
120°C for two hours. The resulting particles were filtered through a 200 nm pore size filter.
The solubility, surface properties, pH value, micro-indentation properties and compressive
strength of the nHAP granules were evaluated.
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3.2.7.1 Solubility of the synthesized nHAP granules

Solubility of the nHAP granules was tested in Laboratory for Atomic Physics, Institute for
Nuclear Sciences Vinca, University of Belgrade, Serbia. To observe the breakdown rate of
nHAP granules, they were placed in a solution of phosphate buffer saline (PBS) with Tris
buffer (tris hydroxymethyl-aminomethane) at a pH of 7.37. The speed of degradation was
tracked by measuring the changes in calcium ion concentration using atomic absorption
spectroscopy (Perkin Elmer 3030B). Samples of 3 ml of the solution were collected for multiple
analyses at 10 and 30 minutes, one, four, and eight hours, one, two, five, and eight days, and
12, 15, 19, and 22 days after the granules were immersed. Each time a sample was taken, fresh
PBS with Tris buffer was added to the solution to maintain a consistent volume. The results
are depicted in Figure 5 and show how calcium ion concentration varies over time (Figure 5).

To compare the degradation rate of nHAP (the ceramic component of ALBO-OS) to that
of biological apatite, the degradation rate in a fluid with a similar composition to bodily fluids
needed to be established. The solubility product of nHAP was determined from the
concentration of calcium ions in the saturation part of the curve and was found to be 7.85x10-
44. This value is equivalent to the solubility product of biological apatite -BioOss(3.51x10-43,
figure 6, indicating that the degradation rate of nHAP in ALBO-OS is comparable to that of
natural bone.

ERRSE 0.025
gf g 0.02 -
5 ‘ % 0.015 -
n
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Figure 5: Time-dependent change of the Ca concentration in the solution containing investigated nHAP
granules.
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Figure 6: Change of the Ca concentration with time in biological apatite (BioOss).

In a static system it was shown that the dissolution rate for the first eight hours was the
highest (0.024 mg/L per h), but after 120 hours, it was significantly lower (0.001 mg/I per h).
After 528 h it was almost negligible (7.4x10° mg/I per h). In the biological apatite, similar
behavior was observed.

3.2.7.2. Compressive strength of the nHAP granules

The compressive strength test was done in Laboratory for Atomic Physics, Institute for
Nuclear Sciences Vinca, University of Belgrade, Serbia, and involved measuring of the nHAP
granules following various immersion periods in Hank's solution, a well-balanced salt solution
that contains NaCl (8.00 g), NaHCOs (0.35 g), KCI (0.40 g), KH2PO4 (0.06 g), MgCl.x6H.0
(0.10 g), CaCl; (0.14 g), Na2HPO4x2H-0 (0.06 g), MgSO4x7H20 (0.06 g), glucose (1.00 g) in
1000 ml of distilled H2O, and has a pH of 7.4. To determine the compressive strength, porous
compacts of nHAP, with dimensions of 16 mm x 16 mm x 10 mm, were used. The specimens
were immersed in a 10 ml solution for a predetermined period of time at 37 'C, and then their
compressive strength was measured using Instron 5565, (Instron Corp., Canton, MA, USA). A
total of 10 measurements were taken for each immersion period.
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Figure 7: The correlation of the ALBO-OS compressive strenght and the time of the material’s soaking
in Hank’s solution.

After 6 weeks in Hank's solution, the compressive strength decreased from 15.5 MPa
to 7 MPa. From 13" to 26" week, changes were minimal (Figure 7).

3.2.7.3. Microindentation mechanical testing

Micro-indentation mechanical testing was done on Institute of Osteology and
Biomechanics, University Medical Center Hamburg-Eppendorf, Germany, using a Biodent H
RPI instrument (Active Life Scientific Inc, USA) on the polished nHAP block. The probe
assembly was positioned on the surface of each cement specimen in a passive manner and tests
were carried out according to the following measurement procedure: 2 N indentation force, 2
Hz indentation frequency, and 10 indentation cycles per measurement. The probe assembly
calibration was done by making three indentations on a polymethyl-methacrylate block
(Auburn Plastics and Rubbers, Inc., Indianapolis, IN, USA) after every 50 indentations. Seven
specimens of ALBO-OS were subjected to indentation measurements. Several parameters were
obtained as outcome variables: the first cycle indentation distance (ID), average unloading
slope (Avg US), and indentation distance increase (IDI), the 1 cycle indentation distance (1D
1%, um), 1% cycle unloading slope (US 1%, total indentation distance (TID, um), indentation
distance increase (IDI, um), average creep indentation distance (Avg CID, um), average energy
dissipated (Avg ED, J), average unloading slope (Avg US), and average loading slope (Avg
LS). The ID value was used to calculate the microhardness of the material by dividing the
applied force over the estimated conical indentation area created by the test probe using the
following equation of cone geometry:

microhardness = P/(mr = r »\r?2 + h?)

where P is the constant load applied (2 N) and r and h are the first cycle ID values of radius
and height obtained from the indenter.
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The RPI results showed that the parameters obtained for nHAP correspond to some
parameters found in the human skeleton. The microhardness of ALBO-OS (0.459 GPa) was in
line with previous findings for human dentin (0.49 GPa) (Yassen et al. 2013). Additionally, the
ID value in this study (10.13 um) is in agreement with the result found for the human femur
(12.64 um), AVG CID (0.44 um) is in accordance with 0.66 um found previously, while IDI
(3.54 pm) and AvgEd (1.81 pJ) are lower than that of IDI and AvgED of the human femur
(1.28 um and 2.5 pJ, respectively) (Milovanovic et al. 2014). Taken all RPI parameters into
account it can be assumed that synthesized nHAP possess a high potential to mimics the human
bone in micromechanical sense.

Table 2: Reference point indentation outcomes of the ALBOOS

MH | IDI# | USI® |[CIDI| TID | IDI | Avg |AvgUS|AvgLS| Avg
(m) | (N/pm) | (um) | (um) | (um) | CID | N/ pm) | (N/pm)| ED

(GPa) (um) )

0.459 | 10.125 0.551 0.625 13 3.525 | 0.437 | 0.548 | 0.386 1.81

MH — microhardness, ID 1% - 1 Cycle Indentation Distance; US Ist - 1st Cycle Unloading Slope; CID 1% -1st Cycle
Creep Indentation Distance; TID - Total Indentation Distance; IDI - Indentation Distance Increase; Avg CID - Avg
Creep Indentation Distance; Avg US - Average Unloading Slope; Avg US - Average Unloading Slope; Avg LS -
Average Loading Slope; Avg ED - Average Energy Dissipated.

3.2.7.4. Determination of pH value

To measure pH values of material extract, 1 g of nHAP granules were soaked in 5 ml
of simulated body fluid (pH=7.4) and determined after 1 week and 1 month using pH/ORP
meter (HI 2211, Hanna Instruments Inc, USA).

Table 3: pH of nHAP after soaking in simulated body fluid

7 days 1 month
ALBO-0OS 7.64 7.41
SBF 7.4 7

3.2.7.5. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) of the
nHAP

The microstructure and surface properties of nHAP were analyzed using scanning
electron microscopy (SEM) and atomic force microscopy (AFM). SAM analysis was done at
Laboratory for Microbiology, Center for Electron Microscopy, University of Novi Sad. AFM
was done at Laboratory for Atomic Physics, Institute for Nuclear Sciences Vinca, University
of Belgrade, Serbia. For SEM observations (SEM, JEOL JSM -5300, Peabody, MA, USA), the
specimens were coated with a thin layer of gold using sputter coating. AFM analyses were
conducted using Nanoscopellle controller (Veeco Instruments Inc., New York, NY, USA)
AFM tapping mode using a commercial SNC (solid nitride cone) AFM probe (NanoScience
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Instruments, Inc. Phoenix, Arizona, USA) having a resonant frequency of 275 kHz and force
constant of 40 N/m. The number of lines per frame was 512, and the scan rate was 1 Hz.

SEM analysis revealed the presence of cylindrical-shaped particles with lengths ranging
from 300-900 nm and widths of 180-250 nm. Pores with sizes between 90-300 nm were
observed between the particles. AFM assessment showed a comb-like wall structure with
channels measuring 10-30 um in length and approximately 1 um in width. The wall dimensions
measured 30 pm in length, ~3 pm in width, and 3-5 pm in thickness.

3.2.8. 3D modeling and printing of the construct

A preoperative CBCT scan of the rabbit's ulna was obtained using the Scanora 3D
scanner (Soredex, Tuusula, Finland), while the animal was anesthetized usig following
parameters: 13mA, 90kV, and a voxel resolution of 0.2mm. Subsequently, a Standard
Tessellation Language (STL) file was generated from the CT data using Slicer software version
4.3.1 and Blender (Autodesc Inc., USA) software. The resulting STL file was imported into
Autodesk 3D Max 2010 (Autodesc Inc., USA).

To prepare the bone for the experiment, a plane cut was preplanned from 22 mm to 44
mm distally from the proximal end of the bone, perpendicular to the longitudinal axis of the
bone. This resulted in a defect length of 22 mm and a diameter of around 7 mm, which is
approximately one-quarter of the total length of the rabbit's ulna (88 mm). Based on this surface
3D model of the bone, a construct was modeled layer by layer using a maze forming algorithm.

3.2.8.1. Custom 3D printer fabrication

In order to print personalized bone construct for rabbit’s ulna, custom made 3D printer
was fabricated in Center of Bone Biology on the basis of original Prusa I3 (Prusa Research,
Czech Republic) design as a fused deposition modeling 3D printer (Figure 8).. Several
important modifications had to be made to original design of Prusa I3 3D printer: robust single
piece cubic aluminum frame was welded and used instead of original frame, axis rails are also
scaled up — from original 8mm in diameter to 20mm in diameter and beside thermoplastic
extruder — paste extruder for n(HAP was made and added to the printer head, together with 45
vats of power air turbine on X axis carriage. Paste extruder for nHAP was made as a syringe
extruder, driven by NEMA 17 stepper motor with 6:1 gear ratio and steel-glass syringe of 10cc.
Increase in overall size, frame and thickness of the rails were done for stability and so that
printer could carry both extruders and air turbine and print without vibrations.
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Figure 8: Schematic representation of the extruder design in custom made laboratory 3D printer: from technical
reasons, 3D printer was modified to include two extruders: 1 — syringe extruder, 1.1 — glass syringe, 1.2 — external
frame of the extruder 1, 1.3 — electrical heater coil, 1.4 —metal piston of the syringe, 1.5 — syringe nozzle (0,8mm
in diameter), 1.6 — gears of the piston drive, 1.7 — piston drive motor with reduction, 1.8 — HAP PLA mixture, 2
— PLA extruder, 2.1 — heater block of the PLA extruder, 2.2 — extruder cooler, 2.3 — PLA extruder motor drive
with reduction, 2.4 — PLA filament 1.75mm in diameter, 2.5 — PLA extruder nozzle 0,4mm in diameter. 3 - paste
extruder attached to the head of the printer, with removed electrical heater coil, so the syringe with the metal
piston can be visible.

3.2.8.2. Modeling the construct with desired porosity

To ensure the desired porosity and interconnectivity of pores in the customized bone
replacement construct, we utilized the randomized Kruskal's maze generating algorithm (RKA)
in combination with Piton software. By forming a planar maze structure in the x and z axes of
the coordinate system (15x15mm), the RKA algorithm allowed us to control the porosity and
total "bone" volume of the construct by adjusting the ratio of maze wall thickness to maze path
width. The RKA algorithm also eliminated any enclosed cells in the planar maze structure by
removing cell walls, ensuring interconnectivity of the pores.

We set the values of both the wall and path width of the maze to 225um. After
generating the 2D maze, we extruded the planar structure 225um perpendicular to the Z-axis
direction, creating a 3D object. We repeated the process of 3D maze generation, and the
resulting objects were fused in the Z-axis direction until they exceeded the dimensions of the
surface model of the bone construct (X-15mm, Y-15mm, Z-25mm), achieving additional
random vertical interconnectivity of the maze cells. In this way, we created a 3D object of the
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bone construct with 50% porosity and trabecular thickness of 225um, where the maze walls
represented the trabeculae of the construct, and the maze paths represented the voids.

We imported both the 3D models of the maze and the bone construct into Autodesk 3D
Max software, where we immersed the bone construct model into the maze model and
performed a Boolean union operation. This resulted in the formation of the 3D object of the
bone construct. We then imported the model into Slice3R software (Affero Inc.) for G-code
generation with the following settings: layer height of 0.2mm, 100% infill, printing speed of
10mm per second, shell thickness of 0, and no support material. To fabricate the bone construct,
we used Pronterface software for 3D printing. We combined biodegradable PLGA as a support
material with nHAP paste with gradually increasing percentages of nHAP towards the central
part of the construct.

3.2.8.3. 3D micro porosity testing of the printed scaffold

In Center of Bone Biology, the fabricated structure was imaged using micro-computed
tomography (Skyscan 1172, Bruker, Belgium) under following protocol: 100 kV, 100 uA,
exposure time of 1200 ms,10 pum resolution, aluminum copper filter, rotating angle of 180" and
0.4’ rotation steps. The resulting images were reconstructed using NRecon v.1.6.9.8 software
(Skyscan-Bruker) with beam hardening correction of 45%, ring artefact correction of 6%,
postaligment of -1, and smoothing of 4. After the reconstruction process, the CTAn 1.16.4.1
software (Skyscan) was used to analyze 3D images of the construct, with a global threshold set
at 60 — 255 on the grayscale. The analysis yielded the following parameters: total porosity (%),
closed porosity (%), open porosity (%), average pore size (um), and connectivity density
(1/mm3).

3.2.8.4. Wettability of the construct

To evaluate the hydrophilicity of the construct in bodily fluids, two pl droplets of
human plasma were deposited onto the surface of the material and analyzed using a contact
angle measuring device (Institute for Nuclear Sciences Vinca, University of Belgrade, Serbia,
where hydrophilicity assessment was also conducted) [17]. Human plasma was chosen as the
reference liquid instead of distilled water as it better reflects the wetting characteristics of
biological fluids, owing to the presence of proteins that cover the microfluidic channel walls
[18]. However, a preliminary study demonstrated that it was impossible to determine the
contact angle of the reference liquid on the surface of the manufactured HAP, as the HAP
surface entirely absorbed the plasma in part of second (video in the supplement material).
Therefore, instead of measuring contact angles, the time taken for the sample to fully absorb
human blood was recorded.
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3.2.8.5. Cytocompatibility assays

Assays were conducted at School of Dental Medicine, University of Belgrade, where
the I1SO standard 10993-5 was utilized to perform the mitochondrial activity assay. For the
direct contact test, six specimens of 3D printed bone constructs were put in the wells of 96 well
plates and submerged in 100 pul growth medium, to adjust the pH, for 24 hours. The next day,
after the medium was removed, stem cells of the apical papilla (SCAP) were seeded onto the
constructs and control wells at a concentration of 10,000 cells/100 ul. The plates were then
placed in the incubator, at 37°C, with 5% CO2 for 72 hours. The 3-([4,5-dimethylthiazol-2-yl]-
2,5-diphenyl-tetetrazolium bromide (MTT) cell metabolic activity assay (Sigma-Aldrich) was
used to evaluate the cytotoxicity of the material. To measure cell metabolic activity, the growth
medium was removed from the wells, and new growth medium, that contained 5 mg/ml of
(MTT) was added. The cells were incubated in the dark at 37°C for 4 hours, and then, 100 pl
dimetilsulfoxid (DMSQO) was added to extract tetrazolium bromide salts from the cells'
mitochondria. The absorbance was measured at 540 nm using an ELISA microplate reader
(RT-2100c, Rayto, China).

The osteogenic differentiation experiment was conducted in compliance with the
approval of the ethics committee (Faculty of Dentistry, University of Belgrade number 36/8).
The attachment of cells to the manufactured constructs was examined using a human apical
papilla stem cell-derived osteoblast cell line. The apical papilla tissue was collected with the
informed consent of an 18-year-old patient undergoing extraction of an impacted third molar
for orthodontic reasons. The tooth tissue was placed to Gibco Dulbecco's modified Eagle's F12
medium (D-MEM/F12; Thermo Fisher Scientific, Inc., Waltham, MA, USA), supplemented
with 20% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.) and 1%
antibiotic/antimycotic (ABAM; Thermo Fisher Scientific, Inc.) solution. 30 minutes after
extraction, the tooth tissue was rinsed in phosphate-buffered saline (PBS; Sigma-Aldrich, St.
Louis, MO, USA) and subjected to an outgrowth isolation technique as previously reported
[19]. Sterilized constructs were immersed in growth medium for 24 hours at 37°C in 5% CO;
to prevent pH changes before seeding. The medium was then removed, and stem cells were
seeded onto the constructs at a concentration of 20,000 cells/10 pl. Growth medium was added
after allowing the cells to migrate into the scaffolds for two hours. On the third day, freshly
prepared osteogenic medium containing growth medium supplemented with 10 nM
dexamethasone disodium phosphate, 1.8 mM monopotassium phosphate (KH2PO4), 10 mM b-
glycerophosphate, and 50 pg/ml vitamin C (Sigma Aldrich, St. Louis, Missouri, USA) was
added [20]. Cells were cultured for an additional 7, 14, and 21 days in osteogenic and growth
medium, with the mediums being changed every 2 to 3 days. The experiment was performed
in triplicate.

The scratch assay was used to assess cell migration in vitro. Extracts of the material
under investigation were obtained by soaking the construct in Dulbecco's Modified Eagle
Medium (DMEM) at a concentration of 0.1 g/mL and incubating it for 24 hours at 37°C in a
humidified atmosphere of 95% with 5% CO2, according to 1SO 10993-12. Serial dilutions of
the extracts were made in DMEM at ratios of 1:1, 1:2, 1:4, 1:8, and 1:16. Single-cell
suspensions were added to 24-well plates (2x105 cells/0.5 mL) and cultured for 3 days until
reaching 80% confluence. Thereafter, the cells were incubated for 24 hours in medium
containing 2% FBS to prevent proliferation of SCAP during the experiment. The following
day, a sterile 1.2 mm wide rubber was used to scratch a wound in the cell monolayer across the
center of the well in a straight line. The wells were then washed twice with PBS, and new 2%
FBS medium and material extracts were added to the corresponding groups before being placed
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in the incubator (37°C, 5% CO>). Images were captured 1 and 24 hours after the scratch was
made, using an inverted microscope (BIB-100/T, BOECO, Germany) with an HDCE-90D
camera (BOECO, Germany). The closest area of the scratch was measured using Scope Image
9.0 software. The experiment was performed in triplicate.

The alkaline phosphatase (ALP) activity assay was carried out one week after
osteogenic differentiation, utilizing the pNPP Alkaline Phosphatase assay kit (Sigma-Aldrich).
Following the induction, the media was extracted, and the cell layers were washed three times
with PBS. Afterwards, 0.1% Triton X-100 was utilized to permeabilize the cell layers overnight
at 4°C. The following day, a 50 pl lysate was mixed with 1 M diethanolamine buffer (pH 9.8,
with 0.5 mM MgCl,) that contained 1 mg/ml pNPP (4-nitrophenyl phosphate disodium salt
hexahydrate). In each well, 100 pl of pNPP substrate was included. The plates were incubated
at room temperature for 30 minutes until a yellow water-soluble reaction product was formed.
To stop the reaction, 3M NaOH was added, and the absorbance was measured at 405 nm using
an ELISA microplate reader (RT-2100c, Rayto, China). The ALP activity was normalized by
the total protein concentration of each well, which was determined using a Biospec-nano
(Shimadzu, Kyoto, Japan).

The impact of scaffold on the development of mineralized nodules was evaluated by
using alizarin red S staining (ARS) technique. After 21 days, cells cultured in 96 well plates
were treated with 4% neutral formalin buffer for 15 minutes and stained with 2% ARS , (Sigma-
Aldrich, Germany). To determine the extent of mineralization, ARS bound to cells was
extracted by incubation with 250 ul of 1% hydrochloric acid in 70% ethanol for 20 minutes.
The absorbance was read at 450 nm in an ELISA microplate reader (RT- 2100c, Rayto, China).
The absorbance of ARS bound to scaffolds cultured under the same conditions, but without
cells seeded on them, was measured and subtracted from the groups with cells seeded on
scaffolds to prevent false-positive results. After seven, 14 and 21 days of osteogenic
differentiation, cells seeded on scaffolds were fixed with 2% glutaraldehyde for 2 hours at 4°C,
dehydrated with increasing concentrations of ethanol (30%, 50%, 70%, 90%, 100%), each
concentration for 10 minutes, and then gold coated before scanning electron microscopic
analysis (JEOL, JSM-5300, Tokyo, Japan).

3.2.9. In vivo implantation of the personalized construct in rabbit’s ulna

Firstly, the New Zealand White adult rabbit was scanned to obtain DICOM data for
designing the bone construct. It then underwent intramuscular premedication using a
combination of Ketamidor (Ketamine hydro-chloride) 10% (Richter Pharma Ag, Austria) at a
dose of 35mg/kg, and Ksilazin (Xylased) 2% (Bioveta, Czech Republic) at a dose of 5mg/kg.
For analgesia, Butorfanol at a dose of 0.1 mg/kg (Richter Pharma Ag, Austria) was used. A
linear 3.5 cm skin incision was made in the ulnar area under local anesthesia (Lidokain-hlorid
2%, Galenika a.d. Srbija). The soft tissues were lateralized and the ulnar bone was exposed.
Afterward, an osteotomy was made through the entire thickness of the bone using a bur (length
of 22 mm), according to the previous virtual planning and use of resection SG. The construct
was designed to exactly correspond to the shape of the defect, which was made at a known
distance from the proximal part of the ulna (30 mm). A 3D-printed bone construct, sterilized
with ultraviolet light for 12 hours, was implanted in the rabbit's ulna using SG, without any SC
or GF added. The surgical wound was closed on multiple tissue levels with interrupted sutures
(Vicryl, Ethicon, 3-0).The rabbit was placed in an enclosed comfortable surrounding after the
surgery and had ad libitum access to food and water. It resumed its normal routine, activities,
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and appetite within three days following the surgery. The incision site was clean, as was the
surrounding skin. The surgical sutures on the skin were removed ten days after the operation.
During the five-day postoperative period, 0.1 mg/kg Buprenorphine (twice a day) and
oxytetracycline 20 mg/kg were administered subcutaneously for pain and infection control. To
assess pain, a rabbit grimace scale, which is a standardized behavioral coding system that
evaluates facial expressions, was used (Keating et al. 2012). The rabbit was sacrificed 12 weeks
after the surgery. The implanted construct and 10 mm of the surrounding old bone tissue of
ulna were sampled and fixed in 4% neutral formalin for further analyses (Figure 9). Complete
procedure was done at the Faculty of Veterinary Medicine, University of Belgrade.

Material synthesis Material characterization Radiography and 3D modeling

Reconstructed bone -
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Figure 9: Graphical presentation of second phase of the research, describing its main steps from
material synthesis to characterization of the bone material taken from the reconstruction site on the rabbit’s ulna.

3.2.10. Radiography and micro-CT evaluation

An X-ray image of the rabbit's ulna was taken while animal was under anesthesia using
a ZooMax White DR machine (Control-X Medical, Ltd.) in a medio-lateral projection. The
imaging parameters used were 47kV, 6.4mAs, and a focus-to-film distance of 70cm. The
resulting X-ray images were digitized using a CR10-x scanner (Agfa HealthCare NV,
Septestraat 27, B-2640 Mortsel - Belgium). After seven days of fixation, the sampled material
was evaluated using micro-CT (SkyScan) imaging, performed in Center of Bone Biology,
using the following parameters: 65 kV, 153 pA, exposure time of 640 ms, an aluminum-copper
filter, rotating 180° in 0.4 steps, and a resolution of 10 pum. The images were then reconstructed
using CTANn 1.16.4.1 software (Skyscan, Bruker). The new and old bone tissues and bone
construct were reconstructed separately using appropriate global threshold ranges. Given that
the bone characteristics in the defect region (new bone) are likely different from those in the
surrounding region (old bone), micro-architectural parameters were determined in each area,
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including total porosity (%), closed porosity (%), open porosity (%), cortical thickness (mm),
connectivity density (1/mm?), average pore size (um), and pore size distribution (%).

3.2.11. Histological and histomorphometric analysis

Specimens for histological analysis were prepared using a standard procedure, which
included fixation in 4% buffered formaldehyde, decalcification in formic acid, dehydration,
and embedding in paraplast, at Faculty of Dental Medicine, University of Belgrade.
Longitudinal sections of 4um thickness were obtained and stained with hematoxylin and eosin,
Goldner trichrome, which is suitable for bone tissue presentation, and Toluidine Blue, which
is suitable for assessing bone vitality.

To assess the difference in regeneration efficiency between the central and peripheral
regions of the defect, histological and histomorphometric parameters were determined in both
areas. Four sections with a spacing of 50 um were made and analyzed from both the central
defect region and the peripheral defect region. At a final magnification of 400x Morphometric
assessment was performed, and two-dimensional photographs were taken using a digital
camera (Leica DFC295, Germany). Histological and histomorphometric analyses were
conducted using a light microscope (Leitz Labor Lux S Fluorescence Microscope, Ernst Leitz
Wetzlar GMBH, Germany) and a software package (Leica University Suite, version 4.3, Leica
Microsystems, Germany), respectively.

The parameters evaluated during histological and histomorphometric analyses included
the presence, total area, and histological characteristics of newly formed bone tissue (NFB),
which is the most important parameter for bone regeneration performance. Additionally, the
total surface of mineralized (MSA) and non-mineralized bone (NMSA) was assessed using the
Goldner trichrome method, which allowed non-mineralized bone to be displayed in the red
spectrum and mineralized bone in the green spectrum. The presence of non-mineralized bone
is important in evaluating active osteogenesis and bone remodeling. The total surface of newly
formed bone marrow (NFBSA), graft (GPA), and connective tissue particles (CNT) were also
evaluated. Finally, the presence and number of inflammatory infiltrate cells, the most important
parameter of the tested material biocompatibility in vivo, was assessed.

3.2.12. Immunochemical staining for confocal microscopy

At Faculty of Dental Medicine, University of Belgrade, slides were prepared from
formalin-fixed and paraplast-embedded rabbit tissue sections. These slides were treated with a
series of alcohol solutions including xylene, absolute, 96%, 70% ethanol, and distilled water
for a duration of 2x5 minutes each to deparaffinize them. The antigenicity of the tissue was
then retrieved using an antigen demasking solution (Vector Laboratories, USA) by heating the
sections at 90°C for 25 minutes. To prevent nonspecific staining, the sections were treated with
a solution of 5% BSA solution in PBS (Sigma-Aldrich, Germany) for 30 minutes before
application of primary and secondary antibodies. Primary polyclonal anti-rabbit antibodies
against osteopontin (OPN), bone morphogenetic protein 2 (BMP2), and osteocalcin (OCN)
(Thermo Fisher Scientific) were applied to the sections, which were then incubated for 24 hours
at 4°C. This was followed by incubation with an appropriate secondary Alexa Fluor 488-
conjugated antibody (Thermo Fisher Scientific) for one hour in a dark humidified chamber.
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Propidium iodide (Thermo Fisher Scientific) was added to the sections to stain the nuclei.
Sections were washed three times in PBS for 5 minutes after each step. The sections were
covered with fluorescent mounting medium (DAKO, Glostrup, Denmark) and examined under
a confocal microscope (Laser Scanning Microscope, LSM META 510, Carl Zeiss, USA) with
a 20x or 40x objective lens. Incubation with 5% BSA was performed for negative control
staining for the secondary to confirm the specificity of the staining.

3.2.13. Clinical implementation of virtual surgical planning, medical models and
surgical guides

In third part of research, we used the radiological protocol and technical procedure that
we previously determined as the most adequate for MM and SG fabrication on seven patients
who underwent surgical treatment for large bone defects of the mandible at the Clinic for
Maxillofacial Surgery at the Faculty of Dentistry, University of Belgrade to test the
implementation of the procedure in a clinical environment. Although the methods we used are
universal and not limited to mandibular region surgeries only, we focused on mandibular defect
reconstruction cases for the sake of uniformity and comparability of the results of the
experimental and practical parts of the research.

In short, preoperatively, all patients underwent CT scans (CBCT or MSCT scans were
used for mandibular region, and MSCT with angiography contrast were used for fibula as the
donor site). Obtained DICOM files were imported to 3DSlicer software for segmentation and
the process of 3D model creation. After generation of suitable STL files for experimental group
of patients, files were imported in to Autodesk Meshmixer and 3DStudio Max program for the
procedure of surgery planning and SG 3D model creation. After localizing the lesions on the
3D mesh, during surgery planning with operating surgeon, safe zone borders were determined
and cutting guides were modeled (Figure 10). Anatomical landmarks like mandibular ramus
and mandibular angle, as well as present teeth were used to position each guide on the
mandible. Distal end and lateral malleolus of fibula were used as anatomical landmarks for the
donor site. To identify most suitable regions of the donor site, 3D models of recipient and the
donor site were imported in to Autodesk 3D Studio Max software where series of
superimposing of two regions were done in order to plan the cutting plains and cutting angles
in such fashion that the resulting auto-graft minimally alters the form of both recipient and
donor region, preserving the necessary vascular structures in the process. Cutting planes were
determined in silico and virtual resections were done in both donor and recipient region. For
all cases, we modeled the most desirable morphology of the graft and resection planes to
accomplish the best functional and aesthetic results. By this technique, even in cases of severe
destruction of the mandible by malignant disease, natural margins of the mandible could be
preserved which is enough to define proper outer borders of the graft and make latter
comparison between the mandible before and after surgery. In the cases where the outer shape
of the mandible was preserved, 3D model derived from the preoperative MSCT or CBCT was
used as an ideal “mold” for the designed shape and size of the autograft. In one case of
traumatic fracture, where part of the mandible was resected previously and where no
radiological scan prior to the injury was done, shape and position of the missing part of the
mandible was restored by the mirroring technique, occlusion and condyle position.
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Figure 10: Virtual surgery planning procedure.1-3; identifying the ,,safe zone” 20mm from alterations borders
visible in the bone and positioning the resection planes (subsection 1-3 purple color) in Autodesk 3D Max
software on the 3D model of the mandible (subsection 1-3 pale blue color). Red arrow lines, visible on
subsections 1-3 are distance measurements based on anatomical landmarks of existing teeth. Aligning of the
donor region with the recipient region starts by importing the 3D model of the donor region (subsections 4-6,
green color) to the 3D max scene with 3D model of the mandible (subsections 4-6 transparent blue color) and
aligning it the best possible way with the first part of the recipient region. In this phase the left mandibular
resection plane becomes the first resection plane for the donor region, and on the base on 3D shape of the
mandible — second cutting plane on the donor region is determined. During next steps, illustrated on subsections
5 and 6, copy of the donor region is made (marked with purple color in subsection 5 and orange color in
subsection 6) with the cutting planes determined in the previous step attached, and translated to the next part of
mandible to be reconstructed in such way that contact points of the second donor region cutting plane and its
copy, that in this way became the third cutting plane, allow for minimal tissue loss of the donor region with
optimal mimicking of the recipient region shape and volume. Described steps include multiple perspectives in
the 3D space, in order to check for the optimal fitting of the donor and recipient region, as well as importing 3D
models of the vascular structures, but the top perspective was chosen for subsections 4-6 for clear and
comparable presentation of the procedure steps.

After resection planes for both recipient and the donor region are determined, based on
their position and the attached thickness of 1mm (because of predicted bone loss due to

resection), SG are modeled in Autodesk 3D Studio Max.
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Figurell: 3D modeling of the SG and MM. Ideal-type example of the two component, or two-in-one
mandibular SG. Resection is done virtually, visible on the blue color body of the mandible, along the mesial
border of the green and yellow SG attachments. Parts of the SG that are in contact with mandibular body are
shaped to fit exactly the topography of the mandible on the place of contact. The first component, yellow, arc

shape body of the mandibular SG enables fixation after resection, ease of access and manipulation during whole
operation. The second, green component, can be removed after resection to allow for auto graft to be placed and
fixed with appropriate titanium plates.
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Figure 12: 3D modeling of the neomandible with SG. Removing the middle part of the mandible (blue color)
after resection, detachment of the screws that hold the second component (green color) of the mandibular SG in
place and removing it, while the first component (yellow color) of the mandibular SG holds the remaining parts

of the mandible in the correct position. Placing the auto graft (red color) in the correct position.

MM of the mandibular region before and after the resection, as well as MM of the donor
region are made to test fitting of the SG preoperatively to ensure successful bone replacement.
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Figure 13: MM of the fibula donor site and fitting of the fibular SG, as part of the preoperative surgery planning.
Distance from the distal end and lateral malleolus was used as the positioning landmark for SG. Placing of the
fibular SG is secured with two 1,5mm diameter screws, preplanned in the SG design.
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Figure 14: MM of the mandible, with single component resection SG placed in the process of the preoperative
planning. Mandibular angle was used as anatomical landmark for SG placing. SG was secured on the MM with
two 1,5mm diameter screws, using holes preplanned on the SG.

In the cases of secondary mandibular resection, with discontinuity of the mandible, 3D
models of the patient mandible were duplicated and imported in to Autodesk 3D Max software,
where each copy was assigned different color pattern and volumes were virtually overlapped.
Mandibular ends from one of the 3D models were then virtually moved to most suitable
position according to the condyle position in the mandibular fossa and the upper jaw:

Polylactic acid (PLA), material we use for MM and SG production, because it is proven
as safe and biodegradable plastic, and commonly used for 3D printing in biomedical purposes.
(Elsawy et al., 2017). Because of its biodegradability, it is used as a slow-release carrier of
drugs and medications (Schliephake et al. 2008), as a membrane for guided tissue regeneration
(Robert et al. 1993), for making antibacterial membranes for bone regeneration purposes
(Pierchala et al. 2017) or as a base for porous scaffolds for bone regeneration (Gandolfi et al.
2018).

After 3D printing, surgical guides are subjected to UV and chemical sterilization before
use.
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3.2.14. Evaluation of clinical implementation of virtual surgical planning, medical models
and surgical guides

To evaluate the results of MM and SG clinical use, following parameters were recorded in
both experimental and control group of patients:

Surgery time or surgery duration (recorded in minutes)
Time of hospitalization (recorded in days)
Surgical complications

Final functional and aesthetic result

o M W Do

Patient satisfaction by the surgery, assessed on the scale from 1 to 5

Final functional and aesthetic result was assessed by comparing patient mandible pre- and
post-surgery. Comparison was done by superimposing pre- and post-operative 3D model of the
patient mandible in Autodesk 3D max software. Pre-operative 3D model of the mandible was
used as an ideal situation for the patient, as in preoperative virtual planning. In cases of
secondary resection, CT or CBCT predating first operation was used. Healthy side of the
mandible on both pre- and post-operative 3D model was used as a marker for overlapping two
3D models. Orthogonal AP and lateral projection of the overlapping 3D models was used to
record lateral and anterior-posterior linear measure deviation. BW, bi-gonial with and SH were
used to reconstruct the AP and lateral projection of the mandibular 3D model. Different color
and transparency were used for easier measuring. After linear measuring, 3D models of pre-
and post-operative mandible were solidified to eliminate inner voids. Volume of the
neomandible was calculated by virtual resection. By Bulian operation of subtracting two
volumes: discrepancy between neomandible volume and the volume of preoperative mandible
was recorded as an indicator of precision.
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Figure 15: AP perspective of pre-operative 3D model of the mandible on the left, post-operative 3D model of the
mandible on the right. A — patient from the control group, B — patient from the experimental group.
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Figure 16: Overlapping of pre-operative and post-operative 3D models of the mandible, AP and lateral
perspective, representing same patients as on previous figure. A — patient from the control group, B — patient
from the experimental group. Green arrows represent sites of largest discrepancies.

3.2.15. Statistical analyses

Statistical analyses were made in Statistical Package for the Social Sciences software
(SPSS, version 17.0, for Windows operative system), with 95% confidence interval and
statistical significance level of 5%. The Kolmogorov—Smirnov test was used to assess the data
distribution normality.

Intraclass Correlation Coefficient (ICC) test was used to determine intra- and inter-
observer reliability for measurements taken on both digitally on MSCT/CBCT scans and on
physical models (dry mandible and 3D printed medical models). One sample t-test was used to
estimate the significance of the difference between MSCT/ CBCT scans and scanned mandible,
as well as between 3D-printed MM derived based on MSCT/CBCT scans, and scanned
mandible.

For cytotoxicity assay tests, one-way analysis of variance (ANOVA) was used to
compare values between the groups. A paired sample t-test was used to compare the micro-CT
porosity data found in new bone to that found in old bone as well as to compare the
histomorphometric data found in the central and peripheral parts of the reconstructed bone
defect.
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During evaluation of clinical implementation of virtual surgical planning, MM and SG,
independent samples t -test was used to compare the clinical outcomes between experimental
and the control group. Due to nonhomogeneous variance of data regarding time of
hospitalization, nonparametric Mann-Whitney U test was used for comparing for experimental
and the control group.
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4. Results

4.1 3D model creation procedure

The DSI value of the described segmentation process in 3DSlicer software was 0.97,
indicating a high accuracy or high similarity between the binary mask representing the actual
dry mandible image and the 3D models created by the segmentation process.

4.2 Measurements on dry mandible and 3D-printed medical models

All measures taken are listed by radiological protocols, assessed by the tested
visualization and measuring techniques and compared to the reference standard. Measures are
expressed as a numerical and ARE values (Table 4 and Table 7).

Differences of linear measures of both MM and CT/MSCT scans from the reference
standard were analyzed by one-sample T-test, for the test value of 0, of the results in columns
3D-printed Medical Models — Mandible and CT, CBCT 2D — Mandible in Table 4. The analysis
demonstrated highly significant values, p=0.000 and p=0.001, respectively. In contrast, p
values of one-sample t-test with the test value of 0, for the individual differences of
measurements of every MM and the mandible from Table 4 were as follows: CBCT0.25: 0.745,
CBCTO0.35: 0.572, InnerEarUHRO0.6 U90u: 0.74, InnerEarUHR0.6 U30u: 0.080, Dental 0.75
H60s: 0.110, Dental 0.75 H30s: 0.104, Dental 2.0 H60s: 0.239, Dental 2.0 H30s: 0.063. One-
sample t-test, for the test value of 0, of the results ((3D-printed Medical Models — Mandible) —
(CT, CBCT 2D — Mandible)) shown in Table 4, showed no statistical significance (p=0.566).

Table 4: Linear measures on the mandible, scans and medical models

Radiological Linear Linear 3D- CT, CBCT CT, CBCT CT, CBCT CT, CBCT 3D (3D-printed

protocol measure measure printed 2D 2D —Dry 3D —Dry medical model

linear value on 3D- value on megiclal measures  mandible measures mandible = Dn(;'m

measure printed dry ano el — (mm) / (mm) (mm) / (mm) n(\zaTnC:aC:ar);D
medical mandible 2/ ARE ARE (cT, :

(mm) mandible value value Dry mandible)

models (mm) (mm) (mm)
/ ARE value

CBCTO0.25 SH 27.2600 / 27.3575 -0.0975 26.4825/ -0.8750 48.0375/ 20.6800 -0.7775
0.0036 0.0320 0.7559

CBCTO0.25 SW 14.8650 / 14.3425 0.5225 149375/ 0.5950 19.5250/ 5.1825 -0.0725
0.0364 0.0415 0.3613

CBCT0.25BW  107.1450/ 107.91 -0.765 107.3750  -0.5350 109.925/  2.0150 0.2300
0.0070 / 0.0050 0.0187

CBCT0.25 114.5025 / 114.055 0.4475 114.3000 0.2450 111.4500 -2.6050 0.2025

RPCL 0.0039 /0.0021 /0.0228

CBCTO0.25 113.3975/ 113.955 -0.5575 113.5250 -0.4300 110.7250 -3.2300 0.1275

LPCL 0.0049 / 0.0038 /0.0283
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CBCTO.355H

CBCTO.355W

CBCTO.35 BW

CBCTO.35

RPCL

CBCTO.35LPCL

InnerEarUHR

0.6U80u SH

InnerEarUHR

0.6US0u sW

InnergarUHR

0.6U90u BW

InnerEarUHR

0.6US0u RPCL

InnerEarUHR

0.6U90u LPCL

InnergarUHR

0.6U30usSH

InnerEarUHR

0.6U30usW

InnerEarUHR

0.6U30u BW

InnerEarUHR

0.6U30uRPCL

InnerEarUHR

0.6U30u LPCL

Dental 0.75

HE60s SH

27.6675 /
0.0113
15.0275 /
0.0478
107.1275 /
0.0073
113.4425 /
0.0054
113.4775/
0.0042
26.6250 /
0.0268
14.7350/
0.0274
107.1075 /
0.0074
1127425 /
0.0115
112.4725/
0.0130
26.5550 /
0.0203
14.8050 /
0.0322
105.7875 /
0.0197
113.0625 /
0.0087
1120575 /
0.0167
26.5000 /

0.0313

27.3575

14.3435

107.91

114055

113955

27.3575

143425

107.91

114055

113955

27.3575

143435

107.9100

114.0550

113.8550

27.3575

0.3100

0.6850

-0.7825

-0.6125

-0.4775

0.7325

0.3825

-0.8025

-1.4825

-0.8025

0.4525

-2.1225

-0.8925

-1.8975

-0.8575

25.7700 /
0.0580
149675/
0.0436
107.3250
/0.0054
113.8500
/0.0018
113.6250
/0.0028
27.3275/
0.0011
14.9250 /
0.0408
106.2750
/0.0151
113.6000
/0.0040
113.3250
/0.0055
26.9500 /
0.0148
15.0550 /
0.0487
105.6500
/0.0208
113.3250
/0.0064
113.1000
/0.0075
27.1450 /

0.0078
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-1.5875

0.6250

-0.5850

-0.2050

-0.33200

-0.0300

0.5825

-1.6350

-0.4550

-0.6300

-0.4075

0.7125

-2.2600

-0.7300

-0.8550

-0.2125

48.1150 /
0.7587
20.6325 /
0.4386
108.8000
/0.0082
109.8250/
0.0371
110.9750
/0.02615
43.2675/
0.5816
29.3350/
1.0453
106.7750
/0.0105
110.7250
/0.0292
110.2250
/0.0327
44.5850 /
0.6297
29.4825 /
1.0563
109.8750
/0.0182
111.5500
/0.0220
111.2000
/0.0242
41.2650

0.0078

20.7575

6.2200

0.8500

-4.2300

-2.9E800

15.9100

149925

-1.1350

-3.3300

-3.7300

17.2275

1.9650

-2.5050

-2.7550

13.9075

-1.2775

0.0600

0.1975

0.4075

0.1475

0.7025

-0.8325

0.8575

0.8525

0.3850

-0.2500

-0.1375

-0.2625

-1.0425

-0.6450



Dental 0.75

HE0s SW

Dental 0.75

HE0s BW

Dental 0.75

HE60s RPCL

Dental 0.75

HE60s LPCL

Dental 0.75

H30s 5H

Dental 0.75

H30s SW

Dentzl 0.75

H30s BW

Dental 0.75

H30s RPCL

Dental 0.75

H30s LPCL

Dental 2.0

HE60s SH

Dental 2.0

HE0s SW

Dental 2.0

HE60s BW

Dental 2.0

HE60s RPCL

Dental 2.0

HE0s LPCL

Dental 2.0

H30s 5H

Dental 2.0

H30s SW

14.9350 /
0.0413
106.6275 /
0.0119
113.2200/
0.0073
113.0225/
0.0082
26.6825 /
0.0247
14.8500 /
0.0354
105.3825 /
0.0234
113.1325/
0.0080
1121575/
0.0158
27.8025 /
0.0163
14.5100/
0.0117
106.4225 /
0.0138
113.6625 /
0.0034
112.0875/
0.0164
26.3375/
0.0373
14.5550 /

0.0148

14.3425

107.8100

114.0550

1139550

27.3575

14.3425

107.8100

1140550

113.9550

27.3575

14.3425

107.8100

1140550

1139550

27.3575

14.3435

0.5825

-1.2825

-0.8350

-0.9325

-0.6750

0.5075

-2.5275

-0.8225

-1.7975

0.4450

0.1675

-1.4875

-0.3925

-1.8675

-1.0200

0.2125

14.8475/
0.0352
107.0750
/0.0077
114.3750
/0.0028
113.6750
/0.0025
26.6225/
0.0269
15.0425 /
0.0488
105.5250
/0221
113.5250
/0.0020
113.7000
/0.0022
27.4450/
0.0032
14.7600 /
0.0291
106.0250
/0.0175
113.7500
/0.0027
113.0750
/0.0077
27.2975/
0.0022
14,8275/

0.0328
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0.5050

-0.8350

0.3200

-0.2800

-0.7350

0.7000

-2.3850

-0.2300

-0.2550

0.0875

0.4175

-1.8850

-0.3050

-0.8800

0.4850

28.1100/
0.9600
107.7500
/0.0015
109.8500
/0.0373
109.3500
/0.0408
54.5550 /
0.9942
27.6775/
0.9298
109.0750
/0.0108
108.0750
/0.0524
109.0250
/0.0433
44.0150 /
0.6089
25.8975/
0.8056
105.8250
/0.0193
111.2250
/0.0248
110.4250
/0.0310
42.7300/
0.5619
26.0450 /

0.8160

13.7675

-0.1500

-4,1050

27.1975

13.3350

11650

-5.9800

-4.9300

16.6575

11,5550

-2.0850

-2.8300

-3.5300

15.3725

11.7025

0.0875

-0.4475

-1.1550

-0.6525

0.0600

-0.1925

-0.1425

-0.6925

-1.5425

0.3575

-0.2500

0.3975

-0.0875

-0.9875

-0.2725



Dental 2.0 103.3925 107.9100 -4.5175 105.2750  -2.6350 110.0750 2.1650 1.8825

H30s BW 0.0413 /0.0244 /0.0201
Dental 2.0 1117775/ 114.0550 -2.2775 1130750 -0.9800 105.9750 -4.0800 1.2975
H30s RPCL 0.0200 /0.0086 /0.0358
Dental 2.0 111.4825 113.9550 -2.4725 113.3000 -0.6550 112.3000 -1.6550 18175
H30s LPCL 0.0217 /0.0057 /0.0145

ARE values of linear measurements on 3D-printed medical models (MM) are presented in Linear measure value on
3D-printed medical models (mm) / ARE value column; linear measurements on dry mandible are presented in Linear
measure value on dry mandible column; difference of measurements on 3D-printed MM and dry mandible are
shown in 3D-printed medical model — Dry mandible column. 2D measurements on MSCT and CBCT are shown in
CT, CBCT 2D measure column; difference of 2D measurements on MSCT/CBCT and dry mandible measurements
are shown in C7, CBCT 2D — Dry mandible column. 3D measurements on MSCT and CBCT are shown in MDCT,
CBCT 3D measures column; difference of 3D measures on MSCT/CBCT and dry mandible measurements are
shown in CT, CBCT 3D — Dry mandible column. Discrepancy of the difference shown in 3D-printed medical model
— Dry mandible column and the difference shown in C7, CBCT 2D — Dry mandible column is shown in (3D-printed
medical model — Dry mandible) — (CT, CBCT 2D — Dry mandible) column. Next to every measure taken from 3D
model, CT and CBCT data, ARE value is given. Marginal ARFE values are underlined. while bold numbers represent
measures of ARE that are considered out of acceptable accuracy (Whyms et al. 2013).

To visualize the precision of each radiological protocol-derived MM measures compared with
the mandible measures, we made rankings presented in Table 5. Based on similarity to the
measures taken on the mandible, we made ranking separately for every measure taken and for
every set of five measures for every MM, from 1 (the closest) to 8 (the farthest). As explained
in the legend of Table 5, the Sum of difference rows of the Measurement score column show
the ranking of every radiological protocol. However, when compared in this way, the standard-
resolution CBCT (CBCTO0.35) and Dental 2.0 H60s radiological protocols, with the summed
score for all 5 measurements being 16, were both ranked on the second place. That made us
believe that we need to compare the models more precisely, and we calculated the Sum of
difference, marked with the underline in the Difference column, to sum up the total discrepancy
for all 5 measures of each MM relative to the mandible. The ranking of this category is shown
in the Sum of difference rank column. In this way, not only were we able to identify the more
precise protocol among CBCTO0.35 and Dental 2.0 H60s, which ranked the second, but we also
found that Inner Ear UHRO06 U90u went from the third position on the overall ranking on
Measurement rank column to the fifth position in the Sum of difference rank column. The same
applies to Dental 0.75 H30s, which shifted from the fifth to the seventh position in the same
column.
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Table 5: Linear measure rankings

Radiological Difference: linear measurements on  Measurement  Measurement Sum of
protocol MM - linear measurements on the score rank difference
dry mandible (mm) rank

CBCT0.25 SH-0.1000 SH1 1

SW 0.5200 SWé

BW-0.7700 BW1

RPCL 0.4500 RPCL2

LPCL -0.5600 LPCL2
Sum of difference 2.400 12 1
CBCT0.35 SH0.3100 SH2 2

SW 0.6500 SW§

BW -0.7800 BW2

RPCL -0.6100 RPCL3

LPCL -0.4800 LPCL1
Sum of difference 2.8700 16 2
InnerEarUHR SH-0.7300 SH3 3
0.6U90u SW0.3500 SW3

BW -0.800 BW3

RPCL -1.3100 RPCL7

LPCL -1.4800 LPCL4
Sum of difference 4.7000 22 3
InnerEarUHR SH-0.8000 SH6 6
0.6U30u SW 0.4600 SW4

BW-2.1200 BWE§

RPCL -0.9500 RPCL6

LPCL -1.9000 LPCL7
Sum of difference 6.2700 29 6
Dental 0.75 H60= SH -0.8600 SH7 4

SW 0.3900 SW7

BW -1.2800 BW4

RPCL -0.8400 RPCL4

LPCL 0.9300 LPCL3
Sum of difference 4.5000 25 4
Dental 0.75 H30s SH-0.6800 SH4 5

SW0.5100 SW3

BW -2.5300 BW7

RPCL -0.9200 RPCLS

LPCL -1.8000 LPCL3
Sum of difference 6.4400 26 7
Dental 2.0 H60= SH 0.4400 SH3 2

SW0.1700 SW1

BW -1.4500 BW3

RPCL -0.4017 RPCL1

LPCL -1.8700 LPCL6
Sum of difference 43717 16 3
Dental 2.0 H30s SH-1.0200 SHS 7

SW0.2100 SW2

BW 4.5200 BWS

RPCL -2.2800 RPCL S8

LPCL-2.4700 LPCLS
Sum of difference 105000 34 8

The differences in linear measurements obtained on mandible and 3D-printed medical models (MM) is visible in
difference: linear measurements on mm — linear measurements on the dry mandible column. Swm of difference rows
of difference: linear measurements on MM — linear measurements on the dry mandible column, are calculated by
adding up difference value of one MM set of measurements regardless of positive or negative sign. Measurement
score column presents overall ranking score of every measure from / as the smallest and the most precise number to
8 as the least precise one. Sum of these rankings for every MM is given in the same column in the Swn of difference
rows. Measurement rank column presents the overall ranking of MM by the sum of measure score, starting from the
smallest and the most precise number marked by / to the largest and the least precise one marked with 7. Sum of
difference rank column presents the rank of every MM by the Sum of difference rows score of all five measurements,
starting from the smallest, and there for most precise one, marked with /. to the largest and least precise, marked
with 8.

To emphasize the importance of attention on small measurements and illustrate the

amount of deviation during repeating radiological measurements on CT and CBCT scans as
well as its impact on measurement accuracy, we divided the average measurements with their
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standard deviations. The results were as follows: SH: 35.891, SW: 79.375, BW: 93.835, RPCL.:
199.475, LPCL: 213.483. Larger numbers depict the measures repeated with higher accuracy,
and we generally observed larger numbers in the longer measures: RPCL, LPCL and BW.
Although with the lowest standard deviation of 0.2 mm, SW as the shortest measure had the
second lowest score.

We also determined and compared the average discrepancy of all MDCT and CBCT
measurements from the measurements on the mandible, from the column CT, CBCT 2D —
Mandible of Table 4, and the average discrepancy of only SW measure from the same table,
and found that these values were 0.4652 and 0.5778, respectively. The two average
discrepancies were similar and close to 0.5 mm, and the one related to SW was slightly larger.

As described in the Methods/Linear and volumetric measurements section, SH, SW and
BW measures are aligned with the corresponding 3D axis of Cartesian coordinate system.
Based on that, we can recommend the corrections, shown in Table 6, for every 3D model axis,
after transformation of DICOM volume reconstruction into 3D model, to fabricate MM of
accurate dimensions.

The physical measure of volume on MM compared with the mandible, shown in Table
7, demonstrated that the best results are obtained with CBCTO0.25 and InnerEarUHR1 0.6 U30u
protocols (Table 7, Medical Model — Mandible column). The attempt of volume measure
correction by cumulative adding of 3D axis correction percentage (Table 7, Axis correction of
physical measure — dry mandible column) showed negative effect on isotropic volume
reconstruction protocols (CBCTO0.25 and CBCTO0.35), but improved volume measure accuracy
of anisotropic volume reconstruction protocols in 4 out of 6 cases.
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Table 6: 3D axis corrections

Radiological SD 3D-printed 3D printed medical 2D measurement / 3D axis
protocol medical model model-dry mandible correction / correction %
SH0.0216 SH-0.0975 SH/Z 00316/ +0.1160%
SW 0.0311 SW 05225 SW /Y -0.5536/-3.7317%
CBCTO0.25 BW 0.0545 BW -0.7650 42237%
RPCL 0.1608 RPCL 0.4475 BW /X 0.8195 / +0.7649%
LPCL 0.4502 LPCL -0.5575 RPCL / XYZ 0.6173
LPCL /XYZ 1
SH0.0236 SH03100 SH/Z 03336/ -12057%
SW 0.0590 SW 0.6850 SW/ Y -0.7441/ 4.9516%
CBCTO0.35 BW 0.0450 BW -0.7825 2.5976%
RPCL 0.2222 RPCL -0.6125 BW /X 0.8275 /+0.7724%
LPCL 0.1372 LPCL -0.4775 RPCL / XYZ 0.8347
LPCL / XYZ 0.6147
SHO.1028 SH0.7325 SH/Z 08353/ +3.1313%
UHR SW 0.0058 SW 03925 SW /Y -0.3983 / -2.7030%
Iﬂ%“(s%a;w BW 0.0699 BW-0.8025 1.7637%
- RPCL 0.2871 RPCL -13125 BW /X 0.8724 /+0.8145%
LPCL 0.1780 LPCL -1.4825 RPCL / XYZ 1.5996
LPCL / XYZ 1.6605
SHO.1731 SH-0.8025 SH/Z0.9736/ +3.6139%
UHR SW 0.0827 SW 0.4625 SW /Y -0.5452/ -3.6825%
In%“i?;‘)u BW 0.0499 BW-2.1225 2.5645%
- RPCL 0.0974 RPCL -0.9925 BW /X 2.1724 /+2.0536%
LPCL 0.3850 LPCL -1.8975 RPCL / XYZ 1.0899
LPCL / XYZ 22826
SH0.0648 SH0875 SH/ Z 09223/ +3.4804%
Dental 0.75 SW 0.0208 SW 0.5925 SW/ Y -0.6133 / 4.1065%
H60s BW 0.0818 BW -1.2825 2.4319%
RPCL 0.1855 RPCL -0.8350 BW /X 1.3643 /+12795%
LPCL 0.1424 LPCL -0.9325 RPCL / XYZ 1.0204
LPCL / XYZ 1.0749
SH0.0236 SH-06750 SH/Z 06986/ +2.6182%
SW 0.0638 SW 0.5075 SW/Y-0.5713/-3.8471%
De’;;;logjs BW 0.0359 BW -2.5275 -2.0989%
RPCL 0.1640 RPCL -0.9225 BW /X 2.5634 /+2.4325%
LPCL 0.3023 LPCL -1.7975 RPCL / XYZ 1.0865
LPCL / XYZ 2.0998
SH0.0330 SH0.4450 SH/Z-04780/-1.7193%
SW 0.0455 SW 0.1675 SW /Y -0.2130/-1.4680%
Delr_;?(l) 29 BW 0.0695 BW -1.4875 0.0522%
s RPCL 0.1441 RPCL -0.3925 BW /X 15570 /+1.4630%
LPCL 03165 LPCL -1.8675 RPCL / XYZ 0.5365
LPCL / XYZ 2.1840
SH0.0499 SH-1.02 SH/Z1.0700/ +3.0626%
SW 0.0129 SW 02125 SW /Y -0.2254/ -1.5486%
Deg;l) 20 BW 0.0789 BW -4.5175 -0.3990%
s RPCL 0.3137 RPCL -22775 BW /X 4.5964 / 4 4456%
LPCL 0.3596 LPCL -24725 RPCL / XYZ 2.5912

LPCL / XYZ 2.8320
Standard deviation of measures observed on 3D-printed medical models derived from every radiological
protocol are shown in SD 3D-printed medical model column, and difference from the same measure on dry
mandible in 3D-printed medical model- mandible column. Corresponding axis of the 3D model, maximum error per
3D axis and in the same time a proposed correction 1s indicated in 2D measurement / 3D axis correction / correction
% column. Value of Y axis correction percentage, recalculated under 15X magnification is given in bolded letters.
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Table 7: Volume measures and comparison

Radiological Volume Physical measure / ARE value
protocol reconstruction / ARE
value
Tissue SD (cm®) | Average SD 3D Axis Axis correction Materialize
(cm?) printed correction of | of physical mimics volume
(em?) (em?) medical physical measure—Dry | measure
model - measure mandible {cm?)
Dry (cm’) / ARE (cm’) /ARE
mandible | value value
(em?)
CBCT 0.25 53.7500 0.7300 53.6075 / 2.2026 -1.2075 52.1380/ -2.6770 52.3048 /
/0.0154 0.0220 0.0488
0.0458
CBCT 0.35 57.7900 0.9500 52.7750 / 0.8839 -2.0400 50.2930/ -45220 52.6337
/0.0543 0.0372 0.0825 0.0398
InnerEarUHR | 58.7700 1.0000 52.790 / 0.3677 -2.0250 54.4460 / -0.3690 52.8911/
10.6 USQu /0.0722 0.0370 0.0067 0.0351
InnerEarUHR | 57.0100 0.9800 53.5950 / 0.2758 -1.2200 546253/ -0.1897 58.18%4 /
10.6 U30u /0.0400 0.0223 0.0035 0.0616
Dental 0.75 56.1600 1.0000 51.4150/ 1.1102 -3.4000 51.6760 / -3.1390 535105/
HE0s /0.0245 0.0620 0.0573 0.0238
Dental 0.75 53.9500 0.5000 57.1550 / 0.0778 2.3400 57.9810/ 3.1660 57.8436 /
H30s /0.0158 0.0427 0.0578 0.0552
Dental 2.0 72.7700 1.9700 52.0850 / 0.9970 -2.7200 51.4550 / -3.3600 54.4654 [
HE0s /0.3276 0.0496 0.0613 0.0064
Dental 2.0 71.9600 1.9200 52.2450 / 0.5020 -2.5700 55.9014 / 1.0864 58.5065 /
H30s /0.3128 0.0469 0.0198 0.0673
MANDIBLE 54.8150 0.5445

Digital volume reconstruction of Digital Imaging and Communication in Medicine (DICOM) data 1s given
in the Volume reconstruction / ARE value column, and the medical model and the dry mandible physical volume
measures by water immersion in volume measuring vessel (VMV) are shown in the Physical measure / ARE value
column. Differences between 3D-printed medical model and dry mandible physical volume measures are shown in
the 3D printed medical model — Dry mandible column. The effect of the proposed axis corrections on the physical
volume measure is shown in the Axis correction of physical measure / ARE value column; the effect of axis
correction on the difference in the physical volume measures between medical models and dry mandible 1s shown in
the Axis correction of physical measure — Dry mandible column; and the volume measure of the corresponding 3D
model in Materialize Mimics software is shown in the Materialize mimics volume measure / ARE value column.
Values of average relative error (ARE) are given after </ sign. Values of ARE that are considered out of acceptable
are marked in bold, while marginal ARE values are underlined.
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4.3 Intra- and inter-observer tests

ICC values showed high intra- and inter-observer agreement in linear measurements of
the 3D medical models, MSCT-CBCT 2D, MSCT-CBCT 3D, and mandible, all in the range
from 0.959 to 1. Inter-observer ICC score for the volume measurements was 0.929.

4.4 Microstructural assessment and wettability determination of 3D-printed bone

construct

3D-printed bone scaffold micro-porosity assessment revealed the following: total
porosity of 64%, closed porosity of 0.54%, open porosity of 63.46%, average trabecular-like
structures thickness of 177 um, average pore size of 256 um and number of closed pores per
mm? of 34,8.

Figure 17: A) The engineered construct used for the
experiments and B) its structure after magnification
(X200). C-E) Wettability of the construct.
Administration of the reference liquid droplet on the
construct surface. F) Histogram showing the time

required for reference liquid to completely wet the
_ _ construct surface. Note that the droplet is absorbed
within the part of the second.
F

0.3

Time (s)
o
W

e
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Figure 18: Micro-architectural properties of the 3D-printed bone replacement scaffold as measured by micro-
computed tomography. The total porosity of 64% provided promising conditions for new bone conductivity. (A)
Three-dimensional reconstruction of the construct’s micro-CT image. (B) The construct’s pore size distribution.

(C) The construct’s trabeculae-like bars’ thickness distribution.

4.5 Cytocompatibility assays

The assessment of mitochondrial activity demonstrated a strong connection between
the construct and SCAP, as indicated by the high uptake of tetrazolium salts in both the
experimental and control groups of cells (Figure 19 A, B). Figure 19 C presents the absorbance
values obtained from the measurements taken in the wells where the construct directly
contacted SCAP and the control wells. No statistically significant differences were observed
between the groups.

In the in vitro scratch assay, cell migration during the 24-h exposure to the serial
dilutions of the investigated material extracts was found to be concentration-dependent. Higher
concentrations of GM and OM significantly stimulated cell migration. Statistical significance
was observed for the 1:1 (p<0.05), 1:2 (p<0.0001) and 1:4 (p<0.0001) dilutions, while no
statistical significance was found for the 1:8 and 1:16 dilutions compared with the control
group in 2% FBS medium (Figure 19 D).

The ALP activity assay revealed a significantly higher values of ALP activity in groups
of cells seeded on scaffolds (Figure 19 E).

The mineralization assay test showed significant difference in the extracellular
deposition of mineralized globules between two groups of cells cultured in OM and GM and
cells seeded on the construct and cultured in either GM or OM (p<0.05) (Figure 19 F).
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Figure 19: Cytocompatibility evaluation of the construct extracts. A: Image of the intimate contact of stem cells
of the apical papilla (SCAP) and the bone construct 72 h after cell seeding. There is visible high level of
formazan salt uptake in SCAP in contact with the scaffold. B: Image of control cells under phase-contrast
microscopy, 100 x. C: Absorbance measures from the control wells and the wells from the direct contact of the
scaffold and cells. D: Scratch assay results of SCAP exposed to serial dilutions of material extracts. Results are
presented as cells” migration distance at 24 h interval. Statistical significance is marked with asterisks (***p <
0.05, ****p < 0.0001). E: Alkaline phosphatase enzyme extracted on day 7 from SCAP cultured in growth
medium (GM), osteogenic medium (OM), on construct in GM and on construct in OM (*p < 0.05, **p < 0.01,
****p < 0.0001, one-way ANOVA). F: Quantification of Alizarin red S bound to cultures extracted on day 21
from SCAP cultured in GM, SCAP in OM, on construct in GM and on construct in OM (*p < 0.05, ****p <
0.0001).

SEM images of the osteoblasts seeded on scaffolds for 7, 14 and 21 days (cultured in
growth and osteogenic medium) are presented in Figure 20. The cellular morphology
underwent changes over time, transitioning from a fibroblast-like appearance, which is
characteristic of mesenchymal stem cells and predominates on the 7™ day of culturing in growth
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medium, to flattened bone-lining cells with numerous cytoplasmic processes and intercellular
connections, a morphology specific to osteoblasts on the 21% day of culturing in growth
medium. The stem cells transitioned into osteoblast-like cells by the 7" day of culturing in the
osteogenic medium.

Figure 20: Scanning electron micro-photographs of osteoblasts seeded on the construct’s surface, cultivated in
two different media. A: Scanning electron micro-photographs of the osteoblasts cultivated in growth medium
and seeded on the construct’s surface for 7, 14 and 21 days. Blue arrows refer to the cells with morphological
changes to stabilize the cell-material interface. B: Scanning electron microphotographs of the osteoblasts
cultivated in osteogenic medium and seeded on the construct’s surface for 7, 14 and 21 days. Blue arrows point
to the cytoplasmic extensions that indicate cell adhesion. Note that after 21 days of seeding the lamellar
structure of the osteoblasts was formed on the surface of the manufactured construct (red arrow).

4.6 Radiography of the implanted bone construct and micro-CT analysis of the
explanted tissue

Figure 21 illustrates the progression of bone healing over time. Radiographic evaluation
of the rabbit's ulna at 6 weeks post-implantation of the bone construct revealed extensive
formation of calcified endosteal callus, visible as shadows at the fracture site and well-formed
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deposits penetrating the bone. By 9 weeks post-implantation, clear indications of bone
deposition were observed on both the proximal and distal parts of the ulna. The reconstructed
bone 3D images, along with the adjacent remaining material particles, are depicted in Figure
22B and Figure 22F.

3 weeks 6 weeks

Figure 21: Representative radiographic images of rabbit ulna defects reconstructed using the engineered 3D
construct at 3-, 6-, and 9-weeks post-surgery. Three weeks after the surgery, the fracture lines were clearly
visible, while the construct remained in place without any dislocation. At six weeks post-surgery, the fracture
lines were barely discernible and exhibited continuous illumination. The construct's shadow exhibited calcium
deposits, a granular structure, and direct contact with the surrounding bone. No signs of fragment dislocation
were observed. After nine weeks, the fracture lines became indistinct due to mineral deposition and the
formation of new bone tissue, which penetrated the construct sharply from both the distal and proximal sides.
The construct's shadow appeared smaller compared with the earlier radiographic phase and was partially
replaced by newly formed bone. The spongiosa on the ulna exhibited consolidation at the site of discontinuity,
accompanied by a thickening of the cortical bone. Mineralization of the spongiosa was also present in the mid-
diaphysis of the radius.

Cross-sectional micro-CT images of the original bone and newly formed bone are
presented in Figures 22A and 22C, respectively. Statistical analyses demonstrated a significant
difference between the original and newly formed bone in terms of total porosity and open
porosity parameters (p<0.05). However, no significant differences were observed for closed
porosity, average pore size and average cortical thickness between the old and new bone areas
(p>0.05) (Figure 22D). The pores were categorized into three groups: 0-50 um, 50-210 pm,
and 210-470 pm. The highest percentage of pores was in the 50-210 um range, in both the
new bone group (47£15%) and the old bone group (47+12%). There was no significant
difference between the new and old bones for any of the pore size categories tested (p>0.05)
(Figure 22E).
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Figure 22: A and C: The assessment of orthotopic bone formation. Micro-CT cross-sections of the old bone (A)
and new bone (C) were captured at 12 weeks post-surgery. B: The segmental bone defect measured 22 mm in
size. D: Quantitative histograms illustrate the formation of new bone at 12 weeks, depicting TP (total porosity),
OP (open porosity), CP (closed porosity), PS (pore size), and CT (cortical thickness). E: The distribution of pore
sizes in new and old bones is displayed. Statistical significance between the new and old bones is indicated by
asterisks (p < 0.05). F: In areas where the new bone formed, it established complete integration with the old
bone, benefitting from increased nutrient supply and the presence of bone cells. However, in the central region,
remnants of the non-resorbed bone substitute can be observed. Notably, formation of trabeculae is evident

within the bone structure.
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4.7 Histological and histomorphometric analysis

The histological analysis of the explanted bone revealed satisfactory healing of the bone
defect without complications such as necrosis, infection or bleeding. After 12 weeks of healing,
the defect was filled with newly formed bone (NFB) and remaining scaffold particles. The NFB
tissue exhibited close contact with the old bone, with a discreet demarcation line between them.
In this region, as well as in the area of the NFB, small isolated scaffold particles were observed,
surrounded by bone tissue without CNT interposed.

The histological analysis demonstrated that a small amount of NFB was mineralized,
while the majority of it was non-mineralized, indicating active osteogenesis. Furthermore, a
significant portion of the NFB exhibited signs of lamellar organization, with vital osteocytes
concentrically positioned around Haversian channels. Woven non-mature bone was also
present, indicating active remodeling of the bone tissue. The NFB primarily displayed a
trabecular architecture with newly formed bone marrow among the trabeculae. Additionally,
hyaline cartilage was identified, indicating the presence of ossification (Figures 23 and 24).

The results of histomorphometric analysis did not show significant differences between
the central and peripheral parts of the defect, either for NFB (35+11% vs. 51+11%,
respectively) or for the mineralized surface area - MSA (35+11% vs. 49+11%, respectively)
(p>0.05). No connective tissue or construct particles were observed in the peripheral part of
the defect. On the other hand, 6+5% of connective tissue and 17£17% of construct particles
were found in the central part of the defect.
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Figure 23: Toluidine blue staining of the harvested bone. Upper panel: A merged image of the defect, which is
nearly completely filled with newly generated bone tissue. A distinct boundary line is observed, representing the
separation between mature and immature new bone. Numerous graft particles are present (indicated by red
arrows), surrounded by bone tissue, with no presence of soft tissue (10x magnification). Red square: Hyaline
cartilage is prominent, suggesting the presence of ossification. Green square: Isolated material particles that are
surrounded by newly formed bone tissue, predominantly exhibiting a lamellar structure (100x magnification).
Yellow square: The morphological characteristics of numerous viable nuclei within osteocyte lacunae indicate
bone repair. The construct particles are fully embedded in the newly formed bone, demonstrating the excellent
osteoconductive properties of the material (100x magnification).
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Figure 24: Goldner trichrome staining of the harvested bone. Upper panel: Stitched image. Green color indicates
the mineralized bone, while red color indicates the non-mineralized tissue. Yellow square: Wide area of hyaline
cartilage and predominately the presence of non-mineralized new bone tissue indicating active osteogenesis
(40x). Green square: Ossification is observed. NFB is mainly not mature and non-mineralized (100x%). Blue
square: The construct particles (blue arrows) are predominantly embedded within the newly formed bone tissue
without interposing the fibrous tissue between the construct and new bone (100x).
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4.8 Immunostaining analysis

The quantities of bone tissue exhibiting positive staining for BMP2 were greater in
comparison to the bone tissue displaying positive staining for OCN and OPN. Many cells with
intense BMP2 staining were observed in the area of the construct, as well as in the adjacent
sections of rabbit ulna (Figures 25 and 26). Only a small number of cells positive for OCN and
OPN were identified, both within the construct region and in the surrounding bone tissue of the
rabbit.

Old bone

Figure 25: Confocal microscopy of bone remodeling indicators in different regions of the reconstructed bone.

Immunofluorescence staining of anti-bone morphogenetic protein 2 (BMP2), anti-osteocalcin (OCN) and anti-

osteopontin (OPN). Expression of BMP2 molecule, OCN molecule and OPN molecule in old bone and newly
formed bone (white arrows) and the control staining for secondary antibody.
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Figure 26: Immunofluorescence staining of anti-BMP2, anti-OCN and anti-OPN antibodies in the rabbit bone
near the construct, and the expression of BMP2, OCN and OPN molecule (white arrows) and the control
staining for secondary antibody.
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Control

Figure 27: Immunofluorescence staining of anti-BMP2, anti-OCN and anti-OPN antibodies in the construct’s
region. Expression of BMP2, OCN and OPN molecule (white arrows) and the control staining for secondary
antibody.
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4.9 Evaluation of clinical implementation of virtual surgical planning, medical models
and surgical guides

1. Surgery time or surgery duration: Average duration of 7 surgeries done with the help of
virtual planning and 3D printing was 10.7 £ 1.1 hours, while that of five surgeries in the
control group was 12.1+ 2.8 hours. The difference between the experimental and the
control group was 1.4 hours (t-test, p=0.131).

2. Average time of hospitalization was 8.57+£1.62 days ([min-max]: 6-11) for the
experimental group and 17.6 +15.47 days([min-max]:8-45) for the control group. Mann—
Whitney U test showed significant difference between the groups (p=0.0165).

3. Surgical complications were registered in only one case in the control group.
Complications consisted of inadequate placement and orientation of the transplant,
which later resulted in significant resorption of the transplant.

4. Final functional and esthetic result: Comparing the control and the experimental groups
by t-test, we found that the mean percentage of autograft out of volume (planned
position) was significantly better in the experimental group (21.586+9.448) than in the
control group (59.64+19.81, p=0.001). The mean lateral displacement of the autograft
was 3.351+£0.797mm and 14.18 * 8.333mm in the experimental and the control group,
respectively (p=0.006). The mean AP displacement of the autograft was 5.643+2.31mm
and 17.24+10.458mm in the experimental and the control group, respectively (p=0.031).

5. Patient satisfaction was most commonly reported as 5 ([min-max]: 4-5, median value:5)
out of 5.00, in the experimental, while in the control groups it was frequently reported
as 3 ([min-max]:3-5, median value:3), respectively. There was a significant difference
between the groups (Mann—Whitney test, p=0.017).
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Figure 28: Graphical representation of relation of number of objects and techniques used during planned surgery
(horizontal axis) to the percentage of bone graft placed postoperatively out of the volume of preoperative
mandible margins. None column represents surgeries done conventionally. MM+TG+GG column represents
surgeries done with help of MM, TG (transplant guide, the surgical guide for donor region resection) and GG
(graft guide, the surgical guide for shaping of auto-transplantation graft). MM+TG+GG+RG column represents
surgeries done with the use of MM, TG, GG and RG (resection guide, the surgical guide for resection of the
mandible). MM+TG+GG+RG+O0Other column represents surgeries done with all the previous elements
combined with resection MM (that is used to check the shape and fitting of the auto-transplantation graft) and
fixators of the mandible after resection, that secure the spatial relation between resected mandible ends.
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5. Discussion

In the first part of our study, we investigated some fundamental dilemmas in the field
of medical 3D printing, that is, what technology and which scanning protocol should be chosen
when trying to translate the virtual anatomical model into a 3D-printed model that accurately
mimics the shape of the scanned anatomical structure (Micic et al. 2023). The obtained results
are of paramount importance given that there are not enough data in the literature regarding the
most suitable technology/protocol for producing high-accuracy 3D medical models. This is
especially challenging considering the necessity of MSCT or combined CBCT and MSCT use
for SG and MM in autograft mandibular reconstruction (Serrano et al. 2019). This is the very
first study where detailed analysis of several radiological approaches was tested in the human
mandible and, therefore, it is expected that the results may be highly usable in oral and
maxillofacial surgical reconstructive procedures.

We found that application of different radiological protocols resulted in various
metrical discrepancies between 3D-printed models and the mandible. We checked every step
of the procedure as potential error source. We assessed the difference of linear measures that
arose from DICOM to 3D model transformation and/or 3D model to 3D-printed MM procedure
to test the used 3D printing methodology, and the difference was not significant. In the next
step, significant variability of the linear measures, confirmed by one-sample t-test (p<0.05,
Table 4), revealed that the radiological protocols were the source of discrepancies.

One-sample t-test of the differences in the set of linear measures of the mandible to
every radiological protocol-based MM linear measures (Table 4) did not show statistically
significant deviation from 0, but differences generated by some protocols were at the brink of
significance, as follows: InnerEarUHRO0.6 U30u: p=0.080, Dental 2.0 H30s: p=0.063: Dental
0.75 H60s: p=0.110, Dental 0.75 H30s: p=0.104. It should also be taken into account that,
considering the precision required by the specific nature of MM and bone SG use, the statistical
significance threshold in future research may be less than 5%, because millimeter-scale
deviations produce miss-fitting between the bone and SG. Namely, our detailed analysis of
MM — Mandible data revealed the differences over 2 mm related to Dental 2.0 H30s, Dental
0.75 H30s and InnerEarUHR 0.6U30u radiological protocols, and differences over 1 mm
resulting from Dental 2.0 H60s, Dental 0.75 H60s and InnerEarUHR 0.6U90u protocols (Table
4). In our study, the protocols that were related to the differences below 1 mm were high- and
standard-resolution CBCT protocols (Table 4). On the same subject, Amin and Saleh managed
to compare direct physical measures with the volume reconstructions of CBCT and MSCT
scans; they found no significant and clinically relevant differences, reporting submillimeter
errors (Amin and Saleh 2015). However, it is possible that the result of <1 mm error is related
to the design of Amin and Saleh’s study, where out of 26 measurements in total, 24 were under
33 mm and majority were under 20 mm. Taking into account the ARE values of the
measurements of the study of Amin and Saleh, it is obvious that the measurements over 100
mm would give >1 mm or even >2 mm errors. Similar to our research, Whyms and coworkers
attempted to determine MSCT parameters acceptable for quantitative 3D modeling for pre- and
post-surgical planning as well as to increase accuracy of both prosthetic material construction
and treatment change recognition (Whyms at al. 2013). Although these authors did not discuss
surgical planning in detail, their study did give many guidelines for future research, some of
which we have applied. In the study of Whyms and associates, ARE values were in acceptable
range for all measurements, except for volumetric measurements on MSCT slice thickness of
2.5 mm. Linear measurements illustrated in the same study revealed discrepancies well over 2
mm on some of the measurements (Whyms at al. 2013). Hence, while the ARE values in the
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cited scientific papers are considered acceptable and in the range of 5% statistical significance,
it is obvious that fitting misalignments of few millimeters of SG and reconstruction grafts for
bone tissue would lead to serious issues or failure of the whole surgical outcome. Similar to
implant surgery guides and prosthetics in dentistry, bone surgery guides and grafts require
reliable accuracy. The acceptable range of accuracy should be a matter of future detailed
research for each particular skeletal site.

When analyzing each linear measure individually, our data revealed that BW showed
the most significant discrepancy between the MSCT/CBCT scans and the mandible (Table 4),
and between the 3D-printed MM and the mandible (Table 4), considering that it was
underestimated in all 16 cases. This result is not expected because this measure is not the
longest linear measure (RPCL and LPCL are longer), so the error may arise either from thermal
deformation of plastics during 3D printing or from potential volume reconstruction software
error (Mitsouras et al. 2015, Scarfe and Allan 2008). Moreover, it would be expected that
anisotropic voxels should produce errors in the measures aligned with Z axis or oblique
measures (Scarfe and Allan 2008), which was not the case. High porosity and rounded shape
of the condyle region could be the main reasons for the considerable BW underestimation by
radiological scanning, which should be the matter of future research.

We gave special attention to the smallest measures, such as SW and SH, and noticed
that SD of these measures presented a considerable percentage of the whole measure. As
described in the results, SW's (smallest measure) SD was more significant than the average SD
of all measures combined. We decided to divide all measures average value with the SD to
numerically express the reliability of the measurements, scoring them from the lowest (least
reliable) to the highest (most reliable). The lowest number, belonging to the SH—the second
shortest measure—can be explained by specific anatomical site: the pointy alveolar ridge
between the central lower incisor teeth may not be displayed and measured correctly on lower-
resolution scans. The attempt to improve small measures reading with magnification, by
repeating the SW measuring process with 15x magnification, reduced the Y-axis's 3D axis
correction percentage value by half (Table 6) in all cases except CBCT0.25.

Another frequently mentioned potential source of inaccuracy is voxel anisotropy.
According to Dalrymple and associates, narrow collimation mode should produce isotropic
voxels, while wide collimation mode should produce anisotropic voxels (Dalrymple et al.
2007). However, the cited study did not provide further acquisition data; therefore, we selected
only the clinically relevant scan protocols that achieve only anisotropic MSCT voxels. It is
important to outline that in routine clinical work the voxel size is not calculated and the
radiologist chooses protocols based on the literature and previous experience. In contrast, the
widely used CBCT is well known for creating isotropic data (Scarfe and Fartman 2008). Thus,
we strived to examine the advantages or disadvantages of standard- and high-resolution
CBCT/MSCT scanning images by comparing them mutually and to MM based on these scans.
Our 3D axis correction strategy was partially successful in volume measure correction for
anisotropic and unsuccessful for isotropic radiological protocols (Table 7).

We noted the most significant inaccuracy in 3D linear measurements performed on the
CBCT and MSCT volume reconstructions. Similarly, Periago et al. reported differences of 2—
3 millimeters between cone-beam 3D reconstruction measurements and actual measurements
(Periago et al. 2008). This has been a topic among radiologists for a long time, and it is noted
that the measuring is more precise if performed on 2D slices, or simultaneously on both 2D
slices and volume reconstruction, than on the reconstructed 3D models alone (Fernandes et al.
2015, Aksoy et al. 2016). It is widely accepted that user-defined rendering parameters as well
as locating different landmarks on shiny and shaded surfaces in 3D space introduce majority
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of inaccuracies (Periago et al. 2008; Waltrick et al. 2013; Baumgaertel et al 2009). Therefore,
if used solely, the volume rendering is considered an interactive, highly subjective process that
can finally alter results. However, 3D-rendered objects represent a useful tool for qualitative
assessment (Fernandes et al. 2015; Periago et al. 2008).

From the results of our research, the most proper radiological protocols for MM 3D
printing were high- and standard-resolution CBCT, with Dental 2.0 H60s MSCT protocol
performing almost the same as standard-resolution CBCT (Sum of difference column of Table
5). These results are mostly in line with the previous findings of Vani and Prasad (Vani and
Prasad 2017). Their work found no significant difference between linear measures taken on dry
mandible and CBCT scan, suggesting its suitability for MM fabrication. However, this issue
demanded further clarification due to the fact that all of the linear measures taken in the study
of Vani and Prasad were oriented only vertically (aligned with the Z axis of Cartesian
coordinate system). In addition, the longest set of measures taken had to be excluded from the
analysis due to insufficient agreement of the repeated measures.

Besides these issues, there is a need for defining the MSCT protocol that is the most
suitable for mandibular reconstruction MM and SG fabrication. The protocol officially
recommended by Siemens for jaw analyses on SOMATOM Sensation 16 - Dental 0.75 H60s
produced less accurate MM than did the wide-collimation mode of the same protocol—Dental
2.0 H60s. As for the protocol InnerEarUHR 0.6 U90u, even though it ranked the third by
preciseness in the Measurement rank column, it fell to the fifth position in the Sum of difference
score column and has shown to be even less accurate than the previous two protocols (Table
5). Lastly, the reconstructions in kernel (H30s and H30u) and window (Base orbith) properties
for soft tissues have shown to reduce the accuracy of every protocol, most notably of Dental
2.0, which dropped from the third to the eight position (Table 5).

Comparing our results with other studies, we found that the majority of linear measures
on DICOM data in other studies were underestimated, or shorter than those on the scanned
object, while a very small number of linear measures were overestimated (Vani and Prasad
2017; Periago et al. 2008). However, no studies have discussed the possibility of grouping
overestimation of linear measurements according to MSCT or CBCT plains intersection or
according to Cartesian axis of the 3D model derived from DICOM data (Serrano et al. 2019;
Mitsouras et al. 2015). That is why we were intrigued by our results related to the SW measure.
It was overestimated in all of the cases, as shown in the CT, CBCT 2D — Mandible column and
the MM — Mandible column of Table 4. For other four measures combined, in both columns,
there were only six overestimates (9.375%) out of 64 measures. Waltrick et al. found that
measures on CBCT (0.2, 0.3 and 0.4 voxel sizes) underestimated real mandibular measures in
60.2% of cases, with all errors under 1 mm (Waltrick et al. 2013). The reported errors are in
line with the findings from our research, but the total percentage of underestimated measures
on both DICOM and MM measurements in our research was 72.5%. However, the choice of
measures used in the work of Waltrick and associates was such that all of them presented the
combination of two or even all three of the 3D virtual model axes that could be derived from
DICOM files, so the errors could not be related to any particular axis. Baumgaertel et al. found
that CBCT measures were constantly underestimated. They offered two explanations:
software-related (measures are taken from center to center of the voxel depicting an object,
instead of from border to border of an object), and segmentation-related (threshold value of the
segmentation determines if “hybrid voxels” on the border of hard and soft tissue would make
the object larger or smaller) (Baumgaertel et al 2009). These two theories can explain
underestimation of CBCT measurements in comparison to physical measures, but they cannot
clearly explain a 100% overestimation of the SW measure. A potential explanation would be
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that the circular path of CBCT and MSCT radiation source around the specific V shape of the
mandible creates an increased attenuation effect on the region of mandibular symphysis, which
leads to increased gray value in “hybrid voxels” on the air/cortical bone border.

Practical consideration of overestimation and underestimation of the linear and
volumetric measures on a DICOM volume is directly connected to bone MM and SG. In order
to fabricate usable bone SG, one should use a 3D model or MM slightly bigger than the actual
bone. This is because most measures we took on radiological images of the mandible were
smaller than that on the original bone. In addition, there is a need to make SG just that much
larger on the contact surface to the bone to ensure the proper fitting on the target bone. That is
why we added the standard deviation of the MM linear measures to the difference of linear
measurements of MM and mandible to maximize the 3D axis correction value.

The results of the present study have clearly shown that the most accurate MM of the
mandible are achievable with CBCTO0.25 and CBCTO0.35, closely followed by Dental 2.0 H60s
MDCT protocol. It should be kept in mind that the radiation dose should also be taken into
account when planning the therapy. Ali et al. found that average effective radiation dose for
human mandible CBCT was 0.25 mSv for Scanora 3D and 0.33 mSv for 3D Acutomo 80
device, while MSCT effective radiation dose of the same region was 0.474 mSv for the
Somatom Sensation 16® and even higher for the other MSCT scanners tested (Ali et al. 2015,
Loubele et al. 2009). These results suggest that Dental 2.0 H60s MDCT protocol has advantage
over CBCT protocols. We also correlated the overestimation and underestimation of the linear
measures on DICOM volume reconstruction with planes and axis of the reconstructed volume.
Based on these results, we recommended 3D axis correction or scaling of the 3D model
resulting from DICOM volume reconstruction. Such correction guidelines can be
recommended with high reliability during the specific patient-tailored reconstructive
procedures of the mandible in oral and maxillofacial surgery. More studies with greater sample
size are needed to generalize the observed results to other fields of medicine, archeology, and
forensic science.

In the next phase of the research, we focused on guided surgery and artificial graft
overcritical defect bone reconstruction on an animal model. After determining optimal
protocols for MM and SG fabrication, we engineered 3D-printed bone construct mimicking the
bone tissue architectural pattern, onto which bone cells can attach, proliferate, migrate and
produce new bone. The important role of surgical planning and 3D printing was to precisely
plan the resection of the rabbit’s ulna after CBCT scanning was done, to design and 3D-print
the porosity and pore connectivity of the construct and to design and 3D-print the
reconstruction graft with the attachments that would ensure the primary stability (Micic et al.
2020). The last was achieved by designing the attachments on the construct’s ends, which were
in the contact with the resected bone ends by grasping both bone ends with cylindrical
structures of biodegradable PLA, while leaning on the inner surface of the resected bone with
porous net-like PLA membrane and nHAP.

From an architectural perspective, the 3D construct exhibited the necessary porosity
(>50% total porosity and >100 um average pore size) to meet the structural requirements for
successful regeneration processes. This allowed for effective ion exchange and homeostasis
(Cao et al., 2015; Fernandez-Yague et al., 2015; Komlev et al., 2015). In terms of chemical
properties, a bone replacement material should be hydrophilic and possess favorable wettability
when in contact with human blood in order to achieve good osteointegration (Wen et al., 2017).
Our engineered construct demonstrated super-hydrophilicity, achieving complete wetting in
just 0.234 seconds.
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The surface area of newly formed bone is known to reflect active osteogenesis and bone
remodeling. Additionally, the presence of inflammatory cells is a critical parameter for
assessing the biocompatibility of the bone substitute (Zhang B. et al., 2017). All the evidence
obtained in this study indicates the biocompatibility of the construct and successful bone
regeneration. Histological analysis revealed active ossification in the regeneration process.
After 12 weeks of healing, mature mineralized lamellar bone with Haversian osteons and blood
vessels, as well as a mature bone marrow, were observed, indicating substantial regeneration
of the bone defect. These findings align with the results published by Tang et al. (2016), who
achieved almost complete bone regeneration using a promising new material, trimodal
macro/micro/nano mesoporous bioactive glass, enhanced with the growth factor rhBMP-2. The
presence of numerous strongly stained BMP2-positive cells in the regions of new bone matrix
IS consistent with their role in recruiting host cells during bone healing, as these factors are
associated with chemotaxis induction (Dang et al., 2017). Moreover, BMP-like factors in the
bloodstream have been shown to adsorb onto hydroxyapatite surfaces and promote osteoblast
adhesion. Therefore, it can be inferred that the 3D-printed bone replacement provides an
osteoinductive and osteoconductive microenvironment that activates trophic signals, recruiting
proteins and growth factors to the site of the defect. OCN, a late-stage marker expressed during
the maturation of osteoblasts, is highly specific to osteoblast mineralization (Dang et al., 2017).
The higher expression of BMP2 compared with OCN is likely due to the sacrifice of the animals
after only 12 weeks, which is an insufficient period for the completion of the bone
mineralization process.

Generally, the following four surface properties of biomaterials regulate bone
formation: chemical composition, surface energy, nano- and microtopography and surface
roughness (Hutchens et al. 2016; Sohn and Oh 2019). Desirable osteointegration of the
engineered construct is presumably due to its super-hydrophilicity in combination with the
presence of nanostructure patterns favorable for superior adhesion of cells. We succeeded to
fabricate the bone construct with satisfactory surface properties and microarchitecture (open
porosity of 64% and pore connectivity of 34.8 pores per mm?) that allowed vascularization,
cells migration and proliferation, not only on the construct’s surface, but also within its internal
compartments. Due to the optimal degradation speed, new bone formation and construct’s
degradation seem synchronized, which further provided bone osteoinductive capacity.

Numerous research groups have devoted efforts to the reconstruction of large-scale
bone defects (Oryan et al., 2016; Yang et al., 2014; Fassbender et al., 2014; Xu et al., 2012).
Compared with under-critical size bone defects, the challenges in bone reconstruction for larger
defects arise from the difficulty of achieving optimal vascularization in the central part of the
defect. This complexity is attributed to the nature of bone healing and long time required
(approximately 6 months to regenerate), which means that bio-degradability of the replacement
material should be balanced and located predominantly on the interface between old bone and
bone scaffold (Zhang B. et al., 2017).

Significant progress has been made in the field through the utilization of novel
approaches. These include concepts such as seeding stem cells on the bone construct prior to
implantation, employing prefabricated constructs containing new donor bone in bioreactors,
and incorporating growth factors into the cell culture medium (Zhang H. et al., 2017; Temple
et al., 2014). These advancements have been particularly effective when the bone integrity is
preserved, with the defect surrounded by old bone on at least three sides. The findings presented
in this study align with other investigations where cylindrical bone voids in rat tibia (Nezhurina
et al., 2018), rabbit calvaria (Jokanovic et al., 2017) or sheep femoral bone (Hettwer et al.,
2019) were reconstructed. Thang and colleagues (2016) successfully reconstructed a 16-mm
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marginally resected radius in rabbits using mesoporous bioactive glass with enhanced
compressive strength. Notably, the bone construct alone resulted in 10% new bone formation,
while the addition of BMP2 increased new bone formation to 40%. Additionally, similar to
Zhang B. et al. (2017) and Zhang P. et al. (2009), our study took a step further by reconstructing
a long bone defect with interrupted bone integrity (full diameter of the ulna was removed).

There are two key distinctions between our study and these novel investigations. Firstly,
the our study focused on reconstructing the ulna instead of the radius, which is a significant
advancement considering the estimated mechanical load shared by the ulna during ulna—radius
compressive strain (Lu et al., 2012). Secondly, by engineering a bone substitute with desirable
osteoinductive properties, our approach has the potential to address a critical requirement
mentioned in the aforementioned papers, but without the use of stem cells and growth factors.
It is important to interpret the present results while considering a notable limitation regarding
the number of experimental animals involved. Future studies are planned to confirm these
promising preliminary results using a larger number of animals and in larger animal models.

Next issue is related to reconstruction of over-critical size bone defects. Despite the
introduction of numerous formulations for bone replacement in the past decade, none of the
solutions meet a crucial requirement for healing centimeter-sized bone defects: providing
sufficient mechanical support and serving as "interactive" biomaterial capable of coordinating
material resorption and new bone formation (Yang C. et al., 2018; Sohn and Oh, 2019).
Consequently, achieving bone repair within the central part of the construct is challenging,
resulting in fibrous tissue filling the defect and thus jeopardizing vascularization. In our
research, we successfully addressed some critical material and biochemical issues, leading to
the reconstruction of 1/4 of the rabbit's ulna. In our study this was accomplished by employing
two innovative solutions.

Namely, the construct was 3D-printed using a novel nHAP-based material that differs
from current formulations in the following crucial aspect: the material's solubility matches that
of natural bone, allowing for the ideal time frame for bone apposition and material degradation
without the formation of fibrous tissue at the interface. Additionally, in the central part of the
construct where new bone naturally forms during the final stages of the regenerative process,
the construct exhibited a slightly lamellar structure. Our findings confirmed the absence of any
harmful effects of the 3D-printed construct on stem cells from the apical papilla (SCAP) in
direct contact. Furthermore, leachable products from the construct significantly stimulated cell
migration.

The primary aim of this part of the study was to assess the potential of the construct to
induce osteogenesis in vitro, both alone and in the presence of osteogenic induction medium.
SCAP cultured in induction and growth medium served as a control group. A study by Miles
et al. (Miles et al., 2019) investigated the osteoinduction of microcapsules containing HAP
microgranules on mesenchymal stem cells (MSCs) in both growth and osteogenic medium.
Microcapsules with HAP stimulated MSC mineralization in osteogenic medium from the first
week, but significant mineralization did not occur when only growth medium was added to the
culture. In contrast, SCAP within the construct were able to produce mineralized extracellular
matrix (ECM) regardless of the medium used. The construct's properties guided cells towards
osteogenic differentiation, as evidenced by alkaline phosphatase production at day 7,
mineralized deposits after 3 weeks of culture, and qualitative SEM images at day 7, 14, and 21
in both media. The most significant finding was the absence of differences in mineralization
deposits between control cells cultivated in osteogenic medium and cells in the construct
cultivated in plain growth medium (at week 3 of culture). Furthermore, the addition of
osteogenic medium further amplified the construct's osteogenic properties.
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As previously described, the scaffold's structure primarily determines the extent of cell
migration and differentiation, bone ingrowth, vascularization, and mass transfer between cells
and the environment (Bueno and Glowacki, 2009). The present findings are likely the result of
modifications in the construct's surface nano-topography, increasing the concentration of atoms
and crystal grains and the surface area-to-volume ratio. These modifications improve cell
adhesion, bone ingrowth, osteointegration, and mechanical properties (Webster et al., 1999).
Careful histological analysis confirmed that osteoblasts were able to infiltrate such a material
structure and await the proximity of blood vessels and newly deposited bone.

The next innovation in our study was the successful printing of the nHAP-based
construct with both desirable mechanical support and high porosity, enabling the required
osteoconductivity of the material. The combination of the construct's composition (with
magnesium and phosphorus additions), mechanics, and specific 3D architecture appeared to
provide multiple mechanochemical stimuli that contribute to better temporal control of the
healing process and cell modulation.

The demonstrated concept suggests that large-size bone defects can be reconstructed by
personalized approach, using customized bone construct fabricated by 3D printing, out of
osteinductive biomaterial, without use of growth factors and stem cells. This is a promising
step toward clinical implementation, but using novel biomaterials in research involving humans
is a demanding and long-lasting process that cannot be achieved in the span of this particular
research.

In the final part of our research, we focused on the clinical implementation of guided
surgery with “in house” 3D printing. Indeed, from the practical point of view, clinical
implementation of the techniques determined in the previous steps of the research was the most
important phase. In this phase, we summed up the experience from the previous two research
steps usable in clinical practice.

Although the total time of surgery was not significantly shorter in the experimental than
in the control group (p=0.131), on average 84 minutes less per operation is a considerable
saving in the time and cost of the procedure. Tarsitano et al. found that the total operation room
(OR) time decreased by 115.5 minutes (statistically significant) in the group of patients
operated with the use of computer-aided design and manufacturing (3D printing) compared
with the control group (Tarsitano et al, 2016). Gil and associates reported the average decrease
of OR time of 64 min (no significance), while Serrano and associates found the OR time
reduction to be the most frequent clinical end point to be reported (in five out of 14 studies
analyzed) with the average time reduction of 21.2% (p<0.001) (Gil et al. 2015, Serrano et al.
2019). A shortcoming of our study is failure to register the OR reconstruction and resection
time separately, as part of the total OR time. That way, it would be clear from what specific
part of operation procedure is time reduction originating, and most probably the statistical
significance would be reached by analyzing the time difference between the experimental and
the control group.

Large difference in average hospitalization after surgery between the experimental and
the control group is partially because of the one case of post-surgery complications found in
the control group. Excluding the case with complications would reduce the average hospital
stay for the control group to 10.75 days, but there would still be more than two-day difference
to the experimental group, and the hypothesis that the use of virtual planning, SG and MM
would reduce hospital stay for this type of surgery was confirmed by t-test (p=0.031). However,
since the complication occurred due to inadequate placement and orientation of the transplant,
the occurrence that we aim to eliminate by virtual surgery planning, SG and MM
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implementation, we consider that the results are representative even when including the case
with the mentioned complications. Although not most important, the total cost of the procedure
and occupation of the hospital capacity have high priority for the public health, especially in
the time of potential pandemic, when resources become very limited. By saving 84 minutes in
the OR and 9.2 days of the hospital stay on average, our study demonstrated that implementing
the proposed procedures is a high priority for our health system.

Tarsitano et al. have found that the total time saving in the OR (determined as a cost of
operation per one minute, multiplicated by minutes saved) is equal to or greater than the SG
and MM production cost (Tarsitano et al. 2016 jul). We cannot be precise about the cost of the
procedure, since every mandibular reconstruction had different levels of complexity and
different size; yet, with consideration of the significant reduction in post-surgery
hospitalization in the experimental group, we can certainly say that these savings are greater
than the expenses of virtual planning, SG and MM production.

An important variable used in our study that could not be compared with other scientific
papers was the time prior to surgery, or time spent on virtual planning and fabrication of all
elements needed for the guided surgery. It could not be compared because of the fact that this
variable was usually overlooked or at least it was not described properly in the scientific papers
dealing with this subject. In one case of mandibular reconstruction via fibular flap, where
semiautomatic fibular resection guide was made in commercial software, the time of modeling
procedure was stated to be only around 3 hours (Yuan 2016). It should be noted that this
particular case was indeed exceptional because of the size and shape of the tumor that only
allowed for two separate markers to be used as the mandibular resection guide, which made
the modeling procedure shorter and simpler. The majority of scientific reports are specific
about the time needed to complete the whole procedure from radiological scanning to actual
planned surgery, but those provide specific information report up to 2 weeks needed (Martelli
et al. 2016). As mentioned in the introduction, such a long-time span can lead to inadequate
healing. The fact that pre-surgery time or time-to-surgery cannot be compared with other
scientific papers where the same type of surgery planning was used leaves us with the
assumption that the already significant difference in hospitalization time is in reality even
greater, because of the production time difference between remote and in house production of
SG and MM.

The most important result of our study, and in the same time the most important
advocate for implementation of the methods we used, is the final functional and esthetic result
and patient satisfaction with the procedure. Having a need to compare a variety of cases that
demanded different type of mandibular resection, we had to choose a methodological approach
that was robust enough to function in all cases and at the same time sensitive enough.
Considering the usual methods, used by Tarsitano et al., where the authors measured the
deviation of the postoperative mandible from the mandibular midline and compared bi-gonial
diameter and mandibular angle, we found several shortcomings (Tarsitano et al. 2016). It is not
unusual to register certain amount of asymmetry in the patient’s anatomy even preoperatively,
so the strategy of mandibular midline would not be the best solution for such patients. Bi-gonial
diameter and mandibular angle measurements may be less effective measures in types of defect
where the mandibular ramus and mandibular angle are not affected. Instead, we decided to use
the preoperative 3D model of the mandible (as used in the leading 3D planning step) as an ideal
and desired shape and size of neomandible, and the postoperative 3D model of the
reconstructed mandible as a final result of the whole procedure. Regardless of the technique,
autograft from each donor site cannot precisely match the shape and size of the mandible, and
every donor site has some shortcomings. For example, a drawback of the fibula flap is the
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relative lack of height, scapular flap has a relative lack of thickness, and so on. Thus, we came
to the conclusion that measuring linear deviation from an ideal position or from the line of
symmetry is a less objective criterion, knowing in advance that we cannot precisely mimic the
preoperative mandible shape and size with the autograft, but we can measure what part of
neomandible has volumetric misalignment that protrudes out of the preoperative or ideal
mandible volume. This way, by measuring only the volumetric difference out of the volume of
the preoperative mandible, we were able to quantify the result of operation more objectively.
Apart from the volumetric discrepancy, we measured a maximal linear deviation from the ideal
mandible shape and size both laterally and in antero-posterior direction. All three of these
parameters showed significant difference in favor of the experimental group. Due to limitations
of our study, our method for comparing the final functional and esthetic result was dealing only
with the mandibular bone, and did not take into account soft tissue profile or eventual dental
restorations. Nevertheless, the facts that all three spatial parameters of function and symmetry
were better in the experimental group and that the patient satisfaction was significantly
increased in the experimental group support the necessity of implementation of our methods.
Furthermore, we noticed positive correlation between the number of planning elements
involved in surgery and the final functional and esthetic result (Figure 28). Hence, the more
planning elements are used, the better result we can expect.

With our work, we advocate for the implementation of virtual planning, SG and MM in
clinical practice (Micic&Djuric 2023). We have shown clear benefits from a range of methods,
majority of which are expected to become a standard in clinical practice in a span of a few
future years, and neglecting these facts could leave domestic medicine behind in the field of
mandibular reconstruction. We have also shown the efficiency of the new combined resection
and reconstruction guide for mandibular reconstruction as well as the concept of “in house 3D
printing”.
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6. Conclusion

This research pioneered the implementation of 3D printing in fields of surgical
reconstruction of large skeletal defects and bone tissue engineering in Serbia. In the process,
we managed to find optimal radiological protocols for fabrication of medical models and
surgical guides used in large mandibular defect reconstruction. We also gave recommendation
for correction of 3D models derived from commonly used radiological protocols of scanned
anatomical regions of interest so they may be presented more accurately.

In Center of Bone Biology, we engineered customized 3D printer for bone replacement
scaffold fabrication, and produced, characterized and implemented a scaffold made of novel
(nHAP/PLGA) bone replacement material for reconstruction of overcritical size bone defect of
rabbit’s ulna. This was the first successful reconstruction of large defects on load bearing long
bones, without using external fixation, bone morphogenic proteins, growth factors and stem
cells.

As a final phase of our research, we successfully implemented methods previously
tested in laboratory and animal experiments in clinical environment. We successfully applied
virtual surgery planning with medical models and surgical guides fabrication in seven surgical
treatments of large mandibular defects, significantly improving surgical outcome.

In summary, we advocate for more close and clinically oriented multidisciplinary
cooperation in implementing new and innovative technology of 3D printing in medicine and
especially in bone defect reconstruction. We demonstrated favorable effects of successful bone
tissue engineering and virtual surgery planning compared to a conventional surgical approach.
After successful testing in clinical context, we are advocating for implementation of “in house”
3D printing and virtual planning of bone reconstruction surgical procedures. We hope that this
research will be the starting point for future research and development, as well as for broader
clinical implementation.
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N3JABA O HICTOBETHOCTHU ITAMIIAHE U EJIEKTPOHCKE BEP3UJE
JOKTOPCKOI' PAIA

Nwme u ipesume aytopa: Munmytun Muhuh
bpoj unnekca: BS-03/14
Crynujcku nporpam: buosoruja ckenera

Hacmos pana: YTI/II_[aj H36opa pPaaruoJIOIKHX IIPOTOKOJIa Ha TAYHOCT TPOJUMCH3HOHATHUX
MCIUIMHCKUX MOJCIIA, XUPYPLIKUX BOAWYA U KOIITAHUX 3aMCHUKA

MenTopu:

- mpocdecop Mapuja Bypuh, UactutyT 3a anatomujy, Menunuackn (akyer,
YHusepsuret y beorpany
- 1p bophe Antonujesuh, Ctomaronomku ¢akynrer, YHuBep3urer y beorpany

W3jaBibyjem 1a je mrammana Bep3uja MOT JTOKTOPCKOT pajia UCTOBETHA EIEKTPOHCKO] BEP3UjU
KOjy caM Ipeslao pajyl MoXpamnuBama y JJUrHTaTHOM PEMO3UTOPHjyMy YHUBEP3UTETA Y
Beorpany. Jlo3BospaBaMm 1a ce 00jaBe MOjU JIMYHH ITOIAIM BE3aHH 32 TOOU]jamkhe aKaJeMCKOT
Ha3WBa JIOKTOpa HayKa, Kao LITO Cy MME U Mpe3uMe, TOANHA U MECTO pol)ema u 1atym onopaHe
pana. OBu JIMYHU MTOJAIM MOTY C€ 00JaBUTH Ha MPEKHUM CTpaHUIlaMa JUTHTAIHE OuOIMoTeKe,
y €JIEKTPOHCKOM KaTaJlory M y myOnmKanyjama YHuBep3utera y beorpany.

VY Beorpany, 2023. roguHe [Tornuc aytopa




HN3JABA O KOPUIIREY

Osnamthyjem YHuBep3uTeTcKy 0MOIMOTEKY ,,CBeTO3ap Mapkouh® na y {ururtanau
perno3uToprjyM YHuBep3uTeTa y beorpaay yHece Mojy JOKTOPCKY JUCEPTAIU]y MO HACIOBOM:

YTULIAJ U3BOPA PAIMOJIOIIKHUX ITPOTOKOJIA HA TAYHOCT
TPOAMMEH3MOHAJIHUX MEJINLMHCKNX MOJAEJIA, XUPYPHIKNX BOJANYA U
KOIITAHUX 3AMEHUKA

KOja je MOje ayTOPCKO JEO.

JlucepTraryjy ca CBUM MPUIIO3MMA MIPEIA0 CaM Y SIIGKTPOHCKOM (DopMaTy MOToJHOM 3a TPajHO
apXHBHpabE.

Mojy TOKTOPCKY JAUCEPTAIH]y TOXpambeHy Y JMTHTATHOM Pero3uTOpHjyMy Y HUBEP3UTETA y
Beorpany u noctynHy y OTBOPEHOM IMPUCTYITY MOTY Jla KOPHCTE CBH KOjH MOIITY]y oapeade
caapkane y ogabpanom tuny nurenie Kpeatusue 3ajeqamnie (Creative Commons) 3a Kojy cam
Ce OJUTyYHO.

1. AyropctBo (CC BY)

2. AytopctBo — Hekomepujainao (CC BY-NC)

3. AyropctBo — HekoMepuujaiaHo — 6e3 mpepana (CC BY-NC-ND)

4. AyTopcTBO — HEKOMEpIHjaHO — aeautu moja uctum yciaosuma (CC BY-NC-SA)
5. AyrtopctBo — 6e3 npepajaa (CC BY-ND)

6. AytopctBo — nenutu oa uctum yceiosuma (CC BY-SA) (MonuMo aa 3a0KpyKUTE caMo
JEIHy O]l IecT moHyheHux JauieHIu. Kpatak onuc JIMIIEHITN je cacTaBHU JI€0 OBE U3jaBe).

VY Beorpany, 2023. roguHe [Tornuc aytopa




1. AyropcTrBo. Jl03BojbaBaTe YMHOXaBambe, JUCTPUOYIIN]Y U jJABHO CAOMIITABAKE J1eT1a, 1
mpepajie, ako ce HaBeJle UMe ayTopa Ha HauuH ojpel)eH o1 cTpaHe ayTopa HiId J1aBaola
JIMIICHIIC, YaK U y KoMepuujaHe cBpxe. OBO je HajcI000IHH]ja O CBUX JIMIICHIIH.

2. AyTOpCTBO — HEKOMepHHjaHo. J[03BOJbaBaTe YMHOKABAKE, TUCTPUOYIIH]Y U jaBHO
caomIuTaBame Jiesia, U Ipepaje, ako ce HaBe/le MMe ayTopa Ha HauuH oJpeleH oJ] cTpaHne ayTopa
WM AaBaolia jguieHne. OBa JIUIeHIIa He J03B0JbaBa KOMEPLHjaIHy yHoTpeOy Aena.

3. AyTopcTBO — HeKOMepIHjaaHo — 0e3 npepaaa. J{o3BospbaBaTe yMHOKABAHKE, TUCTPUOYIIH]Y
Y jaBHO CaoTIITaBame Aeia, 0e3 mpoMeHa, MPeodIMKOBamka WK YIoTpeOe J1ena y CBOM ey,
aKo ce HaBeJle UMe ayTopa Ha HauMH ojpeleH ox1 cTpaHe ayTopa wiu naBaona JmieHe. OBa
JMIICHIA HE J03BOJbaBa KOMEPIUjaIHy yIOTpeOy aena. Y 0JHOCY Ha CBE OCTaJle JIUIICHIIEe, OBOM
JIMIICHIIOM C€ orpaHu4aBa HajBehu oOuM npaBa Kopulihema Jena.

4. AyTOpCTBO — HEKOMEPUMjaJHO — eJIMTH 110/ HCTUM ycaoBUMA. J[03BobaBaTe
YMHOKaBame, JUCTPUOYIMjy U jaBHO CAOIIITaBamke /eI, U Pepajie, ako ce HaBeJe UMe ayTopa
Ha Ha4MH ojpeheH o1 cTpaHe ayTopa WU 1aBaola JIMIEHIIE U aKo ce Ipepajia JUCTpuOyupa noj
MCTOM WJIN CIMYHOM JuueHnoM. OBa JIHIeHIa He 103B0JbaBa KOMEPIHjAIHy yIoTpeOy aena u
npepaja.

5. AyropcTBo — 0e3 nmpepaaa. Jl03BosbaBaTe yMHOKaBawhe, AMCTPUOYLIN]Y U jaBHO
caoniuTaBame Jiesa, 6€3 IpoMeHa, IPeodINKOBamba WK YyIIOTpede Aea y CBOM Jelly, ako ce
HaBeJle UMe ayTopa Ha HauuH oJpeheH oJ] cTpaHe ayTopa WiM JaBaoua jguneHue. OBa nuueHna
J103BOJbaBa KOMEpLUjaIHy yHoTpeOy aena.

6. AyropcTBO — 1€JINTH O]l HCTUM YycJ0BUMA. J[03BOJbaBaTE YMHOXKABAKE, TUCTPUOYLIH]Y U
JaBHO CaolITaBame JIeNa, ¥ IIpepajie, ako Ce HaBeie UMe ayTopa Ha HauuH oapeheH o cTpaHe
ayTopa MM JaBaola JUIEHIE U aKo ce Ipepaja JUCTPpUOyHpa IMOA UCTOM WU CIMYHOM
muneHoM. OBa JHMIIEHIA J103B0JbaBa KOMEPIHMjalHy yroTpeOy nena u npepaaa. Cinuyxa je
co(hTBEPCKHUM JIMLIEHIIaMa, OJJHOCHO JIMLIEHIIaMa OTBOPEHOT KOJa.



