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LV FRQJUXHQW ZLWK WKH SULQWHGRYHADWLRQ ERWK LQ FRQWHQW DQG

O0XQLFK .DSRU 6YHWODQD
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$GULDQ /XVVL .ODXV 1HXKDXV )ORUL®XJJIJPPQQVWWDYPGRXODLH RKDUOF
+X\VPDQV $OH[DQGIBQ &ULYISLFX B6\WWHPDWLF UHYLHZ DQRVWHWD DQDO\
PHWKRGV IRU RFFOXVDO VXUIDFH FDWLHYL@OLQ 2UDO ,QYHVWLJ

KWWSV GRL RUJ Vv

3XEOLFDWLRQYVQHU $ .DSRU 6 (UGHOW . 6XUFNH® 5. W&HDKRKIQLVFK -
7ZR ERG\ ZHDU DQG IUDFWXUH E HRWDXQ ROH B L DWW UH[SHFBPSRVLWH FURZQ L(
WR JLUFRQLD DQG VWDLQOHVV VWHHEHFHREQW IGRHSE PRGHQWH W WHKWH U

JHE KWWSV GRL RUJ M GHGWBD O 'HF 30,

7TKHVH DXWKRUV FRQWULEXWHG HTXDOO\ WR WKLV ZRUN

&R $XWKRUVKLSY DV DGGLWLRQDO FRQWULEXWLRQ

OLOD -DQMLF 5DQNRYLF 6YHWODQD .DEROHWH)PQH .KDPOVHH $GDLOR /XV
.ODXV 1HXKDXV )ORULQ (JJPDQQ 6WDY®ROXDWLBILEKRMNO RVPWN VAXUDRD QV
H[DQGHU &WIQ/SIKRLVFK 6\WWHPDWLF UHYLHZ DRM\GNR R WD \BRRGVVILRURR FG L

FOXVDO VXUIDFH FDULHV & XIQJG BUDWH YQAHEZV WL J

-DQ .-KQLVFK 3URI 'U OLOD -DQMAPIE@mMNBSRE 3®D 6FKeOHU )HOLJ[ .L
6WDYURXOD OLFKRX )ORULQ (JIJPDQ/XVVLP (ADWWDAKRKBIEWLDRULH &KDUC
+X\WVPDQV 3, GHQWLI\LQJ DQG DYRULHM. QL VIYRVRVLEFLDW X @LHY "~ -RXUQDO RI

LFLQH XQGHU UHYLHZ

-DQ .*KQLVFK 3URI 'U O0OLOD -DQMAPE@MNBSRE 3®D 6FK.OHU )HOLJ[ .L
BWDYURXOD OLFKRX )ORULQ (JJPDQ@®VVIP (NO\DWYDIHXKOKXVLDPULH &KD U
+X\VPDQV 367$QGDUG 5HSRUWLQJ RLEBURWWLAWWKGLRY BJE5&$5''6 °

&OLQLFDO 2UDO ,QY KD\ HID WH R QNZ



$XWKRUCV FRQWULEXWLRQ WR WKH SXEOLFDWLRQV

$XWKRUCV FRQWULEXWLRQ WR WKH SXEOLFDWLRQV

7KH WDEOH EHORZ JLYHV DQ RYHQWUHEXRNVLWRHZEHEK ZFONVOPBPREH WR WKH
SXEOLFDWLRQ RI WKH FXPXODWLYH GLVVHUWDWLRQ

3URI 'L
6YHWODQD .DSRU 3K ' GLV) 3K' 6WXG KQLVE 2WKHU VFLHQWLVWYV
6WXG\ SURMHFW , 36\VWHPDWLF UHYLHZQRY & IPFH WHDWIKRRIEAW\VR Y RF BQ B\
VXUIDFH F

,GHD RI SURMHFW
BWXG\ GHVLJQ 3URI +LFNHO
BWHSLWHUDWXUH VHDUFK LGHQWLILFDWLRQ 35KE;£§S$L'FDQMLF
BWHS+DQG UHVHDUFK Rl WKH OLWHUDWXUH 35KE;£§S$L'FDQMLF

3K' OLOD -DQMLF
6WHSHPRYDO RI GXSOLFDWLRQV 5DONRYLF
BWHSSVVHVVPHQW RI IXO0 WH[W SDSHUV 35K[')£hg$L-FDQMLF
6WHS[WUDFWLRQ RI GDWD 35KE;£§S$L'FDQMLF

6WH 3URFHVVLQJ GDWD VHWYV
6WHSHVFULSWLYH VWDWLVWLFDO DQDO\VLYV

6WHY[SORUDWLYH VWDWLVWLFDO DQDO\VLV -KD]DHL &ULV

SLQ
6WH 6HOHFWLRQ RI GDWD ZRUWK SXEOLVKLQJ

BWHS &UHDWLRQ RI WDEOHV ILIJXUHV

BWHSODQXVFULSW SUHSDUDWLRQ VXEPLVVLRQ &R DXWKRUYV
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1DPH RI WKH VWXG6XBWWRDMAWWDO ILQGLQJV IURP WZR

SURMHFWY SRSXODU LQ FDULRORJ\ DQG SHGLDWULF

7KH IROORZLQJ VWXG\ SURMHFWYSDHWP S8 WI RURISE WDW WKH "HQWLVWU\ D
LQ FROODERUDWLRQ ZLWK WKHLFASBQWEW®YW MIQTU RNKW KRVRVQW XWH IRU
3URFHVVLQJ %LRPHWU\ DOGZS1®BPLRORDYRDEHOHUKSMUYLVHG E\ 3URI

+KQLVFK DQG 3URI 0DQVPDQQ

7KH WZR GLIITHUHQW VWXG\ SURMHFW\W ZHU W KR QWKL GGHWH/G UDW
DQG LQFOXGHYVY WZR SXEOLVKHG VMWWKGQHWRB SWOHHA URIW® HDE WK
SURJUDP FRPSOHWHPHQW ,Q SHULRG BDBWEKHQ 2NWWRHGQGWLI
ZRUNJURRBSLOHG RI SURIHVVLRQDOV H[SHUWYV LWXBMHWQWHY C(
ZHUH IRUPHG ZLWK LQWHQWLRQ DG M KRG XI5E@ & FDLKFIO P B L\HW X
VWXGLHV LQ D IRUP RI D FKHFNOLVWPBQ@DSM I8 6$IRADVWSH & H BLRFL
&$ULHV '"HWHFWLRQ DQG 'LDJQRVWLF 6VDXGWH\O B7 % R&HHU RKH
'XULQJ WKLV SHULRG WKH VFLHQWLILFRURWMRBER/XIR UVGRV FRX§
HYDOXDWLRQ DQG DJUHHPHQW RI WRRQJWRXIDYWDVWO XIHYH Q R BvH-
DPRQJ FDULHV GLDJQRVWLF VWXGLHY QWR VERI GMMB ORS PLHW B H
SURSRVDOV $V UHVXOW RI WKH ILUVWGVYWXBR VSWIRAMHUWW G VMWV
IRU FDULHV RQ RFFOXVDO VXUIDFHV LQFWAGLOQOHYRHWY D Q Q@ OPCH
DQDO\VLV IRU FDULHV R(DBWRHA®H X VOMUB BRHYH. FGA.VF XVVLRQ
RQ WKH PHWKRGRORJ\ RI FDULHV &@& WHNFW L RQHDXQGEGHIUDH) € R VM
SUHSDUHG IRU SXEOLVKLQJ

6HFRQG VWXG\ SURMHFW ZHUH SHUIRUPH® L)Q HRHRWGBIHU BWUKR (

OHPEHUV RI WKH VFLHQWLILF ZRUNRWPRW & HD WHNVD®XCE 6 R FIDXW. IRRUVQFOXGLQJ PH DV
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FROOHDJXHV IURP '"HSDUWPHQW RI 3 URMWDKARLGYRIQ" M DRV LHQNNIL VD
LRGRQWRORJ\ WR FRYHU H[SHULPHQVWH Y HD@RES H @ ISBIG LB @/ QIHA
VLWH FURZQ FRPSDUHG WR VWDLQOHVPLQWGE HRA) DNKXH |EHP R Q M

PRGH
6WXG\ SURMHFW |

6\VWHPDWLF UHYLHZ DQG PHWD DQDOXY&\GRD FORNV WV FGWHWXGE \
RFFOXVDO VXUIDFHYV

&DULHV RQ RFFOXVDO VXUIDFHV ZHUH SUMPROBDWHBQWRP RO O |
PRVWO\ GXH WR FRPSOH[ PRUSKRORJ\ RILWKHFRBNLGHRD W K R
D UHSURGXFLEOH DQG RSHUDWLYH FDUKIG QMY HEWHYPBGMW PQA
YLVXDO H[DPLQDWLRQ 9( LW ZDV D JDHRYIWLEFO G HYALFHR/ I K B
1HDUE\ 9( FRQYHQWLRQDO DQG GLJRQDMQELMRHZL® D Q B GALLIRILW
ODVHU IOXRUHVFHQFH /) PHDVXUHPHW@WRQ IDEHU RS @/ LTFX BVQ\
WLYH OLJKW LQGXFHG IOXRUHVFHQRE® WIKH PDEONUMW SO MDHE QL
WR FDSWXUH WKH OLPLWV RI YLVXD 6 QRS/FHFEW LIRQ ZIHD® WK |
ODWHO\ V\WVWHPDWLF UHYLHZV DQG PHW I DEMDWG V LINQRR P HWQ
VXPSWLRQV PRVWO\ LQGHSHQGHQWO\ IRU DK I&ED YR ¥ WWH
QHLW\ EHWZHHQ LQFOXGHG FDULHV HXA DURR WKL WIVGHGRH W K
WKRUV DQG FDQ FDXVH KLGGHQ ULVNFRH@EUDRQBERYD XWKRUY H
WHPDWLE UHYLHZV GHILQHG DQG G KW RURL B H G HKFW MUKRII M QB |

SRVVLEO\ KLJK 5R%

+HUHE\ FRPSUHKHQVLYH VA\VWHPDWLF UHYLBEZPHGFOKGY®J W
GHWHFW DQG VXPPDUL]H UHPDLQLQJUNMLHZ RQ GV KMVHR VRIWDD BSAE
NQRZOHGJH 6SHFLDO LQWHUHVW ZDWM®PFRRYEB8E RQRMWWHOR
RI ELDV DQG ILQDOO\ WR SURYLGHSPHW DI WDHIIXHYW\O Z BB SAICr

GLDJQRVWLF PHWKRGYV
OHPEHUV RI WKH VFLHQWLILF ZRUNRWPRW B HD WHVDEXE 6 R FDXW.IRRUVQFOXGLQJ PH DV
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ORUH WKDQ D IHZ UHFRPPHQGDWLRQV DQEBRIXYIGE QIOMNWR/ FUHD
UHTXLUHG PHWKRGV IRU VA\VWHPDWLF OPWHIGHR (® %2 83H(\WD PP
IRUP XQGHU QXPEHU &5°' 7@ R H-YQBIOHXTHQRBWHWQ WV VH V V
DUDWHO\ DQG LQFOXGHG RQO\ WKRUHDUWWRG WHWV DKRXUDPLQF
RI SUHYLRXVO\ GHVFULEHG FDULHV GUDHRRYMWLF PR®/ PR®\D WL
R SULPDULO\ LGHQWLILHG VWXGIEBDWHG/ LR 3 GF ARQLRHE

VWXGLHY DUH H[DPLQHG LQ GHMADLO D@ G LUWQRODQG VI

RFFXUUHG WR EH DSSURSULDWH IRU WKH VA\VWHPDWLF UHYLF

5R% 8VLQJ WKH GHYHORSHG WRRO IROGB\RUY BPOXEBMGPHYWXG LU
EHHQ UHH[DPLQHG DQG VHSDUDWHO\ DMRWHZHEGCGBESWHR BRROK
VHVVPHQW LQYROYHG LQGLYLGXDO ORDHH R¥I WMWXRBILHYHLRD G D

VWXGLHV ZLWK KLJK 5R%

6HFRQG SDUW RI UHYLHZ FRQFHQWUDWH XR/M® & WYWKIJ B DHORA GIW
DOO LQFOXGHG GLDJQRVWLF PHWWRGYHYZ QOAH®W 2)R 7L, GIH\Q B L [0

PHWKRGV QRQH XVHG 4/) DV GLDIJQRVWLF PHWKRG

OHWD DQDO\WLYV RI'LQ YLWUR VWXGLHVZHUHB WHJ)D BIOPH G WKIGH. KB

QRVWLF DFFXUDF\ XQGHU GHQWLQ FD WIHH S HAWH RVHAFMG. KQ ®HHY K
DWRU\ WHUPV $GGLWLRQDOO\ IRU @@HBDOD BDEILBIVQEBM W HIF
ZHUH FKDUDFWHULVWLFDOO\ UHFRJQL]J]HGVRDWILYKWU @& H B L\

GHQWLQ GHWHFWLRQ OHYHO DBV XIP\® HBWAX® YWHK Hb && J K
EXW W\SLFDOO\ ZHUH KLIJKHU WR RWKRU GDBIRRVWEK\P AR KR
FRPPRQO\ XVHG IXUWKHU GLDJQRVWLF PRWBRGCWHPHHODWY( %:
EHFDPH FOHDU WKDW WKH PHWKRGRORMWRF @XPHELRIX/VLKNDKIH W

RXV DQG WKHUHIRUH WKH FRPSDUDHGREMG RI WKHLU RXWFR

OHPEHUV RI WKH VFLHQWLILF ZRUNRWPRW & HD WHNVD®XCE 6 R FIDXW. IRRUVQFOXGLQJ PH DV



L (QWURGXFWRU\ VXPPDU\

OHWD DOQDO\WLV RI'LQ YLYR VWXGLHW QQROOXNGHG RRWR/ WK% DHM

7KH PHWD DQDO\VLV RI 9( DW WKH FDWKUIHYXHIH®HWWKDRQ6®HY

([FHSWLRQDO UHVXOWYVY ZHUH IRXQG IRUHQ@QG FRQYHQWLRQ

'LITHUHQFH EHWZHHQ LQ YLWUR DQG Q& TYXD/ARRL WW RGE ILIQWF O% B HE

FRPSOHWH DVVHVVPHQW FRXOG QRW EWWEDMGHG DQ 8 Q& UNO B
WRU\ WHUPV 9( GLDJQRVWLF SHUIR UPD® QBHF OV @Q 5D\W RWHEHJ K\
RWKHU VLGH ZH REVHUYH ORZHU 9( GLDIQRWYWWILF PHIWMRR 6 I (
FRQYHQWLRQDO %:5 DQG /) VKRZHG EHKWWQIGHWLPOQAVRMOLT \&H

BWLOO LW ORRNHG WR VWO \PRIQVRRSUH BQBGSR(VZ BN RRXIRC
LQ VWXGLHV XQGHU FOLQLFDO WHUPW\ 630 Z\B K HU FID VWWRH UG
ODERUDWRU\ WHUPV +XJH 6( GLIIHUHQHAH [ZAD/O | BXGG OIRER 9

WHUPV &RQVHTXHQWO\ 9( UHVXOWWMWRWHURMU 63 XQGH

6WUHOQJIJWKY DQG OLPLWDWLRQV $WVDW \WMVWHPORRE WHKLVHE

DPLQHG WRJHWKHU QHDUO\ DOO |UKRGH QRO RRNEEVE®IODBEQ B V|
PHWD DQDO\VLY 5HYLHZ IROORZHG ¥WO LIFOQV® F R @/\XIGGE HAH-OGH B\
FDULHVY GHWHFWLRQ OHYHO LQGLYLWNDO®\ 2RO \OPER DL WRW D
REVHUYHG WKDW RWKHU FROOHDJXHDGHKIG KQ B R%H DALOVHG B HV @/LX
WKDW QHHG WR EH GLVFXVVHG LQ IXWXWDW 9 (7KQRQH ¥ VHZRR
IRU FDULHVY GHWHFWLRQ RQ RFFOXVPI®D MXRISDFHPWH QW B G ¥ \HIX\
GLDJQRVWLEF PHWKRGV 0 RRIHRQHHLUW \L BIH@ W HI LYHD® XD
VWXGLHV XQGHU FOLQLFDO WHUPW VWY QHFNOWD Bl WRKIL V W B\
WLRQ DQG QHHG IRU WKH IXWXUHGWIR R B QGHXAW ZHH® 6 D8R AW €
DQG GLDJQRVWLF VWXGLHV ZKR HLIDOVXMQA® LY]BIUG RXW LELDN GR
RGV 'XH WR WKH OLPLWDWLRQGRIDSQRVMWQW FHDWIOR G WHKYHH H [

DQDO\WLVY RXWFRPHV VKRXOG EH FRQFHUQ ZLWK FDXWLRQ

OHPEHUV RI WKH VFLHQWLILF ZRUNRWPRW & HD WHNVD®XCE 6 R FIDXW. IRRUVQFOXGLQJ PH DV
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6WXG\ SURMHFW ,,

7ZR ERG\ ZHDU DQG IUDFWXUH EHKDY LRUG RD WL FH [FSRIRULRPWLC
FURZQ LQ FRPSDULVRQ WR J[LUFRQLRZDYGGWW B QGO VW RQV WK
PHQWDWLRQ PRGH

,QLWLDO LQWURGXFHG DQG GHVFULIERDU P B R R DUPW WHIH GV K WZR.
IRUPHG PHWDO FURZQV 30& LOQ \HDUPHQGDWAWRRY AMUSHE
ULF GHQWLVWU\ XVXDOO\ SURSRVH VDKMUX ¥ DVI\M DRIQ®MIHY X/ | Y WA,

66&V 7KLY FOLQLFDO UHVWRUDWLYH R®WWRRQKLVFRWPPIRQDE

GHFOLQHG IURP SDUHQWVY DHVWKHRMDLEXIBREQYWURHUWLKRYH SU
DHVWKHWLF SUHIRUPHG SHGLDWULF ]LUFRQHN \FWRZHHO R&YV
GHQWDO PDUNHWSODFH RQO\ HY® GRDQIHED OQWI LI B D W D5F

7R DYRLG IROORZLQJ OLPLWDW L& Q HBHXWIDRWSHMHO RBASD
VLWH FURZQV && GXH WR DHVWKHWLP DHP ERQW IEWS/D W R QD/B\
RQ SULPDU\ PRODUV FRXOG EH ERQGLIQUKWR @KW LPBR PSRV WY
IRUH HDV\ RFFOXVDO DGMXVWPHQWYV BI® G HD WeK EFDQ ZHID N F

FHSWHG WR GLIITHUHQFH RI RWKHU DYDE®HEOH SUHIRUPHG F

6R IDU DV ZH NQRZ WKHUH DUH QRHINYDE RXXW OMKSIXIED Y\ KVHIGR \L
LPSOHPHQWDWLRQ RI WKLV UHFHQW O'\KG HWHHRIRRSAH 8 W RE\S RY LR/
MHFW LV RQO\ SXEOLVKHG VWXGUWEG W L FREBRVEWH XWHRGE
6XEVHTXHQWO\ WKH PDLQ DLP RI VHPRR G VWIXFED VB i) R M BIFFW/X R
PDQFH DQG WZR ERG\ ZHDU RI SUHIRUP DG LY/RKRQ SALMFIO ROLKEHD

IRUPHG FURZQV DQG OXWLQJ WHFKQLTXHYV

JROORZLQJ VWDQGDUGL]DWLRQ DQGWRRWHKUVWHRBW ZHUHRGBGK
I[URP SULPDU\ PRODU DQRG SUHSDUHWGBLRRY WKBRHERW\SAHD R

IRUPHG FURZQV ZHUH LQFOXGHG DQGQGWKIHGH® LW W R RAXKU H HI
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WRRWK VWXPSV ZHUH SUHSDUHG D Q& PR/ASR VRW H HRHRZWQ VY WE
RQ PHWKDFU\ODWH UHVLQ PDWUL[ DREIDRQIWHALUWV K, QL WKRHQ V B RRL{
ZH XVHG WRRWK VWXPSV IRU FHPHQWO WURQ@ M 616HY H/AWWNDK_I]
LQ WKH ODVW JURXS ILQDOO\ WRRWK Y& XIPSFRDHDHFBRER Y
VLVWHG RI DURXQG )ROOWRZLQJ PDQXIDFWXUHG LQVWRIXFWLR
WRFRO WKH GHVFULEHG SUHIRUPHGWHKIREZI G ZIHME B HHW H-QIWW H (
VHOI DGKHVLYH FHPHQW 6%& 5HO\; 8QLFHWDO$ BWREGXFWVU
6W 3DXO 01 86% VHOI DGKHVLYH FHPHQWX6B&H&H I R&KR/MDRQ!
7, 86%$ DQG WKH WKLUG ZHUH WKH H[9BWVNVPHRMNRIPMH W HFWIPG @ W ¢
50*,& O

7ZR ERG\ ZHDU WHVWLOQOJ DQG GHVFUZIS@IL YHPZXHIDUNVHR Q U XTHU

IRUPHG WRJHWKHU ZLWK WKHUPRF\FOL Q@1 WK LQH TIXHRFNHI | F
IRU D PLOOLRQ DQG WZR KXQGUHG F\F®H U H F&KHZU R Q LVAL P) XM
FKHQ :HVWHUKDP *HUPDQ\ $IWHU FKHZL@JZWIURMXUD\RURQN I
ZDWHU DQG VFDQQHG IRU IDLOXUH DR WHWX O W V (VWK BIEIOQ I
WKH SUHVHQW VWXG\ ZDV GHFOLQH® I@¥H WRPWMIQN DWEZRQ Z|
FRPSDUHG WR 50%*,& EHWZHHQ WKH SUHIRQPFARGPEURD®\ RQ R
6$& RU VKRZHG WKH ORZHVW IDLQ@WWKH50D & LR KNHAH@® FURE
WKH EUHDNGRZQV 66& LQ FRPELQDWQRIQUZYWKY 6% & QGG
VRPH ZLGHVSUHDG JDSV SDUDOOHO WV@RW5 G*L, & HUKHHQUFHHI RIIBIW X R
PHEFKDQLFDO SURSHUWLHY EHWZHHQ FG FH.Q QL DLF® QWK HP [T W Rl Z)C
LQ &&V EHFDXVH RI FRPELQDWLRQ Rl ZHDNQHNMM URHIQ P H AK® QMK
GDPDJHG VLGHV ZHUH GHPRQVWUDW HG RXQVIDE H5 1 (0 R@DWH R @
HVSHFELDOO\ IRY 66&V 2SSRVLWHZWR KVEE & \ER I¥& \J DFSHP &
IRXQG OLNH LQ WKH IRUPHU SXEOLYV KHGD WAV O X V\U R HV M H DD/

UHTXLUH WR EH SROLVKHG JRUPHUSRW XGHHYJ LP FRRY HWGP



L (QWURGXFWRU\ VXPPDU\

ZHDU RI WKH DQWDJRQLWWRERKUHQWRIEBO DOO FURZQV ZHUH IDE

SROLVKHG :H SUHVXPHG WKDW KD{HXQFHIVR KD W XE Y QIHY KD QM
RQ UHVXOWV Rl ZHDU WHVWLQJ DOO I6RQYV HFEOGXVBOG BKWIRQ
RQ WKH RWKHU KDQG ZHUH GHVFULEHGH®MYXVW LQ 'HVFIUQ SSH
ILQGLQJV FRQILUPHG E\ &&V WKH JUINBWHEMG EDWE&H ' HVDHIVG
WHULDO QHHGHG IRU FRPSRVLWH PDQXLIWAKWXAFHE V K R&ZENG F\HLF
QLILFDQWO\ IXUWKHU ZLGHVSUHDGS 2RD U6 6,85 H-RWILG B DF DDWH 8
ORZHVW 'DQG ' ZHDU 2QH FURZQ |URWPKHEXHDHIUWL O R 8 VWARU
,QIOXHQFH Rl FHPHQWDWLRQ ZHUH VWDMHG B8 OWKHH GU IVRWWY
IRUPHG SHGLDWULF FURZQV GXH WR \8KH HAPHMRH OMHR' H Q GRL URHK
UHVWRUDWLRQ LQ SHUPDQHQW GHGWERIVQ B Q R UKMRW HVUW K HOUH
PDWHULDO 2XU UHVXOWYV VKRZHG TWIDON \B $ & FESHPRRQHAPW QI
HEXWH LQ FRPSDULVRQ ZLWK FRPSRVLWH KW WWB KQBHIW W H
VWUHQJWK IUDFWXUH WRXJKQHVV LQQ@PRROBUHIGYRDONWRVE0®,& |
VXH WR LQIOXHQFH RI YDULRXYV Y DKOQXHMWV RR | ZHEDU X QUADLFON & B B

VKRZ LPSDFW RI WKH FHPHQWDWLRQ

6WUHQJIJWK DQG OLPLWDWLRQV ,G\RXUQVWSURWRF ROHIES R VXK B

DWLYH PDWHULDOV RQ DGXOWYV SOHWHDRDA YWHRID&EHWRH BH
SUHIRUPHG SHGLDWULF FURZQV DWHQHOW\ RR $HOHSD QD W HRIQH
WRRWK VWXPS ZH XVHG DQDORJRXVXPDWHULDO D @G FIRX\WPH L
HQDPHO PRUSKRORJ\ DQG VWUXFWXU B JGIL | RHU WRRNWK F\DVQ XP1$
FKHZLQJ VLPXODWLRQ SURWRFRO  FKAKAHQHIRUPX OPWDE S UR
XQLIRUPO\ GHVLJQHG DQG VKDSHG KRXWBIEALYYGHUOLQHW
FURZQV DUH FHPHQWHG EHORZ XOW L P DO\GH VOKIEWR UTLW R WU HFH B

DPRQJ WKH SURWRFRO RI FHPHQWDWKRER®KHWWQE HR ¥ Q/GKIHU WU\
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HQKDQFHG DGKHVLYH ERQGLQJ DPRQJ 6%&DIDQ G XARPISHRWY P R/WBIH
VXSSRVH WKDW GLVDJUHHPHQWY DP R QURFMHE HQANRDROL@RIQ WM VLD
RXU VWXG\ 8QGHU UHJXODU LQ YLWURZY®HFQLIFADWWLRQV MGH
GLVWLQFW EUHDN IRUPV IRU SUHIRUPHGQSH@&ED W UKH FRIRL\
WRWDO QXPEHU RI EUHDNV ZDV REVHKI HG DRG W KZAHH B B WHY GV
ZDV DVVHVVHG OLNH WKH ORZHVW |RUONKBIV=&M W& RHBW\Y R/
PDMRU LQIOXHQFH RQ WKH FRQVXPSWRE®RQRRL 6398 QQD&RRDY GC
ORZHU ZHDU (VWDEOLVKHG RQ RXU LQUH WHRHWHHDFRXGN IBRF

FLDQV WKH LQ YLYR LPSOHPHQWDWLRQ LV PDQGDWRU\
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Abstract

Aim This systematic review and meta-analysis aimed to assess the diagnostic performance of commonly used methods fo
occlusal caries diagnostics, such as visual examination (VE), bitewing radiography (BW) and laser uorescence (LF), in
relation to their ability to detect (dentin) caries under clinical and laboratory conditions.

Materials and method#\ systematic search of the literature was performed to identify studies meeting the inclusion criteria
using the PIRDS conceplE1090). A risk of bias (RoB) assessment tool was used for quality evaluation. Reports with
low/moderate RoB, well-matching thresholds for index and reference tests and appropriate reporting were included in the
meta-analysisN=37; 29 in vivo/8 in vitro). The pooled sensitivity (SE), speci city (SP), diagnostic odds ratio (DOR) and
areas under ROC curves (AUCs) were computed.

ResultsSP ranged from 0.50 ( bre-optic transillumination/caries detection level) to 0.97 (conventional BW/dentine detec
tion level) in vitro. AUCs were typically higher for BW or LF than for VE. The highest AUC of 0.89 was observed for VE

at the 1/3 dentin caries detection level; SE (0.70) was registered to be higher than SP (0.47) for VE at the caries detectior
level in vivo.

ConclusionThe number of included studies was found to be low. This underlines the need for high-quality caries diagnostic
studies that further provide data in relation to multiple caries thresholds.

Clinical relevance/E, BW and LF provide acceptable measures for their diagnostic performance on occlusal surfaces, but
the results should be interpreted with caution due to the limited data in many categories.

KeywordsOcclusal caries - Pit and ssure caries - Caries detection - Caries diagnostics - Visual examination - Bitewing
radiography - Laser uorescence measurements - Fibre-optic transillumination - Systematic review - Meta-analysis -
Diagnostic performance - Accuracy - Sensitivity - Speci city

Introduction conventional bitewing radiography (conventional BWR),
digital bitewing radiography (digital BWR) and laser uo

Over the last several decades, occlusal surfaces have beescence (LF) measuremerity\Were used in clinical prac
found to be one of the most prevalent sites for caries-develce or speci cally introduced on the dental market in order
opment in children and adolescents, mainly due to thetp overcome the limitations of visual and/or tactile examina
anatomical susceptibilityl|-6]. Because a valid and repro tion as well as to image and/or quantify the caries process to
ducible caries diagnosis and assessment could not be madeertain degred]. On the basis of the acquired diagnostic
by visual examination (VE) alone, there was a consistennformation, the clinician should be enabled to make-indi
demand for additional diagnostic devices for caries detewidual decisions about caries monitoring, prevention and/or
tion and diagnostics in pits and ssures. In addition to VEpperative interventior9F11].

Numerous in vitro and in vivo caries detection, diag
nostic, assessment and/or monitoring studies have been
designed, conducted and published during the last few dec

. ) . . ades to describe the diagnostic performance of test methods
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in terms of validity (the diagnostic accuracy in relation to ghat tested the diagnostic accuracy and/or reliability of
reference standard) and intra-/inter-examiner reliability (thei erent diagnostic methods for primary caries detec
reproducibility of a diagnosis between di erent time pointstion and assessment in human permanent postedtr te
and examiners). Most recently, systematic reviews and metgpremolars and molars). In vivo studies were included
analyses have merged the available data and drawn eonctegardless of the age of the population and the number
sions mainly separately for each diagnostic meth@elfg].  of included patients or teeth. Studies containing inferma
In addition, this author groud3-15] has mentioned sub tion on primary teeth or teeth with restorations, secondary
stantial heterogeneity between the included diagnostie studaries or arti cially induced caries lesions were excluded.
ies, and problematically, little attention has been pattiso  With respect to its clinical relevance, the following index
important methodological issue so far; therefore, potentidests were included in the search: VE, conventional BWR,
methodological sources of bias might be undetected andigital BWR, LF measurements (DIAGNOdent 2095 or
furthermore, may also potentially skew meta-analysis dat2190, KaVo, Biberach, Germany), fibre-optic transil
Regarding this aspect, each diagnostic trial should ideally bemination (FOTI, IC Lercher, Stockach, Germany) and
designed similarly and should use equal scienti ¢ standardguantitative light-induced uorescence (QLF, Inspektor
and protocols to generate comparable results that decred®esearch Systems, Amsterdam, The Netherlands). Other
the risk of bias (RoB) as much as possible. In contrast,-previhdex test methods were not considered in this review. An
ously published systematic reviews describe andrtdqad  essential characteristic of studies on diagnostic accuracy
erogeneity but do not exclude studies with a potentially higlvas the inclusion of a reference test, frequently also named
RoB. Therefore, this systematic review of the literature anthe ‘gold standard’ or ‘reference standard’. The included
meta-analysis was aimed, rst, to identify caries diagnostién vitro studies had to use any histological technique to
studies on pits and ssures that are tested with commonlyalidate the ‘true’ caries extension; otherwise, the studies
used diagnostic methods, second, to evaluate study quatere excluded. Under in vitro conditions, several histo
ity and identify only those studies with low/moderate RoBlogical techniques, e.g. slices, grinding, hemisection or
and, nally, to provide meta-analytic data on the diagnostienicroradiography, are well-established which ful | the
performance of clinically relevant detection and diagnostibefore-mentioned prerequisite. In clinical studies,-cav
methods. ity preparation or biopsy can be considered equivalent
to provide proof about the presence of any (dentin) car
ies [22]. As dental radiography was commonly applied
Material and methods under clinical conditions as well, it was, therefore, also
included PR3, 24]. In relation to the previously formulated
The methodology of this systematic review was in uencedaiims and the corresponding inclusion and exclusion cri
by several recommendations or guidelines. The QUADASeria, a structured search of the literature was initiated in
2 tool [17, 18], which was designed for the quality assessaccordance with the mnemonic PIRD recommendations
ment of diagnostic accuracy studies, provided the basis f21]. This concept included information about the study
the RoB assessment. Here, the most recently published drafaterial or population, the selected index tests, possible
of the ‘Cochrane Handbook for Diagnostic Test Accuracyeference tests and diagnoses of interest (outcomes). The
Reviews’ was also used9]. The writing of this system nal consented search items are shown in Tdble
atic review strictly followed the PRISMA-DTA statement
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses of Diagnostic Test Accuracy Studies) foBasic literature search and study selection according
diagnostic studies in its latest versi@®] The PRISMA- to PRISMA recommendations
DTA group developed criteria to evaluate the validity and
applicability of diagnostic studies and to enhance the-repliThe systematic search of the literature was performed in
cability of systematic reviews in this area. The present syshe MEDLINE (via PubMed) and EMBASE (via Ovid)
tematic review was registered on the PROSPERO platforelectronic literature databases using the consented search

(CRD42017069894). terms (Tablel) according to standard procedur@®,[
25]. The search included all publications that were listed
Search strategy until 31 December 2018 in the databases and were writ

ten in English. Grey literature was not included. Addi
The research question, inclusion and exclusion criteria arttbnally, reference lists of included studies and reviews
search strategy were conducted on the basis of the PIRiere screened to identify any studies that may have been
concept R1]. Basically, this systematic review of the-lit missed. A few studiedN(=4) were found in result of man
erature included in vitro and in vivo diagnostic studiesual searches.
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Table 1 Documentation of keywords according to the PIRDS concept (Campbell et al. 2015)

Population/problem (P) Index test (1) Reference test (R) Diagnose and study type (D/S)

Caries AND Visual AND Validity AND Systemati* Review
Decay Clinical Validation Meta-Analysis
AND Clinically Valid* Diagnos*
Occlusal Inspect* Accuracy Diagnost*
Fissure ICDAS Sensitivity Detection

Bitewing Speci city Detect

Conventional Radiography SE Detect*

Digital Radiography SP Assessm*

Radiogra* ROC Vivo

Film Az Vitro

Analo* Reproducibility Study

X ray Reproducib* Studies

Xray Reliab*

Speed Reliability

Roentge* Kappa

Radiology Threshold

Radiol* Cuto

Laser uorescence Performance

Diagnodent Histolog*

FOTI Micro

DiFOTI Micro computed

Di(FOTI) CT

Fiber *CT

Fibre

Transillumination

Optic

Opti*

QLF

Quantit*

Laser

Light

Induced

MeSH terms which were used to search the PubMed and EMBASE databases: ((Caries or Decay) AND (Occlusal or Fissure) AND (Visual or
Clinical or Clinically or Inspect* or ICDAS or Ekstrand or Bitewing or Conventional or Digital or Radiography or Film or Radiogra* or Analo*

or Speed* or X Ray or Xray or Radiology or Radiol* or Roentge* or Laser or Fluorescence or Diagnodent or FOTI or DiIFOTI or Fiber or Fibre
or Transillumination or Optic or Opti* or QLF or Quantit* or Laser or Light or Induced) AND (Validity or Validation or Valid* or Accuracy or
Sensitivity or Speci city or SE or SP or ROC or Az or Reproducib* or Reproducibility or Reliability or Reliab* or Kappa or Threshold or Cuto

or Performance or Histolog* or Micro or Micro-computed or CT or *CT) AND (Systemat* or Review or Meta-Analysis or Diagnos* or Diag-
nost* or Detection or Detect or Detect* or Assessm* or Vivo or Vitro or Study or Studies))

Identi cation of the relevant literature Screening and eligibility check

All identi ed bibliographies (PubMedN=946, EMBASE The titles and abstracts were screened by two reviewers
N=836), including titles and abstracts, were exported t¢SK, MJIR) independently. The reviewers were not blinded
a bibliographic software package (X7.8 for Windows,to the names of the authors, institutions, journal or results
Thomson Reuters). The imported set of records from eaaf each publication. All records were counterchecked in
database, including hand searches, was mergeditgo relation to the initially consented inclusion and exclusion
core database to remove duplicate records and to facilitateiteria. If papers met the inclusion criteria completely or
retrieval of relevant articles. In the next step, duplicatepartially, their full-text documents were obtained. Doubts
(N=696) were removed, and the title (and, if needed, ther disagreements were continuously resolved by discussion
abstract of each bibliography) was checked as to whethwiith an experienced researcher (JK). After review of the
it met the inclusion criteria; otherwise, the study wagitles and abstracts, records that were found to be irrelevant
excluded. After the primary identi cation of includable were excluded from further proceedin®6<894). At this
studies and the removal of duplicates, 1090 records westep, 196 records were identi ed for full-text reading. Stud
identi ed. ies (N=56) that were found to be irrelevant after their full

13



Clinical Oral Investigations

texts were read were excluded from further analysis-(sumegative predictive values (NPV) or areas under the
plemental Tabl&0). Finally, 140 studies met the inclusion receiver operating characteristic curve (AUC).
criteria and were read in detail.

Data handling, statistical procedures

Data collection from the selected studies and meta-analysis

Following the repommendatpn for diagnostic test a.ccuracx” data were entered into a database and latcortag
[26], the following relevant items were extracted: study .
L LT . . to an Excel spreadsheet (Excel 2010, Microsoft Cerpo
type (in vivo or in vitro studies), study population and teeth _.. -
. ration, Redmond, WA, USA). Descriptive analyses were
(number and age of patients, type and number of permanenetrformed using Microsoft Excel 2010 and the statisti
teeth used in the study), index test methods (methods, scgr 9

ing criteria and cut-o s), reference standard metklitype cal package mada version 0.5.93] for RStudio 4].

of histological validation method, scoring criteria and cut-If the included studies provided contingency tables, the

0 s), validity and/or intra- and inter-examiner reliability data were used directly. If not, true positives (SE), true

data for the overall caries detection level (DGsusrD1-D4; negatives (SP), PPV and NPV were calculated from the

Marthaler 1966), dentin caries detection level (D0-2 Versursesults in the original publication. If this calculation was

D3-4, Marthaler 1966)77] and 1/3 dentin caries detection not possmle, the cor.respondmg study was exclud(.ad. Cor
rections of tables with zero cells were also made; when,
level (DO-2 versus D3-4, Ekstrand et al. 19978]] Two o .
reviewers (SK, MJR) independently extracted the require]:fr example, the value for the true positives is 2&o,
’ Iiself makes a correction by changing the zero to 0.5 (a

data from all primary studies. An [ X .
P Y y doubts or d|sagreemen_t\§ery small number) because RStudio cannot deal with zero

were continuously resolved by discussion with an experi . . .
ﬁlls. In some reports, statistical information was given for

enced researcher (JK) until a consensus was reached. }:\ : .
. . . more than one examiner. However, in those cases, a mean
data were systematically entered into an EpiData database

[29] (EpiData software version 2.0.9.57, EpiData AssociawaS calculateq by Io'glt' transformation. :
tion, Denmark). Meta-analytic statistics were calculated for all included

diagnostic test methods and commonly used diagnostic
thresholds. Diagnostic accuracy and their 95% confi
RoB assessment dence intervals (95% CI) were calculated from the pooled
data from all included studies, in terms of SE, SP and
To date, no suitable set of criteria exists for assessing RdBe diagnostic odds ratio (DOR). A bivariate diagnostic
among caries diagnostic studies. Therefore, existing eheckandom-e ects meta-analysis suggested by Reitsma et al.
lists and proposal®[, 30-32] were analysed and adapted to[35] was used to provide pooled estimates of SE and SP
clinical/laboratory caries diagnostic studies. The developefdr the respective subgroups along with their 95%I@Is
set of criteria includes 16 signalling questions divided intanethod can take the heterogeneity between studies into
four main domains used for RoB assessments during tlecount by jointly analysing the logit transformation of
review (supplemental Tab&?7). Using the RoB assessment SEs and SPs3p]. Finally, the pooled DOR was calcu
tool, all included studies were re-evaluated and assesskded using a random-e ects model following the approach
independently by two reviewers (SK, MJR). An additionalby DerSimonian and Laird3[/] and aimed at describing
and blind assessment was performed by two other colleagud® performance of the included diagnostic tests. An
from the workgroup (FE, SM). All RoB assessments are@ininformative test shows a DOR value of 1; as the DOR
listed in supplemental Tabl&8a/b-S13/b. increases, the test has more discriminatory po®8}. [

In addition to the initially performed systematic searchThe area under the curve (AUC) of summary receiver
and selection of the literature, all identi ed papers wereoperating characteristics (SROC) was reported to create
further selected according to their RoB status. Here, sevenn overview of the results within each subgroup. The AUC
core domains were selected (tooth selection, index tegalue quanti es the overall ability of a diagnostic test to
criteria, reference test criteria, incorporation bias; pardiscriminate between individuals with the disease and
tial veri cation bias, di erential veri cation bias, bias in those without the diseasg9. The ideal test would have
the analysis), and each study had to show a low or modn AUC value of 1, whereas a random guess would have an
erate inclusion in these domains; otherwise, the studgUC of 0.5; the larger the area under the ROC curve, the
was excluded from further analysis. In the next step, theore accurate the diagnostic test. In addition, SROC plots
remaining studies were crosschecked for the availabilitpnd forest plots were computed to illustrate the diagnostic
of su cient validity data reporting cross-tabulation, sen performance and heterogeneity, respectiva].|
sitivity (SE), speci city (SP), positive predictive (PPV),
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Results conditions; only in the case of VE were higher values
registered in vitro. Again, full comparisons couldt be

According to the work ow recommended by the PRISMA made due to incompleteness of the data (Tabksd4).
guidelines, 140 (108 in vitro and 32 in vivo) studies werdn addition, SROC curves and forest plots were computed
initially identi ed (Fig. 1). After further consideration and are presented in the additional online matesiap
of the results from the RoB assessment (supplementglemental Table§14-S17.
TablesS8a/b-S13a/b), an additional 103 publications
needed to be excluded due to high RoB or insu cient )
data reporting (supplemental Tab®&c/d-S1%/d); the Discussion
summary graphs from the RoB assessment are depicted in
Fig. 2. Finally, 29 in vitro and 8 in vivo studied¢(-76]  This study project summarized the diagnostic accuracy
were selected according to the described stepwise proce¥socclusal caries lesion detection, diagnostiseasment
and were found to ful | the inclusion criteria for meta- and/or monitoring methods that were investigated under
analysis (Figl, Table2). Only two studies were identi ed in vitro and in vivo conditions in permanent, posterior
to use FOTI, and none used QLF. teeth. Therefore, a systematic search of the literature was

Meta-analytic validity data are presented for allconducted; potential sources of bias were considered; and
included caries detection and diagnostic methods in relahally, a meta-analysis was performed to compare €om
tion to the three chosen caries detection levels for labor&only used caries diagnostic methods instead of analysing
tory and clinical studies in Tabl@sand4, respectively. €each method separately}-16, 77-81]. When consider
Most data sets originated from in vitro studi®&s=29, ing the quantity and quality of the systematically searched
Table3) rather than clinical investigations € 8, Table4).  literature, it should be noted that there was a remarkable
In the in vitro results for all diagnostic methods at the carreduction in includable studies with each additional selection
ies detection and dentin caries level, a higher SP than Step (Fig.1). Finally, 37 studies were included in the meta-
value was typically found (Tablg). AUCs were charac analysis #0-76€], and unfortunately, these studies were not
teristically higher for additional diagnostic methods, e.g€qually distributed over all test methods, study setups and
radiography or LF, than for VE. The highest diagnosticconsidered thresholds (Tab®s3 and4). Most studies were
performance was observed for VE at the 1/3 dentin cagonducted under laboratory conditions (RigTable2) and
ies detection level (AUC =0.89). The DOR values rangednvestigated the diagnostic accuracy using the dentin car
from 1.94 to 37.77 (dentin caries detection level/in vitrojes detection threshold (Tabl@snd4). VE, BWR and LF
Table3), 2.14 to 60.37 (caries detection level/in vivo,were tested most frequently than other additional distimno
Table4) and 11.79 to 127.56 (dentin caries detection levelnethods. This heterogenetic information pattern suggests
in vivo, Table4). that it is substantially necessary to conduct caries diagnostic

A meta-analysis was conducted for in vivo studies astudies that include di erent test methods and thresholds
well (Table4). Here, SE (0.70) was registered to be highepn pits and ssures. This demand is even more crucial for
than SP (0.47) for VE at the caries detection level. The Seglinical studies.
(0.72) and SP (0.77) were higher at the 1/3 dentin caries The diverging methodology of each trial—technolo
detection level. The meta-analytic diagnostic performancgies, thresholds, index and reference test criteria (supple
of conventional bitewing radiography (F-speed) and LFmental TablesS1-S§-and several sources of bias (Fg.
was found to be excellent. supplemental TableS7-S18®) resulted in the exclusion of

In addition to the fact that comparisons between in vitr@iumerous studies, which ultimately lowered the number of
and in vivo studies should be performed with caution witfincludable studies and illustrated the heterogeneity between
respect to the imbalance of included studies, a few trend@éudies. This fact underlines the need for standardization and
were observed. While on the one hand, the diagnostibe necessity to conduct well-designed and well-powered
performance of VE tended to be higher under laboratorgaries diagnostic and detection studies in the future.
conditions than in clinical settings, on the other hand, the Regarding the meta-analytic diagnostic performance of
diagnostic performance of VE was not perfect and wathe included diagnostic methods (Tal8emnd4), it must be
lower than that of additional diagnostic methods. Hereemphasized that for some methods, only a limited number of
conventional radiography (E-speed) and LF measurestudies were identi ed. Exceptions were VE, BWR and LF
ments showed higher performance data under clinicdlFables3 and4). When viewing these data, a few trends can
conditions. Furthermore, for all methods, there seemed tee discussed, but it should be mentioned from the outset that
be a tendency towards a higher SE in clinical studies. Sihe results of this meta-analysis should not be overrated due
was found to be comparable under laboratory and clinicdp the limited number of includable studies for each of the

relevant caries detection categories (Tablé&Nevertheless,
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Fig. 1 Flow diagram detailing our search and study selection process applied during the systematic literaturksseteptaid study quality assessmednd
step)
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Fig. 2 RoB graph across
included in vivo A) and in vitro
(B) caries diagnostic studies
for occlusal surfaces. ltem no 1
(patient selection biags only
available for clinical diagnostic
studies

a few conclusions can be drawn from the available data. THeherefore, VE under in vitro conditions results in higher
data support the generally and repeatedly published assung§P values. Vice versa, clinical evaluations probably include
tion that VE of pits and ssures is not perfect and needs tmore details, which may result in higher diagnostic SE val
be accompanied by additional diagnostic methods. Neveues especially for enamel caries.

theless, more recently published criteria (ICDAS, UniViSS) It should be further noted that VE is the method that
that summarize the whole spectrum of non-cavitated cariesnables the clinician to collect important diagnostic co-
lesions may help to overcome this drawbath B2-84].  variables, e.g. presence of bio Im or lesion appearance,
Under in vitro conditions, VE showed mostly high SP-val enables di erential diagnoses and provides nally infor
ues, while SE varied between the di erent methods andhation about the caries lesions activi®p,[86]. The latter
thresholds. A large di erence between SE values was-+egiaspect potentially in uences the individual caries manage
tered for VE under in vitro and in vivo conditions (TabBes ment strategy and it's consideration has become mandatory
and4), which was also reported by Gimenez et ab][ in clinical practice $7-89]. Contrary, with respect to the
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Table 2 Overview of the identi ed diagnostic studies in relation to the method used and characteristics of the study set-up with stepwise
included studies for meta-analysis

1st step 2nd step
Study inclusion according to the systematic search of the literature Study inclusion according to the quality assess-
ment
Studies on diagnostic methods Study set-up Speci cation (N accordingto  Low/ Acceptable index Acceptable data
PRISMA) moderate and reference testeporting quality
RoB
VE (N=106) In vivo (N=27) Without a probeN=22) 10 4 3
With a probe (N=5)
In vitro (N=79) Without a probeN =66) 23 14 13
With a probe ll=13)
Conventional bitewing radiography In vivo (N=18) D-speed=10) 3 2 1
(N=63) E-speedl(=3) 2 2
F-speed=1) - - -
Not speci ed N=4) 1 - -
In vitro (N=45) D-speed{l=13) 4 3 3
E-speed|=24) 5 2 2
F-speed=6) 2 2 2
Not speci ed N=7) 1 1 1
Digital bitewing radiography Invivo (N=3) Sensor=0) - - -
(N=19) Phosphor plateN=1) - - -
Not speci ed N=2) 1 - -
In vitro (N=16) Sensor=9) 3 2 2
Phosphor plateN=8) 2 1 1
Not speci ed N=0) - - -
LF measurement\=68) Invivo (N=22) DIAGNOcam 2095 =22) 9 3 3
DIAGNOcam 2190/PenN=5) 2 - -
In vitro (N=46) DIAGNOcam 2095I{=238) 18 10 10
DIAGNOcam 2190/PeriN=12) 7 6 5
Fibre-optic transilluminationN=8) In vivo (N=1) - - -
In vitro (N=7) 3 3 3
Quantitative light-induced uores- Invivo (N=1) 1 - -
cence N=7) In vitro (N=6) 2 - -

methodological di culties and missing standards to vali non-operative care if the lesions are assessed as active, while
date caries activity, it was decided to exclude the activitynore mature active lesions should receive operatifi [
assessment from the present systematic search of literatureBWR is the most commonly used additional caries lesion
and meta-analysis. detection method in daily dental practice. However, its valid
In vitro data from Ekstrand and co-workeB8[90, 91] ity on occlusal surfaces is often questioned, especially in
pointed to the fact that non-cavitated occlusal lesions depthe early stages of carie87. Here, the anatomy of the
(histological assessed), either, was restricted to the enamebth crown results in superimposed images on the two-
or penetrated the dentin, but then restricted to the outer 1d8mensional (bitewing) radiographs, making the detection
towards the pulp. To raise the accuracy, e.g. in terms of SH early dentin caries lesions harder in comparigothat
and SP, Ekstrand et aR§] suggested to move the standardon proximal sides93]. Surprisingly, the results of the pre
thresholds - enamel versus dentin caries - to lesions reachiggnt meta-analysis did not show a striking di erence in SE
the middle or inner 1/3 of the dentin. Thus, combined SP arehd SP values between di erent X-ray types assessed in this
SP values amounted to 1 8]. The new threshold is much review. However, the di erence in accuracy parameters was
more relevant to the clinicians than the old one, as nombvious compared to those of LF. However, due to the lim
cavitated lesions without an obvious shadow should receiveed number of studies belonging to each BWR category,
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Table 3 Bivariate diagnostic random-e ects meta-analysis for the nally included in vitro studies for all diagnostic methods at di erent caries

detection levels

Meta-analytical diagnostic performance

VE N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

In vitro

Caries detection level

3
0.59 (0.52-0.67)
0.83 (0.70-0.92)
0.59

5.55 (1.88-16.38)

Dentin detection level

8
0.46 (0.20-0.73)
0.87 (0.72-0.95)
0.79

5.93 (3.11-11.31)

2
0.69 (0.51-0.82)
0.88 (0.83-0.92)
0.89

16.6 (4.85-56.79)

Conventional bitewing radiography (D-speed) N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

Conventional bitewing radiography (E-speed) N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

Conventional bitewing radiography (F-speed) N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

Digital bitewing radiography (phosphor plates) N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

LF 2095 N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

LF pen 2190 N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

Fibre-optic transillumination FOTI N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

6
0.75 (0.58-0.86)
0.76 (0.60-0.87)
0.81

10.28 (4.35-24.28)

2
0.78 (0.44-0.94)
0.77 (0.62-0.87)
0.77

11.83 (2.66-52.63)

1
0.97 ( 0.92-0.99)
0.50 (0.34-0.66)
0.92

1
0.42 (0.18-0.69)
0.73 (0.53-0.87)
0.60

1.94 (0.46-8.17)

2
0.48 (0.21-0.77)
0.95 (0.53-0.997)
0.75

10.69 (3.67—31.15)

2
0.50 (0.22-0.79)
0.97 (0.71-0.998)
0.82

23.60 (8.28-67.24)

2
0.48 (0.24-0.73)
0.95 (0.59-0.995)
0.73

15.57 (0.47-515.27)

;
0.68 (0.54-0.79)
0.78 (0.68-0.85)
0.79

8.01 (4.04-15.88)

4
0.63 (0.37-0.83)
0.77 (0.62-0.88)
0.78

5.85 (1.77-19.30)

2
0.49 (0.20-0.79)
0.97 (0.89-0.994)
0.92

1/3 dentin detection level

38.33 (10.15-144.77) 37.77 (13.69-104.19)

these results should be interpreted with caution. Unlike prenumber of includable data from in vivo studies (Tadle
viously published reviewsl ], this review considered sepa these data should be treated with caution, but they are still
rate studies using conventional Im-based BWR and digitatomparable to previous ndings from Pinheiro et 84][ In
BWR (including their di erent modalities) with the aim of contrast to these reassuring results, LF alone is not su cient
reducing bias. Unfortunately, this approach resulted in a lofor the correct diagnosis of caries and good standardization
number of includable studies in each category. is essential to avoid overtreatment and false-positive read
LF has been used as an adjunct caries detection methings due to other uorescence sourceg, [L4, 81, 84, 94].
for incipient lesions that otherwise could not be detected The present study has strengths and limitations. First,
by VE alone 9§4]. The results of our study revealed high one strength is that commonly used diagnostic methods
SE and SP values for LF under in vitro conditions, whictfor occlusal caries detection and diagnostics were ana
is in line with previously reported ndings by Gimenez lysed in one meta-analysis. Second, there was a strict
et al. [L4] and Rosa et al1P]. When considering the small study selection protocol, which was based on principles
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Table 4 Bivariate diagnostic random-e ects meta-analysis for the nally included in vivo studies for all diagnostic methods at di erent caries

detection levels

Meta-analytical diagnostic performance

VE N
SE (95% Cl)
SP (95% CI)
AUC (Reitsma)
DOR

In vivo

Caries detection level

2
0.70 (0.59 0.80)
0.47 (0.26 0.70)
0.70

2.14 (0.73 6.28)

Dentin detection level

1/3 dentin detection level

3
0.72 (0.52 0.86)
0.77 (0.67 0.85)
0.77

10.18 (3.94 26.29)

Conventional bitewing radiography (D-speed) N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

Conventional bitewing radiography (E-speed) N
SE (95% ClI)
SP (95% CI)
AUC (Reitsma)
DOR

Conventional bitewing radiography (F-speed) N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

Digital bitewing radiography N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

LF 2095 N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

LF pen 2190 N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

Fibre-optic transillumination FOTI N
SE (95% CI)
SP (95% CI)
AUC (Reitsma)
DOR

1
0.65 (0.57 0.73)
0.58 (0.42 0.72)
0.65

2.59 (1.24 5.44)

1
0.80 (0.71 0.87)

0.94 (0.46 0.996)

0.94

60.37 (3.31v1100.70) 127.56 (7.38 2203.70)

1
0.88 (0.81 0.93)
0.71 (0.55 0.83)
0.88

18.33 (7.57 44.37)

2
0.79 (0.41 0.96)
0.75 (0.68 0.82)
0.77

11.79 (2.43 57.24)

2
0.76 (0.61 0.87)

0.98 (0.79 0.998)

0.90

2
0.91 (0.86 0.95)
0.78 (0.46 0.94)
0.92

35.90 (13.43 96.00)

for performing systematic reviews and, in addition, aecommendations for conducting a meta-analysis. While
tailored RoB assessment that included only studies witthis step may result in the analysis of a homogenous pool
a low RoB and excluded probable heterogenic publiceof studies, it resulted, by contrast, in a substantial reduc
tions. Third, the present study considered di erent threshtion in includable studies. It is further worth ntieming

olds independently for in vitro and in vivo studies. As athat several reports needed extensive discussion with
main limitation of the study selection process used, theespect to missing data or information. Therefore, the
exclusion of reports with a potentially high RoB from theinclusion or exclusion of a single study remained in some
meta-analysis and feasibly subjectivity of included seleccases a subjective procedure that could not be fullycebje
tion criteria might be discussed for very low number ofti ed. Because of the limited number of includable studies
the included studies, especially in the clinical researchand the low sample size, the results from this meta-anal
To our knowledge, such strict selection has not previysis should be interpreted with caution. This fact under
ously been performed because it is not part of the curretibhes the urgent need for well-designed and well-powered
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article info abstract

Article history: Objectives. The purpose of this in vitro study was to assess the two-body wear and fracture
Available online xxx behaviour of an experimental additive manufactured composite crown in comparison to

zirconia and stainless steel crowns and its cementation protocol for primary molars.

Keywords: Material and methods. Three different paediatric crowns —experimental composite crowns
Paediatric crown (CCs, 3M), zirconia crowns (ZCs, NuSmile), and stainless steel crowns (SSCs, 3M)-were
Additive manufacturing cemented with an experimental resin-modied glass ionomer cement (RMGIC, 3M) and
Zirconia crown two self-adhesive cements (SACs; RelyX Unicem Automix 2, 3M; BioCem, NuSmile). Seven
Stainless steel crown groups, each with eight specimens, were thermally cycled (55 C/50 C)and dynamically
Self-adhesive cement loaded (50N/ 1.2Hz) in a masticatory simulator with steatite antagonists. The areal and vol-
Glass ionomer cement umetric material loss of all specimens before and after 1,200,000 masticatory cycles was
Cementation evaluated with a 3D prolometer. Light and scanning electron microscopy were used for
Thermocycling qualitative analysis. Pairwise comparisons between all the groups were performed using
Chewing simulation the Mann—Whitney U test (p < 0.05).

Two-body wear testing Results. Microscopic imaging revealed different wear patterns for each material. Lowest frac-

ture rates were documented for the CCs.In contrast, all the SSCsshowed perforations. The
CCscemented with RMGIC showed the highest signicant volumetric wear (6.3+ 0.72mm 3),
followed by the SSCscemented with RMGIC (3.6 £ 1.79 mm %) and CCs cemented with SAC
(3.5 1.92 mm 3). No signicant differences were found in terms of the wear among all the
other groups, ranging between 0.4+ 0.25and 0.6 + 0.32 mm 3.
Conclusion. The volume loss of the tested crowns differed for each material and was depen-
dent on the type of cementation. With regard to in vitro wear and fracture patterns,
cementation with SAC may increase the clinical performance of CC paediatric crowns.
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1. Introduction

Prefabricated paediatric crowns are frequently used to restore
primary molars with severe carious destruction due to their
less technique-sensitive  clinical application technique and
excellent longevity [1-4]. The documented annual failure rates
for stainless steel crowns (SSCs)were found to be in the range
of 0-14%, which was lower than most other restorative tech-
niques [5,6]. While the success of prefabricated SSCis well
shown, the lack of aesthetics has been increasingly questioned
by caregivers in daily dental practice. Therefore, veneered
stainless steel or full zirconia crowns were introduced in the
dental market. However, veneered SSCshave the disadvantage
that ceramic veneers may chip off or, in the case of zirconia
crowns, tooth preparation prior to crown placement is much
more invasive than that required for placing SSCs[7]. Nev-
ertheless, aesthetic paediatric crowns also show high 3-year
retention rates of 76-94%[3,4,8]. Aiming to overcome the above
mentioned limitations, a new experimental composite crown
(CC) based on a homogeneous methacrylate resin matrix
with silica/ zirconia nanocluster ller particles was recently
developed (3M, Seefeld, Germany) due to parental request for
tooth-coloured restorations [9]. The major advantage of using
CC might be the benecial bonding to the composite-based
luting cements. Further, an easier dental handling in terms of
occlusal corrections and no material chip-off can be assumed
compared to that of conventional SSCs,pre-veneered paedi-
atric crowns or Zirconia crowns (ZC).

Crowns are industrially —manufactured in additive tech-
nology, which has recently gained importance alongside
subtractive manufacturing due to the feasibility of ef ciently
fabricating complex geometries in a minimum amount of
time and saving material [10]. Until recently, there have
been no scientic data available about the laboratory and
clinical performance of this new and innovative paediatric
crown. Therefore, the primary objective of this in vitro study
was to preclinically evaluate the two-body wear and fracture
behaviour of additively manufactured CCsin comparison with
different available paediatric crowns and cementation proce-
dures. The initially formulated null hypothesis was that there
would be no difference in terms of the fracture and wear resis-
tance for the chosen paediatric crowns and their cementation
protocols.

2. Materials and methods
2.1. Study design

This in vitro study on the two-body wear and fracture
behaviour included three different pre-fabricated, paediatric
crowns (CC, SSC, ZC) which were not individualised during
cementation.

Composite crown (3M): methacrylate
with silicia/zirconia  nanocluster)

Zirconia crown (Nusmile): 80-96% ZrO,, 4-10% Y203, <5%
HfO2, <5% organic binder, 1-4% pigments) = Y-TZP dental Zir-
conia.

Stainless steel crown (3M): Fe-Ni-Cr

based resin matrix

which were cemented using two self-adhesive cements
(SAC)and aresin modied glass-ionomer cement (RMGIC)on
standardized tooth stumps.

2.1.1.
test dies
Considering the non-availability —of appropriate and suf cient
material for human teeth, a cavitated primary molar (tooth
75) was reconstructed initialy and a 3D scan of a natural
human tooth was preformed afterwards, which was later digi-
tally optimized. Subsequently, three duplicates of this primary
molar were milled from acomposite resin Lava Ultimate block
(3M) due to the material properties which are comparable to
dentin [11,12]. Next, each of these fabricated duplicates were
prepared according to requirements for the included crown
types. In detail, CC and ZC needed an occlusal reduction of
approximately 1.5 mm, proximal separation ( 1.5 mm), cir-
cumferential reduction of approximately 1 mm and shaping/
bevelling of all the edges until the selected crown passively
tted exactly over the prepared duplicate tooth stump. SSC
required an occlusal reduction ( 1.5 mm) and proximal sep-
aration (1.5 mm). Following this, the prepared tooth stumps
for each crown type were also reproduced using the previously
mentioned CAD/CAM-based work ow. In total, 56 standard-
ized tooth stumps (CCs = 16, ZCs = 24, SSCs = 16) were
milled from Lava Ultimate blocks (3M), and each specimen was
embedded in cold-curing methyl methacrylate resin (Tech-
novit 4004, Heraeus Kulzer, Wehrheim, Germany) which was
chosen because of its module of elasticity (2.000-2.300N/mm 2)
closely to human bone (spongiosa: 1.000 N/mm 2; corticalis:
10.000 N/mm 2), according to the mounting requirements for
the two-body wear simulation [13]. Before crown cementation,
each tooth stump was cleaned with airborne particles with
aluminium oxide (<1 bar and particle size 50 m), steamed
off and the specimens were dried with compressed water-
and oil-free air. Finally, all tooth stumps were degreased with
iso-propanol before cementation.

Standardization and fabrication of standardized

2.1.2. Cementation of crowns using self-adhesive cement

1 (SAC-1; RelyX Unicem 2 Automix)

Then, the crown was cemented as follows: (1) excess mate-
rial was removed; (2) the crown was cured for 5 s (s) after
it was installed and excess material was removed from each
crown; and (3) the crown was light cured for 10 s on each of
the buccal, oral and occlusal surfaces (Elipar S10, 3M). Imme-
diately after polymerization, all the specimens were stored in
distilled water at 37 C for 24 h (Jouan EU3, innovens Ovens,
ThermoFisher Scientic Inc., Waltham, MA, USA).

2.1.3. Cementation of the zirconia crowns using
self-adhesive cement 2 (SAC-2; NuSmile BioCem.NuSmile)

In addition, zirconia crowns were cemented with the
specically recommended Iluting cement according to the
manufacturer's  instructions. In detail, excess material was

removed after ash curing (<5 s),then the crowns were addi-
tionally light cured for 10 s on the buccal and oral surfaces,
and all the specimens were also stored in distilled water at 37
Cfor 24 h.

posite crown in comparison to zirconia and stainless steel
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2.1.4. Cementation of the crowns using experimental
resin-modibed glass ionomer cement (Exp. RMGIC, 3M)

The experimental RMGIC is composed of methacrylated poly-
carboxylic acid, HEMA, ethyl acetate, FAS glass, non-reactive
zirconia silica ller, titanium dioxide, potassium persulfate
and a photoinitiator.  Subsequently to automixing each crown
was lled with the experimental RMGIC and xed over the
tooth stump. Light curing and removal of excess material was
performed similar to the SAC-1 group.

2.1.5. Two-body wear testing

Specimens and antagonists were mounted in a chewing
simulator (CS-4, SD Mechatronic, Feldkirchen-Westerham,
Germany). The cyclic fatigue test was applied to each crown
with a round steatite sphere with a diameter of 4 mm. The
sphere was placed onto the vestibular cusp, and the dynamic
loading contained an additional horizontal shift of 2 mm in
the central direction of the abutment. A force of 50 N was
applied for 1,200,000 cycles at a frequency of 1.2 Hz. The load-
ing speed was 20 mm/s, and the lifting speed was 60 mm/s.
Cyclic loading was examined every 100,000 cycles to evaluate
the possible destruction or failure of the specimen. While the
mechanical force was applied, thermocycling was simultane-
ously conducted by changing the water temperature every 30
sfrom 5 Cto 55 C.

2.1.6. Evaluation of wear

After cementation, water storage for 24 h at 37 C and before
articial ageing, all the specimens were optically scanned
(baseline scan, Laser scanner LAS-20, SD Mechatronic). A sec-
ond scan was applied after articial ageing (test scan). Both
datasets were superimposed (Geomagic Qualify 2012, Mor-
risville, USA) with abest-t algorithm in an iterative approach
using the equator and non-abraded areas as a reference to
analyse the quantity of wear. The parameters were the vol-
ume of wear, surface of wear and maximum and mean wear
depth. Failure analysis was performed with a light micro-
scope (BMS 74956, Breukoven, Essebann, The Netherlands) to
detect and verify the crack lines, (micro)perforations, fractures
and/or loss. In addition, specimens were further examined
with a scanning electron microscope (SEM, DSM 982, Zeiss,
Oberkochen, Germany) for obtaining images of the fracture
pattern. To investigate the ller dimension and distribution of
the CCmaterial, ve samples were observed by SEMsputtering
and after heat exposure for one minute in a ame.

2.1.7. Statistical evaluation

The descriptive and explorative analysis of the data was
undertaken with Microsoft Excel and SPSSStatistics for Win-
dows, Version 21.0.1 (SPSSInc., an IBM Company, Armonk, NY,
USA). The signicance level was set at p < 0.05. Pairwise com-
parisons between all the groups were performed using the
Mann-Whitney U test.

3. Results

The two-body wear analysis showed divergent outcomes for
each of the included types of crowns and their cementa-
tion. When considering rst SSCsas the most frequently used

paediatric crowns, gross perforations in the occlusal contact

areas were the commonly observed form of failure indepen-

dent of the cement type (Table 1, Fig. 2); none of the SSCs
were lost. SSCsthat were cemented with SAC showed, rst,

less extensive perforations and, second, survived longer until

perforation of all the specimens ( 700,000 cycles before per-
foration) in comparison to the RMGIC ( 300,000). Contrary to
the previously mentioned observation, brittle fractures were
found to be the common fracture mode for SAC cemented

ZCs (Table 1, Fig. 2); only one ZC (SAC-2 cementation) frac-
tured in full. Perforations were mostly observed in the group
for RMGIC xed ZCs. The lowest failure rate was documented

for the CCsin combination with SAC. When using the exper-
imental RMGIC, the failures of the CCsincreased (Table 1 and
Fig. 2).

The descriptive ndings from the extensive 3D- and 2D-
wear analysis can be taken from Fig. 1. ZC showed the lowest
volumetric  (0.40 + 0.25 mm 3) and two-dimensional ~ (0.09 *
0.01mm 2)wear. Similar numeric data with insigni cant  differ-
ences were observed for the SSCs,which were cemented with
SAC (0.5 + 0.31 mm 3, 0.10 + 0.06 mm 2). Substantially more
extensive wear —in terms of the volume and area —was docu-
mented for CCscemented with RMGIC (6.3+ 0.72mm 2, 0.39 +
0.06 mm 2); the wear was found to be lower in cases with SAC
(3.5+ 1.92mm 3,0.27 £ 0.10 mm 2). The same relationship was
found in the case with SSC(Fig. 1).

SEM images displayed differences on the worn surfaces
(Fig. 2). All SSCsshowed limited wear traces with the presence
of occlusal perforation. Serrated metal edges and small crack
lines surround the perforations. On the CCs, alarge and deep
indentation produced by localized wear was observed. In addi-
tion, wear traces showed scratches in the direction of sliding
interrupted by some cracks. The evaluation of the ZC showed
deep cracks and chipping in the area of vertical loading of the
antagonist (Fig. 3).

The SEM images that show the ller composition of the
CC material are shown in Fig. 4. A variety of llers were
observed, and regarding particle dimensions, the largest par-
ticles observed were nonuniform llers in the range of seven
microns and less. The shapes of the submicron particles were
round and irregular, and the interspaces were lled with
smaller particles.

4, Discussion

The present study primarily investigated the fracture pat-
tern and wear behaviour of prefabricated paediatric crowns
with different cementation modes. Based on our ndings,
the initially formulated hypothesis was rejected due to the
documented differences between the test groups (Table 1
and Fig. 1). Here, two-body wear was shown to be lower
when prefabricated paediatric crowns were cemented with
SAC compared to RMGIC. When comparing the crown types,
it became evident that each material showed its own wear
pattern. The hardness and surface texture of the restoration
were known as relevant inuencing criteria on the wear of
the material [14-16]. For most materials, metals in particular,
the wear resistance was believed to be directly proportional to
the hardness, as expressed in Archard's theory [17]. However,
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Table 1 — Quantitative

fracture pattern analysis of different

crown materials and cementation

strategies after testing.

Crown type Cementation Light microscopic evaluation (4.5 fold) after testing
Intact Crack lines Micro- Perforation Fracture & Loss
perforation
Stainless steel RelyX Unicem 2 - - - 8 -
crowns (SSCs) Automix (SAC-1)
Experimental = = = 8° -
RMGIC
Zirconia crowns RelyX Unicem 2 5 3 = = =
(ZCs) Automix (SAC-1)
BioCem (SAC-2)° 3 3 - - 1
Experimental - 2 - 6 -
RMGIC*
Exp. Composite RelyX Unicem 2 8 - - - -
crowns (CCs) Automix (SAC-1)
Experimental 1 2 4 - 1

RMGIC

2 Perforation of all the specimen after 700.000 cycles.
b perforation of all the specimen after 300.000 cycles.
¢ One specimen showed loss of retention during testing.

this relationship did not seem to apply to materials such as
ceramics, where the hardness is more likely to be determined

by microstructural inhomogeneities. Therefore, the surface of
ZC must be well-polished if occlusal adjustments with coarse
rotating instruments are performed [16]. It was shown in pre-
vious studies that the polishing step reduces the wear of the
opposing enamel and can reduce it to a level of SSC[18].

In our study, all the crowns were fabricated and polished
industrially, and we assumed, therefore, that hardness may
have had an overriding signicance on the results. The hard-
ness of the included crowns could be ranked as follows:
zirconia > metal > composite [19,20] and corresponded well
to the abrasion data in this study (Fig. 1)

Considering the results from wear testing, all the SSCssur-
vived. Nevertheless, localized perforations of different sizes
were documented on the wear traces. During testing, the
steatite antagonist occluded against the ductile metal sur-
face, and wear was initially caused by plastic deformation.
Due to the repeating sliding force impact, wear proceeded, and
characteristic metal perforations appeared (Fig. 2).In vivo per-
forations, however, were reported in only 0.2% after 5 years
[1]. The surfaces of the adhesively cemented SSCperforation
endured twice as long as conventional cemented SSC before
perforations were observed referring to the material proper-
ties of the cement [21]. In addition to this, the crown thickness
(CC 550 m; ZR 750 m; SSC 200 m) might be considered
as another reasonable factor.

In addition to the full loss of one ZC, the frequent failure
pattern was perforation by collapse of the surface, which was
preceded by micro-fractures. The wear behaviour of the ZC
was therefore different from that of the others. Here, the ver-
tical load results in material fatigue on the initially touched
contact area, and the lateral movement of the steatite antago-
nists remained without detectable abrasion. Therefore, brittle
fractures were found to be the dominating wear mechanism
(Fig. 2), which is in line with previously published reports [22].
In the case of ZC, neither asignicant inuence of the different
SACs nor RMGIC was observed.

CCs cemented with SAC showed a success rate of 100%
without any surface defects. In contrast, in the RMGIC group,
one composite crown fractured, and six showed surface insuf-
ciencies. The signicant difference might be attributable to
the mechanical properties of the crown and cement. In the
CCs, a combination of abrasion and fatigue seemed to be the
dominating wear mechanism [23], which resulted in a sub-
stantial loss of material. Cyclic loading caused vertical cracks
when the tensile strength of the material was exceeded due
to shear stress. In addition, horizontal cracks were formed by
compressive and tensile stresses, which were initiated on the
ller matrix interface attributed to the different elastic moduli
of the inorganic llers and organic matrix [24]. The remaining
particles on the surface or on the steatite antagonist might act
as abrasives on the material's surface, although simultaneous
thermocycling would likely rinse off such abrasives from the
crown surface. The scratches observed from the SEM images
in the sliding direction (Fig. 2) supported this assumption.

When considering the quantitative analyses of wear, it was
found that CCsshowed the signicantly highest 2D- and 3D-
material loss in each cementation group in comparison to the
other crown types (Fig. 1). This could be easily explained by
the material properties, which were needed for additive man-
ufacturing of the composite materials [25]. Here, the basic
requirement was an adapted viscosity of the non-polymerized
resin which should not exceed 5 Pas prerequisite in SLA and
DLP printing at present to ensure satisfactory layer recoating
[26,27]. This requirement is mainly achieved by alow ller con-
tent and adapted ller size [28], which is illustrated in Fig. 4.
While the additively manufactured composites had a volu-
metric ller content of approximately 30 volume percent as
shown for the material 3Delta temp in the study of Kessler
et al. [28], conventional dental composites reach up to 80
volume percent by use of llers with a comparable size and
dimensions [29]. Finally, the lowered ller content did explain
the substantial wear of the prefabricated CCs.

A substantial impact of cementation was observed on the
two-body wear and fracture behaviour, which seemed to be

posite crown in comparison to zirconia and stainless steel
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Fig. 1 — Means and standard deviations of the two (A) [mm 2] and three (B)[mm 3] dimensional maximum depth of wear after
1,200,000 loading cycles. The bars (mean + 1 standard deviation) and same bar patterns represent the homogeneous
subgroups ( = 0.05).

relevant in paediatric crowns due to the low level of individu- prominently to the cement layer and act, therefore, asan inter-
alization in comparison to customized indirect restorations mediate buffer zone compared with the behaviour of other
in permanent teeth. In prefabricated crowns, cement gaps materials [31]. In this context, the resin-based cements pos-
up to 0.38 mm could be expected, which required a resis- sessed a signicantly  higher compressive strength than the
tant cement material [30]. In this context, the lower wear RMGIC, which was supposed to be one of the important fac-
of the SSC and CC should be rst discussed, which were tors that affected the different wear values [21]. Finally, the
xed with SAC in comparison to the corresponding groups system became stiffer, acted as a “mono-block” and was able
with the RMGIC protocol (Fig. 2). The SAC acted as a solid to compensate for more stress in comparison to the RMGIC
intermediate layer and inuenced the wear of the crowns [31].

due to its material properties, such as the elastic modulus, The strength of the ZC might outweigh the inuence of cer-
hardness, compressive strength and adhesion to dies [21]. As tain cement properties, such asthe low compressive strength
shown in the present study, SAC exhibited advantages, which and increased cement Im thickness of the monolithic ZC.
resulted in better performance in relation to ductile stainless Corresponding results are observed in previous studies show-
steels or elastic composites (Fig. 2). A reduction in the stiff- ing no inuence of the cementation of zirconia on the fracture
ness of the crown material would transfer the stress more toughness [8,32].

Please cite this article in press as: Kessler A, et al. Two-body wear and fracture behaviour of an experimental paediatric com-
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Fig. 2 — Representative photographs, SEM micrographs

by localized wear of the crown material, perforations,

Fig. 3 — Representative photographs

Fig. 4 — SEM micrographs
arrows mark larges inorganic llers.

(magni cation
the baseline and test scan for stainless steel crowns, zirconia crowns and composite crowns showing
surface and chipping fractures.

of fracture patterns (A) crack lines (B)micro perforation

of sputted (A) and burned (B)CC samples investigated with a magni cation

8x and 15x)and head maps after superimposition  of
indentation produced

(C) perforation

(D) fracture & loss.

of 5,000 x .White

In the case of zirconia-based restorations, it is considered
that conventional cementation is acceptable, although SAC
might be preferred when adhesive cementation is required.
Bearing in mind the challenges of using SAC in (paediatric)
clinical practice, e.g., bleeding and moisture control aswell as
correct removal of excess material, it should be noted that SAC
is linked with a technique-sensitive  clinical work ow, which
could potentially limit the use of SAC in paediatric dentistry.
This relationship was shown in a 3-year longitudinal study in
paediatric ZC performed signi cantly different in relation to
the used cement (Biocem: 44%; RMGIC: 88%) [8].

When considering the methodology of the study, the fol-
lowing strengths and limitations need to be discussed. The
chewing simulation allows a comparative evaluation and
ranking of different materials under standardized in vitro con-
ditions. In this study, aworst-case scenario is chosen by testing
the materials with a protocol that is commonly used for adult
restorative materials [22,33-35]. Therefore, a chewing force of
50 N, with a frequency of 1.2 Hz, 1,200,000 mastication cycles
and simultaneous thermocycling is applied. In the literature,
120,000 cycles are often compared with an in vivo time of 6
months up to 1 year [36,37], and the chosen protocol, there-

posite crown in comparison to zirconia and stainless steel
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fore, covers the entire service time of the paediatric crowns.
Thermocycling as an ageing method takes into account the
water uptake and hydrolyses in methacrylate based materials
[38]. The wear of restorative materials is further dependent
on the tooth stump. The present study uses standardized dies
of similar form and material to eliminate potential bias from
preparation of individual teeth.The dies are milled from a
composite resin material with a similar exural strength (196
+ 10 MPa), E-modulus (10.7 + 0.3 GPa)and Poisson’s ratio (0.43
+ 0.03) to those of human dentin [11,12].

It should be noted that there are limitations in terms of
clinical relevance in this study. Enamel as an antagonist rep-
resents regular clinical situations. However, it is accompanied
by morphological and structural differences and complicates
standardized wear testing [39]. Therefore, in this study, equally
shaped and structured steatite antagonists were used, which
are supposed to be suitable for wear tests [40,41]. In this con-
text it should be mentioned that we didn't analyse the wear
of the antagonist. Considering the impact of cementation, it
must be emphasized that the crowns are cemented under
optimal in vitro conditions without the inuence of humidity
and potential bleeding on the hydrophobic composite resin
material. In addition, the documented differences between
the cementation protocols should be interpreted with cau-
tion because of the optimized adhesive bonding between the
composite resin material and SAC. Furthermore, tooth stumps
are abraded by airborne particles and aluminium oxide before
cementation with SAC. Therefore, we assume that the differ-
ences due to cementation under clinical circumstances might
not be as pronounced as shown in this study.

5. Conclusion

Within the limitations of the present study, it can be concluded
that under standardized laboratory conditions, different fail-
ure patterns for paediatric SSCs,ZCs and CCs were detected.
The overall number of failures was found to be the lowest
for the CCs and ZCs. The lowest 2D- and 3D-wear was eval-
uated for the ZCs. The cementation protocol was observed to
have a signicant impact on the use of SACin composite and
stainless crowns resulting in a signicant lower wear. Based
on the laboratory data for the experimental CC,it needs to be
emphasized that clinical testing is required before widespread
use.
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IRU WKH TXDOLW\ DVVHVVPHQW RIVG BRODQRMWHFQDERGUDF\ VWXGLH

OF,QQHV 0') ORKHU ' 7KRPEV %' OF*UDWKITRUG RV\HWW QR0 3& HIHUUHG 5HS
IRU D 6\VWHPDWLF 5HYLHZ DQG OHWINW @B 6 XWIDF R 6 WDG DHRW WILKFH 735 ,60% '7$ 6W
-DPD

&DPSEHOO -0 .OXJDU 0 'LQJ 6 &DUPROGRWWDBNRQVHW BO 'LDIJQRVWLF W
PHWKRGV IRU VAIVWHPDWLF UHYLHZ LD % PHIWGED +BIQDOAKEY ,QW - (Y

ORKHU ' /LEHUDWL $ $ 7HW]ODII 3UHI$IQWPRABQUHSRUWLQJ LWHPV IRU V\\

DQG PHWD DQDO\WHV WKH 35,60 VWDWHPHQW %0- E
ODUWKDOHU 70 3DUWLDO UHFR UWH@PHRY BX®MWIVO F®YW )8 X RWQL QBIFAHV
(NVWUDQG . 5LFNHWWV ' .LGG ( F5HUUFR GRIF MVEK QWM \PB@&RIA/ IRU DV V!

GHPLQHUDOL]DWLRQ GHSWK RQ WIKWM URF A ODXR/LDD WX BRI® F&D WIGHVQUHV HD U FK
BWXG\ BURMHFW ,,

(QJHO 5 &KURPH VWHHO DV XVHGHKIQREX 2P GKH QLIWWG HH@W/L § RVFU \
+XPSKUH\ : 8VHV Rl FKURPH VWHHONVEVRZQ I'DPKLEXBYHQ GH
*XLGHOLQH RQ SHGLDWULF UWHWWRWIMLYH GHQWLVWU\ 3HG



S5HIHUHQFHYV

+ROVLQJHU '0 :HOOV 0+ 6FDUEHF]QOFDROQBYBURDWLR&LODQG SDUHQWDO
SHGLDWULF JLUFRQLD DQWHULRU FURZQV 3HGLDWULF GHQWLVWU\

5DQGDOO 5& 3UHIRUPHG PHWDO FURZHYWIRPRGDUPWHHWR GUSHUABZQRI WI
SBHGLDWULF "HQWLVWU\

:DOLD 7 6DODPL $ %DVKLUL 5 $DPREGRPLVHBYRREWUROOHG WULDO RI V
FRURQDO UHVWRUDWLRQV LQ SULPDUHRMWLOODU\ WHHWK (XU - 3DHGLDWU

$EGXOKDGL % $EGXOODK 0 $ODNKOGLGPODPRXFDAXBWWDQ BHWZHHQ JLUF
VWDLQOHVYV VWHHO FURZQV LQ SULPGUD WRIQBUMQWHNWKI\-RXUQDO RI 3

/IRSH] &D]DX[ 6 $LHP ( 9HOO\ $0 0XOCOCSHGUWRWODFOLIBBRRWDPAGRZQ YHUV)
SHGLDWULF PHWDO FURZQ VWXG\ISURFWRFROLIRW ODWDOPERPLIHG FO

.HVVOHU $ .DSRU 6 (UGHOW . +LFNHW B O(GH®KRRIG\ BNDHWNDRG IUDFWXUH
DQ H[SHULPHQWDO SDHGLDWULF FRRSR YLLWHR @ UR DR GQV MARSIMHWR GWHHO FU
WKH FHPHQWDWLRQ PRGH 'HQW ODWHU

'LHQHU 9 3RO\FKURQLV * (UE - =LQHBLVPILEFURYVWWIGHAMW XUDEX U IDFG PF
FKDUDFWHUL]DWLRQ RI SUHIDEULFDOVDMEH BHBOBWWULF JLUFRQLD FURZQV

$WWLQ 7 .RLGO 8 %XFKDOOD : 6FKIDOOHU {* &RHOEOVWLRBQ RI PLFURKDU
LQ GLIIHUHQWO\ HURGHG ERYLQHREHQWDO HQDPHO $UFK 2UDO %L

B3UHLV 9 %HKU 0 +DQGHO * 6FKQHLGHHQWWHAUWGEO +DHKEBHGHUIBRYDQFH
FHUDPLFV DIWHU JULQGLQJ DQG SRoOHNBYPHALWBHOGVOPMPHWY - OHFK

OLWRY * +HLQWI]H 6' :DO] 6 :ROO HFBXHFNHODUFKEHKBRVBU RI GHQWDO < 7:
DIJDLQVW QDWXUDO HQDPHO DIWXWHGL I'HHQW QW WHQ@LVKLQJ SURFHG

&KXQ .- /HH -< &RPSDUDWLYH VWSHUWRUHRHRK BRIADDOSURVWRUDWLYH PL
KDUG WLVVXHV LQ FRPSUHVVLYHRPRIFED QIRPVWU QDO RI GHQWDO EL
&KRL -: %DH ,+ 1RK 7+ -X 6: /HH 7HDK®RI-S8UHRWDDO WHHWK FDXVHG E\ R

FHUDPLF RU VWDLQOHVY VWHHO FURZQV - $GY 3URVWKRGRQW

6FKXOHU ,0 +LOOHU 0 5RORII 7 JXKQLYFEOLGHLDW VPKFFHOW RI VWDLQOH
SODFHG XQGHU JHQHUDO DQDHVWHKNHLDY D@/ ISRNQBDURPRRIZUAS BRXRG\ - 'HQW

7TDRUPLQD * 6FLDQFDOHSRUH & OHYVRQW LD JIJWRURFIHROY/IHY IRU SKRWRFXU
PDWHULDOV WHFKQRORJLHV PDWRNUDQOOY RIQGSSONLXIGH EWRPDRWMVLDOV I X

$OL 61%$ + ,Q YLWUR FRPSDULVRQ RV PBWZHMmO VINDG Q QMM §IVGIHDO FURZ
FURZQV RI SULPDU\ PRODUV XVLQJ BQ WD OHTHY HXWAKY JRKHIRIHDDW YV

5HNRZ (* +DUVRQR 0 -DQDO 0 7KRPBNWQUWI3DGKIPIOAV)YLV RI YDULDEOHYV L
LQ DOO FHUDPLF FURZQV 'HQWDO ODWHULDOV

=HVHZLW] 7) .QDXEHU $: 1RWKGXWDWHAHB RUMFWHOHFUWLWRIQ/ RI IXOO FRQV
FURZQV DQ LQ YLWUR VWXG\ ,QW - BURVWKRGRQW

ObLU / 6WRODUVNL 7 9RZOHV 5 /ORP® QGLIHVMOND WHRED @QUQY/®WVPHDVXUHPHQ\
ZRUNVKRS -RXUQDO RI GHQWLVWU\

+HLQW]H 6 +RZ WR TXDOLI\ DQGWYRQLGEWHFHAHDDRQ G LPHOBRGY 'HQWL

JHUUDFDQH - %HUJH + &RQGRQ O FRFNNERMIRNBIILDRQ RDEHQWLDIHFW RI GHJUHI
ILOOHU YROXPH DQG ILOOHU PDWULIFDF®RXOPWMHUIL DA X UsHD/® ORU FIK L RBRH BI L FL D C
6RFLHW\ IRU %LRPDWHULDOV 7KH -D ®DY¥H\PH) 6 RWKHWHAXNMNWUB OR PQWSHRUFIL HW\ |

=KDQJ <5 'X : =KRX ;' <X + < S5HWRMIVRH PHFKDWOAKDO SURSHUWLHV RI W
,QWHUQDWLRQDO MRXUQDO RI RUDO VFLHQFH

:DVVHOO 5: OF&DEH -) :DOOV $: :HDQ@ BPKWDR BERIBYLZNDLWFWHVW "HQWD(



$FNQRZOHGJPHQWYV

$FNQRZOHGJHPHQWYV

, ZRXOG OLNH WR H[SUHVV P\ JWKBWH VZWRISDWY WXHG PHMRWOKOHORSSRUW X QI
3K’

$ VSHFLDO DSSUHFLDWLRQ WR RYRIGHXQDWOFKLAKRIKRDUW WB DFKLHYH RXU
XQLTXH JUDWLWXGH WR KLP IRWJWHOHNVVXGEGH UMY DQ IR IRXULIRYH PH WK
OHDUQ PRUH IURP GLITHUHQW WRPBHFALWE®& 0B QWALKKM BPDWXIIOIOH UHVRX
TXLUHG WR FRPSOHWH P\ SURMHFW

, DP YHU\ JUDWHIXO WR P\ GHDU IUD®QIQIGFDDP® FROIOAHDRIXHKBUOARQWULEXW
3K'" VWXGLHVY WKDQNV IRU JUHDWVEPYLRDOVWWDRG RYHEHWKARBXLQJ ERWK V\\
ZLWK PHWD DQDO\WVLY WKDW ZH SXEOLVKHG

0ODQ\ WKDQNV WR $QGUHDV .HVOHURIR X S\SKROJINHHSG DXV WRUWXKREBHZ/R/ | X O O\ 1L C
DQG 'U . XUW (UGHOW ZKR KHOS XV ZLWK VWDWLVWLF

6SHFLDO DGPLUH WR ORQLND 'DUF RIUQDHL JIRW LIRHOBL QK 'PHVIXGLHY WR EH
WKHUH WKH IXQGLQJ , UHFHLYHG IURGGEREY: (WVWKIH QUBVPXDOX DQG WR I
DFDGHPLF PRELOLW\ VFKRODUVKK 3 @ LOMIG IDF LRAX D R +HDWOWK BFLHQFHYV I
<RXQJ 7DOHQWYV RI WKH 5HSXEOLRIRWEHUFHDX ERIYH BRQ BHQWLD OLQLVWU
6SRUWYV %HOJUDGH 6HUELD

, ZRXOG OLNH WR WKDQN P\ PRWKHWH BKRVAH. WR YAHH DLQG ZKOMEIDYHU , FDUU
SRUWDQWO\ |, DP YHU\ WKDQNIXODWR PKRRQYRQIGHBGURIY ZKWKEHQGOHVV L

J)LQDOO\ , ZRXOG OLNH WR VWEROMMN SUKRHMARQW UZ EWWRXW RKRP BHKLYV GLVV
IHDVLEOH



