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Registration frameworks 
for aligning brain images
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(VTXHPDV�GH�UHJLVWUR�SDUD�DOLQHDU�LPiJHQHV�GHO�FHUHEUR

Abstract

,Q�WKLV�SDSHU��WKH�UHVXOWV�REWDLQHG�E\�WKH�UHJLVWUDWLRQ�SURFHVV�RI�
EUDLQ�LPDJH�YROXPHV�REWDLQHG�E\�PDJQHWLF�UHVRQDQFH�LPDJ-
LQJ��05,��DQG�IXQFWLRQDO�PDJQHWLF�UHVRQDQFH�LPDJLQJ��I05,��
XVLQJ�WZR�GLIIHUHQW�FRPSXWDWLRQDO�IUDPHZRUNV�DUH�SUHVHQWHG��
7KH�REMHFWLYH�LV�WR�FRPSDUH�WKH�SHUIRUPDQFH�RI�HDFK�IUDPH-
ZRUN��IRFXVLQJ�WKLV�FRPSDULVRQ�LQ�WKH�HUURU�PHDVXUHPHQW�RE-
WDLQHG�E\�EUDLQ�YROXPHV�UHJLVWUDWLRQ��7KH�FRPSDULVRQ�LQYROYHV�
WKH�LQWUD�SDWLHQW�DQG�LQWUD�PRGDOLW\��05,²05,�DQG�I05,²I05,��
UHJLVWUDWLRQ��6WDWLVWLFDO�3DUDPHWULF�0DSSLQJ��630��DQG�,QVLJKW�
6HJPHQWDWLRQ� DQG�5HJLVWUDWLRQ� 7RRONLW� �,7.�� DUH� FKRVHQ� DV�
UHJLVWUDWLRQ�IUDPHZRUNV��7KH�SURSRVHG�PHWKRGRORJ\�FRQVLG-
HUV� WKH� GDWD� VHWV� JHQHUDWLRQ�� WHVW� SODQQLQJ�� GHVLJQLQJ� WHVW�
FDVHV�� WHVWV�H[HFXWLRQ�DQG�HYDOXDWLQJ��)LQDOO\�� WKHVH� UHVXOWV�
DUH� DQDO\VHG�� 7KH� FRUUHVSRQGHQFH� EHWZHHQ� WKH� YROXPHV�
UHJLVWHUHG�DQG�WKH�WDUJHW�YROXPH�XVLQJ�WKH�,7.�IUDPHZRUN�LV�
JUHDWHU�WKDQ�WKDW�REWDLQHG�ZLWK�WKH�630�IUDPHZRUN�

Keywords:� %UDLQ� LPDJHV�� 05,�� I05,�� LPDJH� UHJLVWUDWLRQ��
630��,7.�

(Q�HVWH�DUWtFXOR��VH�SUHVHQWDQ� ORV�UHVXOWDGRV�REWHQLGRV�SRU�
el proceso de registro de los volúmenes de imágenes ce-
UHEUDOHV�REWHQLGRV�SRU�UHVRQDQFLD�PDJQpWLFD��05,��\�UHVR-
QDQFLD� PDJQpWLFD� IXQFLRQDO� �I05,�� XWLOL]DQGR� GRV� PDUFRV�
FRPSXWDFLRQDOHV�GLIHUHQWHV��(O�REMHWLYR�HV�FRPSDUDU�HO�UHQ-
GLPLHQWR� GH� FDGD� PDUFR�� HQIRFDQGR� HVWD� FRPSDUDFLyQ� HQ�
OD�PHGLFLyQ�GH�HUURU�REWHQLGD�SRU�HO� UHJLVWUR�GH�YRO~PHQHV�
FHUHEUDOHV�� /D� FRPSDUDFLyQ� LQYROXFUD� HO� UHJLVWUR� LQWUDPR-
GDO�H� LQWUDPRGDOLGDG� �05,²05,�\� I05,²I05,���(O�6WDWLVWLFDO�
3DUDPHWULF� 0DSSLQJ� �630�� \� HO� ,QVLJKW� 6HJPHQWDWLRQ� DQG�
5HJLVWUDWLRQ�7RRONLW��,7.��VH�HOLJHQ�FRPR�PDUFRV�GH�UHJLVWUR��
La metodología propuesta considera la generación de con-
MXQWRV�GH�GDWRV��SODQLÀFDFLyQ�GH�SUXHEDV��GLVHxR�GH�FDVRV�
GH�SUXHED��HMHFXFLyQ�GH�SUXHEDV�\�HYDOXDFLyQ��)LQDOPHQWH��
estos resultados son analizados. La correspondencia entre 
ORV�YRO~PHQHV� UHJLVWUDGRV�\�HO� YROXPHQ�REMHWLYR�XVDQGR�HO�
PDUFR�,7.�HV�PD\RU�TXH�OD�REWHQLGD�FRQ�HO�PDUFR�630�

Palabras clave:� ,PiJHQHV�GHO�FHUHEUR��05,�� I05,��UHJLVWUR�
GH�LPiJHQHV��630��,7.�

Introduction

,PDJH�UHJLVWUDWLRQ�LV�DQ�LPDJH�SURFHVVLQJ�WHFKQLTXH�YHU\�LP-
SRUWDQW�LQ�PHGLFDO�LPDJLQJ��7KLV�WHFKQLTXH�FDQ�EH�GHÀQHG�DV�
WKH�SURFHVV�RI�ÀQGLQJ�WKH�VSDWLDO�WUDQVIRUPDWLRQ�WKDW�DOORZV�WR�
DOLJQ�SRLQWV�EHWZHHQ�WZR�LPDJHV�DFTXLUHG�DW�GLIIHUHQW�WLPHV��
IURP�GLIIHUHQW� SRLQWV� RI� YLHZ�� RU� IURP� WKH� VDPH� RU� GLIIHUHQW�

energy sources1,2�� )LJXUH� �� VKRZV� D� GLDJUDP�RI� WKH� LPDJH�
UHJLVWUDWLRQ� SURFHVV� ZKLFK� FRQVLVWV� RI� WKH� IROORZLQJ� EDVLF�
FRPSRQHQWV��D�WDUJHW�LPDJH��D�VRXUFH�LPDJH��D�WUDQVIRUPD-
tion, a metric, an interpolator and an optimizer.

0HGLFDO� LPDJH� UHJLVWUDWLRQ�FDQ�EH�FRQVLGHUHG� LQWUD�SDWLHQW��
inter modality and intra modality3�� 5RXWLQHO\�� IRU� D� SDWLHQW��
GLIIHUHQW�YROXPHV�DUH�DFTXLUHG�VHYHUDO� WLPHV�XVLQJ�D�VLQJOH�
PRGDOLW\� RU� ZLWK� GLIIHUHQW� PHGLFDO� LPDJLQJ� PRGDOLWLHV�� 7KH�

G\QDPLFDO� DFTXLVLWLRQV� DUH� DOVR� IUHTXHQWO\� SHUIRUPHG�� JHQ-
HUDWLQJ� VHTXHQFHV� RU� WLPH� VHULHV� RI� LPDJHV�� ,QWHU�PRGDOLW\�
UHJLVWUDWLRQ�DOORZV� WKH�FRPELQDWLRQ�RI�FRPSOHPHQWDU\� LQIRU-
PDWLRQ� IURP�GLIIHUHQW� LPDJH�PRGDOLWLHV��ZKLOH� LQWUD�PRGDOLW\�

Figure 1. A registration process.
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UHJLVWUDWLRQ�DOORZV�DFFXUDWH�FRPSDULVRQV�EHWZHHQ�LPDJHV�RI�
WKH�VDPH�PRGDOLW\�

+HDG�PRWLRQ�LV�DQ�LPSRUWDQW�LVVXH�LQYROYHG�LQ�DQ\�I05,�VWXG\�
DQG�UHWURVSHFWLYH�LPDJH�UHJLVWUDWLRQ�LV��E\�IDU��WKH�PRVW�FRP-
PRQO\� XVHG� DSSURDFK� RQ� HVWLPDWLQJ� KHDG� PRWLRQ4. Motion 
FRUUHFWLRQ� WRROV�JHQHUDOO\�DVVXPH� WKDW�KHDG�PRWLRQ�FDQ�EH�
GHVFULEHG� XVLQJ� D� ULJLG� ERG\� WUDQVIRUPDWLRQ�� ZKLFK� PHDQV�
WKDW�WKH�SRVLWLRQ�RI�WKH�KHDG�FDQ�FKDQJH�EXW�WKDW�WKH�VKDSH�RI�
WKH�KHDG�FDQQRW�FKDQJH4.

7KHUH�DUH�VHYHUDO�VRIWZDUH�SDFNDJHV�DYDLODEOH�IRU�05,�I05,�
LPDJH�UHJLVWUDWLRQ��WKHVH�LQFOXGH�630��$)1,��$,5��%UDLQ9R\-
ager and FSL4��$QRWKHU�RSWLRQ� IRU� LPDJH� UHJLVWUDWLRQ� LV� WKH�
,7.�OLEUDU\�ZKLFK�KDV�EHHQ�ZLGHO\�XVHG�LQ�WKH�ODVW�GHFDGH�, 
HYHQ� WKRXJK� LWV�DSSOLFDWLRQ�RQ� I05,�KDV�EHHQ�VFDUFH��:LWK�
UHJDUG�WR�VWXGLHV�DERXW�FRPSDULVRQ�RI�05,�I05,�LPDJH�UHJ-
LVWUDWLRQ�WRROV��WKHUH�DUH�D�UHODWLYHO\�VPDOO�QXPEHU�RI�SDSHUV�
WKDW� WDFNOH� WKLV� VXEMHFW��7KH� WKUHH�PRVW� FRPPRQ�SDSHUV� LQ�
WKH�OLWHUDWXUH�DUH�WKH�VWXGLHV�RI����0RUJDQ�HW�DO�6,7��ZKR�FRP-
SDUHG�GLIIHUHQW�YHUVLRQV�RI�WKH�DYDLODEOH�VRIWZDUH�SDFNDJHV��
SPM, AFNI, AIR, BrainVoyager and FSL using a computer 
JHQHUDWHG�SKDQWRP��IURP�UHVXOWV�WKH\�GHWHUPLQHG�WKDW�WKHUH�
DUH�IHZ�GLIIHUHQFHV�DPRQJ�WKH�SDFNDJHV�����$UGHNDQ\�HW�DO�8, 
ZKR�DSSOLHG�WKH�PRWLRQ�FRUUHFWLRQ�WRROV��630������$,5��������
$)1,������ DQG�758� WR� VLPXODWHG� I05,� GDWD� DQG� FRQFOXGHG�
WKDW�630�SURYLGHV�WKH�PRVW�DFFXUDWH�PRWLRQ�GHWHFWLRQ��DQG�
���2DNHV� HW� DO�9�� ZKR�PDGH� D�PRUH� H[WHQVLYH� FRPSDULVRQ�
XVLQJ�WKH�SDFNDJHV�$)1,��$,5��%UDLQ9R\DJHU��)6/�DQG�630�
ZLWK�UHDO�DQG�VLPXODWHG�GDWD��WKH�DXWKRUV�IRXQG�WKDW�$)1,�DQG�
630�\LHOG�WKH�PRVW�DFFXUDWH�PRWLRQ�HVWLPDWLRQ�SDUDPHWHUV��
$W�SUHVHQW��ZH�DUH�XQDZDUH�RI�DQ\�VWXG\�WKDW�KDV�DWWHPSWHG�
WR�FRPSDUH�UHJLVWUDWLRQ�WRROV�EDVHG�RQ�WKH�,7.�DQG�630�

7KH�SDSHU�LV�RUJDQL]HG�DV�IROORZV��)LUVW��WKH�UHJLVWUDWLRQ�IUDPH-
ZRUNV�DUH�GHVFULEHG��7KHQ��WKH�FRPSOHWH�SURFHVV�IRU�JHQHUDW-
LQJ�WKH�GDWD�VHWV�LV�GHWDLOHG��$IWHU��WKH�WHVW�SODQQLQJ�LV�SURSRVHG��
7KHQ��H[SHULPHQWV�FDUULHG�RXW�WR�FRPSDUH�WKH�IUDPHZRUNV�DUH�
SUHVHQWHG��DQG�WKH�UHVXOWV�REWDLQHG�DUH�GLVFXVVHG��

Materials and Methods

Data Source
,Q�WKLV�VWDJH��WKH�GDWD�VHWV�XVHG�LQ�WKH�SURSRVHG�H[SHULPHQWV�
WR�HYDOXDWH� WKH�SHUIRUPDQFH�RI� UHJLVWUDWLRQ� IUDPHZRUNV�DUH�
JHQHUDWHG��7KH�DQDWRPLFDO� GDWD��ZKLFK� FRUUHVSRQG� WR� GDWD�
GHVFULELQJ�WKH�VWUXFWXUH��VKDSH�DQG�UHODWLRQVKLSV�RI�WKH�GLIIHU-
HQW�SDUWV�RI�DQ�RUJDQ��DUH�JHQHUDWHG�IURP�YROXPHV�DFTXLUHG�
XVLQJ�EUDLQ�05,�DQG�WKH�IXQFWLRQDO�GDWD�IURP�WLPH�VHULHV�DF-
TXLUHG�XVLQJ�I05,�VFDQQLQJ��7KH�I05,�GDWD�GHVFULEH�WKH�RU-
JDQLF�DFWLYLW\��FRQVLGHULQJ�FKDQJHV�LQ�PHWDEROLVP��EORRG�ÁRZ��
DQG� DEVRUSWLRQ��7ZR� V\QWKHWLF� GDWDEDVHV� RI�05,� DQG� I05,�
WKUHH²GLPHQVLRQDO�LPDJHV�DUH�FRQVWUXFWHG�IURP�WKH�EUDLQ�YRO-
XPHV�RI�WKH�GDWDEDVH�$XGLWRU\��DYDLODEOH�LQ�KWWS���ZZZ�ÀO�LRQ�
XFO�DF�XN�VSP�GDWD�DXGLWRU\���� 7KLV� EUDLQ� GDWDEDVH� LV� FRP-
SULVHG� RI� D�05,� DQDWRPLFDO� YROXPH� DQG� ��� I05,� YROXPHV��
7KH�VSDWLDO�UHVROXWLRQ�RI�WKH�05,�YROXPH�LV����ð���ð���ZLWK�
D� YR[HO� VL]H�RI��ð�ð��PP��(DFK� I05,�YROXPH�FRQWDLQV����
VOLFHV��7KH�I05,�VOLFH�WKLFNQHVV� LV�RI���PP��,Q�DOO� I05,�YRO-

XPHV��WKH�VOLFHV�KDYH�DQ�LVRWURSLF�UHVROXWLRQ�RI���ð���SL[HOV�
ZLWK�D�VL]H�RI���PP��7KH�YR[HO�YDOXH�IRU�DOO�YROXPHV�LV�UHSUH-
VHQWHG�E\����ELWV��7KH�$XGLWRU\�DQDWRPLFDO�YROXPH��KHUHLQDI-
WHU�UHIHUUHG�WR�DV�´05,�WDUJHW�YROXPHµ��LV�XVHG�WR�FRQVWUXFW�D�
VHTXHQFH�RI�����EUDLQ�05,�YROXPHV��,Q�WKH�VDPH�FRQWH[W��WKH�
DYHUDJH�IXQFWLRQDO�$XGLWRU\�YROXPH��KHUHLQDIWHU�UHIHUUHG�WR�DV�
´I05,� WDUJHW�YROXPHµ�� LV�XVHG� WR�FRQVWUXFW�D� I05,�V\QWKHWLF�
GDWDEDVH�RI�����IXQFWLRQDO�YROXPHV��7KH�GHVLJQHG�V\QWKHWLF�
GDWD�VHWV�DUH�FRQVWUXFWHG�DV�IROORZ�

1. �7ZR�ÀUVW·V�GDWD�VHWV�RI�05,�DQG�I05,�V\QWKHWLF�YROXPHV��
UHVSHFWLYHO\�� DUH� FRQVWUXFWHG� LQ� RUGHU� WR� VLPXODWH� WKH�
WUDQVODWLRQ� FRPSRQHQW� DVVRFLDWHG�ZLWK� WKH�PRWLRQ� RI� D�
ULJLG�ERG\��(DFK�GDWD�VHW�FRQVLVWV�RI����YROXPHV�JHQHU-
DWHG�E\�DSSO\LQJ����GLIIHUHQW�WUDQVODWLRQ�PRWLRQV�WR�HDFK�
WDUJHW�YROXPH��7KH�WUDQVODWLRQ�YHFWRU�^x, y, z`�WDNHV�YDO-
XHV�LQ�PP�RI�WKH�VHW�^����������`��7KH�PRWLRQ�ZLWK�FRPSR-
QHQWV�^�������`�LV�QRW�FRQVLGHUHG�

2. �7ZR�QHZ�VHWV��RQH�IRU�HDFK�GDWDEDVH�DUH�DGGHG��7KH�DLP�
LV� WR� LQFOXGH� LQWR�GDWDEDVHV�D�VHW�RI����YROXPHV�ZKLFK�
WDNHV�LQWR�DFFRXQW�DQRWKHU�FRPSRQHQW�RI�WKH�ULJLG�PRWLRQ�
DV�URWDWLRQ��6XFK�YROXPHV�DUH�JHQHUDWHG�E\�URWDWLQJ�WKH�
WDUJHW�YROXPHV�FHUWDLQ�GHJUHHV�UHVSHFW�WR�WKH�D[HV�x, y 
and z��9DOXHV�EHORQJLQJ�WR�WKH�VHW�^����������`�DUH�FRQVLG-
HUHG�WR�URWDWH�H[FHSW�RI�WKH�URWDWLRQ�YHFWRU�^�������`�

3. �)LQDOO\��D�VHW�FRPSRVHG�RI���YROXPHV�JHQHUDWHG�IURP�WKH�
FRPELQHG�WUDQVODWLRQ�DQG�URWDWLRQ�RI�HDFK�WDUJHW�YROXPH�
LV� LQFOXGHG� LQ�HDFK�GDWDEDVH��7KH�PRWLRQV�DUH�DSSOLHG�
KLHUDUFKLFDOO\�� 7KH� WUDQVODWLRQ� YROXPH� LV� SHUIRUPHG� E\�
translation computer program and rotation motions are 
applied to its output using rotation computer program. 
9DOXHV�IRU�WKH�WUDQVODWLRQ�DQG�URWDWLRQ�PRWLRQV�DUH�FKR-
VHQ� DFFRUGLQJ� WR� WKH� UHVXOWV� RI� H[SHULPHQWV� XVLQJ� WKH�
GDWD�VHWV�GHÀQHG�DERYH��KHQFH�WKH�VHOHFWLRQ�FULWHULD�RI�
WKH�WUDQVODWLRQ�DQG�URWDWLRQ�YDOXHV�DUH�H[SODLQHG�LQ�VHF-
tion 2.3.1.

,Q� VXPPDU\� WZR� GDWDEDVHV� RI� EUDLQ� V\QWKHWLF� GDWD�� RQH� RI�
DQDWRPLFDO�GDWD�DQG�RQH�RI�IXQFWLRQDO�GDWD��DUH�FRQVWUXFWHG��
7KHVH�GDWDEDVHV�DUH� UHIHUUHG� WR�KHUHLQDIWHU�DV�05,BGE� IRU�
DQDWRPLFDO�GDWD�DQG�I05,BGE�IRU�IXQFWLRQDO�GDWD��(DFK�GDWD-
EDVH�FRQWDLQV�WKUHH�GDWD�VHWV��WKH�ÀUVW�LV�FRPSRVHG�RQO\�E\�
WKH� WUDQVODWHG�YROXPHV�� WKH�VHFRQG�FRQVLGHUV�RQO\� URWDWLRQ��
DQG�WKH�ODVW�VHW�FRQWDLQV�YROXPHV�ZLWK�FRPELQHG�WUDQVODWLRQ�
DQG�URWDWLRQ��7KHVH�VHWV�DUH�GHQRWHG�LQ�7DEOH����7KHUHIRUH��
05,BGE� �StMRI È SrMRI È Str05,�DQG�I05,BGE� �StI05,�Ë�
SrI05,�Ë�StrI05,��

Table 1. Synthetic brain image data sets.

Description 05,�'DWD�VHW I05,�'DWD�VHW

7UDQVODWHG�YROXPHV� St05, StI05,

5RWDWHG�YROXPHV� Sr05, Srf05,

Volumes with combined translation 
and rotation Str05, StrI05,
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Registration frameworks
,Q�WKLV�VHFWLRQ�D�GHVFULSWLRQ�RI�WKH�FKDUDFWHULVWLFV�IRU�ERWK�VH-
OHFWHG�UHJLVWUDWLRQ�IUDPHZRUNV�LV�JLYHQ�

Selected frameworks

1. �630�LV�VRIWZDUH�GHVLJQHG�IRU�EUDLQ�LPDJLQJ�GDWD�VHTXHQF-
HV�DQDO\VLV��7KH�630�VRIWZDUH�LV�VHOHFWHG�GXH�WR�WKH�IDFW�
WKDW� WKLV� FRPSXWHU�DSSOLFDWLRQ� LV�ZLGHO\�DFFHSWHG�E\� WKH�
VFLHQWLÀF�FRPPXQLW\��+RZHYHU��630�KDV�D� OLPLWHG�DELOLW\�
WR�UHXVH�DQG�LQWHJUDWH�ZLWK�RWKHU�VRIWZDUH�SDFNDJHV��630�
UHTXLUHV�WKH�0DW/DE®�FRPSXWHU�SURJUDP�IRU�H[HFXWLRQ��LQ�
WKLV�VHQVH��ÀQDQFLDO�LQYHVWPHQW�IRU�XVH�LV�UHTXLUHG10.

2. � ,7.�LV�D�FURVV²SODWIRUP�REMHFW²RULHQWHG�OLEUDU\�WKDW�SUR-
YLGHV�GHYHORSHUV�ZLWK�D�FRPSUHKHQVLYH�VHW�RI� WRROV� IRU�
PHGLFDO� LPDJHV� DQDO\VLV�� 6HYHUDO� DGYDQWDJHV� VXFK� DV�
HDVH�RI�UHXVH�DQG�LQWHJUDWLRQ�DUH�FRQVLGHUHG�IRU�LWV�VH-
OHFWLRQ�� ,7.� LV� GHYHORSHG� XQGHU� WKH� RSHQ� VRXUFH� VWDQ-
GDUGV�DQG�LV�IUHHO\�DYDLODEOH��WKHUHIRUH��ÀQDQFLDO�LQYHVW-
PHQW� LV�QRW� UHTXLUHG�DQG��PRUHRYHU�� WKH�FRPSXWHU�SUR-
JUDPV�FRGHG�XVLQJ�WKLV�OLEUDU\�GR�QRW�GHSHQG�RQ�DQ\�RWK-
HU�VRIWZDUH11��,Q�WKLV�VHQVH��IRU�WKLV�UHVHDUFK�D�FRPSXWHU�
SURJUDP�LV�FRGHG�LQ�RUGHU�WR�LPSOHPHQW�WKH�EUDLQ�LPDJH�
UHJLVWUDWLRQ�SURFHVV�EDVHG�RQ�WKLV�OLEUDU\�

SPM and ITK registration process
7KH� PDWKHPDWLFDO� DQG� FRPSXWDWLRQDO� WHFKQLTXHV� DYDLODEOH�
IRU�630�VRIWZDUH�DQG�,7.�OLEUDU\�DVVRFLDWHG�ZLWK�HDFK�FRP-
SRQHQW�RI�D�UHJLVWUDWLRQ�SURFHVV�DUH�SUHVHQWHG�LQ�7DEOH����,Q�
RUGHU�WR�GHYHORS�WKH�UHJLVWUDWLRQ�IUDPHZRUNV�WR�FRPSDUH��IRU�
HDFK�EDVLF�FRPSRQHQW�RI�WKH�UHJLVWUDWLRQ�SURFHVV��VHH�)LJXUH�
����WKH�WHFKQLTXHV�OLVWHG�LQ�7DEOH���KDYH�EHHQ�DQDO\]HG�DQG�
WKRVH�FRPPRQ�� WKDW� IXOÀOO� WKH�UHTXLUHPHQWV� IRU�DOLJQPHQW�RI�
EUDLQ�LPDJHV��DUH�VHOHFWHG�

����%HFDXVH�WKH�KHDG�PRWLRQ�FDQ�EH�GHVFULEHG�XVLQJ�D�ULJLG�
ERG\�WUDQVIRUPDWLRQ��LW�LV�YHU\�UHDVRQDEOH�WR�DVVXPH�WKDW�
DQ�DIÀQH�UHJLVWUDWLRQ�VFKHPH��EDVHG�RQ�DIÀQH� WUDQVIRU-
PDWLRQ�� FDQ� EH� IHDVLEOH� DQG� VXIÀFLHQW� WR� KHDG� PRWLRQ�
correction4,12�� ,Q� WKLV� VHQVH� DQG� FRQVLGHULQJ� WKDW� DIÀQH�
WUDQVIRUPDWLRQ� LV� WKH� VLQJOH� WUDQVIRUPDWLRQ� FRGLÀHG� IRU�
630�� WKLV� WUDQVIRUPDWLRQ�PRGHO�EDVHG�RQ� OLQHDU�RSHUD-
WRUV�LV�VHOHFWHG��7KH�WUDQVODWLRQ�DORQJ�HDFK�D[LV��URWDWLRQ�
DURXQG�HDFK�D[LV�� VFDOLQJ�DORQJ�HDFK�D[LV� �VWUHWFKLQJ���

DQG� VKHDULQJ� DORQJ� HDFK� D[LV� DUH� WKH� OLQHDU� RSHUDWRUV�
ZKRVH�FRPELQDWLRQ�JHQHUDWHV�DQ�DIÀQH�WUDQVIRUPDWLRQ�

����7KH� RSWLPL]HU� FRUUHVSRQGV� WR� WKH� 3RZHOO13� WHFKQLTXH�
VLQFH� LW� LV� WKH� VLQJOH� RSWLPL]DWLRQ� WHFKQLTXH� FRQVLGHUHG�
E\�630��,7.�SURSRVHV�VHYHQ�DGGLWLRQDO�RSWLPL]HUV14.

���&RQFHUQLQJ�WKH�LQWHUSRODWLRQ�WHFKQLTXH��ћ�VSOLQH�WKLUG�GH-
JUHH�KDV�EHHQ�VHOHFWHG��7KLV�VHOHFWLRQ�LV�EDVHG�RQ�VXJ-
JHVWLRQV� IRXQG� LQ� WKH�630�GRFXPHQWDWLRQ���� LQ�ZKLFK� LW�
LV�VWDWHG�WKDW�WKH�QHDUHVW�QHLJKERU�LQWHUSRODWLRQ�LV�IDVW�WR�
FDOFXODWH�DQG�LPSOHPHQW��KRZHYHU��LW�LV�QRW�UHFRPPHQG-
HG�LQ�WKH�LPDJH�UHJLVWUDWLRQ�SURFHVV�VLQFH�LW�LQFRUSRUDWHV�
QRLVH� WR� YROXPHV�� )XUWKHUPRUH�� WULOLQHDU� LQWHUSRODWLRQ�
LV� UHSRUWHG� VXLWDEOH� IRU� SRVLWURQ� HPLVVLRQ� WRPRJUDSK\�
�3(7���RU�UHDOLJQPHQW�DQG�UHVOLFLQJ�EUDLQ�LPDJHV�

�� �5HJDUGLQJ� WKH�PHWULF�� LW� LV�QHFHVVDU\� WR�XVH� WKH�PXWXDO�
LQIRUPDWLRQ�WHFKQLTXH�EHFDXVH�LW�JHQHUDWHV�WKH�PRVW�DF-
FHSWDEOH�UHVXOWV�ZKHQ�FRXSOHG�WR�WKH�3RZHOO�RSWLPL]DWLRQ�
WHFKQLTXH� IRU� PHGLFDO� LPDJH� UHJLVWUDWLRQ�� ,Q� ,7.� WKHUH�
DUH�WZR�LPSOHPHQWDWLRQV�RI�WKLV�PHWULF14,16��7KH�9LROD�DQG�
:HOOV�LPSOHPHQWDWLRQ16�LV�XVHG�LQ�ERWK�IUDPHZRUNV�

Test planning
7KLV� VHFWLRQ� VWDUWV� IURP� WHVW� SODQQLQJ�� WKHQ� GHVLJQLQJ� WHVW�
FDVHV��SUHSDULQJ�IRU�H[HFXWLRQ�DQG�HYDOXDWLQJ��7KH�WHVW�SODQ-
ning is prepared considering intra patient and intra modality 
UHJLVWUDWLRQ�RI�EUDLQ�LPDJHV�

Test Cases
'HVLJQHG� WHVW� FDVHV� FRQVLVW� RI� LQWUD�PRGDOLW\� UHJLVWUDWLRQ� RI�
DQDWRPLFDO�GDWD�DQG�IXQFWLRQDO�GDWD��KHQFH�WZR�FDVHV�DUH�FRQ-
VLGHUHG��05,²05,�UHJLVWUDWLRQ�DQG�I05,²I05,�UHJLVWUDWLRQ�

•  Case 1:�05,²05,�5HJLVWUDWLRQ��,Q�WKLV�FDVH������WHVWV�DUH�
SURSRVHG� ZKLFK� FRUUHVSRQG� WR� 05,²05,� UHJLVWUDWLRQ� RI�
WKH�05,�WDUJHW�YROXPH�UHVSHFW�WR�HDFK�YROXPH�LQ�WKH�05,�
GE��7KH�YROXPHV�EHORQJLQJ�WR�GDWDVHWV�StMRI, SrMRI and 
StrMRI are considered source volumes.

•   Case 2:�I05,²I05,�5HJLVWUDWLRQ��7KHVH�WHVWV�FRQVLGHU�GD-
tasets StI05,��SrI05,�DQG�StrI05,��7KH�YROXPHV�LQWR�WKHVH�
GDWDVHWV� DUH� XVHG� LQGLYLGXDOO\� DV� VRXUFH� YROXPH� LQ� WKH�
UHJLVWUDWLRQ�SURFHVV�ZLWK�WKH�I05,�WDUJHW�YROXPH��$�WRWDO�RI�
����WHVWV�LV�SURSRVHG�LQ�WKLV�FDVH�

7DEOH����0DWKHPDWLFDO�DQG�FRPSXWDWLRQDO�WHFKQLTXHV�IRU�630�DQG�,7.�LPDJH�UHJLVWUDWLRQ�SURFHVVHV�

Framework Transformation ,QWHUSRODWRU Optimizer Metric

SPM $I¿QH�WUDQVIRUP
Nearest neighbour
7ULOLQHDU
ȕ�VSOLQH��nd�WR��th

Powell

Mutual information
Normalized mutual information
(QWURS\�FRUUHODWLRQ�FRHI¿FLHQW
Normalized cross correlation

,7.

Identity transform
7UDQVODWLRQ�WUDQVIRUP
Scale transform
Scale logarithmic transform
5LJLG��±'�WUDQVIRUP
5LJLG��±'�WUDQVIRUP
$I¿QH�WUDQVIRUP

Ǻ�6SOLQH�GHIRUPDEOH�WUDQVIRUP
Set of transforms

Nearest neighbour
Linear

ȕ�VSOLQH��nd�WR��th

Windowed sinc

1HOGHU±0HDGH�GRZQKLOO�VLPSOH[
Gradient descent
Conjugate gradient
Quasi Newton decent
L-BFGS
Evolutionary strategy
Powell
Exhaustive search

Mean squares
Normalized correlation
Mean reciprocal squared difference
Mutual information
Cardinality match
Gradient difference
.XOOEDFN�/LHEOHU�GLVWDQFH
Kappa statistics
Normalized mutual information
Mean squares histogram
&RUUHODWLRQ�FRHI¿FLHQW�KLVWRJUDP
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Test execution and evaluation
$W�WKLV�VWDJH��WKH�WHVWV�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ�DUH�
H[HFXWHG�XVLQJ�WKH�UHJLVWUDWLRQ�PRGXOH�RI�630�DQG�WKH�UHJ-
LVWUDWLRQ�FRPSXWHU�SURJUDP�GHYHORSHG�XVLQJ�WKH�,7.�OLEUDU\��
%RWK� UHJLVWUDWLRQ� IUDPHZRUNV� FRQVLGHU� WKH� FRPSRQHQWV� GH-
VFULEHG�LQ�VHFWLRQ�������

7KH�HYDOXDWLRQ�RI�WKH�SURSRVHG�FDVHV�LV�SHUIRUPHG�IRU�HDFK�
data set. For StMRI and StI05,�WKH�WUDQVIRUPDWLRQ�PDWULFHV�
REWDLQHG�E\�H[HFXWLQJ�WKH�UHJLVWUDWLRQ�IUDPHZRUNV�EDVHG�RQ�
630�DQG�,7.�DUH�UHTXLUHG�LQ�WKH�HYDOXDWLRQ��7KH�WUDQVODWLRQ�
YDOXHV� LQWR� WKH�PDWULFHV� DUH� FRPSDUHG�ZLWK� UHVSHFW� WR� WKH�
WUDQVODWLRQ�UHDO�YDOXHV��7KH�DEVROXWH�HUURU�EHWZHHQ�WKH�WKHR-
UHWLFDO�YDOXH�DQG�WKH�YDOXH�REWDLQHG�XSRQ�UHJLVWUDWLRQ�LV�XVHG�
as error metric.

0HDQZKLOH�� IRU�SrMRI and SrI05,� GDWDVHWV� WKH� GLIIHUHQFHV�
EHWZHHQ�WKH�WDUJHW�YROXPH�DQG�WKH�YROXPHV�UHJLVWHUHG�XVLQJ�
630�DQG�WKH�FRPSXWHU�SURJUDP�HQFRGHG�ZLWK�,7.�DUH�XVHG�
LQ�WKH�HYDOXDWLRQ��7KLV�GLIIHUHQFH�LV�TXDQWLÀHG�XVLQJ�WKH�H[FOX-
VLYH�25��;25���ZKLFK�VHOHFWV�WKH�YR[HOV�WKDW�DUH�GLIIHUHQW�LQ�
ERWK�YROXPHV17��7KH�FRPSDULVRQ�EDVHG�RQ�WKH�DEVROXWH�HUURU�
LV�QRW�SHUIRUPHG�GXH�WR�WKH�IDFW�WKDW�WUDQVIRUPDWLRQ�PDWULFHV�
JHQHUDWHG�E\�WKH�UHJLVWUDWLRQ�IUDPHZRUNV�GR�QRW�VKRZ�H[SOLF-
LWO\�WKH�URWDWLRQ�FRPSRQHQWV�

7KH�GLIIHUHQFHV�EHWZHHQ�WKH�WDUJHW�YROXPH�DQG�WKH�YROXPHV�
UHJLVWHUHG� DUH� DOVR� XVHG� DV� HUURU� PHWULF� IRU� WKH� GDWDVHWV�
StrMRI and StrI05,��7KHVH�GDWD�VHWV�FRQWDLQ�WKH�YROXPHV�ZLWK�
FRPELQHG�WUDQVODWLRQ�DQG�URWDWLRQ�GDWD��7KH�WUDQVODWLRQ�DQG�
URWDWLRQ�YDOXHV�DUH�VHW�DFFRUGLQJ�WR�WKH�IROORZLQJ�SURFHGXUH�

1.  In sets StMRI and StI05,�WKH�YROXPHV�WKDW�JHQHUDWH��LQ�
WKHLU�FRUUHVSRQGLQJ�WHVW��WKH�VPDOOHU�DQG�KLJKHU�DEVROXWH�
HUURU�DUH�LGHQWLÀHG�IRU�HDFK�UHJLVWUDWLRQ�IUDPHZRUN�

2. �7KH� YROXPHV� LQ�SrMRI and SrI05,�� IRU�ZKLFK� WKH� HUURU�
TXDQWLÀHG� XVLQJ� ;25� RSHUDWRU� LV� PLQLPXP� DQG� PD[L-
PXP��DUH�DOVR�LGHQWLÀHG�

3. �2QFH� WKH�YROXPHV�� IRU�ZKLFK� WKH�TXDQWLÀHG�HUURU� LQ� WKH�
registration process is minimum and maximum, are iden-
WLÀHG��WKH�WUDQVODWLRQ�DQG�URWDWLRQ�YDOXHV�XVHG�LQ�WKH�FRQ-
VWUXFWLRQ� RI� WKHVH� YROXPHV� DUH� UHFRPELQHG� LQ� RUGHU� WR�
FRQVWUXFW�WKH�GDWD�VHWV�StrMRI and StrI05,�DFFRUGLQJ�WR�
WKH�SURFHGXUH�GHVFULEHG�LQ�VHFWLRQ�����

Results

,Q�WKLV�VHFWLRQ�WKH�UHVXOWV�RI�DSSO\LQJ�WKH�WHVW�FDVHV�RYHU�WKH�
GDWD� VHWV� DUH�SUHVHQWHG��)LJXUH��� VKRZV� WKH�ER[SORWV�ZLWK�
WKH�DEVROXWH�HUURU�E\�HDFK�D[LV�REWDLQHG�XVLQJ�ERWK� IUDPH-
ZRUNV��IRU�HDFK�WHVW�FDVH��DIWHU�UHJLVWHULQJ�WKH�YROXPHV�LQ�WKH�
translation data sets (StMRI and StI05,���,Q�DGGLWLRQ��)LJXUH���
VKRZV�WKH�VWDWLVWLFDO�LQIRUPDWLRQ�FRQFHUQLQJ�WKH�QRW�H[FOXVLYH�
25��;125��PHWULF� IRU� WKH� WZR� IUDPHZRUNV�DIWHU� UHJLVWHULQJ�
WKH�URWDWHG�YROXPHV��SrMRI and SrI05,��DQG�WKH�YROXPHV�ZLWK�
FRPELQHG�WUDQVODWLRQ�DQG�URWDWLRQ��StrMRI and StrI05,��

)RU� 05,²05,� UHJLVWUDWLRQ� DQG� DFFRUGLQJ� WR� )LJXUH� ��� WKH�
IUDPHZRUN� WKDW� KDV� WKH�EHVW� SHUIRUPDQFH� LV�630�EHFDXVH�
DERXW������RI� WKH�HUURU�YDOXHV�DUH�EHORZ�WKH�,7.�DEVROXWH�
HUURU�PHGLDQ��:LWK�UHVSHFW�WR�)LJXUH����WKH�,7.�KDV�WKH�EHVW�
HUURU�YDOXHV�IRU�I05,�I05,�UHJLVWUDWLRQ�H[FHSW�IRU�z-axis.

   

)URP�WKH�DQDO\VLV�RI�WKH�;125�PHWULF�LQ�)LJXUH���D��DQG���E���
�����RI�WKH�FRUUHVSRQGHQFHV�REWDLQHG�ZLWK�,7.�IUDPHZRUN�
DUH�DERYH�WKH�FRUUHVSRQGHQFHV�UHDFKHG�XVLQJ�WKH�630�UHJ-
LVWUDWLRQ�IUDPHZRUN��,Q�)LJXUHV���F��DQG���G���WKH�UHJLVWUDWLRQ�
IUDPHZRUN�VKRZLQJ� WKH�EHVW�SHUIRUPDQFH� LV�DOVR�EDVHG�RQ�
,7.�OLEUDU\�

Conclusions

7KH� FRUUHVSRQGHQFH� EHWZHHQ� WKH� YROXPHV� UHJLVWHUHG� DQG�
WKH�WDUJHWV�YROXPHV��05,�DQG�I05,��XVLQJ�WKH�,7.�UHJLVWUD-
WLRQ� IUDPHZRUN� LV� JUHDWHU� WKDQ� WKDW� REWDLQHG�ZLWK� WKH�630�
IUDPHZRUN�ZKHQ�D�FRPELQHG�WUDQVODWLRQ�DQG�URWDWLRQ�PRWLRQV�
DUH�FRQVLGHUHG�LQ�ERWK�EUDLQ�LPDJHV�PRGDOLWLHV��2Q�WKH�RWKHU�
KDQG��WKH�UHVXOWV�RI�WKH�WHVW�FDVHV��05,�05,�DQG�I05,�I05,��
applied to rotation data sets (SrMRI and SrI05,��SURYH�WKDW�,7.�
EDVHG�IUDPHZRUN�JHQHUDWHV�YROXPHV�ZLWK�JUHDWHU�FRUUHVSRQ-
GHQFH��UHVSHFW�WR�05,�DQG�I05,�UHIHUHQFHV�YROXPHV��WKDW�WKH�
YROXPHV�REWDLQHG�XVLQJ�630�IUDPHZRUN��ZKHQ�RQO\�URWDWLRQ�
PRWLRQ� LV�FRQVLGHUHG��)LQDOO\�� IRU� WKH�GDWD�VHW�St05,��ZKLFK�
RQO\�FRQVLGHUV�WUDQVODWLRQ�PRWLRQ��WKH�630�EDVHG�IUDPHZRUN�
VKRZV� EHWWHU� SHUIRUPDQFH� WKDQ� WKH� ,7.� UHJLVWUDWLRQ� IUDPH-
ZRUN� LQ� WKH�05,�05,�WHVW�FDVH��+RZHYHU�� IURP�WKH�DQDO\VLV�
RI�WKH�DEVROXWH�HUURU�IRU�WKH�x- and y��D[LV��ZKHQ�WKH�GDWD�VHW�
StI05,��I05,�WUDQVODWHG�YROXPHV��LV�UHJDUGHG��WKH�,7.�IUDPH-
ZRUN�UHDFKHV�ORZHU�YDOXHV��ZKLOH�WKH�z�D[LV�DEVROXWH�HUURU�LV�
KLJKHU� XVLQJ� ,7.� UHJLVWUDWLRQ��6LQFH�630� IUDPHZRUN� KDV� D�
KLJKHU�QXPEHU�RI�UHJLVWUDWLRQV�ZLWK�ORZ�HUURU�FRPSDULQJ�WKH�
DEVROXWH�HUURU��WKLV�IUDPHZRUN�LV�EHWWHU�LI�WKH�EUDLQ�LV�UHJDUGHG�
DV�D�ULJLG�REMHFW�VXEMHFWHG�WR�WUDQVODWLRQ�PRWLRQ�RQO\�

Figure 2. Registration results of translated volumes. (a) x-axis 
translation. (b) y-axis translation. (c) z-axis translation.

Figure 3. Registration results. Rotated volumes: (a) MRI-MRI (b) 
fMRI-fMRI. Volumes with combined translation and rotation: (c) 
MRI-MRI (d) fMRI-fMRI.
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$V�D�JHQHUDO�FRQFOXVLRQ��WKH�IUDPHZRUN�EDVHG�RQ�,7.�OLEUDU\�
DSSOLHG�WR�05,�05,�DQG�I05,�I05,�LQWUD�PRGDOLWLHV�UHJLVWUD-
WLRQ�JHQHUDWHV�WKH�EHWWHU�VSDWLDO�WUDQVIRUPDWLRQ�XVHIXO�WR�DOLJQ�
WKH�EUDLQ�ZKHQ�D�FRPELQDWLRQ�RI�WUDQVODWLRQ�DQG�URWDWLRQ�PR-
WLRQV�LV�XVHG�WR�VLPXODWH�KHDG�PRWLRQ�
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