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To test the point-based FBP (PFBP) al-
gorithm, we looked at the differences 
in images reconstructed with PFBP and 
conventional pixel-based backprojec-
tion. Same emission data were used, 
obtained from imaging a small animal 
NEMA phantom with the microPET 
Focus 120 scanner (Concorde/Siemens). 
The phantom contained ~0.6 mCi of 
F-18 in aqueous solution. Prior to re-
construction, acquired 3D data were 
FORE-rebinned into direct sinograms.

3UR¿OH� DQDO\VLV� UHYHDOHG� YHU\� JRRG�
alignment of FBP and grid-PFBP sta-
WLRQDU\�SKDQWRP�LPDJHV��EXW�ZLWK�UDQ-
dom point clouds slight deviations were 
observed as exepected. With point 
clouds, slight deviations were observed 
from images on grids. For 10 random-
ized point clouds, the measured peak 
value was XXX+-DX vs YYY for pixel 
grid and ZZZ for point grid. 

At matched point source FWHM (2.61 
mm FBP vs. 2.62 mm PFBP), PFBP im-
ages appeared smoother. An estimate of 
WKH�QRLVH�GH¿QHG�DV�WKH�PHDQ�IUDFWLRQDO�
YDULDELOLW\�RI�WKH�SL[HO�YDOXHV�ZLWKLQ�WHQ�
4x4 pixel ROIs, was evaluated at 0.033 
in FBP images and 0.022 in PFBP im-
ages.

'HSDUWPHQW�RI�3K\VLFV�DQG�$VWURQRP\��8QLYHUVLW\�RI�%ULWLVK�&ROXPELD��9DQFRXYHU��%&��&DQDGD

3(7�DQG�63(&7�LPDJHV�DUH�QRUPDOO\�UHFRQVWUXFWHG�XVLQJ�UHFWDQJXODU�EDVLV�IXQFWLRQV�LQ��'��'�VSDFH�
(pixels, voxels). Several methods of image reconstruction on meshes have been proposed in the past 
>UHI@��7KH�UDWLRQDOH�EHKLQG�XVLQJ�PHVKHV�ZDV�WKDW�WKH\�DUH�EHWWHU�VXLWHG�IRU�PRGHOLQJ�ULJLG�DQG�QRQ�
rigid motion. This is due to the fact that with pixel grids, deformation correction requires the use of 
LQWHUSRODWLRQ�PDWULFHV�>UHI@��:LWK�PHVKHV��GHIRUPDWLRQV�FDQ�EH�PRGHOHG�GLUHFWO\�DQG�PRUH�DFFXUDWHO\�
E\�H[SOLFLWO\�FKDQJLQJ�WKH�FRRUGLQDWHV�RI�WKH�PHVK�QRGHV��7KHUH�DUH�RWKHU�DGYDQWDJHV�DVVRFLDWHG�ZLWK�
XVLQJ�PHVKHV�IRU�LPDJH�UHFRQVWUXFWLRQ��QDPHO\�VPDOOHU�QXPEHU�RI�VSDWLDO�ELQV��EHWWHU�SRVHGQHVV�RII�WKH�
LQYHUVH�SUREOHP�DQG�WKH�DELOLW\�WR�LQFRUSRUDWH�PXOWL�UHVROXWLRQ��$V�D�WUDGH�RII��PHVK�EDVHG�PHWKRGV�DUH�
more complex compared with traditional pixel-based algorithms.

+HUH�ZH�SURSRVH�D�QHZ�DSSURDFK�WR�DQDO\WLF�DQG�LWHUDWLYH�PHVK�EDVHG�LPDJH�UHFRQVWUXFWLRQ��&RPSDUHG�
ZLWK�SUHYLRXVO\�SURSRVHG�PHWKRGV��RXU�DOJRULWKP�GRHVQ¶W�FRQVLGHU�SRO\JRQ�HGJHV�DQG�IDFHV�LQ�LPDJH�
FRPSXWDWLRQ��2QO\�YHUWLFHV�DUH�XVHG�LQ�EDFNSURMHFWLRQ�DQG�V\VWHP�PDWUL[�FRPSXWDWLRQ��GLVFDUGLQJ�WKH�
WRSRORJ\�LQIRUPDWLRQ��7KXV�ZH�VROYH�WKH�SUREOHP�RI�3(7�LPDJH�UHFRQVWUXFWLRQ�RQ��'�SRLQW�FORXGV�DQG�
JULGV��EXW�WKH�UHVXOWV�FRXOG�DOVR�EH�DSSOLHG�WR�PHVKHV�GH¿QHG�E\�VDPH�SRLQWV��&RQVLGHULQJ�SRLQW�ORFD-
WLRQV�RQO\�PDNHV�WKH�SURSRVHG�DOJRULWKP�IDU�VLPSOHU�DQG�OHVV�FRPSXWDWLRQDOO\�H[SHQVLYH�FRPSDUHG�WR�
algorithms that compute the area (volume) of intersection between the LOR and the image bin, or those 
WKDW�UHO\�RQ�LQWHUSRODWLRQ�PDWULFHV�EHWZHHQ�WKH�PHVK�DQG�WKH�SL[HO�JULG�

As a stimulus for this project, we considered a problem of correcting PET images for deformable, non-
SHULRGLF�PRWLRQ��7\SLFDOO\��SHULRGLF�GHIRUPDWLRQV�DUH�DFFRXQWHG�IRU�E\�ZDUSLQJ�DQG�VXPPLQJ�JDWHG�
images. However, with small number of gates this scheme reduces the temporal resolution of the re-
FRQVWUXFWLRQ�SUREOHP��ZKLFK�LQ�WXUQ�FDQ�GHJUDGH�WKH�DFFXUDF\�RI�¿QDO�LPDJHV��7KH�JDWH�WHFKQLTXH�DOVR�
breaks down when considering non-periodic deformable motion, like the one encountered in conscious 
animal imaging (the number of needed interpolation matrices would be on the order of thousands). 
Mesh-based reconstruction would be more suitable for this task, however due to the high computational 
FRPSOH[LW\�VXFK�DOJRULWKPV�DUH�FRQVLGHUHG�H[RWLF�DQG�DOPRVW�QHYHU�XVHG��7KXV��HIIRUW�VKRXOG�EH�PDGH�
LQ�WU\LQJ�WR�VLPSOLI\�PHVK�EDVHG�DOJRULWKPV�ZKLOH�PDNLQJ�WKHP�PRUH�UREXVW��%HORZ��ZH�SUHVHQW�WZR�
GLVWDQFH�EDVHG�DOJRULWKPV�IRU�LPDJH�UHFRQVWUXFWLRQ�RQ�SRLQWV��:H�HYDOXDWH�WKH�DOJRULWKPV�E\�FRPSDULQJ�
the reconstructed images with conventional pixel-based reconstruction algorithms – FBP and MLEM.

7KH�UHVXOWV� LQGLFDWH�WKDW�TXDQWLWDWLYHO\�DFFXUDWH�LPDJHV�FDQ�EH�REWDLQHG�XVLQJ�WKH�3)%3�DQG�30/(0�
UHFRQVWUXFWLRQ��0RYLQJ� SRLQWV� QRQ�ULJLGO\� LQ� WKH� LPDJH� VSDFH� HIIHFWLYHO\� SHUIRUPV�PRWLRQ� FRUUHFWLRQ�
ZLWKRXW�LQWURGXFLQJ�QRWLFHDEOH�DUWLIDFWV��$QDO\VLV�RI�WKH�PRXVH�EUDLQ�LPDJHV�LQGLFDWHV�WKDW�3)%3�FDQ�EH�
XVHG�IRU�TXDQWLWDWLYH�LQ�YLYR�LPDJLQJ�VWXGLHV��:KLOH�VHHPLQJO\�FRPSDUDEOH�ZLWK�)%3�LQ�WHUPV�RI�LPDJH�
TXDOLW\��3)%3�ZLOO�QRW�UHTXLUH�LQWHUSRODWLRQ�PDWULFHV�IRU�QRQ�ULJLG�PRWLRQ�FRUUHFWLRQ��7KXV��LW�FRXOG�SR-
WHQWLDOO\�EH�XVHG�ZKHQ�LPDJLQJ�DZDNH�URGHQWV��)XWXUH�ZRUN�ZLOO�IRFXV�RQ�LQFRUSRUDWLQJ�WKH�SRLQW�EDVHG�
approach into iterative reconstruction schemes.

PET Image Reconstruction on Regular and Irregu-
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Point-based Filtered Backprojection
:LWKLQ�WKH�SRLQW�EDVHG�DSSURDFK��WKH�LPDJH�VSDFH��)29��ZDV�¿UVW�VDPSOHG�ZLWK�D�XQLIRUP�SRLQW�JULG�
ZLWK�����SRLQWV�SHU�GLPHQVLRQ��(DFK�SRLQW�LV�FKDUDFWHUL]HG�E\���FRQWLQXRXV�VSDWLDO�FRRUGLQDWHV��DQG���
DGGLWLRQDO�SURSHUWLHV��LQWHQVLW\��EDFNSURMHFWLRQ�FRXQWHU���ȝ�YDOXH��GHULYHG�IURP�WKH�PX�PDS���DQG�REMHFW�
LGHQWL¿HU� �DVVLJQV� WKH�SRLQW� WR� D� VSHFL¿F�JURXS�RI�SRLQWV���5DQGRP�SRLQW� FORXGV�ZHUH�JHQHUDWHG� IURP�
SRLQW�JULGV�E\�DGGLQJ�D�UDQGRP�GHYLDWLRQ�LQ�FRRUGLDQWHV�WR�HDFK�SRLQW��%DVHG�RQ�WKH�DFTXLUHG�ȝ�PDS��WKH�
SRLQW�¿HOG�FRXOG�EH�FURSSHG�WR�PDWFK�WKH�LPDJHG�REMHFW��SKDQWRP���7KXV��D�SRLQW�PRGHO�RI�WKH�REMHFW�LV�
JHQHUDWHG��7KH�LPDJH�LV�WKHQ�UHSUHVHQWHG�E\�D�1�[���PDWUL[��ZKHUH�1�LV�WKH�WRWDO�QXPEHU�RI�SRLQWV�LQ�DOO�
objects. During 2D backprojection, a ribbon is traced through the image space for each sinogram bin, 
ZLGWK�RI�WKH�ULEERQ�HTXDO�WR�WKH�UDGLDO�ELQ�VL]H��7KH�LQWHQVLW\�RI�SRLQWV�ZLWKLQ�WKH�ULEERQ�LV�LQFUHDVHG�E\�
WKH�ELQ�YDOXH��7KXV�WKH�LQWHQVLW\�YDOXHV�IURP�GLIIHUHQW�EDFNSURMHFWLRQ�ULEERQV�DUH�VXPPHG�IRU�HDFK�SRLQW��
0RWLRQ�FRUUHFWLRQ�ZDV�SHUIRUPHG�E\�D��VRUWLQJ�WKH�HPLVVLRQ�GDWD�LQWR�WLPH�IUDPHV�FRUUHVSRQGLQJ�WR�WKH�
SHULRGV�RI�OLPLWHG�QR�PRWLRQ��E��PRGHOLQJ�WKH�PRWLRQ�E\�UH�SRVLWLRQLQJ�SRLQWV�RI�WKH�PRGHO�LQ�WKH�LPDJH�
space according to the motion and c) backprojecting corresponding sinograms onto the adjusted points. 
(DFK�IUDPH�LV�EDFNSURMHFWHG�RQWR�WKH�FRUUHVSRQGLQJ�SRLQW�GLVWULEXWLRQ��DQG�LQWHQVLW\�YDOXHV�DUH�DGGHG�
IURP�GLIIHUHQW�EDFNSURMHFWLRQV��,PDJHV�RI��'�DFWLYLW\�GLVWULEXWLRQV�ZHUH�REWDLQHG�E\�LQWHUSRODWLQJ�SRLQW�
LQWHQVLWLHV�DFURVV�WKH�SL[HO�JULG�XVLQJ�VPRRWK�VXUIDFH�¿WWLQJ�
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To test the proposed motion correc-
tion algorithm, the phantom was moved 
ODWHUDOO\� HYHU\� ��� VHFRQGV� GXULQJ� WKH�
emission scan. The position step size 
was 8.0 mm. During the scan, position 
RI� WKH�SKDQWRP�ZDV�FKDQJHG�HYHU\����
seconds. Emission data was binned into 
corresponding 30-second frames of no 
PRWLRQ��0RWLRQ�FRUUHFWLRQ�ZDV�GRQH�E\�
adjusting point positions in the image 
space prior to backprojection of each 
frame.

7KH�¿JXUH�FRPSDUHV�LPDJHV�RI�WKH�VWD-
WLRQDU\�SKDQWRP�DQG�PRWLRQ�FRUUHFWHG�
LPDJHV��3UR¿OHV�WKURXJK�WKH�PLGVHFWLRQ�
reveal good spatial aligment of station-
DU\� DQG�PRWLRQ�FRUUHFWHG� LPDJHV�� DQG�
SUHVHUYHG�TXDQWL¿FDWLRQ��6OLJKW� UHVROX-
tion degradation was observed in mo-
WLRQ�FRUUHFWHG�LPDJH��PRVW�OLNHO\�GXH�WR�
misalignemt in predicted and real phan-
tom position.

The effect of point number and distri-
bution was also investigated. It can be 
expected that with fewer points in the 
LPDJH� VSDFH�� YDULDEOLOLW\� RI� WKH� UHFRQ-
structed images will be higher.  With 
random point placement in the image 
space, PFBP images preserved accura-
F\��DOWKRXJK�VOLJKW�GHYLDWLRQV�IURP�WKH�
reference were observed. 

Reducing the number of points result-
ed in resolution degradation. However, 
images reconstructed on 80x80 point 
JULG�VWLOO�FORVHO\�UHVHPEOHG�WKRVH�UHFRQ-
structed on the 128x128 grid.

$OWKRXJK� DQ\� NLQG� RI� LPDJH� TXDOLW\�
DQDO\VLV� UHODWHG� WR� SRLQW� FORXGV� PXVW�
involve measures based on statistics, 
examples of individual reconstructions 
are provided along with corresponding 
GLIIHUHQFHV�DQG�SUR¿OHV�WR�JLYH�DQ�LGHD�
about the pattern and extent of image 
variations due to change in sampling 
point positions. It can be seen that the 
differences are larger with fewer sam-
SOLQJ�SRLQWV��9DULDWLRQ�LQ�LPDJHV�RYHU���
WULDOV�LV�LOOXVWUDWHG�LQ�WKH�SORW�E\�WKH�HU-
ror bars. 

7R�HYDOXDWH�WKH�TXDQWLWDWLYH�DFFXUDF\�RI�
3)%3� DOJRULWKP� DQG� VXLWDELOLW\� RI� WKH�
reconstructed images for the quantita-
WLYH�DQDO\VLV��PRXVH�EUDLQ�LPDJLQJ�ZDV�
performed with the animal placed in a 
head holder and anaesthetized with iso-
ÀXUDQH� JDV� PL[WXUH�� 7KH� DQLPDO� ZDV�
injected with 0.071 mCi of [11C]raclo-
pride. Emission data were acquired for 
61 minutes and data were histogrammed 
into 17 frames. 

Images were reconstructed with FBP 
and PFBP, using point grid and point 
cloud. TAC curves were exreacted from 
the striatum and cerebelum regions of 
interest using FBP and grid-based PFBP 
images.

Data extracted from the images alighend 
well, with the difference between the 
WZR� DOJRULWKPV� FRPSDUDEOH� WR� W\SLFDO-
O\� H[SHFWHG� GDWD� YDULDELOLW\��0DWFKLQJ�
TAC demonstrate that FBP and PFBP 
LPDJHV� ZHUH� TXDQWLWDWLYHO\� VLPLODU� IRU�
each of the reconstructed time frames 
and thus a wide range of count rates and 
number of counts per frame.

C

A

Pixel raytrace Pixel ribbon Point grid

Point grid Point coud trial 1 Point cloud trial 2

Since we used same image update for-
mula and the same data for both MLEM 
and PMLEM, the image differences 
VWHPPHG� GLUHFWO\� IURP� GLIIHUHQFHV� LQ�
WKH�V\VWHP�PDWULFHV��60���3URYLGHG� LQ�
WKH�¿JXUH�DUH�SRUWLRQV�RI�60�FDOFXODWHG�
using different methods. Same pattern 
is distinguishable in ribbon and point 
grid SM, which explains close match 
between reconstructed images. 

In order to reconstruct an image us-
ing random point distribution (e.g. us-
ing mesh vertices as points), following 
our recipe one has to interpolate the SM 
computed on point cloud onto a grid of 
XQLIRUPO\� VSDFHG� SRLQWV� �H�J�� D� VHW� RI�
YR[HO�FHQWHUV���7KH�¿QDO�LPDJH�ZLOO�GH-
SHQG�RQ� WKH� DFFXUDF\�RI� LQWHUSRODWLRQ��
3RRUO\�GRQH�LQWHUSRODWLRQ�ZLOO�UHVXOW�LQ�
TXDQWLWDWLYHO\�LQQDFXDUH�V\VWHP�PDWUL[�
for MLEM reconstruction. We have 
WHVWHG�WKH�DELOLW\�RI�VHYHUDO�ZHOO�NQRZQ�
interpolation methods to interpolate rib-
bon structures prominent for the SM.

Seven scattered data interpoation meth-
ods were tested: tri-linear method, 
natural neighbor, nearest neighbor, cu-
ELF� SRO\QRPLDO� ¿WWLQJ�� 6KHSDUG� PHWK-
RG��PRGL¿HG�6KHSDUG��DQG�UDGLDO�EDVLV�
functions (with Gaussian basic func-
WLRQ���7KH�506�HUURU��GH¿QHG�DV�506�
of the difference image, was estimated 
for each method based on 10 random 
point distributions. The RBF method 
was found to produce the best result, 
however, tri-linear interpolation was 
chosen for image reconstructions since 
LW�SURYLGHG�WKH�RSWLPDO�TXDOLW\�VSHHG�UD-
tio.



PET	  program	  at	  UBC/TRIUMF	  (background)	  
	  

	  	  

Established	  in	  ~	  1980:	  collaboraGon	  between	  UBC-‐	  PPRC	  (Drs.	  Brian	  Pate,	  D	  Calne)	  and	  
TRIUMF	  (	  Dr.	  E.	  Vogt)	  
	  
	  

Acquired	  a	  dedicated	  microPET	  ~	  2003	  
	  
	  

First	  human	  scanner	  built	  at	  TRIUMF	  	  
	  
	  

Next	  human	  	  (brain)	  PET	  (~commercial)	  scanners	  (ECAT	  953B,	  	  HRRT,	  GE	  Advance)	  

Acquired	  a	  hybrid	  microPET/SPECT/CT	  2012	  



TRIUMF	  Nuclear	  MEDICINE	  	  

UBC	  PPRC	  	  

Imaging	  physics	  	  

GeneGcs	  

Other	  diseases	  

Today:	  more	  complex	  and	  richer	  

TRIUMF	  	   UBC	  PPRC	  	  

Radiochemistry/	  Brain	  Imaging	  PET	  program	  as	  started	  	  	  

Clinical	  and	  preclinical	  imaging	  program	  	  

Radiochemistry	  at	  TRIUMF:	  key	  aspect	  and	  excellent	  opportunity	  for	  growth	  	  	  



OperaHonal	  paradigm	  
	  
	  

	   	  Radiotracers	  produced	  at	  TRIUMF,	  sent	  through	  a	  
pipeline	  to	  the	  UBC	  hospital	  	  

	   	  	  
	  
UBC	  	  

	   	  consummables	  	  
	   	  tracer	  costs	  	  
	   	  +	  2	  producGon	  chemists	  

	  	  



	  	  	  	  	  	  	  	  	  Imaging	  programs	  

	  	  
§  	   	  	  	  Human	  scanners	  (GE	  Advance,	  HRRT)	  

§ 	   	  	  	  MicroPET	  imaging	  (Focus	  120,	  at	  UBC)	  +	  microPET/SPECT/CT	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  Milabs	  Vector	  (at	  CCM)	  

§  	   	  Physics/InstrumentaGon/Modelling	  

	  
	   	  	  



Medical	  research	  focus	  :	  	  
	  
•  movement	  disorders	  –	  Pacific	  Parkinson’s	  research	  centre	  (Director	  AJ	  Stoessl,	  

main	  source	  of	  research	  funding)	  
•  mood	  disorders	  (	  L	  Yatham)	  
•  demenGa	  (	  R	  Hsiung,	  H	  Feldman)	  

Imaging	  programs	  
	  

Imaging	  physics	  
	  
•  PET	  QuanGficaGon	  algorithms	  
•  KineGc	  modeling	  
•  PET/MRI	  image	  analysis	  methods	  

Radiochemistry	  
	  
	  	  12	  tracers	  rouGnely	  produced	  
	  
	  
	  
	  
	  



Tracers	  rouHnely	  used	  
	  Dopaminergic	  
	   	  18F-‐fluorodopa	  
	   	  11C-‐dyhydrotetrabenazine	  
	   	  11C-‐methylphenidate	  
	  	   	  11C-‐raclopride	  
	   	  11C-‐schering	  
	  Serotonergic	  
	   	  11C-‐DASB	  
	   	  18F-‐setoperone	  
	  Noradrenergic	  
	   	  11C-‐MRB	  
	   	  11C-‐Yohimbine	  
	  Cholinergic	  
	   	  11C-‐PMP	  
	  Plaque	  detecGon	  
	   	  11C-‐PIB	  
	  InflammaGon	  
	   	  11C-‐PBR28 	  	  
	  Energy	  metabolism	  
	   	  18F-‐FDG 	  	  
	   	  	  

	  



Parkinson’s	  research	  
	  
§  Origin:	  imaging	  of	  subjects	  at	  risk-‐	  LRRK2	  +	  RBD	  	  
dopaminergic,	  serotonergic	  and	  cholinergic	  system	  +	  
inflammaHon	  	  (MJFF,	  CIHR,	  Cundill,	  Parf)	  
	  
Overlap	  syndrome	  (Parf)	  
	  
§  	  Treatment	  related	  complicaHons	  (CIHR)	  

	   	  psychiatric	  complicaGons	  
	   	  role	  of	  the	  serotonergic	  system	  

	  
	  	  Effect	  of	  exercise	  on	  disease	  progression	  (Cundill)	  

	  
§  Use	  disease	  to	  beier	  understand	  normal	  brain	  funcHon	  	  



MULTI-‐TRACER	  PET	  



 
Early disease: upregulation of dopamine 
synthesis and downregulation of DAT in 
the putamen in the early stage of PD.   
 
Late disease stage: The age-normalized 
tracer values of the different markers 
tend to approach one other in the late 
disease stage when the rate of decline 
in all  PET measurements was similar in 
the putamen.  
 
 

Breakdown of compensatory 
mechanisms in the putamen could 
contribute to the worsening motor 
symptoms in the advanced stage. 

Longitudinal changes in striatal dopamine processing in the progression of 
Parkinson's disease: evidence of failure of compensatory changes 

Disease	  mechanisms	  and	  origin	  

Nandhagopal	  et	  al.,	  Brain	  2011	  



~ 10% of PD is of 
genetic origin 



InvesGgaGng	  mechanisms	  underlying	  	  LRRK2	  mutaGon-‐
related	  PD	  	  -‐	  collaboraGon	  with	  geneGcs	  (M	  Farrer,	  UBC	  CERC	  
Gene8cs)	  
	  
	  
Imaged	  over	  60	  subjects	  with	  LRRK2	  mutaGons	  
	  
CollaboraGon	  with	  	  
§  US	  (Mayo	  Clinic	  -‐	  Z	  Wszolek)	  
§  Norway	  (J	  Aasly)	  
§  Japan	  
	  

Disease	  mechanisms	  and	  origin	  



Control	  

VMAT2	  

AsymptomaGc	  

Affected	  

F-‐DOPA	   DAT	  

Sossi et al. Mov Disorders 2010 

Dopaminergic	  deficit	  
observable	  with	  PET	  

Dopamine	  turnover	  (1/EDV)	  
appears	  to	  be	  most	  affected	  	  

Nandhagopal et al., Neurology, 
2008 
Nandhagopal et al., Neurology, 
2011 
 



Braak:	  is	  PD	  a	  motor	  disorder?	  	  

•  Olfactory	  	  
•  Depression	  
•  Sleep	  Disorders	  
•  Autonomic	  

Does	  it	  even	  start	  in	  the	  brain?	  

Disease	  mechanisms	  and	  origin	  



Serotonergic	  system	  in	  PD	  
	  (11C-‐DASB)	  Perry	  subject	  

A	  Cavalho,	  submiied	  



InflammaGon	  –	  11C-‐PBR	  28	  



DemenHa	  
	  

	   	  FTD,	  Mixed	  demenGa	  (I	  Mackenzie,	  R	  Hsiung)	  	  
	  

	   	  Vascular	  demenGa	  (T	  Lui-‐Ambrose)	  
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	   	  tau-‐imaging	  tracer	  	  PBB3	  

	  
phenyl/pyridinyl-‐butadienyl-‐benzothiazoles/benzothiazoliums	  
(Maruyama	  et	  al	  Neuron	  	  2013)	  
	  
	  
	  
Applica8on	  submiLed	  to	  GE-‐NFL	  



Preclinical	  imaging	  



Animal	  models	  (CIHR,MJFF)	  
	  

	  Rodent	  	  
	  

	  Treatment	  –	  imaging	  interacHon	  
	  

	  LRRK2	  –	  G2019S	  
	  

	   	   	   	  CharacterizaGon	  of	  the	  dopaminergic	  system	  
	  

	   	   	   	  Role	  of	  inflammatory	  triggers	  



Preclinical	  imaging	  –	  NeurodegeneraHon	  	  	  

InteracGon	  between	  treatment	  (pramipexole,	  levodopa)	  and	  imaging	  markers	  

groups for their saline-expected relation [Δ(marker)] as
follows:

Δ!marker" # !markerPost $markerPre" $ predictedΔ!marker"

For each marker, an analysis of covariance (ANCOVA)
was used to assess the relation between the resulting saline-
adjusted values Δ(marker) and (1) their corresponding
observed baseline values, (2) side (control or lesion), (3)
treatment (pramipexole or levodopa), and (4) the respective,
second-order interaction terms. F tests were used to
compare the treatment effects as part of the covariance
model that we employed. The contribution of each
explanatory variable was considered significant whenever
p!0.05.

Results

Changes in BPND_DTBZ

Pre-treatment BPND_DTBZ values are listed in Table 1. There
was a significant treatment effect (p=0.05), with the
pramipexole group showing a greater BPND_DTBZ decrease
compared to the levodopa group (Fig. 1, Table 2). No effect
of striatal side was found for DTBZ binding. No significant
correlation between the Δ(BPND_DTBZ) and pre-treatment
BPND_DTBZ was found. Regression results for the saline
group were: "0.50 (slope), 1.71 (intercept), and r=0.55 for
the control side and 0.16 (slope), "0.075 (intercept), and r =
0.72 for the lesioned side.

Changes in BPND_MP

Pre-treatment values are listed in Table 1. A significant striatal
side (p=0.003) and treatment-striatal side interaction effect
(p=0.04) was observed for MP binding, with the levodopa-
treated group showing a larger decrease on the control side
as compared to the lesioned side than the pramipexole-
treated group (Fig. 2, Table 2). As shown in Fig. 2, a clear
trend towards an MP binding increase was observed on the
lesioned side (p=0.06 when all three treatment groups were
taken together). A significant positive correlation between
the Δ(BPND_MP ) and pre-treatment (baseline) BPND_MP was

also found (slope=0.32; p=0.003). Regression results for the
saline group were: "0.33 (slope), 0.39 (intercept), and r=
0.45 for the control side and "0.30 (slope), 0.11 (intercept),
and r=0.78 for the lesioned side.

Changes in dopamine release [Δ(DA)]

No significant effect of any kind was observed for Δ(DA)
(Table 1) with final, post-treatment values averaged across
the three groups being 9%±3% (mean ± SE) on the lesioned
side and 0.9%±1.4% (mean ± SE) on the control side.

Discussion

Our study provides the following findings (1) DTBZ
binding is affected differently by pramipexole and levodo-
pa, independently of the level of dopaminergic denervation,
indicating that VMAT2 binding is susceptible to pharma-
cological regulation; (2) MP binding is decreased by
levodopa in a denervation severity-dependent fashion, with
a greater reduction of DAT binding observed for a more

Table 1 Initial, pre-treatment value averages across the three groups.
(There was no statistical difference between the three groups)

Lesioned side Control side

BPND_DTBZ (mean ± SE) 0.95±0.13 3.81±0.08

BPND_MP (mean ± SE) 0.32±0.03 1.16±0.03

Δ(DA) (%) (mean ± SE) 10±3 1.2±1.6

Fig. 1 Changes in BPND_DTBZ [BPND_DTBZ (post-treatment) "
BPND_DTBZ (pre-treatment)] for the three treatment groups, pramipexole
(PRA), levodopa (LD), and saline (SAL). Bars represent standard errors.
In the figure, changes are shown for each treatment group separately
and are not adjusted for the predicted values (see text)

Table 2 Δ(marker), i.e., changes in the parameter values in two
treatment groups adjusted for the predicted change as determined from
the saline group (see text). Data show mean ± SE. The average
adjusted change in the saline group is zero, by definition. Since only
the treatment effect was significant for Δ(BPND_DTBZ), average values
over both sides are presented

Δ(BPND_DTBZ) Δ(BPND_MP)

Lesioned side Control side

PRA "0.11±0.06 "0.01±0.03 "0.02±0.02
LD 0.07±0.06 0.02±0.03 "0.08±0.05

PRA pramipexole, LD levodopa

Eur J Nucl Med Mol Imaging (2010) 37:2364–2370 2367

intact system; and (3) RAC changes indicate that levodopa-
induced dopamine release patterns are not affected by
chronic treatment.

DTBZ binding Two observations can be highlighted. No
effect of denervation severity was observed on the post- to
pre-treatment BPND_DTBZ comparison, which supports the
notion that DTBZ binding and thus VMAT2 is likely not
subject to long-term lesion (disease)-induced regulation
[31]. A treatment effect was however observed with
pramipexole decreasing DTBZ binding more that levodopa.
VMAT2 binding seems therefore to be susceptible to
pharmacological regulation. The most likely mechanism
for this finding is that pramipexole increases vesicular DA
levels [32]. Previous studies have indeed found that DTBZ
binding is sensitive to the vesicular DA concentration levels
[10–12]. Observed decreases in DTBZ binding were
approximately 8%, which is consistent with the reported
studies. Additionally, pramipexole was shown to decrease
cell firing [23, 33], further contributing to increased
vesicular DA levels.

MP binding Several observations can be made here.
Changes in MP binding were found to be related to striatal
side, pre-treatment binding values, and a treatment-striatal
side interaction, with levodopa treatment inducing a greater
decrease in DAT binding on the control side compared to
pramipexole. Our results also indicate that there is a
denervation-dependent increase in DAT binding on the
lesioned side. The latter observation probably reflects a
compensatory upregulation of DAT expression, aimed at
preserving DA levels in a situation of DA deficiency, which
is consistent with recent studies [34, 35]. In other words,
increased DAT expression would be aimed at preventing an
excessive extrasynaptic diffusion and metabolism of DA

upon cell firing and thus extend the half-life of striatal DA
[36]. Compensatory DAT expression upregulation on the
lesioned side is probably mediated by Nurr1; it is known
that Nurr1 activation increases the activity of TH, the rate-
limiting enzyme for endogenous dopamine synthesis, and
also induces DAT expression [37].

Taken together, these findings indicate that levodopa by
itself (i.e., on the control side, where the denervation-
induced effect is not dominant) tends to decrease MP
binding more than pramipexole at these dose levels. This
treatment effect can be explained by a differential effect of
levodopa and pramipexole on dopamine D2/D3 autorecep-
tors [38]. Animal experiments have shown that levodopa
induces dopamine D3 receptor upregulation [39], and it is
now known that dopamine D3 receptors are in fact
autoreceptors [40]. Pramipexole, on the other hand, has
exactly the opposite effect, D2/D3 autoreceptor desensitiza-
tion [23]. As the activation of dopamine D2/D3 autorecep-
tors leads to a decrease in both dopamine release and
dopamine reuptake [36, 41, 42], DAT expression is
expected to be lower in levodopa-treated animals compared
to the pramipexole group. In addition, a levodopa-induced
relative excess of DA on the control side could potentially
induce a downregulation of DAT expression through Nurr1
deactivation [37].

Although these conclusions cannot be directly extrapo-
lated to human disease, since the 6-OHDA PD model is
relatively static and not progressive, our results seem
consistent with previously reported human studies [2, 6],
where the effects of levodopa and pramipexole on DAT
were assessed in early stages of the disease and thus
relatively preserved dopaminergic function.

Changes in levodopa-derived synaptic DA levels No change
was observed in DA release after levodopa challenge in any of
the three groups. This finding shows that chronic levodopa
treatment does not alter DA release patterns as sampled with
this imaging protocol. To the extent to which altered DA
release is involved in the genesis of motor complications,
levodopa treatment by itself does not seem to enhance the
probability of developing motor complications. These results
are in keeping with human studies showing that dopaminergic
treatment does not contribute to treatment-related pharmaco-
logical priming [13] and also with recent findings obtained
using chronoamperometry techniques in rodents [43].
Although clinical observations show that PD patients on
levodopa therapy have a higher incidence of dyskinesia than
patients on dopamine agonists, the key point is that they are
more likely to experience dyskinesia rather than being more
prone to developing dyskinesias as disease progresses.

In terms of imaging markers, our results indicate that
VMAT2 binding is an objective and accurate marker of
lesion (disease) severity in the absence of pharmacological

Fig. 2 Changes in BPND_MP [BPND_MP (post-treatment) ! BPND_MP

(pre-treatment)] for the three treatment groups, pramipexole (PRA),
levodopa (LD), and saline (SAL) for the lesioned and control sides.
Bars represent standard errors. In the figure, changes are shown for
each treatment group separately and are not adjusted for the predicted
values (see text)
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MRI	  based	  shape	  and	  texture	  analysis	  of	  PET	  data	  –	  Moment	  invariants	  

 

 

The T1-weighted MRI image of each subject was used to define anatomical ROIs corresponding to the left and right 
putamen, caudate and ventral striatum (VS). The ROIs were drawn on each slice where the caudate and putamen were 
visible on the dorsal side of the striatum (where the effects of PD are most significant). The ROI definition of the VS was 
done following the method by (REF). The ROIs were drawn by hand by a researcher trained in neuroanatomy and were then 
exported to the corresponding baseline RAC image to carefully check for small coregistration errors and moved 
accordingly. Putamen and VS ROIs were never moved more than one pixel from the original MRI placement, while caudate 
ROIs (where partial volume effects are more important) were never moved more than two pixels from the MRI placement 
(within the spatial resolution of the PET images). These PET-optimized ROIs were then placed on the remaining PET 
images for each subject to check that no remaining coregistration errors remained. The values of the radiotracer 
concentration within the resulting ROIs were then extracted for all PET images of each subject. Sample images comparing 
the putamen concentrations of DTBZ between a healthy control and a PD patient are shown in Figure 1. These distributions 
were then used to derive 3DMIs using Matlab and the method outlined above.  

 
Figure 1: Left - DTBZ images for a healthy control (top) and PD patient (bottom) with corresponding ROIs for the caudate 

and putamen. Right - Sample spatial distributions extracted for the right putamen for both subjects. 

 

To compare the results obtained from 3DMIs with traditional PET analysis methods we also calculated pharmacokinetic 
parameters for the radiotracers used here. In order to derive kinetic parameters for the same ROIs used to calculate 3DMIs, 
we produced parametric images of the radiotracer kinetics of interest. For RAC and DTBZ we produced parametric images 
of their binding potentials (BP) using a simplified reference tissue model as implemented in the Receptor Parametric 
Mapping (RPM) software (REF). Here we used the cerebellum as the reference tissue. For FDOPA, we produced parametric 
images of the dopamine uptake rate constant (Kocc) using the Patlak graphical method (REF) with the occipital cortex as 
the reference tissue. For all parametric images, we then calculated the kinetic parameters for each ROI by averaging the 
voxel values contained within it.  

Given that PD is a highly asymmetric disease and generally affects one side of the brain more than the other, we have 
chosen to keep this information separate and not average the values from both sides of the brain at the start of our study. For 
all ROIs, we have also estimated the errors on the derived 3DMIs using the bootstrap method as implemented in the Matlab 
function ‘bootstp’ using 1,000 iterations for each ROI. 

 

RESULTS  

A. 3DMIs differentiate between healthy controls and PD patients 

We find that 3DMIs are able to differentiate between healthy controls and PD patients for the radiotracers that are most 
affected by the disease, in our case DTBZ and FDOPA. For these radiotracers there is a clear difference in the moment 
invariants of the two groups. In Figure 2 we plot the mean and standard deviation values of spatial variance (J1 in Equation 
5) for healthy controls and PD patients in the putamen, caudate and VS. For comparison we also show the same values for 
DTBZ BP and Kocc. The spatial variance for DTBZ (J1,DTBZ) and FDOPA (J1,FDOPA) are significantly different for healthy 
controls and PDs in all ROIs studied here (see Figure 2). In the putamen, where spatial asymmetries due to PD are largest, 



•  Use	  moment	  invariants	  (MI)	  to	  
describe	  shape.	  

•  MIs	  are	  combinaGons	  of	  central	  
moments	  designed	  to	  be	  invariant	  to	  
geometric	  changes	  (scale,	  rotaGon,	  
etc).	  



methylphenidate despite oral use rarely leading to addiction (Shen
et al., 2012; Volkow et al., 2004). These, and other research areas,
might benefit from spatial analysis methods similar to the one
presented here. For the study of neuroimaging spatial information,
warping a subject's brains to a common template is not optimal toward
the goal of developing clinical assessment tools that are relevant for
individual subjects. However, 3DMIs allow us to retain an individual's
spatial characteristics while being able to compare them to group
values.

On the technical side, several questions remain open for the use of
3DMIs in neuroimaging research. Among them is the question of how
high of a spatial resolution is needed to fully exploit the benefits of
spatial analysis. Herewehave used one of the PET scannerswith highest
available spatial resolutions. To what extent a dataset with lower reso-
lution will impact the usefulness of spatial analysis remains to be
explored, and the answer will most likely lie in the related question
of: what is the relative size of the anatomical area of interest to the
spatial resolution available for imaging? Further work on answering

these questions in the context of PD is currently under way by our
group.

Additional research questions that remain to be explored include:
how best to combine 3DMIs with traditional kinetic parameters (and
any other relevance information, such as clinical and behavioral data)
to better characterize diseases and assess their treatments? The use of
machine learning algorithms and statistical classification schemes is in-
creasingly being used in medical research (Mwangi et al., 2012;
Shiraishi et al., 2011) and can be applied to this problem. In addition,
the best way to perform segmentation for functional data has long
been an important area of research with no clear answer (Dewalle-
Vignion et al., 2012; Zanotti-Fregonara et al., 2009). We are therefore
exploring this area of research and aiming to combine anatomical and
functional information to improve segmentation results. On the other
hand, it is also possible that the large-scale spatial changes in radiotrac-
er uptake over the entire striatum can be enough on their own (without
anatomical information) to provide the required spatial characteristics.
This possibility will be explored in future work.

We note that a shortcoming of this study is that the subjects used as
healthy controls are statistically younger than the PD subjects (see
Table 1). DTBZ and RAC bindings are known to decline with age. There-
fore, the differences between PD subjects and healthy controls seen
here could be overestimated with respect to age-matched controls for
kinetic parameters. However, it is currently not known if and how the
spatial distribution of PET dopaminergic tracers (and thus their
3DMIs) changes with age, such a study can be carried out in the future.
For the present study, the results obtained within the PD group for cor-
relations of 3DMIs as a function of PD severity would not be affected by
this age discrepancy. In addition, due to the highly asymmetric nature of
PD we have chosen to keep the left and right sides of the brain separate
for part of this work.While themain results of the paper survive correc-
tions for multiple comparisons and they are significant when using

Fig. 5. Levodopa-induced changes in the putamen. Left: RAC J1 (top) and BPND (bottom) values for healthy controls, PD patients at baseline and PD after LD. Middle:
levodopa-induced changes in RAC J1 (top) and DA release (bottom) as a function of UPDRS. Right: levodopa-induced change in RAC J1 (top) and DA release (bottom) as function
of DTBZ BP. Values for left and right sides are shown separately. Regression results are shown in Table 4.

Table 4
Regression parameters of LD-induced changes in RAC J1 and BP as a function of UPDRS
and DTBZ BP.

Variable Putamen Caudate Ventral Striatum

!J1 vs. UPDRS r="0.76, p=0.02ab r="0.64, p=0.07 r="0.51, p=0.11
!J1 vs. DTBZ BP r=0.68, p=0.03b p=0.81 p=0.35
DA Release vs.
UPDRS

p=0.56 p=0.72 p=0.13

DA Release vs.
DTBZ BP

p=0.68 p=0.39 p=0.85

a Value is significant after FDR correction.
b Correlation is significant using non-parametric Spearman's !.

19M.E. Gonzalez et al. / NeuroImage 68 (2013) 11–21

Gonzales	  et	  al,	  Neuroimage	  2013	  	  
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Conclusions	  
	  
	  
§  	   	   There	  is	  a	  strong	  and	  successful	  brain	  imaging	  community	  

	  UBC	  considers	  brain-‐related	  research	  an	  area	  of	  priority	  	  	  	  	  	  	  	  	  
	  (Brain	  Research	  Center,	  Center	  for	  Brain	  Health)	  

	  

§  	   	   TRIUMF	  is	  essenGal	  for	  radiotracer	  producGon	  

§  	   	   TRIUMF	  could	  become	  a	  leader	  in	  novel	  brain-‐disease	  specific	  	  
radiotracer	  development. 	   	  	  

§  	   	   Proximity	  to	  rodent	  imaging	  equipment	  facilitates	  interacGon	  
with	  industry.	  
	   	   	  	  
	   	  	  	  


