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 Evaluation of the Feasibility of In Vivo Ac-225 Imaging 

 Shixian Du 

 Abstract 

 Targeted  alpha  therapy  (TAT)  is  showing  promise  in  the  treatment  of  solid  and  liquid  tumors. 

 TAT  uses  alpha  particles  that  have  small  effective  range  and  high  linear  energy  transfer  (LET)  to 

 achieve  high  killing  in  tumor  cells  and  spare  normal  tissues  around  the  tumor  cells.  Currently, 

 Actinium-225  (Ac-225)  is  the  most  sought-after  alpha-emitter.  To  study  the  biodistribution  of 

 any  Ac-225  labeled  radiopharmaceuticals,  we  need  to  image  Ac-225  in  vivo  in  small  animals  at  a 

 sub-  Ci  activity  level.  With  this  research  question,  we  investigate  the  feasibility  of  using  a µ

 commercial  preclinical  single  photon  emission  computed  tomography  scanner  (SPECT)  to 

 quantitatively  image  a  mouse-like  phantom  at  low  Ac-225  activity.  We  first  developed  an  Ac-225 

 imaging  protocol  with  the  SPECT  scanner.  The  protocol  consisted  of  calibrating  the  scanner  for 

 two  imageable  photon  emissions  from  the  Ac-225  decay  to  Fr-221  and  Bi-213  (218  keV  and  440 

 keV).  Then,  we  selected  regions  of  interests  (ROIs)  from  phantom  images  and  characterized  the 

 quantitative  accuracy  of  the  resulting  images  as  a  function  of  activity  in  Ci  equivalent  to  1-hour µ

 exposure.  For  both  energy  windows,  with  three  ROI  methods,  the  recovery  coefficients  (RCs) 

 showed  consistent  quantitative  accuracy  of  SPECT  images  at  an  activity  level  as  low  as  3.36  Ci µ

 with  1-hour  exposure.  20%  or  more  deviation  of  RCs  from  the  ground  truth  as  well  as  increasing 

 variations  of  RC  values  measured  between  phantom  cavities  were  found  at  activities  below  3.36 

 Ci.  Additional  phantom  studies,  at  lower  activity  levels,  and  animal  studies  are  being  prepared µ

 for further investigation on the preclinical scanner’s limit of detection of Ac-225. 
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 1  Introduction 

 Developing  TAT  Ac-225  labeled  radiopharmaceuticals  requires  knowledge  of  the  drug 

 biodistribution,  which  is  often  determined  by  in  vivo  and  ex  vivo  imaging  studies  of  small 

 animals.  In  vivo  imaging  is  favored  over  ex  vivo  as  the  former  provides  a  three-dimensional  dose 

 map  and  allows  longitudinal  studies  [1].  However,  it  has  been  challenging  for  researchers  to 

 determine  Ac-225  activity  level,  if  injected  in  vivo  ,  that  will  be  sufficient  for  quantitative 

 imaging but low enough to prevent toxicity in small animals such as mice. 

 1.1  Targeted Alpha Therapy 

 The  TAT  therapeutic  agents  consist  of  an  alpha-emitting  radionuclide  and  stable  chelators  that 

 also  binds  to  vectors  targeting  tumor-specific  functional  groups  such  as  antibodies,  peptides,  and 

 small  molecules  [2-3].  In  other  words,  TAT  applies  the  targeted  delivery  of  an  alpha-emitter  to 

 treat  cancer.  The  high  LET  radiation  from  alpha  particles  primarily  targets  DNA  inside  the 

 cancer  cell  nuclei  and  causes  DNA  double  strand  breaks  (DSB)  [4-5].  DSB  is  one  kind  of 

 radiation-induced  DNA  damage  that  is  more  lethal  and  difficult  to  repair,  and  therefore  DSB  is 

 considered  as  the  major  mechanism  of  cancer  cell  death  [6].  In  summary,  the  advantageous  high 

 LET  and  small  radiation  range  of  alpha-emitting  radionuclide  result  in  higher  killing  in  tumor 

 cells and better sparing of surrounding normal tissue cells [7-8]. 

 1.2  Gamma-ray Imaging of Ac-225 

 Ac-225  is  a  very  promising  and  popular  alpha-emitting  radionuclide  in  targeted  alpha  therapy 

 (TAT)  [4,  8-9].  Ac-225  has  a  physical  half-life  of  9.92  days  [10].  As  Ac-225  decays,  shown  in 
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 Figure  1  ,  its  progeny  Fr-221  and  Bi-213  emitted  photons  at  218  and  440  keV,  correspondingly. 

 The  photon  emissions  can  be  detected  using  SPECT,  but  the  low  activities  injected  in  vivo  makes 

 this imaging technique very challenging in practice. 

 Figure 1:  Ac-225 decay chain 

 Researchers  reported  de-chelation  when  injecting  Ac-225  in  vivo  ,  and  different  chelators  showed 

 different  chelating  stability  with  Ac-225  [8,  11].  The  nucleus  recoil  after  an  alpha  decay  results 

 in  chelate  instability  and  release  of  daughter  radionuclide  off-target  [12].  The  accumulation  of 

 Bi-213,  the  progeny  of  Ac-225,  was  proved  to  be  cytotoxic  to  organs  such  as  the  kidney  in  mice. 

 Therefore,  research  about  TAT  radiopharmaceuticals  needs  more  information  about  Ac-225 

 biodistribution, and there is a need for a method of  in vivo  quantitative Ac-225 imaging. 
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 2  Methods 

 With  a  in-house  preclinical  SPECT/CT  scanner  (VECTor4CT),  the  goal  is  to  investigate  whether 

 it  is  possible  to  quantitatively  image  Ac-225  at  low  activities  in  mouse  models.  To  answer  the 

 study  question,  a  vial  of  Ac-225  in  water  was  prepared  and  used  for  protocol  development  and 

 calibration  of  Ac-225  imaging  with  VECTor.  Imaging  a  phantom  in  the  shape  and  size  of  a 

 mouse  then  provided  SPECT  data  for  image  quality  assessment  and  image  analysis  by 

 quantification of Ac-225 activity. 

 2.1  SPECT/CT Instrumentation 

 The  preclinical  SPECT/CT  scanner  (VECTor4CT,  MILabs),  as  shown  in  Figure  2(a)  ,  is  located 

 at  the  imaging  suite  in  UCSF  China  Basin  Landing.  The  scanner  is  capable  of  SPECT/CT 

 multimodality  imaging  for  many  radiotherapy  radioisotopes  at  a  wide  energy  range  and  sub-mm 

 resolution  [13,  14].  The  scanner  is  equipped  with  three  heads  of  detector,  each  houses  a  NaI 

 crystal of 9 mm thickness that determines the system sensitivity [14]. 

 Figure  2(b)  displayed  the  collimator  chosen  for  vial  and  later  phantom  imaging.  The  collimator 

 is  a  multi-pinhole  high-energy  general-purpose  rat  and  mouse  (HE-GP-RM).  It  has  a  diameter  of 

 98  mm,  and  the  FOV  is  18  mm  in  axial  and  28  mm  transverse.  A  multi-pinhole  design  improves 

 detection  efficiency,  and  this  high-energy  collimator  has  greater  septal  thickness  that  detects 

 photons at 440 keV for Bi-213 imaging. 

 3 



 (a)  (b) 
 Figure 2:  The VECTor4CT scanner and collimator HE-GP-RM 

 2.2  Ac-225 Imaging Protocol 

 A  vial  of  Ac-225  with  an  activity  of  0.6433  MBq  was  imaged  for  Ac-225  image  protocol 

 optimization.  The  energy  spectrum  of  Ac-225  was  displayed  in  Figure  3  below.  The  maximums 

 of  photopeak  were  selected  at  218  and  440  keV.  The  widths  of  the  photopeak  and  background 

 window  were  determined  by  optimization  of  image  quality  and  uniformity,  with  the  latter 

 measuring  the  ability  of  the  scanner  to  accurately  reproduce  the  amount  of  activity  within  the 

 entire FOV [15]. 

 The  uniformity  value  was  calculated  from  the  vial  image,  as  shown  in  Figure  4  ,  as  the  ratio  of 

 standard  deviation  of  the  mean  activity  per  voxel  and  the  mean  activity  per  voxel.  By 

 optimization,  we  set  the  photopeak  and  background  widths  to  be  25%  and  15%  of  the  maximum, 

 respectively.  We  also  found  subsets  of  4  and  25  iterations  to  have  the  better  image  uniformity  and 

 image quality. 
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 Figure 3:  The energy spectrum of Ac-225 for image  reconstruction 

 (a)  (b) 
 Figure 4:  SPECT images of calibration vial for (a)  Fr-221 and (b) Bi-213 

 2.3  Calibration of Preclinical SPECT 

 To  calibrate  the  Ac-225  imaging  with  VECTor,  we  need  to  first  determine  the  true  activity  and 

 activity  concentration  inside  the  calibration  vial.  The  true  activity  of  Ac-225  inside  the  vial  was 

 determined  using  an  automatic  gamma  counter  dedicated  to  nuclear  medicine,  which  counted 

 gamma  emissions  with  sensitive  NaI  crystal  [16].  The  number  of  gamma  counts  were  obtained  in 

 the  full  energy  spectrum  of  Ac-225,  and  we  converted  the  gamma  counts  to  activity  in  Bq  with 

 the  equation  curve  pre-calibrated.  Since  we  had  the  weight  of  the  activity  inside  vial,  we  were 

 able to convert the activity then to activity concentration in  .  𝐵𝑞 
 𝑚𝐿 
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 Based  on  the  reported  activity  concentration,  physical  half-life  of  Ac-225,  and  time  difference 

 between  gamma  counting  and  SPECT  imaging,  the  true  activity  concentration  inside  the 

 calibration vial at the time of SPECT imaging can be determined and corrected by decay. 

 The  calibration  factor  (CF)  derived  for  SPECT  imaging  will  be  specific  to  the  choice  of 

 radionuclide  and  collimator.  In  this  case,  imaging  the  calibration  vial  provided  us  with  CFs  for 

 Ac-225  SPECT  imaging  at  218  keV  and  440  keV,  corresponding  to  the  Ac-225  progeny  Fr-221 

 and  Bi-213.  The  Fr-221  and  Bi-213  images  of  the  calibration  vial  were  shown  in  Figure  4(a) 

 and  4(b)  .  The  CF,  as  derived  in  Eq.  1  ,  converts  counts  in  image  voxels  of  activity  to  the  total 

 activity inside the vial, and carries a unit of  .  𝐵𝑞 
 𝑚𝐿 

 Eq. 1  𝐶𝐹 
 𝑖 

=
 𝐴 

 𝑡𝑜𝑡𝑎𝑙 
( 𝐵𝑞 )

 𝐴 
 𝑣𝑜𝑥𝑒𝑙 , 𝑖 

× 𝑁 
 𝑣𝑜𝑥𝑒𝑙 

× 𝑉 
 𝑣𝑜𝑥𝑒𝑙 

 2.4  Phantom Preparation and Imaging 

 The  mouse  phantom  was  weighed  before  and  after  filling  Ac-225  to  determine  the  total  volume 

 of  Ac-225  inside  the  phantom.  The  mouse  phantom  was  filled  with  0.4973  MBq  Ac-225  in 

 4.2387  mL  and  sealed  before  imaging  for  12  hours  in  the  SPECT  scanner.  Since  we  extracted  the 

 Ac-225  from  the  calibration  vial  to  fill  the  phantom,  the  true  activity  concentration  of  the  mouse 

 phantom  should  be  equivalent  to  the  true  activity  concentration  inside  the  calibration  vial.  The 

 volume  of  individual  cavities  of  the  mouse  phantom  was  also  pre-determined  by  CT  image 

 segmentation  using  ITK-SNAP  [17].  Verification  of  the  segmentation  volume  was  done  by  a 

 water-filling  experiment  with  the  phantom  and  comparison  of  the  water  weight  at  each  cavity 

 with the ITK-SNAP statistics. 
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 Based  on  the  information  we  collected,  we  applied  Eq.  2  to  compute  the  total  activity  sealed 

 inside  the  entire  phantom  as  well  as  the  activity  and  activity  concentration  inside  the  individual 

 cavities of the mouse phantom. 

 Eq. 2  𝐴 
 𝑖 

=  𝑎 
 𝑡𝑟𝑢𝑒 

×  𝑉 
 𝑖 

 The  mouse  phantom  would  then  be  fixed  to  the  mouse  bed  and  imaged  with  CT  and  SPECT 

 using  VECTor.  CT  is  acquired  before  SPECT  for  image  registration  and  attenuation  correction, 

 both  using  the  vendor-provided  software  from  MILabs.  We  used  the  developed  imaging  protocol 

 for 218 keV and 440 keV to reconstruct images for Fr-221 and Bi-213. 

 2.5  Image ROI Selection 

 Regions  of  interest  (ROIs)  were  selected  to  quantify  activities  inside  individual  cavities  of  the 

 mouse  phantom.  We  defined  three  different  methods  to  choose  ROIs  as  shown  in  Figure  5  : 

 small,  large,  and  mask  ROIs.  This  approach  allowed  us  to  compare  which  ROI  method  would 

 perform the best in the quantification of activity in Ac-225 imaging. 

 The  small  and  large  ROIs  were  manually  selected  and  analyzed  with  the  software  Amide  [18]. 

 The  mask  ROIs  were  identified  from  the  empty  phantom  CT  images  using  a  semi-automatic 

 segmentation  implemented  in  the  software  ITK-SNAP  [17].  Then  the  segmentation  file  would  be 

 imported to scripts we developed in MATLAB for quantification analysis. 
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 (a)  (b) 
 Figure 5:  ROIs at mouse phantom images, (a) small/large  and (b) mask methods 

 2.6  Quantification of Activity 

 We  computed  the  total  activity  in  each  ROI  by  multiplying  the  mean  activity  per  voxel  by  the 

 voxel  size  and  total  number  of  voxels  selected  by  the  ROI.  The  computed  total  activity  was 

 previously  calibrated  using  the  CFs  derived  from  Eq.  1  .  Next,  with  the  known  volume  of  ROI 

 obtained  from  image  segmentation,  we  would  calculate  a  measured  activity  concentration.  The 

 measured  activity  concentration  was  then  compared  with  true  activity  concentration  as 

 determined by the gamma counter and corrected by decay. 

 In  summary,  we  collected  three  sets  of  activity  measurements  corresponding  to  three  ROI 

 methods  per  energy  window.  In  addition,  we  repeated  the  steps  for  both  energy  windows,  Fr-221 

 and  Bi-213.  In  total,  there  would  be  six  sets  of  quantification  data  for  Ac-225  SPECT  imaging 

 with the VECTor scanner. 
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 For  each  dataset,  we  calculated  recovery  coefficients  (RC).  RC  is  the  ratio  of  measured  and  true 

 activity  concentration  per  cavity,  as  shown  in  Eq.  3  .  Therefore,  a  RC  value  very  close  to  1  means 

 little deviation from the ground truth and good signal recovery by the scanner. 

 Eq. 3  𝑅𝐶 
 𝑖 

=
 𝑎 

 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

 𝑎 
 𝑡𝑟𝑢𝑒 

 Similarly,  for  each  dataset,  we  calculated  the  deviation  from  12-hour  imaging,  named  as  BR  or 

 bias  ratio.  BR  is  defined  as  the  ratio  of  measured  activity  concentration  at  lower  activities  to 

 measured  activity  concentration  at  full  activity,  as  indicated  in  Eq.  4  .  The  full  activity  was 

 0.4973  MBq  (13.44  Ci)  or  161.09  Ci  equivalent  for  one-hour  imaging.  The  SPECT  images  of µ µ

 lower activities were emulated by reducing counts in image reconstruction. 

 Eq. 4  𝐵𝑅 
 𝑖 

=
 𝑎 

 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

 𝑎 
 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 12  ℎ𝑟 
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 3  Results 

 Ac-225  phantom  images  with  full  and  emulated  low  activities  were  obtained  from  VECTor 

 SPECT  imaging  and  presented  in  Figure  6  and  Figure  7  .  Count  reductions  in  SPECT  image 

 reconstructions  were  performed  to  emulate  lower  activities,  which  were  calculated  in  proportion 

 to the percentage of count reduced. 

 In  addition,  the  values  of  recovery  coefficient  and  bias  ratio  to  12-hour  imaging,  for  each 

 individual  cavity  of  the  mouse  phantom,  were  plotted  against  the  amount  of  activity  in  Ci µ

 equivalent  to  1-hour  imaging.  The  RC  and  BR  plots  for  each  ROI  method  and  for  both  218  and 

 440  keV  energy  windows  were  presented  in  Figure  8  to  Figure  11  .  The  activity  levels  on  the 

 x-axis  of  these  plots,  if  converted  to  those  under  1-hour  scan  time,  will  give  a  better  estimate  of 

 the amount of activity required for small animals  in vivo  imaging. 

 3.1  Phantom Images 

 From  qualitative  assessment  of  the  phantom  images,  we  found  that  VECTor  SPECT  imaging  was 

 able  to  resolve  all  cavities  of  the  mouse  phantom,  ranging  from  a  volume  of  0.1974  mL  to  1.193 

 mL.  This  is  true  for  both  Fr-221  and  Bi-213  images.  However,  the  Bi-213  images  showed  worse 

 image resolution than the Fr-221 images. 

 The  image  resolution  also  degraded  with  lower  activity  levels.  By  the  time  Ac-225  activity  level 

 was  lowered  to  0.0104  MBq  (emulated),  not  all  cavities  inside  the  mouse  phantom  can  be  clearly 

 resolved.  The  SPECT  images  were  unable  to  distinguish  cavities  in  proximity  to  each  other,  such 

 as the left and right lung, as well as the heart below the lungs. 
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 (a)  (b) 
 Figure 6:  Ac-225 images of (a) Fr-221 and (b) Bi-213  with 0.4973 MBq 

 (a)  (b) 
 Figure 7:  Ac-225 images of (a) Fr-221 and (b) Bi-213  with emulated 0.0104 MBq 
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 3.2  Quantitative Analysis 

 Both  Fr-221  and  Bi-213  images  were  able  to  demonstrate  that  RCs,  quantified  with  three  ROI 

 methods,  remained  consistent  at  an  emulated  activity  as  low  as  3.36  Ci.  Starting  at  an  activity µ

 level  of  1.68  Ci,  we  observed  fluctuations  of  RC  values.  The  mask  ROI  method  indicated µ

 decreasing  RCs  in  the  Fr-221  and  Bi-213  images,  while  the  other  two  ROI  methods  showed  more 

 random fluctuation of RC values. 

 In  addition,  as  the  activity  reduced  to  1.68  Ci,  we  found  greater  variations  of  RC  between µ

 different  cavities  inside  the  same  phantom.  The  mask  ROI  method  showed  least  RC  variation, 

 while  the  small  ROI  method  showed  greatest  amount  of  RC  variation  as  the  activity  reached  to 

 1.68  Ci and continued lowering. µ

 For  the  BR  plots,  we  observed  a  similar  limit  of  detection.  The  small  ROI  plots  demonstrated 

 that  when  the  activity  was  lowered  to  3.36  Ci,  we  started  to  find  a  deviation  of  RC  for  more µ

 than  20%  from  the  12-hour  imaging  case.  The  mask  ROI  plots  provided  slightly  improved 

 quantification,  suggesting  a  BR  of  0.8  at  an  activity  level  at  1.68  Ci.  The  large  ROI  plots  did µ

 show smaller deviations but at a BR larger than 1. 
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 (a) 

 (b) 

 (c) 
 Figure 8:  RCs for Fr-221, (a) large (b) small, and  (c) mask ROIs 
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 (a) 

 (b) 

 (c) 
 Figure 9:  RCs for Bi-213, (a) large (b) small, and  (c) mask ROIs 
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 (a) 

 (b) 

 (c) 
 Figure 10:  BRs from 12-hr for Fr-221, (a) large (b)  small, and (c) mask ROIs 
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 (a) 

 (b) 

 (c) 
 Figure 11:  BRs from 12-hr for Bi-213, (a) large (b)  small, and (c) mask ROIs 
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 4  Discussion 

 The  high-energy  collimator  we  currently  employ  permits  Bi-213  imaging,  but  this  comes  at  the 

 cost  of  diminished  image  resolution  for  Bi-213.  The  reduced  resolution  can  be  attributed  to 

 increased  septal  penetration  from  the  high-energy  gamma  rays  at  440  keV.  Addressing  this 

 challenge  may  require  the  adoption  of  a  specialized  high-energy  collimator  [19].  However,  due 

 to  the  trade-off  between  spatial  resolution  and  sensitivity  in  SPECT,  using  a  high-energy 

 collimator would reduce sensitivity, which is crucial for ultra-low activity experiments. 

 This  finding  might  be  able  to  explain  the  decreased  RCs  of  Bi-213  images  obtained  from  small 

 ROI  methods.  The  activity  and  activity  concentration  values  quantified  from  the  images  would 

 vary  with  where  the  ROI  was  selected.  In  the  selection  of  ROIs,  we  want  the  ROI  to  cover  the 

 activity  of  interest  only,  if  possible.  However,  the  number  of  voxels  of  activity  would  depend  on 

 the image resolution and factors such as SNR and noise [20]. 

 It  is  worth  noting  that,  in  Fr-221  and  Bi-213  images,  activity  accumulated  around  the  sidewall  of 

 the  phantom  cavities.  To  reduce  the  sidewall  accumulation  effect,  Ac-225  can  be  prepared  with 

 chelates  such  as  EDTA  [8].  Such  non-uniformities  might  explain  the  lower  recovery  coefficients 

 obtained  from  the  mask  ROI  analysis,  as  indicated  in  Figure  8(c)  and  Figure  9(c)  .  The  activity 

 and  activity  concentration  values  quantified  from  the  SPECT  images  would  be  significantly 

 lower  when  the  cavity  edges,  with  the  most  Ac-225  activity,  did  not  fit  properly  to  the 

 segmentation mask. 

 There  are  pros  and  cons  of  each  ROI  method.  The  small  ROIs  covered  partial  volume  of  the 

 phantom  cavity,  which  added  bias  to  the  measurement  depending  on  the  location  selection  of  the 
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 ROI.  From  the  RC  plots,  we  found  a  large  variation  of  measurements  between  cavities  with  a 

 small  ROI.  This  finding  indicated  that  images  were  not  uniform,  and  changing  the  location  of  RC 

 or  altering  the  size  of  ROI  could  yield  better  RCs.  In  addition,  it  could  be  due  to  the  fact  that 

 some  cavities  could  be  better  filled  than  others.  To  address  the  problem,  we  can  perform  more 

 repeats in measurement and refine our protocols to make sure each cavity was filled properly. 

 The  large  ROI  method  covered  more  than  the  entire  phantom  cavity,  which  ensured  that  all 

 activities  inside  the  phantom  cavity  were  included  in  quantification.  However,  this  method  was 

 also limited because ROIs for different cavities could overlap and should be carefully selected. 

 The  mask  method  was  able  to  create  ROIs  most  similar  to  the  shape  and  size  of  the  phantom 

 cavities.  The  resulting  ROI  sizes  had  very  little  difference  with  the  actual  volumes  needed  to  fill 

 each  cavity  of  the  phantom.  However,  this  method  was  the  most  time-consuming  method  as 

 multiple  steps  were  required  to  create  individual  ROIs  including  thresholding,  classification,  and 

 3D  segmentation.  In  addition,  the  mask  method  would  not  be  as  accurate  if,  for  every  repeat 

 experiment,  new  CTs  were  not  as  similar  to  the  original  template  CT.  Re-segmentation  should  be 

 considered for each repeat to improve quantification accuracy. 

 We  sometimes  found  a  RC  value  greater  than  1  from  the  SPECT  images  obtained  from  the  two 

 energy  windows.  Together  with  the  large  variations  from  small  ROI,  the  two  findings  suggested 

 that  we  should  take  extra  steps  to  add  shielding  for  this  experiment  design.  More  shielding 

 should  be  placed  outside  the  detector,  as  the  small  activity  we  were  measuring  from  the  phantom 

 could be impacted by any background activities happening in the imaging suite. 
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 5  Conclusion 

 We  demonstrated  that  the  quantitative  accuracy  of  the  Ac-225  SPECT  imaging  with  VECTor  was 

 consistent  until  we  reached  an  activity  as  low  as  3.36  Ci  as  imaging  for  1-hour.  The  result  was µ

 obtained  with  a  phantom  in  the  shape  and  size  of  a  mouse,  with  individual  compartments  of 

 filled  Ac-225.  However,  in  vivo  imaging  would  be  more  complicated,  as  blood  and  activity 

 would  circulate  across  different  organs  inside  the  animal,  and  off-target  accumulation  after 

 certain  imaging  time  would  be  cytotoxic  to  the  animal.  Therefore,  the  next  steps  of  this  study 

 include  to  explore  different  collimators  in  Ac-225  imaging  with  VECTor  and  to  perform  in  vivo 

 and  ex vivo  animal experiments with VECTor. 
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