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The r e s u l t s  of an experiment a r e  p resen ted  which 
ver i fy  previous ca lcu la t ions  t h a t  i n d i c a t e  p ro tons  can 
be used t o  obtain Computed Tomographic (CT) recons t ruc-  
t ions  with a  considerably lower dose than  t h a t  r e q u i r e d  
by x rays f o r  reconstruct ions of t h e  same q u a l i t y .  
Furthermore, the  use of protons v i r t u a l l y  e l i m i n a t e s  
the  beam hardening a r t i f a c t s  encountered i n  x-ray CT 
scanners. A CT densi ty recons t ruc t ion  of a  30 cm d ia -  
meter phantom obtained with 240 MeV protons a t  LAMPF 
is compared with a  reconstruct ion of t h e  same phantom 
obtained with a  commercial x-ray scanner. The advan- 
tages and disadvantages of t h i s  a p p l i c a t i o n  of p ro tons  
a r e  discussed. 

Introduct ion 

It has been rea l ized  f o r  some time t h a t  t h e  energy 
l o s s  c h a r a c t e r i s t i c s  of protons and o t h e r  heavy charged 
p a r t i c l e s  could be used t o  ob ta in  radiographs.  A t  f i r s c  
the  major i n t e r e s t  i n  t h i s  new modality c e n t e r e d  on its 

inherent ly higher  con t ras t  compared with x rays. '  Cal- 
culat ions have shown t h a t  t h i s  modality a l s o  p r o v i d e s  
b e t t e r  in tegra ted  densi ty,  or pathlength,  in format ion  
per un i t  dose f o r  t h i c k  b io log ica l  specimens t h a n  does 

the  conventional x-ray modality. 2-5 This  l a t t e r  ad- 
vantage could be important i n  t h e  a p p l i c a t i o n  of  heavy 
charged p a r t i c l e s  t o  medical computed tomography (CT). 
Present day commercial x-ray CT u n i t s  d e l i v e r  s k i n  
doses ranging from about 1 rad t o  wel l  over 10 r a d s .  
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Furthermore, t h e  resolving power a t t a i n a b l e  w i t h  protons 
is comparable t o  t h a t  achieved i n  t h e  x-ray u n i t s  where 
the  l i m i t a t i o n  appears t o  be r e l a t e d  t o  t h e  maximum 
allowable p a t i e n t  dose. 

Summary of Calculat ions 

I n  t h e  CT method, the  two-dimensional d e n s i t y  d i s -  
t r i b u t i o n  i n  a  plane through a specimen is  recons t ruc-  
ted from a s e r i e s  of one-dimensional i n t e g r a t e d  d e n s i t y  
d i s t r i b u t i o n s  taken through t h a t  s e c t i o n  a t  v a r i o u s  
angles. The proton CT technique o b t a i n s  t h e  i n t e g r a t e d  
dens i ty  d i s t r i b u t i o n s ,  o r  p ro jec t ions ,  by measuring t h e  
energy l o s t  by protons which t r a v e r s e  t h e  specimen. The 
uncertainty i n  t h e  integrated dens i ty  i s  t h e  r e s u l t  of 

energy l o s s  straggling. Detai led c a l c u l a t i o n s 5  have  
been performed by one of t h e  authors  (KMH) t o  compare 
t h e  proton and x-ray doses required t o  produce recon- 
s t r u c t i o n s  of i d e n t i c a l  dens i ty  reso lu t ion .  I n  t h e  
proton ca lcu la t ion ,  i t  was assumed t h a t  t h e  u n c e r t a i n t y  
i n  t h e  pathlength for  one proton is given by t h e  range  

straggling. '  A correct ion was made f o r  t h e  f r a c t i o n  of  
incident  protons which undergo nuclear  i n t e r a c t i o n  ren- 
dering them unusable. The x-ray dose was c a l c u l a t e d  
using t h e  energy absorption c o e f f i c i e n t  and t h e  back- 
s c a t t e r  fac tor .  Both proton and x-ray depth dose  d i s -  
t r i b u t i o n s  were taken i n t o  account assuming a  s e r i e s  of 
scans with a  f u l l  360' range of p r o j e c t i o n  angles .  A 

mono-energetic x-ray beam was assumed. The ca lcu la t ions  
i n d i c a t e  t h a t  a t  t h e  optimum x-ray and proton energies  
protons could provide t h e  same densi ty reso lu t ion  as  
monochromatic x r a y s  w i t h  a  reduct ion of the  sur face  
dose by a  f a c t o r  of 3.9 f o r  a  20 cm diameter specimen 
and a  fac tor  of 8.2 f o r  a 30 cm specimen. 

The s p a t i a l  r e s o l u t i o n  achievable with protons is  
l i m i t e d  by mul t ip le  Coulomb s c a t t e r i n g  which l e a d s  t o  
t h e  s p a t i a l  spreading of a  p e n c i l  beam as it  passes  
through the specimen. A Monte Carlo program was used t o  
determine the  magnitude of t h i s  s p a t i a l  spreading. The 
program used a  Gaussian approximation t o  t h e  ~ o l i g r e  

d i s t r i b u t i o n 8  inc lud ing  t h e  con t r ibu t ion  from s c a t t e r -  

ing  from the atomic e l e c t r o n s 9  and incorporated t h e  
proton energy l o s s .  A s  shown i n  Figure 1, a 230 MeV 
p e n c i l  proton beam w i l l  sp read  t o  a  width of 4.4 mm 
(FWHM) i n  the  middle of a  30 cm diameter t i s s u e  speci- 
men and t o  a  width of 14 mm a t  e x i t .  The s p a t i a l  reso- 
l u t i o n  obtained i n  commercial scanners is approximately 

2 mm ind ica t ing  a  need t o  improve t h e  proton s p a t i a l  
reso lu t ion .  This  may be  accomplished by measuring t h e  
p o s i t i o n  of the  p ro tons  a s  they e x i t  from the  specimen. 
As depicted i n  F igure  1, t h i s  method r e s u l t s  i n  good 
s p a t i a l  reso lu t ion  a t  e n t r a n c e  and a t  e x i t  with t h e  
worst reso lu t ion ,  about  3.4 mm, occurring near t h e  ten- 

t e r  of the  specimen. Another poss ib le  approach uses 

heav ie r  charged p a r t i c l e s  such a s  alpha p a r t i c l e s .  2-4 

Apparatus 

An experiment was performed on the  P' West channel 
a t  LAMPF t o  demonstrate t h e  f e a s i b i l i t y  of ob ta in ing  
high qua l i ty  proton CT recons t ruc t ions .  The experiment- 
a l  layout  is shown schemat ica l ly  i n  Figure 2. The ex- 
perimental method determines t h e  residual  energy of a  
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sd PHANTOM 

Figure  2 

Plan view of exper imental  se tup.  During t h e  CT scans  
t h e  phantom was t r a n s l a t e d  and r o t a t e d  whi l e  t h e  proton 
beam remained s t a t i o n a r y .  

n e a r l y  monoenergetic proton beam a f t e r  it had passed 
through a p l a s t i c  phantom. The mean r e s i d u a l  energy 
was used t o  determine t h e  mean r e s i d u a l  range which is 
a measure of t h e  amount of m a t e r i a l  t r a v e r s e d  by t h e  
b e m .  

A s p e c i a l l y  developed tune  of t h e  p3 channel  pro- 
vided a proton beam w i t h  a 0.2% momentum b i t e .  The 
beam spot  was about 1 .6  m (FWHM) wide and 3 mm high.  
The beam divergence was t y p i c a l l y  1 4  m a d  (FWHM). 

The h o r i z o n t a l  beam w a i s t  was t y p i c a l l y  p o s i t i o n e d  
about 10 cm i n t o  t h e  wa te r  bath .  The r e s i d u a l  energy 
of each proton was measured wi th  a hyperpure germanium 
(HPGe) d e t e c t o r  supp l i ed  by t h e  d e t e c t o r  group a t  t h e  
Lawrence Berkeley Laboratory. The HPGe d e t e c t o r  had 
a diameter of 3.3 cm and a th ickness  o f  1.25 cm. Pro- 
tons  wi th  ene rg ies  of up t o  70 MeV s t o p  i n  t h i s  detec-  
t o r .  The event t r i g g e r  was obta ined from t h e  two 3 mm 
t h i c k  s c i n t i l l a t i o n  coun te r s ,  S1 and S2. Counter 52, 
wi th  an a c t i v e  diameter  of 2 cm, r e s t r i c t e d  t h e  even t s  
t o  t h e  c e n t r a l  r e g i o n  of t h e  HPGe d e t e c t o r  t o  avoid 
edge e f f e c t s .  A h e l i c a l  de lay - l ine  readout  p r o p o r t i o n a l  
chamber (PC) was used t o  measure t h e  h o r i z o n t a l  de f l ec -  
t i o n  of each proton a t  t h e  e x i t  of t h e  wa te r  ba th .  Dur- 
i n g  t h e  measurements t h e  phantom was moved under compu- 
t e r  c o n t r o l  thrmgh t h e  water  b a t h  a c r o s s  t h e  beam. At 
t h e  end of each t r a v e r s e ,  t h e  phantom was r o t a t e d  by 
computer command b e f o r e  a new t r a v e r s e  was begun. The 
p o s i t i o n  r e p r o d u c i b i l i t i e s  of t h e  scanning servomecha- 
nisms were f 0.2 mm i n  t r a n s l a t i o n  and f 0 . 1  degree  i n  
ro ta t ion .  

Besides t h e  w a t e r  b a t h  and t h e  phantom, t h e  s i g n i -  
f i c a n t  m a t e r i a l  i n  t h e  beam befo re  t h e  HPGe d e t e c t o r  
consis ted of 0.32 cm p l e x i g l a s  and 0.32 cm aluminum i n  
t h e  wa l l s  of t h e  wa te r  t u b ,  0.64 cm of p l a s t i c  s c i n t i -  
l l a t o r  i n  S1 and 52, and 0.73 g/cm2 of po lye thy lene  
placed between PC and S1 t o  a d j u s t  t h e  mean r e s i d u a l  
energy de tec ted  i n  HPGe. 

Two ADC's were run  i n  p a r a l l e l  measuring t h e  HPGe 
pu l se  height  and t h e  proton p o s i t i o n  at PC. Event 

p i l e u p  was e l iminated through t h e  u s e  of f a s t  log ic .  
The event  d a t a  were read i n t o  a PDP-11/45 computer and 
pu t  on magnetic t ape  f o r  later a n a l y s i s .  The use of 
Nuclear E n t e r p r i s e s  9060 b u f f e r e d  CAMAC analog-to-digi- 
t a l  c o n v e r t e r s  (ADC) pe rmi t t ed  a n  ave rage  d a t a  acquis i -  
t i o n  r a t e  of 740 events p e r  second w i t h  about 50% elec-  
t r o n i c  deadtime a t  a LAMPF beam d u t y  f a c t o r  of 6%. 

Experimental R e s u l t s  

F igure  3 shows a t y p i c a l  r e s i d u a l  energy d i s t r i b u -  
t i o n  measured by the  HPGe d e t e c t o r  f o r  a n  i n i t i a l  pro- 
t o n  energy of 240 MeV. At t h e  mean energy of t h e  f i t -  
t e d  Gaussian d i s t r i b u t i o n  of 36 MeV t h e  r . m . s .  width of 
t h e  r e s i d u a l  energy d i s t r i b u t i o n  p r e d i c t e d  by range 

s t r a g g l i n g  i n  water is 6.6 M ~ v . "  The f i t t e d  width of 
6.7 MeV is i n  good agreement w i t h  t h i s  value .  Thus t h e  
f l u c t u a t i o n s  i n  t h e  r e s i d u a l  ene rgy  a r e  dominated by 
t h e  energy l o s s  s t r a g g l i n g  i n  t h e  30.5 cm water  bath .  

The experimental method was shown t o  have s u f f i -  
c i e n t  s t a b i l i t y  t o  produce h i g h  q u a l i t y  tomograms. A 
210 MeV proton beam was used w i t h  a 25.4 cm t h i c k  poly- 
e thy lene  degrader  i n  p l a c e  of t h e  w a t e r  bath .  The re- 
s i d u a l  proton energy was 45 MeV w i t h  an  r . m . s .  width of 
4.5 MeV caused by s t r a g g l i n g  i n  t h e  polyethylene.  Ap- 
proximately  40,000 events  were  accumulated i n  each run 
t o  reduce t h e  s t a t i s t i c a l  e r r o r  i n  t h e  mean r e s i d u a l  
energy t o  23 keV. I n  a s e r i e s  o f  such  runs  t h e  r . m . s .  
d e v i a t i o n  i n  t h e  r e s i d u a l  ene rgy  was found t o  b e  41 keV 
i n d i c a t i n g  t h e  presence of d r i f t s  i n  t h e  s t a b i l i t y  of 
t h e  system. The measured ene rgy  d r f i t s  imply t h e  r.m.s. 
d r i f t  i n  t h e  mean momentum of  t h e  i n c i d e n t  beam is  l e s s  
than 0.004%. 

The pa th leng th  s e n s i t i v i t y  o f  t h e  system was demon- 
s t r a t e d  by p lac ing  a s i n g l e  s h e e t  of paper  i n  f r o n t  of 
t h e  polyethylene.  The r e s u l t i n g  180 keV s h i f t  of t h e  
r e s i d u a l  energy, c l e a r l y  v i s i b l e  i n  F igure  4, corre-  
sponds t o  t h e  add i t ion  o f  0.013 g/cm2 of polyethylene,  
o r  l e s s  than 0.06% of t h e  o r i g i n a l  m a t e r i a l  th i ckness .  

A CT scan was performed on a 29.4 cm diameter p las-  
t i c  phantom which was designed t o  permit  a d i r e c t  com- 
pa r i son  of proton and x-ray r e c o n s t r u c t i o n s .  The t r a n s -  
l a t i o n  scans  were made i n  1 .25 mm s t e p s .  Approximately 
675 even t s  were taken a t  each  p o s i t i o n  i n  a period of 
0.9 sec .  Data taking was suspended f o r  0.2 s e c  t o  a l -  
low t h e  scanner  t o  reach t h e  n e x t  p o s i t i o n .  The phan- 
tom was overscanned by 1 . 5  cm on each  s i d e  t o  permit 
wa te r  c a l i b r a t i o n s  a t  t h e  end p o i n t s  of each p ro jec t ion .  
Three hundred and s i x t y  p r o j e c t i o n s  were taken wi th  1 
deg increments between each. I n  a l l  62.5 m i l l i o n  events 
were ob ta ined  i n  a t o t a l  runn ing  t i m e  of 45 hours.  Mea- 
surements ind ica ted  t h a t  due t o  n u c l e a r  s c a t t e r i n g  i n  
t h e  phantom 54% of t h e  i n c i d e n t  p ro tons  reached S1. 
Fifty-two pe rcen t  of t h e  p r o t o n s  r e a c h i n g  S1 f e l l  

F i g u r e  3 

HPGe energy spectrum f o r  30.5 cm w a t e r  b a t h  and i n i t i a l  
proton energy of 240 MeV. The wid th  o f  t h e  energy peak 
i s  dominated by energy s t r a g g l i n g  i n  t h e  water  ba th .  
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The s t a b i l i t y  of the  mean r e s i d u a l  energy de tec ted  by 
the  HPGe de tec tor  i s  demonstrated i n  a  s e r i e s  of runs,  
each containing about 40,000 events .  The e f f e c t  of t h e  
addi t ion of a  s i n g l e  sheet  of paper is  r e a d i l y  apparent.  

i n s i d e  t h e  2 cm diamgter of S2 and hence were e l i g i b l e  
t o  produce an event t r igger .  The average dose, calcu- 
l a t e d  f o r  a  1 cm th ick  s l i c e  i n  a  s e r i e s  of scans i n  
order  t o  compare i t  with t y p i c a l  x-ray scanner geome- 
t r i c ~ ,  is 0.6 rad. This dose is based on t h e  number of 
incident  protons needed to produce 62.5 mi l l ion  good 
events and takes i n t o  account t h e  above mentioned geo- 
met r ica l  a t t enua t ion  f a c t o r s .  It does not  include e- 
l ec t ron ic ,  computer and scanner deadtimes experienced 
in our s p e c i f i c  experimental setup.  I n  an apparatus  
designed t o  reduce dose t o  a  p a t i e n t ,  t h e s e  f a c t o r s  can 
be s i g n i f i c a n t l y  reduced. 

The r e s i d u a l  energy d i s t r i b u t i o n s  measured by t h e  
HPGe de tec tor  were f i t  by a  Gaussian func t ion  a s  shown 
i n  Figure 3. The mean r e s i d u a l  energy was then ex- 
pressed i n  terms of r e s i d u a l  range using a  power law 
re la t ionsh ip .  The c a l i b r a t i o n  of t h e  r e s i d u a l  range 
was accomplished by scanning a  t e f l o n  s t e p  wedge. The 
res idua l  range i n  the  water ba th  was determined a t  t h e  
beginning and end of each t raverse .  These r e s i d u a l  
ranges were subtracted from t h e  in te rmedia te  scan val-  
ues using l i n e a r  in te rpo la t ion ,  thus  expressing t h e  
scan da ta  i n  terms of r e s i d u a l  range r e l a t i v e  t o  water.  
A t  each scan point  the  d a t a  were binned according t o  
t h e  proton posi t ion i n  PC i n t o  e i g h t  2 mm wide bins .  
After  f i t t i n g  these e igh t  energy d i s t r i b u t i o n s ,  e i g h t  
r e s i d u a l  ranges were calculated.  

A f i l t e r e d  backprojections algori thm was used t o  
produce a  reconstruct ion with 1.25 mm x 1.25 mm p i x e l  
s i z e .  A Hanning f i l t e r  t h a t  dropped t o  0.5 a t  one half  
t h e  Nyquist frequency was incorporated.  The e x i t  posi- 
t i o n  information contained i n  t h e  e i g h t  r e s i d u a l  ranges 
a t  each scanner pos i t ion  was included by backproject ing 
along a  s t r a i g h t  l i n e  which approximated t h e  most pro- 
bable curved path followed by t h e  protons reaching t h e  
respec t ive  b ins  i n  PC. 

The proton CT reconstruct ion of t h e  29 cm phantom 
is displayed i n  Figure 5. The high and low c o n t r a s t  
reso lu t ion  sec t ions  of the  phantom have e s s e n t i a l l y  t h e  
same chemical composition a s  t h e  background mater ia l ,  

2  
polyethylene of normal dens i ty ,  0.920 g/cm . The high 
c o n t r a s t  sec t ions  cons i s t  of polyurethane f i l l e d  holes  
1 t o  3 mm diameter i n  0.25 mm s t e p s  w i t h  spacing equal  
t o  t h e  diameter. The low c o n t r a s t  s e c t i o n  c o n s i s t s  of 
3.2, 4.8, 6.4, 9.5 and 1.27 mm diameter  holes  f i l l e d  
with high densi ty polyethylene plugs. The dens i ty  d i f -  
ference and hence cont ras t  r e l a t i v e  t o  t h e  background 
is ( 1 . 8 k  0.2)%. The resolving power of t h e  proton 

Figure 5 

Proton CT recons t ruc t ion  of t h e  29 cm phantom obtained 
a t  an equivalent average dose of 0.6 rads i n  a  1 cm 
t h i c k  s l i c e .  

F igure  6 

EM1 5005 reconstruct ion of t h e  29 cm phantom obtained 
a t  an equivalent average dose of 2.2 rads i n  a  1 cm 
t h i c k  s l i c e .  

reconstruct ion is about 2.25 mm. The low c o n t r a s t  re- 
so lu t ion  is between t h e  t h i r d  and fourth l a r g e s t  holes ,  
say 5.8 mm diameter a t  1.8% c o n t r a s t .  The r . m . s .  noise 
i n  t h e  proton recons t ruc t ion  wi th  the  f i l t e r i n g  des- 
cr ibed above is  0.3%. 

For comparison, a  CT scan  of the  same phantom 
taken on an EM1 5005 scanner  without a  water ba th  is  
shown i n  Figure 6. The 320 x 320 data  matrix from the 
EM1 scan has been s p a t i a l l y  f i l t e r e d  t o  the  same extent  
a s  t h e  proton image and subsequently displayed i n  a  
256 x 256 format. The low c o n t r a s t  resolut ion i s  not 
q u i t e  a s  good a s  t h e  t h i r d  row of holes ,  namely about 
7.4 mm diameter a t  1.8% c o n t r a s t .  The EM1 scan was ac- 
t u a l l y  taken a t  90 kV a t  slow speed which r e s u l t s  i n  an 
r . m . s .  noise about 25X l a r g e r  than t h a t  found i n  a  nor- 
mal 20 sec  scan. The average dose i n  such a  normal 
scan i s  2.2 rad w i t h  a  peak s k i n  dose of 5.5 rad f o r  

a  s e r i e s  of scans wi th  1 cm s teps .6  The reso lv ing  pow- 
er of t h e  EM1 scan when displayed i n  the  magnified for- 
mat ava i lab le  on t h e  scanner  console is  1.5 mm. Note 
t h e  cen te r  region of t h e  EM1 image is  darker than the 
outs ide.  This beam hardening a r t i f a c t  is  completely 
absent  i n  the  proton recons t ruc t ion .  The r a t i o  of low 
cont ras t  reso lu t ions  observed i n  Figure 6 t o  t h a t  i n  



Figure  5 is  1.28. It is  n e a r l y  t h e  same a s  t h e  r a t i o  
of t h e  r . m . s .  n o i s e  l e v e l  i n  F igure  6 t o  t h a t  i n  a nor- 
mal EM1 5005 20 s e c  scan. We conclude t h a t  t h e  normal 
EM1 scan produces a n  image wi th  approximately  t h e  same 
dens i ty  r e s o l u t i o n  as our  proton scan.  The n e t  ave rage  
dose advantage of  t h e  proton scan over  t h e  EM1 x-ray 
s c a n , i s  t hus  2.210.6 = 3.7. Th i s  a g r e e s  w e l l  w i t h  t h e  
c a l c u l a t e d  dose  advantage when one t a k e s  i n t o  account  
t h a t  i n  t h e  p resen t  experiment h a l f  t h e  p r o t o n s  reach-  
ing  S1 were not  used because they  f e l l  o u t s i d e  t h e  2 
cm c i r c l e  i n  S2. 

Discuss ion 

We have demonstrated t h a t  t h e  a p p l i c a t i o n  of  pro- 
tons  t o  computed tomography can r e s u l t  i n  a s i g n i f i c a n t  
dose advantage r e l a t i v e  t o  x r ays .  Thus, a t  t h e  same 
dose a s  is  d e l i v e r e d  by contemporary commercial x-ray 
scanners ,  a proton scanner  could produce r econs t ruc -  
t i o n s  wi th  a f a c t o r  of 2 o r  more improvement i n  d e n s i t y  
r e so lu t ion .  Whether such an  improvement can r e s u l t  i n  
s i g n i f i c a n t l y  b e t t e r  d iagnoses  of human d i s e a s e  i s  an  
open ques t ion  which can only  be  answered by t h e  imple- 
mentation of a p ro ton  scanner  i n  a c l i n i c a l  s i t u a t i o n .  

The advantages of proton over  x-ray CT a r e  a s  
fo l lows : 

a. lower dose  f o r  a given d e n s i t y  r e s o l u t i o n  
b. l a c k  of beam hardening a r t i f a c t s  
c .  f a s t  s cans  may be p o s s i b l e  s i n c e  t h e  number of 

8 p ro tons  r e q u i r e d  (about 10 ) can  b e  e a s i l y  
supp l i ed  i n  a ve ry  s h o r t  t i m e  i n t e r v a l .  

The disadvantages  of protons  a r e :  
a. a c c e l e r a t o r s  which supply  p r o t o n s  o f  s u f f i -  

c i e n t  energy a r e  cons ide rab ly  more compl icated,  
bulky and c o s t l y  than x r ay  sources .  

b. d e l i v e r y  of proton beam t o  a s u p i n e  p a t i e n t  is  
more d i f f i c u l t  than f o r  x r a y s ,  b u t  no t  i m -  
poss ib l e .  

c. s p a t i a l  r e s o l u t i o n  of p ro ton  scans  is  l i m i t e d  
by m u l t i p l e  Coulomb s c a t t e r i n g .  Use of heavy 
i o n s  i n s t e a d  of protons  may a l l e v i a t e  t h i s  
problem. 

d. s i n c e  t h e r e  a r e  no huge Z e f f e c t s  i n  proton 
s topp ing  power a s  t h e r e  a r e  i n  x-ray a t t enua -  

t i o n ,  t h e  impor t an t  d i a g n o s t i c  use  of c o n t r a s t  
agen t s  is p rec luded .  
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