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Tomosynthesis permi ts  t h e  r e p r e s e n t a t i o n  of 
i n t e r n a l  s t r u c t u r e s  of an o b j e c t  by an a r b i t r a r y  
number of f r o n t a l  sect n s  (tomosynthetic s l i c e s ) ,  
from a f i n i t e  set of r iographs,  each imaging 
t h e  o b j e c t  a t  a d i f f e r e n t  p r o j e c t i o n  angle .  
Tomosynthetic r e c o n s t r u c t i o n s  produce a sharp 
b a g e  of s t r u c t u r e s  l y i n g  i n  
s y n t h e t i c  s l i c e ,  on which bT 
d e t a i l  l y i n g  o u t s i d e  t h e  plane of i n t e r e s t  a r e  
superimposed. S l i c e  th ickness  is l a r g e l y  de- 
termined by t h e  p r o j e c t i o n  angle .  Advantageous 
f e a t u r e s  of tomosynthesis are t h e  l i m i t e d  s i z e  of 
t h e  p r o j e c t i o n  angle  requi red ,  t h e  s e l e c t i v e  
pos i t ion ing  of t h e  tomosynthetic plane a f t e r  re- 
cording of t h e  radiographs,  and t h e  computational 
s i m p l i c i t y  permi t t ing  real-time implementation. 
Appl ica t ions  t o  dental. radiography demonstrate 
t h e  f e a s i b i l i t y  t o  synthes ize  tomographic s l i c e s  
with a th ickness  of about 3 mm f r m  as few as 8 
radiographs exposed on a c i r c u l a r  p r o j e c t i o n  cone 
with half-angle  of 4.5O. The recons t ruc t ionS not  
only i n d i c a t e  t h e  r e l a t i v e  s p a t i a l  p o s i t i o n  of t h e  
d e n t a l  t i s s u e s ,  but a l s o  show c l i n i c a l l y  re levant  
s t r u c t u r e s  not  v i s i b l e  i n  t h e  o r i g i n a l  radiographs.  

In t roduct ion  

The b a s i c  p r i n c i p l e  of tomosynthesis has 
been f o  mulated o r i g i n a l l y  by Ziedes des  P l a n r e s  
i n  1935 . It permits  r e p r e s e n t a t i o n  of t h e  in- 
t e r n a l  s t r u c t u r e s  of an o b j e c t  i n  f r o n t a l  cross-  
s e c t i o n s  by summation of a set of component 
radiographs,  each imaging t h e  o b j e c t  a t  a d i f f e r -  
e n t  p r o j e c t i o n  angle .  
t h e  radiographs are t r a n s l a t e d  proper ly  such t h a t  
t h e r e  i s  complete coincidence of t h e  images 
corresponding t o  o b j e c t  p o i n t s  i n  t h e  tomographic 
plane.  E.g., t o  form a tomosynthet ic  recon- 
s t r u c t i o n  of a plane conta in ing  p o i n t  A, as 
shown i n  Fig. 1, radiographs are d isp laced  i n  such 
a way t h a t  t h e  p r o j e c t i o n s  A 1  and A2 coincide.  The 
p r o j e c t i o n s  of p o i n t s  o u t s i d e  t h a t  plane w i l l  not  
co inc ide  e x a c t l y  i n  t h e  superpos i t ion  of t h e  
component radiographs,  and thus ,  a b l u r r i n g  of 
d e t a i l  w i z 1  be a f f e c t e d .  A s  a r e s u l t ,  a tomo- 
s y n t h e t i c  r e e o n s t r u c t i o n  produces a sharp image of 
s t r u c t u r e s  i n  the d e s i r e d  plane,  on which b l u r r e d  
images of o b j e c t  d e t a i l s  l y i n g  o u t s i d e  t h e  plane 
of i n t e r e s t  a r e  superimposed. 

This  is i n  c o n t r a s t  t o  t h e  more f a m i l i a r  
computerized a x i a l  tomography (CAT) where t h e  
image produced i s  an a c t u a l  s l i c e  of given thick-  
ness  through t h e  o b j e c t  (Table 1. There, t h e  
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d i r e c t i o n  of t h e  p r o j e c t i o n  i s  p a r a l l e l  t o  t h e  
s l i c e ,  and t h e  summation (back-project ion)  is 
performed wi th  f i l t e r e d  one-dimensional pro- 
j e c t i o n s  of t h e  slice, obtained over t h e  e n t i r e  
angle of 180°. 
s v n t h e t i c  r e c o n s t r u c t i o n s  is i n f e r i o r  t o  t h a t  
obtained from CAT, t h e r e  a r e  f e a t u r e s  of tomo- 
s y n t h e s i s  which could make i t  a v i a b l e  a l t e r n a t i v e ,  
p a r t i c u l a r l y  f o r  imaging o b j e c t s  of  high i n t r i n s i c  
c o n t r a s t  such a s  c a l c i f i e d  t i s s u e s .  (1) Tomo- 
synthes is  i s  r e a d i l y  a p p l i c a b l e  t o  radiographic  
p r o j e c t i o n s  obtained over a l i m i t e d  angle  of view; 
( 2 )  t h e  p o s i t i o n  of t h e  tomosynthet ic  p lane  can be 
v a r i e d  a f t e r  t h e  radiographs have been recorded;  
( 3 )  t h e  lateral  s h i f t s  and summation of t h e  radio-  
graphs required f o r  t h e  s y n t h e s i s  are compu- 
r a t i o n a l l y  simple and can be done i n  r e a l  time with 
commercially a v a i l a b l e  image frame b u f f e r s .  

computerized tomosynthesis i n  d e n t a l  a p p l i c a t i o n s .  
The a b i l i t y  t o  synthes ize  recons t ruc t ion  f r o m  pro- 
j e c t i o n s  obtained over a l i m i t e d  angle  of view is  
of primary i n t e r e s t  i n  t h i s  a p p l i c a t i o n  because i t  
permits  the  use of imaging geometry which is  
compatible w i t h  anatomical c o n s t r a i n t s  imposed by 
o r a l  s t r u c t u r e s .  With an appropr ia te  de tec tor -  
source  conf igura t ion  t h e  th ickness  of t h e  l a y e r  of 
t i s s u e s  t o  be imaged can be kept a t  a minimum. 
This l a y e r  t y p i c a l l y  c o n s i s t s  of about  1 cm of s o f t  
t i s s u e s  obscuring t h e  objec t  of primary i n t e r e s t ,  
which is about 1 cm of c a l c i f i e d  t i s s u e s .  Such a 
small o b j e c t  th ickness  p o t e n t i a l l y  reduces t h e  
impact of t h e  major shortcoming of tomosynthesis, 
the appearance of b l u r r e d  s t r u c t u r e s  lying o u t s i d e  
t h e  tomosynthet ic  p lane .  

While t h e  v i s u a l  q u a l i t y  of tomo- 

This r e p o r t  explores  t h e  p o t e n t i a l  use of 

Materials and Methods 

Grant2 showed t h a t  t h e  b l u r r i n g  of d e t a i l  
l y i n g  i n  unwanted planes is b a s i c a l l y  a l i n e a r  
f i l t e r i n g  process  with the  t r a n s f e r  func t ion  
s p e c i f i e d  by t h e  rad iographic  p r o j e c t i o n  geometry. 
The latter is  determined l a r g e l y  by t h e  number of 
tomosynthetic slices d e s i r e d ,  and t h e  o b j e c t  th ick-  
ness .  The t o t a l  f a c i a l - l i n g u a l  dimension of t h e  
t e e t h  and per iodonta l  t i s s u e s  c o n s t i t u t e  t h e  o b j e c t  
th ickness  which is  normally about z = 10 mm. A 
number of 3 slices over  t h i s  depth Oare considered 
d i a g n o s t i c a l l y  s u f f i c i e n t .  The s i z e  of t h e  
t rabeculae  i n  i n t e r - d e n t a l  bone is approximately 
0.5 mm, which was taken as t h e  c h a r a c t e r i s t i c  s i z e ,  
d , of o b j e c t  d e t a i l .  The magni f ica t ion  of t h e  
&aging conf igura t ion  i s  c l o s e  to 1, 
d i s t a n c e  between o b j e c t  and x-ray f i l m  i s  much 
s h o r t e r  than t h e  d i s t a n c e  between o b j e c t  and x-ray 
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source.  The source was posit ioned uniformly on a 

3 c i r c u l a r  a r r ay  a s  shown i n  Fig.  2.  With the  
s p a t i a l  c o n s t r a i n t s  given above, i t  can be shown 
t h a t  the  p ro jec t ion  angle required is  @ = 4.5O, 
and the  minimum number of radiographs t o  be taken 
on t h i s  p ro jec t ion  cone i s  8. 

For t h i s  f e a s i b i l i t y  study, the  s e t  of 
component radiographs required t o  s a t i s f y  the  
described p ro jec t ion  geometry was obtained by the  
experimental arrangement shown i n  Fig. 3 .  Dry 
human mandibles were mounted toge ther  with a 
holder f o r  t he  x-ray f i l m  (Kodak den ta l  f i lm,  
Ultraspeed D), and metal  c ros sha i r s  on a 
mechanical device.  This device  assured a 
reproducib le  s p a t i a l  r e l a t i o n s h i p  between the  
x-ray source,  ob jec t ,  and f i lm,  and permitted 
ho r i zon ta l  and v e r t i c a l  r o t a t i o n  of ob jec t  and 
f i lm  wi th  respec t  t o  the  x-ray beam. The ef fec ts  
of s o f t - t i s s u e  s c a t t e r  were produced by a 1 cm 
th i ck  s l a b  of t i s sue-equiva len t  p l a s t i c  i n t e r -  
posed between the  mandible and the  cone t i p  of 
t he  x-ray machine. The radiographs obtained 
under these  condi t ions  were converted t o  
512 x 512 x 8 b i t  (256  gray-levels) d i g i t a l  
images by a TV camera in t e r f aced  wi th  an analog- 
t o - d i g i t a l  conver te r ,  and s to red  i n  an image frame 
buf fe r  (De Anza I P  6 4 0 0 ) .  From the re ,  t he  images 
could be displayed under con t ro l  of the  hos t  
computer (PDP-11/34) on conventional video 
monitors,  o r  s to red  on magnetic d i sks .  Regis t ra -  
t i o n  of t he  images be fo re  d i g i t i z a t i o n  was 
achieved by pos i t i on ing  the  radiographs with the  
a i d  of a micromanipulator under the  TV camera, 
whi le  viewing on the  monitor t he  r e s u l t  of t he  
vldeo-signal sub t r ac t ion  from a re ference  radio- 
graph s to red  i n  the  frame buf fe r .  When the  images 
of t he  c ros sha i r s  cance l led  i n  the  sub t r ac t ion  
images, r e g i s t r a t i o n  was a t t a i n e d  and the  radio- 
graph w a s  d i g i t i z e d .  This process  was repeated 
f o r  t he  complete set of component radiographs.  

The tomosynthetic s l i c e s  were generated by 
s h i f t i n g  the  d i g i t i z e d  radiographs under computer 
con t ro l  l a t e r a l l y  wi th  respec t  t o  each o t h e r ,  and 
averaging over t he  set of proper ly  s h i f t e d  images. 
The amount of t he  r l a t i v e  s h i f t  determines the  
tomosynthetic plane . 

was subsequently increased  by means of a three- 
dimension 1 cons t ra ined  i t e r a t i v e  r e s t o r a t j o n  
a lgor i thm . In t h i s  process ,  p roper ly  b lu r r ed  
r e p l i c a  of tomograms from t h e  o ther  r econs t ruc t ion  
planes a r e  sub t r ac t ed  from the  tomogram of the  
des i red  plane.  A s  a r e s u l t ,  a p a r t i a l  cance l l a t ion  
of t he  b lur red  s t r u c t u r e s  a r i s i n g  from d e t a i l s  
l y ing  i n  o ther  p lanes  i s  achieved, and the  
r e s u l t i n g  images have b e t t e r  edge con t r a s t .  

9 
The edge con t r a s t  of t he  tomosynthetic images 
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Resul t s  

Fig. 4 shows one of t he  component radiographs 
used i n  t h i s  study. The c ross  i s  the  p ro jec t ion  
of t he  metal  c ros sha i r s  use4 f o r  r e g i s t r a t i o n  
purposes a s  discussed i n  the  Methods sec t ion .  
Figures 5,  6 ,  and 7 show th ree  tomosynthetic 
recons t ruc t ions  made from 8 radiographs wi th  a 
c i r c u l a r  p ro jec t ion  geometry and a cone angle  of 
4.5’. In Figure 6 t he  r econs t ruc t ion  s l i c e  is a 
f r o n t a l  plane through the  c e n t r a l  groove of t he  

molars. Figures 5 and 7 correspond t o  f r o n t a l  
planes loca ted  2.5 mm l i n g u a l l y  and buca l ly ,  
r e spec t ive ly .  

pos i t i on  of t he  s t r u c t u r e s  i n  space.  E.g., t he  
a r t i f i c i a l l y  induced in te rproximal  l e s i o n  i n  the  
second molar i s  v i s i b l e  i n  the  l i ngua l  and c e n t r a l  
planes only (Figures 51 and 6 ) ,  and thus  i s  
posioned somewhere between these  p lanes .  The 
s l o p e  of t he  bone c r e s t  between the  molars i s  
d i f f e r e n t  i n  the  l i n g u a l  plane from t h a t  i n  the  
buccal plane.  Notice f u r t h e r  t he  appearance o r  
disappearance a s  a func t ion  of depth of t he  
sp i cu le  of ca l cu lus  on the  mes ia l  su r f ace  of t he  
second molar, t he  pulpstone i n  the  t h i r d  molar,  
and the  c racks  i n  the  second molar. 

The r econs t ruc t ions  a l s o  show f e a t u r e s  

The recons t ruc t ions  i n d i c a t e  the  r e l a t i v e  

d e f i n i t e l y  not v i s i b l e  i n  the  o r i g i n a l  rad iographs .  
In Figure 5 the  exac t  shape of a t h i r d  r o o t  of t he  
t h i r d  molar i s  c l e a r l y  seen. Also,  t he  f r a c t u r e  
i n  t h i s  r o o t ,  which was caused when t h e  molar 
was ex t r ac t ed  t o  induce an a r t i f i c i a l  l e s ion ,  can 
be d iscerned .  In Figure 6 ,  only  the  t i p  of t he  
t h i r d  roo t  is  i n  focus,  i nd ica t ing  t h a t  t he  roo t  
c u r l s  under the  molar toward the  c e n t r a l  p lane .  

Discussion -~ 
The r e s u l t s  demonstrate t h a t  c l i n i c a l l y  i n t e r -  

e s t i n g  tomosynthetic images can be recons t ruc ted  
by computer. Theory ind ica t ed  t h a t  f o r  t he  
s p e c i f i c  app l i ca t ion  intended a set of a s  low a s  8 
radiographs,  obtained on a c i r c u l a r  p ro jec t ion  cone 
wi th  an angle  of 4.5‘, was s u f f i c i e n t .  
expec ta t ion  has been confirmed. Not only  w e r e  t he  
r e l a t i v e  s p a t i a l  p o s i t i o n s  of d e n t a l  t i s s u e s  made 
apparent i n  t h i s  way, but a l s o  s t r u c t u r a l  d e t a i l s  
unrecognizable i n  the o r i g i n a l  radiographs became 
v i s i b l e  i n  the  tomographic r econs t ruc t ions .  It i s  
t o  be re-emphasized t h a t  these  resu l t s  were 
obtained wi th  an angle  of view of only 4.5O, which 
i s  extremely l imi t ed  when compared t o  the  180’ 
requi red  by the  f a m i l i a r  t r a n s a x i a l  methods. With 
t h i s  small  angle  the  s l i c e  th ickness  i s  about 3 mm. 
Doubling i t  would reduce the  s l i c e  th ickness  t o  
one ha l f  t h i s  va lue .  However, once the  cone angle  
i s  chosen fo r  a p a r t i c u l a r  set of radiographs,  
s l i c e  th ickness  i s  f ixed .  What can be va r i ed  a f t e r  
the  rad iographic  exposures have been made is  the  
p o s i t i o n  of the  s l i c e  wi th in  the  ob jec t .  This 
f l e x i b i l i t y  enables the c l i n i c i a n  t o  scan through 
the  ob jec t  and br ing  p lanes  of p a r t i c u l a r  i n t e r e s t  
i n t o  focus.  

den ta l  radiography has been long recognized” , 
because s t r u c t u r e s  or  pa tho log ica l  changes 
v i s i b l e  i n  one p ro jec t ion  may become completely 
o b l i t e r a t e d  by anatomical over lay  i n  another pro- 
j e c t i o n .  With the  exception of in te rproximal  
c a r i e s ,  t he  exac t  l oca t ion  of t i s s u e  changes of 
c l i n i c a l  i n t e r e s t  a r e  usua l ly  not known beforehand, 
and hence, an optimal p ro jec t ion  geometry is 
d i f f i c u l t  t o  a t t a i n .  One s o l u t i o n  t o  t h i s  problem 
is  t o  take  mul t ip l e  exposures a t  d i f f e r e n t  angles ,  
and choose the  radiograph which is  most d i agnos t i c  
f o r  t he  s p e c i f i c  t a sk .  
i n  a cont ro l led  and s p e c i f i c  way permi ts ,  as shown 
i n  t h i s  s tudy ,  t he  r econs t ruc t ion  of tomosynthetic 

This 
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planes.  Not on ly  does chnique make use of 
a l l  radiographs s imul t  so  t h a t  no in fo r -  
mation is  l o s t ,  i t  a l s  e s  t h e  add i t iona l  
b e n e f i t  of a three-dimen percept ion  of t he  
anatomical s t r u c t u r e s .  A t  t h e  same t i m e ,  each 
c-omponent of t he  mul t ip l e  sample is a radiograph 
in i ts  own r i g h t  and may be used, i f  des i r ed ,  t o  
produce sub t f ac t ion  images i n  serial rad iographic  
examfnations . 

p l i c a t i o n  of tomosyn t h e s  is  i n  
p r a c t i c e  must a w a i t  t he  s o l u t i o n  of some techni- 
c a l  problems, which do not appear t o  l ay  beyond 
the  cur ren t  state a€ t he  a r t .  Because i t  is 
mandatory t h a t  t h e  p a t i e n t  remain s t a t i o n a r y  
dur ing  t h e  t i m e  a l l  component rad iographic  pro- 
j e c t i o n s  are recorded, conventional x-ray sources 
and f i l m  cannot be used. 
focal-spot,  pulsed x-ray source  i n  conjunction 
wi th  a photo-e lec t ronic  x-ray de tec to r  under 
computer con t ro l  are a poss ib l e  t echn ica l  
r e a l i z a t i o n .  A system based on these  p r i n c i p l e s  
i s  c u r r e n t l y  under inves t iga t ion  and being 
developed by t h e  Radiation Physics Group a t  the  
National Bureau of Standards (NfB-BUDR-8-80-9, 
in te ragency  agreement). 

In  conclusion, t he  s tudy  shows the  f e a s i b i l i t y  
t o  synthes ize  tomograms wi th  a s l i c e  th ickness  of 
about 3 mm from as few as 8 radiographs exposed on 
a c i r c u l a r  p ro jec t ion  cone wi th  a half-angle of 
4.5’. The r e s u l t i n g  recons t ruc t ions  not  only in- 
d i c a t e  the  r e l a t i v e  s p a t i a l  pos i t i on  of t he  den ta l  
t i s s u e ,  bu t  a l s o  show c l i n i c a l l y  re levant  
s t r u c t u r e s  no t  v i s i b l e  in t h e  o r i g i n a l  radiographs.  

Systems using a mul t ip le -  

1. 

2 .  

3.  

4 .  

5. 

6 .  

7. 

Table 1 

Comparison of Tomosynthesis 

with Axial  Computer Tomography 

Tomosynthesis Axial  CT 

Applicable wi th  l imi ted  
angle  of view Yes no 

Cancel la t ion  of out of 
s l i c e  d e t a i l s  incomplete complete 

S l i c e  p o s i t i o n  v a r i a b l e  
a f t e r  recording Yes no 
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I’rPiciple of tomosynthetic recons t ruc t ion .  
S h i f t  of radiographs 1 and 2 such t h a t  A 1  
and A2 coinc ide  and subsequent add i t ion  
y i e lds  a tomogram through poin t  A. 
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Fig .  2 C i rcu la r  tomographic p ro jec t ion  procedure.  
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Fig. 3 Experimental arrangement t o  o b t a i n  
t h e  component radiographs.  

Fig. 5 Tomosynthetic r e c o n s t r u c t i o n  of a 
f r o n t a l  s l i c e  on t h e  l i n g u a l  s i d e  
of t h e  d e n t i t i o n .  

Flg. 6 Tornosynthetic r e c o n s t r u c t i o n  of a 
f r o n t a l  s l i c e  through t h e  c e n t e r  of 
t h e  d e n t i t i o n .  

Fig.  4 Component radiograph used f o r  t h e  
tomosynthet ic  recons t ruc t ion . .  

F ig .  7 Tomosynthetic r e c o n s t r u c t i o n  o f  a 
f r o n t a l  s l i c e  on the  bucca l  s i d e  of 
t h e  d e n t i t i o n .  
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