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c p  
IhTRODUCTION 

3.9 art of medical diagnosis is a continuously evolving process 
which.often owes its progress to technical developments in other 
scientific fields. 

The major advance in Radiology during the last ten years has 
been the development of Computerized Tomography. Although many of 
the principles of this technology have been known for considerably 
longer periods of time, the actual implementation became feasible 
only with the development of versatile high speed Small computers 
with large memory storage capacities at modest prices. Other tech- 
nological developments which made C. T. a reality were (a) advances 
in Applied Computational Mathematics such as the Fast Fourier Trans- 
form algorithms, as well as graphic display programs, and (b) devel- 
opments in new photon detectors. 

These advances in diagnostic x-ray imaging have had their influ- 
ence in other branches of Radiology, such as Nuclear Medicine and 
Ultrasonography. 

Nuclear medicine provides compldentary information to x-ray 
diagnosis in that.it provides information on the vascular and physio- 
logical processes that distribute a given radioisotope-labelled 
compound within the desired organ. 
tomographical information on the concentration distribution of the 
radioisotope distribution was recognized even earlier than in the 
x-ray case. Its implementation is now taking place, although at a 

The possibility of obtaining 
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slower rate than with the Transmission Computerized Tomography. 

Ultrasonography. is an imaging technique which is also under- 
going rapid new,developments. 
is the fact that it does not involve ionizing radiation, and at the 
intensity levels which are under use, is not known to create any cell 
damage. The present techniques, which are almost duplicates of older 
Radar imaging concepts, provide a Tomographic image in the well known 
B-scan approach. 
rate electronics to provide faster and more accurate pattern recog- 
nition is now providing the technological basis for advances in 
Ultrasound Imaging. 

A major impetus to its expanded use 
v 

However, Radar imaging with the aid of more elabo- d 

! 

Lastly, the well known x-ray tube itself has recently under- 
gone improvements in design that permit higher quality transmission 
x-ray pictures. In order to detect smaller structures or more 
detail in a transmission image, it is necessary to magnify the image 
either in the x-ray projection or by enlarging the resultant film. 
Principles of  electron beam focussing taken from' electron accelera- 
tor technology have played a role in this development. 

Table I lists the topics covered in this paper. Other diag- 
nostic imaging concepts involving Nuclear Magnetic Resonance (hMR), 
Thermography (infrared and microwave), as well as Flectrical Imped- 
ance C. T., are areas in which there is a lot of research-activity 
at present. 

Table I. Developments in Medical Imaeing 

1) Fine Focus X-ray Tubes 
a) Structure of Electron Gun 
b) Resolution Patterns 

2) Computerized Tomography: X-ray Transmission 
a) Configurations of C. T. Machines: 2n Geometry 
b) Fast C. T, Machines: Limited Fan Angle Geometry 
c )  Principles of Limited Angle Reconstructions 

3)  Emission Tomography: Radioisotope Imaging 
a) Single Photon Emission Tomography 
b) Positron Imaging: Planar and 2n  Ring Cameras 
, 

4 )  I : l t r a s n u n d  Imag ing  
a) Grey.Scale E-scan Principles 
b) Phased Array Transducers: Electronic Steerin? and Focussing 
c )  Real Time B-scans. 
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HIGH RESOLUTION RADIOLOGY 

c 

The technology of x-ray tube  c o n s t r u c t i o n  and performance i s  
obv ious ly  one t o  which t h e  manufac tu re r s  p l a c e  c l o s e  a t t e n t i o n .  I n  
t h i s  s e c t i o n  w e  d i s c u s s  one r e c e n t  approach t o  high r e s o l u t i o n  x-ray 
t u b e s  which p rov ide  a f o c a l  s p o t  a t  t h e  anode of t h e  tube  smaller 
than  90 microns.  The h e a t  d i s s i p a t i o n  l i m i t s  t h e  maximum power t h a t  
can be used and hence t h e  maximum x-ray exposure.  

F i g u r e  l a  shows a conven t iona l  medium power x-ray t u b e  u s i n g  
a metal f o c u s s i n g  cup around t h e  cathode: Tubes of t h i s  t ype  have 
f o c a l  s p o t s  r ang ing  from 0.5-3 mm, depending on t h e  power used.  A 
method used t o  produce a smaller f o c a l  s p o t  
t h e  tube  wi th  a series of f o c u s s i n g  g r i d s ,  as shown i n  F i g .  l b ,  t h a t  
can focus  t h e  e l e c t r o n  beam t o  s p o t s  smaller t h a n  80 microns.  S ince  
x-ray p i c t u r e s  are  p r o j e c t i o n s  o f  t h e  t r a n s m i s s i o n  from t h e  s o u r c e  
(x-ray tube )  through t h e  o b j e c t  t o  t h e  f i l m ,  t h e  o v e r a l l  r e s o l u t i o n  
depends on t h e  g e o m e t r i c a l  s p a c i n g  of a l l  t h r e e ,  w i th  t h e  l i m i t a t i o n  
b e i n g  t h e  e f f e c t i v e  dimensions of t h e  x-ray s o u r c e .  High r e s o l u t i o n  
x-ray p i c t u r e s  are of u s e  i n  s t u d y i n g  bone s t r u c t u r e s  as  shown i n  
F ig .  2a. Another a p p l i c a t i o n  i n  which h i g h  r e s o l u t i o n  x-ray imaging 
has  been used r e c e n t l y  i s  i n  t h e  d i a g n o s i s  of b r e a s t  tumors by show- 
i n g  t h e  e x i s t e n c e  of small  c a l c i f i c a t i o n s  r ang ing  i n  s i z e  from 0 . 3  mm 
t o  a few mm i n  s i z e .  Malignant tumors of t h e  b r e a s t  are o f t e n  as- 
s n c j a t e d  w i t h  t h e  smaller c a l c i f i c a t i o n s  [ 2 ] ,  a sample of which i s  
shown i n  F i g .  2b. 

11 i n v o l v e s  b u i l d i n g  

COMPUTERIZED TOMOGRAPHS 

Tomography i s  t h e  name g iven  t o  t h e  p r o c e s s  by which a t h r e e -  
dimensional  o b j e c t  can be d i s p l a y e d  g r a p h i c a l l y  as a series o f  
sl ices.  I n  med ica l  d i a g n o s i s  t h e r e  are  p r e s e n t l y . i n  u s e  t h e  tomo- 
g r a p h i c  p rocedures  d e f i n e d  i n  Table  I1 and i l l u s t r a t e d  i n  F i g .  3 .  

X-ray C .  T. is achieved by d e t e c t i n g  e l e c t r o n i c a l l y  t h e  t r a n s -  
mis s ion  of t h e  x-ray beam through a n  o b j e c t  when viewed from a series 
of a n g l e s .  One s l ice  of t h e  o b j e c t  is  measured a t  a t i m e :  t h e  x- 
r ay  s o u r c e  i s  moved around 251 a n g l e  around t h e  o b j e c t .  Various 
computa t iona l  a l g o r i t h m s  i n v o l v i n g  F o u r i e r  Transforms a re  used i n  
r e c o n s t r u c t i n g  t h e  image on matrices w i t h  s i z e  up t o  300 x 3 0 0 . p i c t u r e  
e lements  c a l l e d  P i x e l s .  F i g .  4 shows c o n f i g u r a t i o n s  of v a r i o u s  x- 
r a y  C.  T .  machines. The f i r s t  s u c c e s s f u l  C .  T.  machine, t h e  EM1 
head scanne r  of 1973, accomplished t h e  m u l t i d i r e c t i o n a l  viewing by 
u s i n g  a p a r a l l e l  beam geometry w i t h  a s i n g l e  sodium i o d i d e  c r y s t a l  
d e t e c t o r ,  moved i n  a combination of t r a n s l a t i o n a l  and r o t a t i o n a l  
motions.  

T h i s  slow . ( - 5  min . / scan )  Eachine w a s  r e p l a c e d  nex t  by a f a n  
beam geometry i n  which a s e r i e s  of d e t e c t o r s  recorded t h e  a t t e n u a t i o n  
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Table  11. Medical Tomography 

Tomography: Greek word meaning " t o  t a k e  a s l i c e , "  i n  t h i s  c a s e  t o  
' t a k e  a 3-D o b j e c t  and d i s p l a y  g r a p h i c a l l y  as  a ser ies  of s l i c e s .  

Computerized Tomography (X-ray C .  T.)L Display d e n s i t y  d i s t r i b u t i o n  
of body (organ)  s e c t i o n .  

Ultrasound B-scan: Disp lay  t i s s u e  boundar ies  of body (organ)  sec-  
t i o n s .  

Emission Tomography: Disp lay  concen t r a t ion  d i s t r i b u t i o n  of'gamma- 
e m i t t i n g  r a d i o i s o t o p e  i n  organ s e c t i o n .  

of t h e  beam from t h e  x-ray sourc'e through t h e  o b j e c t .  
t u b e  and t h e  d e t e c t o r  a r r a y  moved j o i n t l y  a long  t h e  pe r iphe ry  of a 
mechanical  gan t ry .  Th i s  arrangement proved t o  b e  u n s a t i s f a c t o r y  i n  
t h a t  any s l i g h t  -inhomogeneity i n  t h e  g a i n  of t h e  d e t e c t o r s  provided  
c i r c u l a r  a r t i f a c t s  on t h e  image. Th i s  d i f f i c u l t y  w a s  e l i m i n a t e d  i n  
t h e  " f o u r t h  genera t ion ' '  scanner  i n  which 200-300 i d i v i d u a l  d e t e c t o r s  
a re  mounted on a c i r c u l a r  g a n t r y ;  t h e  x-ray tube  a l o n e  moves. The 
g a i n  of each d e t e c t o r  i n  t h e  bank i s  a d j u s t e d  e l e c t r o n i c a l l y  on each 
r o t a t i o n .  Th i s  scheme e l i m i n a t e d  most c i r c u l a r  a r t i f a c t s .  

The x-ray 

I n  earlier machines,  t h e  d e t e c t o r s  were xenon gas  i o n i z a t i o n  
chambers; i n  some of  t h e  newer C .  T. ,machines t h e r e  are now sodium 
i o d i d e  s c i n t i l l a t i o n  c o u n t e r s .  Some newer machines w i l l  u s e  b i s -  
muth germanate s c i n t i l l a t i o n  c r y s t a l s ,  s i n c e  t h e i r  d e t e c t i o n  e f f i -  
c iency  i s  h i g h e r  t han  t h a t  o f  sodium i o d i d e  (due t o  t h e  h i g h  Z of 
t h e  b ismuth) .  Also ,  bismuth germanate c r y s t a l s  do n o t  have t h e  
low i n t e n s i t y ,  long-term f l -uoresence t h a t  sodium i o d i d e  h a s  and 
t h e r e f o r e  f a v o r s  t h e  main o b j e c t i v e  of newer C .  T.  machines,  which 
is  t o  p rov ide  h i g h e r  r e s o l u t i o n  images du r ing  a s h o r t e r  p e r i o d  o f -  
t i m e .  Th i s  i s  necessa ry  i n  o r d e r  t o  accomplish dynamic imaging of 
t h e  h e a r t  i n  motion. 

F ig .  5a shows a p i c t u r e  of t h e  General  E l e c t r i c  f a s t  s canne r  
i n  r e s e a r c h  use  i n  t h e  Radiology Department, Un ive r s i ty  of Cal i -  
f o r n i a ,  San F ranc i sco  [ 3 ] .  This  mach'ine, a f o u r t h  g e n e r a t i o n  scan- 
n e r ,  produces two 180' images du r ing  a s i n g l e  2 . 4  s e c ,  360° revolu-  
t i o n .  Fol lowing a 1 s e c  pause t h e  scanner  r e v e r s e s  d i r e o t i o n  and 
scans  back i n  2 . 4  s e c .  This  sequence i s  r epea ted  u n t i l  12  images 
a t  approximate ly  1 .5  sec  i n t e r v a l s  have been produced. F ig .  5b 
shows t h e  kind of s t a r  a r t i f a c t  t h a t  can appear  i n  a scan  i f  a h igh  
d e n s i t y  o b j e c t  such a s  a me ta l  c l i p  i s  p r e s e n t .  

Comparable f a s t  s canne r s  have been made by o t h e r  manufac turers .  
\ 

J 
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i n  v a r i o u s  c o u n t r i e s .  The f a s t e s t  s canne r  under development i s  one 
a t  t he  Mayo C l i n i c  t h a t  w i l l  p rovide  60 images/sec,  each of 0.01 s e c  
d u r a t i o n  [ 4 ] .  I n  o r d e r  t o  accomplish t h i s ,  t h e  machine uses 28 
x-ray tubes  which a r e  pulsed  s e q u e n t i a l l y .  Another approach t o  f a s t  
C .  T .  machines is  t h e  u s e  of a r o t a t i n g  focussed  h igh  v o l t a g e  elec- 
t r o n  beam. Two such schemes are  shown i n  F ig .  6 ;  F i g .  6a IS] shows 
a proposed machine i n  whlch t h e  e l e c t r o n  beam i s  r o t a t e d  over  t h e  
f u l l  360' and F ig .  6b shows a scheiae i n  which t h e  beam and d e t e c t o r  
cover  on ly  180' [ 6 ] .  

The f a c t  t h a t  i t  i s  p o s s i b l e  t o  o b t a i n  good tomographic recon- 
s t r u c t i o n s  u s i n g  scanne r s  t h a t  cover  less  than  t h e  f u l l  271 a n g l e  
i n  a p l ane  i s  i l l u s t r a t e d  i n  F ig .  7 .  I n  t h e  more g e n e r a l  c a s e ,  i t  
i s  p o s s i b l e  t o  r e c o n s t r u c t  t h e  d e n s i t y  d i s t r i b u t i o n  w i t h i n  a volume 
from p r o j e c t i o n s  t h a t  cover  less than  4ii s o l i d  a n g l e .  For s impl i c -  
i t y ,  w e  d i s c u s s  t h e  p l a n a r  case f o r  t r ansmiss ion  tomography. The 
mathematical  concepts  apply  a l s o  t o  Radioisotope-Emission Tomography, 
d i scussed  i n  t h e  next  s e c t i o n ,  and t o  o t h e r  f i e l d s  of s c i e n c e  such 
a s  e l e c t r o n  microscopy and radioastronomy.  

The f e a s i b i l i t y  of  h igh  q u a l i t y  tomographic r e c o n s t r u c t i o n  from 
l imi t ed -ang le  i n p u t  d a t a  rests on t h e  fo l lowing  theorems: ( a )  The 
" P r o j e c t i o n  Theorem" s t a t e s  t h a t  t h e  i n t e g r a l  of t h e  a b s o r p t i o n  of 
r a d i a t i o n  a long  a s t r a i g h t  l i n e  through t h e  o b j e c t  de te rmines  ' the  
F ~ - . ! r < e r  components of t h e  d e n s i t y  a long  a l i n e  i n  F o u r i e r  space  per- 
p e n d i c u l a r  t o  t h e  p r o j e c t i o n  d i r e c t i o n  [ 71. This theorem h o l d s  a l s o  
f o r  t h e  c a s e  of a r a d i a t i o n - e m i t t i n g  o b j e c t  w h e r e  t h e  c o n c e n t r a t i o n  
d i s t r i b u t i o n  of t h e  emitter is  t o  be ob ta ined  from t h e  measurements. 
(b) The F o u r i e r  Transform o f  a f i n i t e  o b j e c t  w i th  a f i n i t e  i i i ax imum 
d e n s i t y  i s  an  e n t i r e  f u n c t i o n  i n  t h e  F o u r i e r  domain, hence knowledge 
of t h e  F. T .  i n  any f i n i t e  r e g i o n  of t h e  F o u r i e r  space  i m p l i e s  knowl- 
edge of t h e  F. T .  over  a l l  t h e  remaining space .  

One way t o  o b t a i n  t h e  complete  F. T. over  a l l  s p a t i a l  f requency 
space  from t h e  d i r e c t l y  measured cone, as shown i n  F ig .  7 ,  i s  t o  
perform t h e  r e c o n s t r u c t i o n  by a n  i t e r a t i v e  procedure  t h a t  s tarts 
o f f  w i th  t h e  measured values K,, Ky i n  t h e  al lowed cone and Kx,  Ky 
= 0 o u t s i d e  i t .  By a series of i t e r a t ions  t h a t  u se  t h e  r e s t r i c t i o n  
t h a t  t h e  o b j e c t  h a s  a non-negat ive d e n s i t y  w i t h i n  i t s  bounded volume 
and i s  ze ro  o u t s i d e ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  mis s ing  compo- 
n e n t s  w i t h  an  accuracy  t h a t  depends on  t h e  s i z e  of t h e  a n g l e  8 and 
t h e  s t a t i s t i c a l  q u a l i t y  of t h e  measured d a t a  [ a ] .  
t i o n  methods a re  desc r ibed  i n  a s p e c i a l  i s s u e  of  t h e  IEEE Trans.  
Nuc. S c i .  - 26, no.  2 ( A p r i l  1979).  

Other  r econs t ruc -  

EPIISSION TO?lOGRAPHY : RADIOISOTOPE IIIAGIHG 

Nuclear  Nedicine i s  t h e  d i a g n o s t i c  imaging d i s c i p l i n e  t h a t  u s e s  
gamma-emitting i s o t o p e s  t o  t r a c e  p h y s i o l o g i c a l  a b n o r m a l i t i e s  w i t h i n  



a given organ. 
collimators to image a projection of the radioisotope concentration 
within the organ, it.has supplied usefur complementary information 
to the x-ray diagnosis. 

Using scintillation cameras with various types of 
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Obviously, if the concentration of isotope can be determined 
in tomographic layers, greater contrast in detecting abnormalities 
would be achieved. A straight forward method of obtaining tomo- 
graphic reconstructions with gamma-emitting isotopes is shown in 
Fig. 8a [9]. The organ in question is viewed from a 27r angular range 
by taking images at a seriegof angles with a scintillation camera 
equipped 'with a parallel-hole 'collimator. However, the procedure 
is time consuming, and the equipment is rather bulky. 

A newer approach, for the specific purpose of obtaining tomo- 
graphic images of the myocardium,. was developed at the Denver Veterans 
Administration Hospital [ lo,]. A seven-pinhole. collimator was mounted 
on a large scintillation camera (LFOV: 
40 cms) in such a way that seven non-overlapping images of the heart 
were obtained, as shown in Fig. 8b. The conventional radioisotope 
for this purpose; 201Thallium (EV = 60-80 keV) , was used. 
mation of the separate images was stpred on a computer. Since the 
independent images view the heart from a,range of different angles, 
it is possible to obtain tomographical reconstructions as shown in 
Fig. 9. This method is limited to tomographical scans of small 
organs, since the seven separate images have to be recorded with 
adequate resolution on the detector and without overlapping each 
other. 

diameter of NaI crystal'= 

The 'infor-, 

Another approach to Radioisotope Emission Tomography is to use 
the 511 keV gamma-rays from the annihilation of positron-emitting 
isotopes at rest. 
but it is only during the last few years that it has been used clini- 
cally. This became possible primarily because of detector and com- 
puter development, and also because of the impetus given to tomo- 
graphical imaging in general by the success of the C. T. machines 
in Radiology. 

This approach was suggested as early as 1953, 

Positron annihilation tomography has the following advantages 
over single photon tomography: 

I I .  

a) The two 511 keV annihilation gamma-rays come off.at 180' 
when the positrons annihilate at rest;. the mean angle is 180' 5 
O..5O, where the angular spread is due to annhilation by elecXrons 
in motion. When the two gammas are detected in coincidence, the 
position.of the emitting atom is known to be on this line. This is 
shown schematically in Fig. loa. 
use a collimator for defining the direction of the gamma rays, as 
indicated in Fig. lob. Since the transmission of a collimator used 

This fact elimina,teS the need to 
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in single photon imaging is approximately 
the use of smaller doses for the positron imaging case. 

its absence allows 

b) The only reasonably long-lived "gamma-emitting'' isotopes of 
C, 0, N are positron emitters. Furthermore, parent-daughter genera- 
tors of positron-emitting isotopes are available, such as 68Ge (250d) 
+ 68Ga (1.1 hr) and 82Sr (25d) -+ 82Rb (1.2 m), which can fulfill 
most imaging requirements. 

Positron cameras can be built in two configurations: (a) as 
two large-area detectors (Fig. lob) which.cover a limited fraction 
of 4 n  solid angle; and (b) ring cameras (Fig. lOc), as built by 
Donner Laboratory, University of California, Berkeley [ll], Wash- 
ington University [ 12 ], University of California, Los Angeles [ 131, 
McGill [14], and others. 
scintillation cameras 1151 or two multicrystal cameras [ 1 6 ]  or MMPC 
detectors with converters [17,18]. The ring c?.meras cover 2n solid 
angle in one plane and can measure one or more plapes at a time. 

Cameras of the first category use two 

In Fig. lla we show some construction details of the Donner 
Laboratory 280 NaI crystal camera; Fig. llb shows a representative 
heart scan taken with 82Rb. The NaI crystals will be replaced by 
Bismuth Germanate crystals in order to increase the detection ef- 
f iciency . 

In Fig. 12 we show the principles of a multiwire proportional 
chamber camera. 
an ionizing event by the signals induced on the orthogonal cathode 
grids of wires on either side of the anode wire plane. When the 
ionizing event is a charged particle from an external source, posi- 
tion accuracy measured on the cathode grids is less than 0.5 mm. 

The ME'C is capable of recording the position of 

In order to detect 511 keV gam-rays with reasonable efficiency 
high Z element converters from which the interaction electrons can 
be extracted to form avalanches on the anode wires have to be placed 
within the chamber. 12a shows a cross-sectional layout of such 
a chamber as built at the Lawrence Berkeley Laboratory. The effi- 
ciency of a converter from which electrons can be extracted depends 
on maximizing the useful-surface area to volume. Fig. 12c shows 
converters that were used in this camera. They consist of a series 
of lead platings on plastic backing, corrugated to form holes of 
approximately 3.5 mm diameter. The insulated strips are necessary 
so that a suitable electric field can be placed across them to drift 
the interaction electrons out of the converter region and into the 
sensitive area of the PihTC between the cathode and anode planes. 
A more efficient converter can be made by usin? matrices of high 
lead content glass (80% PbO) tubes with holes approximately 1.4 mm 
in diameter. The glass surface is made resistive by hydrogen reduc- 
tion at high temperatures. 
a suitable electric field for drifting the electrons [ 191 .  Other 

Fig. 

Then a voltage of 500 V/cm will produce 



schemes f o r  c o n v e r t e r s  are t o  e t c h  s m a l l  h o l e s  on s t a c k s  of t h i n  
l ead  f o i l s  wi th  t h i n  p l a s t i c  i n s u l a t e d  layers between them [ 201 
o r  t o  make a r r a y s  of  t ungs t en  w i r e s  (Prague Un ive r s i ty ,  Massachuse t t s  
I n s t i t u t e  of Technology). 

I n  F ig .  13  w e  show s c h e n a t i c a l l y  t h e  c o n f i g u r a t i o n  of a M W C  
camera and a head scan  of a tumor r eg ion  imaged w i t h  a 68Ga compound 
and r e c o n s t r u c t e d  on a series of f o u r  p l a n e s .  

ULTRASOUND I M A G I N G  

I n  t h i s  s e c t i o n  w e  d i s c u s s  t h e  p r e s e n t  methods t h a t  are used 
i n  producing t h e - e s ? e n t i a l l y  tomographic images of body s t r u c t u r e s  
as a B-scan, and r e c e n t  developments [21 ] .  

B-scans are  u s u a l l y . d o n e  by sending  a success ion  of s h o r t  
u l t r a s o n i c  p u l s e s  a t  a series of ove r l app ing  d i r e c t i o n s  i n t o  t h e  
p a t i e n t ' s  body. 
on an  o s c i l l o s c o p e  s c r e e n  a t  any one time. 
d i a g n o s t i c  s canne r s  by having t h e  t r a n s d u c e r  mounted on a hinged 
arm t h a t  p e r m i t s  motion i n  a s i n g l e  p l a n e ,  producing a scan such 
as t h a t  shown i n  F ig .  14a. The frequency of  u l t r a sound  i n  c l i n i c a l  
imaging i s  2.25-3.5 MHz, , l imi ted  a t  t h e  h igh  s i d e  by t h e  i n c r e a s i n g  
a t t e n u a t i o n  of sound propagat ion  a t  h ighe r  f r equenc ie s .  

One p l a n a r  c r o s s - s e c t i o n  o f * t h e  body i s  d i sp layed  
Th i s  is  accomplished i n  

The te 'chnique i s  very  s i m i l a r  t o  Radar ranging .  A s h o r t  p u l s e  
of sound i s  s e n t  a long  a g iven  d i r e c t i o n .  Any r e f l e c t i n g  s u r f a c e  
i n  i t s  p a t h  w i l l  send back a s i g n a l  a t  t h e  a p p r o p r i a t e  a n g l e  f o r  
s p e c u l a r  r e f l e c t i o n .  I f  t h e  s u r f a c e  i s  pe rpend icu la r  t o  t h e  sound 
d i r e c t i o n ,  t h e  r e f l e c t e d  s i g n a l  w i l l  b e . d e t e c t e d  a t  a delayed t i m e ,  
which i s  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  on t h e  send t r a n s d u c e r ,  by , 

t h e  i n v e r s e  p i e z o e l e c t r i c  e f f e c t .  

The ampl i tude  of t h e  r e f l e c t e d  s i g n a l ,  a f t e r  t ime-gated ampli-  
f i e r  g a i n  c o r r e c t i o n  f o r  t h e  a t t e n u a t i o n  i n  t h e  medium, depends on 
t h e  c o e f f i c i e n t  of r e f l e c t i o n  

' = IRef/ISend E = (PlV1 - p2v2>2/(p1v1 + P2V2J2 

. where Pi, P 2 ,  Vi, and V 2  a r e  the,  d e n s i t i e s  and v e l o c i t i e s  of sound 
of t h e  two'media a t  t h e  i n t e r f a c e .  
o f f  by a f a c t o r  of approximately t e n  w i t h i n  5' of  t h e  p e r p e n d i c u l a r  
d i r e c t i o n .  

The r e f l e c t i o n  c o e f f i c i e n t  drops '  

. Older  d i a g n o s t i c  machines produced a b i - s t a b l e  p i c t u r e .  I n  
t h i s  case, a f i x e d  i n t e n s i t y  do t  w a s  produced on t h e  o s c i l l o s c o p e  
s c r e e n  whenever t h e  r e f l e c t e d  s i g n a l  exceeded a p r e s e t  l e v e l .  Scans 
of t h i s  t ype  tended t o  be r a t h e r  "spot ty"  wi th  s e c t i o n s  of s u r f a c e s  
mis s ing  i f  t h e i r  i n c l i n a t i o n  w a s  t oo  f a r  away from t h e  s p e c u l a r  

8 
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backward r e f l e c t i o n  ang le .  However, boundar ies  such as  f o e t a l  heads ,  
where d i s t a n c e  measurements a re  taken  t o  r eco rd  growth, were very  
p r e c i s e l y  d e l i n e a t e d .  P a r t i a l  f i l l i n g  i n  of s c a t t e r i n g  from i n c l i n e d  
s u r f a c e s  can be achieved  by u s i n g  a l o g a r i t h m i c  ga in  a m p l i f i e r  t o  
d i s p l a y  d o t s  on t h e  o s c i l l o s c o p e  sc reen ,  whose i n t e n s i t y  i s  co r re -  

, l a t e d  w i t h  t h e  r e f l e c t e d  ampl i tude .  These "Grey s c a l e "  images f i l l  
i n  more of t h e  boundary d e t a i l s  ana d e n s i t y  anomalies  w i t h i n  t h e  
organs .  I f  t h e  Grey  scale  ga in  c o n t r o l s  a r e  misused,  t h e  r e s u l t i n g  
scans*can  e i t h e r  be  t o o  f u l l  of r e f l e c t i o n s  o r  omit low-contrast  
de t a i l s .  

Recent developments i n  B-scan u l t r a sound  imaging are i n  t h e  
d i r e c t i o n  of r e p l a c i n g  v a r i o u s  ana log  g a i n  compensating d e v i c e s  and 
d i s p l a y  c o n t r o l s  by a n  o v e r a l l  computerized d i s p l a y  us ing  d i g i t a l  
d a t a  throughout  t h e  e n t i r e  system. The p r e s e n t  manual methods of 
p o s i t i o n i n g  t h e  t r a n s d u c e r  are be ing  r ep laced  by e l e c t r o n i c a l l y  
steered and focussed  t r a n s d u c e r s .  F ig .  15a'shows an e a r l y  v e r s i o n  
of a motor-driven t r a n s d u c e r ,  which could  map a s e c t o r  approximately 
90' w i d e  i n  d i r e c t i o n .  When p laced  a t  t h e  proper  p o s i t i o n s  and o r i -  
e n t a t i o n s  on t h e  c h e s t  w a l l ,  i t  could produce r ea l  t i m e  images of 
t h e  v a r i o u s  h e a r t  v a l v e s  i n  motion.  F ig .  15b shows a wide mul t i -  
element t r a n s d u c e r  t h a t  can produce a r e a l  t i m e  image of t h e  body 
s e c t i o n  p a r a l l e l  t o  i ts  long  axis .  The u l t r a sound  beam i s  s h i f t e d  
i n  p o s i t i o n  from one end of t h e  t r a n s d u c e r  t o  t h e  o t h e r  end t o  pro- 
v i d e  3 l i n e a r  s can  over  t h e  e n t i r e  wid th  of t h e  t r a n s d u c e r .  Th i s  i s  
done e l e c t r o n i c a l l y  by swi t ch ing  t h e  d r i v i n g  p u l s e s  a c r o s s  t h e  t r a n s -  
ducer  e lements  a t  a r a t e  of a few hundred c y c l e s  p e r  second. 

F i g s .  15c and 15d show how a mul t ie lement  t r ansduce r  can have 

Combination 
i t s  beam o r i e n t a t i o n  d i r e c t e d  and i t s  f o c a l  l e n g t h  changed by t h e  
sequence of p u l s e s  d e l i v e r e d  t o  t h e  v a r i o u s  elements .  
of t h e  e l e c t r o n i c a l l y  c o n t r o l l e d  d e f l e c t i o n s ,  as shown i n  F i g s .  15b, 
c ,  and d ,  under computer c o n t r o l  w i l l  produce i n  f u t u r e  y e a r s  ex- 
t remely  versa t i le  scanning  machines w i t h  exce l len t  tomographical 
c a p a b i l i t y .  

I n  summary, w e  have reviewed i n  t h i s  paper  advances i n  t h r e e  
c l i n i c a l  d i a g n o s t i c  imaging t echn iques  and shown t h a t  t h e i r  f u t u r e  
development i s  i n  t h e  d i r e c t i o n  o f  p rov id ing  h i g h e r  r e s o l u t i o n  tomo- 
graphy a t  i n c r e a s e d  speeds .  
has  been t h e  a v a i l a b i l i t y  o f  v e r s a t i l e  high-speed small computers.  

The main c o n t r i b u t o r  t o  t h e s e  advances 
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Fig. la. Stationary anode x-ray tube'with cathode focussing cup. 

.. . 

. .  
/ - .  

F i g .  l b .  F ine  focus  tube  w i t h  e l e c t r o n  l e n s  f o c u s s i n g .  
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Fig .  2a. Comparison bone structure: conventional and fine focus 
tube. 

Fig .  2b. Radiogram f o r  breast cancer calcifications: fine focus 
XBB 792-2230A tube. 
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Transmission: X-Ray Emission: Gamma Rays - 

/ *  
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Physiology 

Concentration o f  radioisotope 
1 

Density a1 t e r ed  by tumors 
cysts .  a l tered by t mors, cysts.  

/ 

U1 trasound: B-Scan. . I 

i ! , 

I Anatomy and Tissue Characterist ics 

Cyst o r  tumor produces, densi ty  boundary. 
. I .  

* I  

Fig .  3 .  Comparison of v a r i o u s  tomographic imaging m o d a l i t i e s .  
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Fig .  4a.  Early 

I I  I 
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vers ion  of E.M.I. head scanner. 

T- 
Detectors  1 

SCLMNER GANTRY 

I 

Fig .  4b. Third generation scanner: ro ta t ing  x-ray tube coupled 
to  ro ta t ing  de tec to r  array. 
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Fig. 4c. Fourth generation scanner: rotating x-ray tube: fixed 
detectors. 

Fig. 5a. General Electric scanner. X-ray tube and'detectors in 
circular gantry. 

, 
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Fig. 5b. Representative tomographic scan showing artifacts produced 
by metal clip in patient's body. 

1 J 

Scanner Showing Beam Transfer fromShielded 
Annular Standby Collector to Target.  

Fig. 6a. Rotating electron beam scanner. 2x rotation. 
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Fig.  6b. 

Fig.  6c.  

R o t a t i n g  e l e c t r o n  beam scanner .  IT r o t a t i o n  only.  

- I  

End view of TI r o t a t i o n  -scanner showing ove r l app ing  anode 
d e t e c t o r  r i n g  and scanning x-ray beam f a n  geometry. 
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TPASSX I SS I Oi! CT EYIISSION CT 

/ 

S:in;i 1 l a t i o n  camera 

Fig. 7a. Limited-angle transmission C.T. showing fan beam and 
sector of fixed detectors. 

Fig. 7b. Limited-angle emission tomography, using discrete pinhole 
collimator. 

Y 

- 
Kissins cone 

Fig. 7c. Fourier space representation showing components in 
"allowed cone'' corresponding to the limited-angle imaging 
in geometry in Figs. 7a and b. 
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Fig. 8a. Schematic of   IT emission tomography using rotating scin- 
tillation camera wi th  parallel-hole collimator. 

7-Pinhole Collimator . I i LFOV Camera 

/ 
7 Pinholes 

Configuration o f  7- 
., Pinhole Collimator 

Fig. 8b. Schematic of limited-angle emission tomography using large 
stationary scintillation camera and 7-pinhole collimator. 

' I  
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6ASAL SECTION MID, BASAL SECTION MI0,APICAL SECTION ' APICAL SECTION 

Fig .  9 .  Emission tomography using 7-pinhole coll'imator. Heart imaging w i t h  2 o  'T1. Heart 
anatomy and four corresponding tomogritms are shown. 
Administration Hospital Nuclear Medicine group. 

Picture  taken by Denver Veterans 
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Fig ,  -10a. Single-photon imaging c o l l i m a t o r .  
1- > 

,DETECTOR'-I DETECTOR 2, 

Fig .  lob .  P o s i t r o n  imaging. Area d e t e c t o r s .  No c o l l i m a t o r .  
, 
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Fig .  12a. Cross s e c t i o n  of W C  gamma detector showing lead con- 
ver ters  and wire planes.  

Fig.  12b. Photograph of W C  chamber- showing wire planes and lead 
converter below. 

. . . ._ 

Fig. 12c. Photograph of honeycomb lead converter showing plated 
lead bands on p l a s t i c  support s tructure .  
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Fig. 13a. Schematic of two area -detectors MWPC positron. camera 
showing electron i 

15 18 24 cm 

TOMOGRAMS OF THE HEAD ,. 

I' . 

sllJ6-" 4BpwII)' 
RECONSTRUCTED IMAGE 

C 

Fig. 13b. Representative tomograms of head showing tumor on left 
side taken with W C  camera. 
two different reconstruction alggrithms. 

Images are displayed by 
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Fig. 14a. Successive positions of ultrasound transducer during 
transverse B-scan of abdomen. 

Fig. 14b. Summation of multiple light spots in transverse B-scan 
showing how image is formed. 
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Fig.  15a. 

Fig.  15b. 

* .  

O s c i l l a t i n g  s e c t o r  scanner  f o r  real-time viewing of 
h e a r t  v a l v e  motion. 

E l e c t r o n i c a l l y  switched l i n e a r  a r r a y .  Transducer beam 
i s  programmed t o  scan e n t i r e  a r e a  w i t h o u t  mechanical 
motion. 

L 

? 
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Fig .  15c. E l e c t r o n i c a l l y  swi tched  l i n e a r  a r r a y  t o  provide  d i f f e r e n t  
s c a n  d i r e c t i o n s  by phase changes i n  t r i g g e r i n g  sequence.  

F ig .  15d. Dynamic focuss ing  produced by programmed phas ing  of 
t r i g g e r i n g  sequence. 
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