frequency domain is linearly dependent on the measurement time the
maximum possible measurement time should be used. Unfortunately the
exponential attenuation of the FID signal broadens the frequency spectrum
thereby determining the ultimate resolution of the magnetic resonance image.

A much more difficult problem is the data collection time. In the procedure
described above each measurement is made assuming all the magnetic
moments are at rest. Since the spin-lattice relaxation time is on the order of a
second this implies that only a single FID can be measured per second. Since
a three-dimensional image requires at least a million data points this is a
severe restriction.

In practice, pulse sequences have been designed that allow more than one
FID to be measured during the 7, relaxation time. This can be done using a
combination of gradients and selective gradients to only excite a single plane
within the object and also using selective spin-echo pulses to measure more
than one projection (or Fourier transform) within a single plane.

4.5 Bibliographic Notes

Because of the absence of any refraction or diffraction, with x-rays the
problem of tomographic imaging reduces to reconstructing an image from its
line integrals. A mathematical solution to the problem of reconstructing a
function from its projections was given by Radon {Rad17] in 1917. More
recently, some of the first investigators to examine this problem either
theoretically or experimentally (and often independently) include (in a
roughly chronological order): Bracewell [Bra56], Oldendorf [Old61], Cor-
mack [Cor63], [Cor64], Kuhl and Edwards [Kuh63], DeRosier and Klug
[DeR68], Tretiak et al. [Tre69], Rowley [Row69], Berry and Gibbs [Ber70],
Ramachandran and Lakshminarayanan [Ram71], Bender ef a/. [Ben70], and
Bates and Peters [Bat71]. A detailed survey of the work done in computed
tomographic imaging till 1979 appears in [Kak79].

Detailed information about a number of the applications described in this
book is also covered in books by Macovski [Mac83] and Herman [Her80].
For information about alternate approaches to single photon emission
tomography the reader is referred to [Kno83]. A more detailed presentation
of ultrasound tomography can be found in [Cra82], [Car78b]. Additional
information about the physical basis of nuclear magnetic resonance can be
found in a number of chemistry and physics texts including [Sha76], [Far71],
[Man82], [Pyk82]. The algorithms used to reconstruct images using NMR
information are described in [Cho82], [Hin83], [Man82], [Pyk82].

The reader is also referred to [Kak79], [Kak81] for a survey of medical
tomographic imaging. For applications in radio astronomy, where the aim is
to reconstruct the ‘‘brightness’’ distribution of a celestial source of radio
waves from its strip integral measurements taken with special antenna beams,
the reader is referred to [Bra56], [Bra67]. For electron microscopy
applications, where one attempts to reconstruct the molecular structure of
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complex biomolecules from transmission micrograms, the reader should look
to [Cro70], [Gor71]. The applications of this technique in optical interferom-
etry, where the aim is to determine the refractive index field of an optically
transparent medium, are discussed in [Ber70], [Row69], [Swe73]. The
applications of tomography in earth resources imaging are presented in
[Din79a}, [Lyt80). For information about a large number of industrial
applications the reader is referred to [OSA8S].

4.6 References

[AlI85]

[Alv76a)
[Alv76b]

{Axe83]

[Bat71]

[Bat83]

[Bel79]

[Ben70]

[Ber70}

[Boh78]

[Boy83]
[Bra56}
[Bra67]

[Bro76]

[Bro77a]
[Bro77b}
[Bro78a]

(Bro78b]

[Bro78]

C. J. Allan, N. A. Keller, L. R. Lupton, T. Taylor, and P. D. Tonner,
‘“Tomography: An overview of the AECL program,”” Appl. Opt., vol. 24, pp.
4067-4075, Dec. 1, 1985.

R. E. Alvarez and A. Macovski, ‘‘Energy-selective reconstructions in x-ray
computerized tomography,”” Phys. Med. Biol., vol. 21, pp. 733-744, 1976.
——, ““Noise and dose in energy dependent computerized tomography,’’ Proc.
S.P.LE., vol. 96, pp. 131-137, 1976.

L. Axel, P. H. Arger, and R. A. Zimmerman, ‘‘Applications of computerized
tomography to diagnostic radiology,”” Proc. IEEE, vol. 71, pp. 293-297, Mar.
1983.

R. H. T. Bates and T. M. Peters, ‘‘Towards improvements in tomography,’’ New
Zealand J. Sci., vol. 14, pp. 883-896, 1971.

R. H. T. Bates, K. L. Garden, and T. M. Peters, ‘‘Overview of computerized
tomography with emphasis on future developments,”” Proc. IEEE, vol. 71, pp.
356-372, Mar. 1983.

S. Bellini, M. Pianentini, and P. L. de Vinci, ‘‘Compensation of tissue absorption in
emission tomography,’’ IEEE Trans. Acoust. Speech Signal Processing, vol.
ASSP-27, pp. 213-218, June 1979.

R. Bender, S. H. Bellman, and R. Gordon, ‘‘ART and the ribosome: A preliminary
report on the three dimensional structure of individual ribosomes determined by an
algebraic reconstruction technique,’’ J. Theor. Biol., vol. 29, pp. 483-487, 1970.
M. V. Berry and D. F. Gibbs, ‘“The interpretation of optical projections,’’ Proc.
Roy. Soc. London, vol. A314, pp. 143-152, 1970.

C. Bohm, L. Eriksson, M. Bergstrom, J. Litton, R. Sundman, and M. Singh, “A
computer assisted ringdetector positron camera system for reconstruction tomog-
raphy of the brain,”’ IEEE Trans. Nucl. Sci., vol. NS-25, pp. 624-637, 1978.
D. P. Boyd and M. J. Lipton, ‘‘Cardiac computed tomography,’’ Proc. IEEE, vol.
71, pp. 298-307, Mar. 1983.

R. N. Bracewell, ‘‘Strip integration in radio astronomy,’’ Aust. J. Phys., vol. 9,
pp. 198-217, 1956.

R. H. Bracewell and A. C. Riddle, ‘‘Inversion of fan-beam scans in radio
astronomy,’’ Astrophys. J., vol. 150, pp. 427-434, Nov. 1967.

R. A. Brooks and G. DiChiro, ‘‘Principles of computer assisted tomography (CAT)
in radiographic and radioisotopic imaging,’’ Phys. Med. Biol., vol. 21, pp. 689-
732, 1976.

R. A. Brooks, ‘‘A quantitative theory of the Hounsfield unit and its application to
dual energy scanning,”’ J. Comput. Assist. Tomog., vol. 1, pp. 487-493, 1977.
R. A. Brooks and G. DiChiro, ‘‘Slice geometry in computer assisted tomography,”’
J. Comput. Assist. Tomog., vol. 1, pp. 191-199, 1977.

, “‘Split-detector computed tomography: A preliminary report,”’ Radiology,
vol. 126, pp. 255-257, Jan. 1978.

R. A. Brooks, G. H. Weiss, and A. J. Talbert, ‘‘A new approach to interpolation in
computed tomography,”” J. Comput. Assist. Tomog., vol. 2, pp. 577-585, Nov.
1978.

G. L. Brownell and S. Cochavi, ‘‘Transverse section imaging with carbon-11

MEASUREMENT OF PROJECTION DATA 169



[Bro81]

(Bud74]

{Bud76]

[Bud77]

[Car76]

[Car77]

[Car78a]

[Car78b]

{Cha78]

[Cha79a]

[Cha79b]

[Cho76]

[Cho77]

[Cho78]

[Cho82]

[Chu77]
[Cor63]
[Cor64]

[Cra78]

[Cra82]

labeled carbon monoxide,’” J. Comput. Assist. Tomog., vol. 2, pp. 533-538,
Nov. 1978.

R. A. Brooks, V. J. Sank, W. S. Friauf, S. B. Leighton H. E. Cascio, and G.

DiChiro, ““Design considerations for positron emission tomography,” IEEE
Trans. Biomed. Eng., vol. BME-28, pp. 158-177, Feb. 1981.

T. F. Budinger and G. T. Gullberg, ‘‘Three dimensional reconstruction of isotope
distributions,’’ Phys. Med. Biol., vol. 19, pp. 387-389, June 1974.

, ‘‘Transverse section reconstruction of gamma-ray emitting radionuclides in
patients,’’ in Reconstruction Tomography in Diagnostic Radiology and Nuclear
Medicine, M. M. TerPogossian et al., Eds. Baltimore, MD: University Park
Press, 1976.

T. F. Budinger, S. E. Derenzo, G. T. Gullberg, W. L. Greenberg, and R. H.
Huesman, ‘‘Emission computer assisted tomography with single photon and
positron annihilation photon emitters,”” J. Comput. Assist. Tomog., vol. 1, pp.
131-145, 1977.

P. L. Carson, T. V. Oughton, and W. R. Hendee, ‘Ultrasound transaxial
tomography by reconstruction,”” in Ultrasound in Medicine II, D. N. White and
R. W. Barnes, Eds. New York, NY: Plenum Press, 1976, pp. 391-400.

P. L. Carson, T. V. Oughton, W. R. Hendee, and A. S. Ahuja, ‘‘Imaging soft tissue
through bone with ultrasound transmission tomography by reconstruction,”’ Med.
Phys., vol. 4, pp. 302-309, July/Aug. 1977.

L. R. Carroll, ‘‘Design and performance characteristics of a production model
positron imaging system,”” IEEE Trans. Nucl. Sci., vol. NS-25, pp. 606-614,
Feb. 1978.

P. L. Carson, D. E. Dick, G. A. Thieme, M. L. Dick, E. J. Bayly, T. V. Oughton,
G. L. Dubuque, and H. P. Bay, ‘‘Initial investigation of computed tomography for
breast imaging with focussed ultrasound beams,”’ in Ultrasound in Medicine, D.
White and E. A. Lyons, Eds. New York, NY: Plenum Press, 1978, pp. 319-322.
R. C. Chase and J. A. Stein, ‘‘An improved image algorithm for CT scanners,’’
Med. Phys., vol. 5, pp. 497-499, Dec. 1978.

L. T. Chang, ““A method for attenuation correction in radionuclide computed
tomography,”” IEEE Trans. Nucl. Sci., vol. NS-25, pp. 638-643, Feb. 1979.

, ‘“‘Attenuation correction and incomplete projection in single photon emission
computed tomography,’’ IEEE Trans. Nucl. Sci., vol. 26, no. 2, pp. 2780-2789,
Apr. 1979.

Z. H. Cho, L. Eriksson, and J. Chan, ‘‘A circular ring transverse axial positron
camera,’’ in Reconstruction Tomography in Diagnostic Radiology and Medi-
cine, M. M. TerPogossian et al., Eds. Baltimore, MD: University Park Press,
1976, pp. 393-421.

Z. H. Cho, M. B. Cohen, M. Singh, L. Eriksson, J. Chan, N. MacDonald, and L.
Spolter, ‘‘Performance and evaluation of the circular ring transverse axial positron
camera,’’ IEEE Trans. Nucl. Sci., vol. NS-24, pp. 532-543, 1977.

Z. H. Cho, O. Nalcioglu, and M. R. Furukhi, ‘‘Analysis of a cylindrical hybrid
positron camera with bismuth germanate (BGO) scintillation crystals,”” IEEE
Trans. Nucl. Sci., vol. NS-25, pp. 952-963, Apr. 1978.

Z. H. Cho, H. S. Kim, H. B. Song, and J. Cumming, ‘‘Fourier transform nuclear
magnetic resonance tomographic imaging,”’* Proc. IEEE, vol. 70, pp. 1152-1173,
Oct. 1982.

G. Chu and K. C. Tam, ‘‘Three dimensional imaging in the positron camera using
Fourier techniques,”” Phys. Med. Biol., vol. 22, pp. 245-265, 1977.

A. M. Cormack, ‘‘Representation of a function by its line integrals with some
radiological applications,”” J. Appl. Phys., vol. 34, pp. 2722-2727, 1963.

, ‘‘Representation of a function by its line integrals with some radiological
applications, II,”” J. Appl. Phys., vol. 35, pp. 2908-2913, Oct. 1964.

C. R. Crawford and A. C. Kak, ‘‘Aliasing artifacts in CT images,’’ Research Rep.
TR-EE 78-55, School of Electrical Engineering, Purdue Univ., Lafayette, IN, Dec.
1978.

——, ‘‘Multipath artifacts in ultrasonic transmission tomography,”” Ultrason.
Imaging, vol. 4, no. 3, pp. 234-266, July 1982.

170

COMPUTERIZED TOMOGRAPHIC IMAGING



{Cra86]

[Cro70]

[DeR68]
[Der77a]

[Der77b]

[DiC78]

{Din76]

[Din79a]
[Din79b]

{Due78]

[Epp66]

[Eri76]

[Far71]
[Far78]

{Fla83]

{Gad75)

[Glo77]

[Glo82]
[Goi72]
[Gor71]

[Gre74]

[Gre75]

[Gre78]

C. R. Crawford, ‘‘Reprojection using a parallel backprojector,”” Med. Phys., vol.
13, pp. 480-483, July/Aug. 1986.

R. A. Crowther, D. J. DeRosier, and A. Klug, ‘‘The reconstruction of a three-
dimensional structure from projections and its applications to electron microscopy,”’
Proc. Roy. Soc. London, vol. A317, pp. 319-340, 1970.

D. J. DeRosier and A. Klug, ‘‘Reconstruction of three dimensional structures from
electron micrographs,”’ Nature, vol. 217, pp. 130-134, Jan. 1968.

S. E. Derenzo, *‘Positron ring cameras for emission computed tomography,”” IEEE
Trans. Nucl, Sci., vol. NS-24, pp. 881-885, Apr. 1977.

S. E. Derenzo, T. F. Budinger, J. L. Cahoon, R. H. Huesman, and H. G. Jackson,
*‘High resolution computed tomography of positron emitters,”” JEEE Trans. Nucl.
Sci., vol. NS-24, pp. 544-558, Feb. 1977.

G. DiChiro, R. A. Brooks, L. Dubal, and E. Chew, ‘‘The apical artifact: Elevated
attenuation values toward the apex of the skull,”” J. Comput. Assist. Tomog., vol.
2, pp. 65-79, Jan. 1978.

K. A. Dines and A. C. Kak, ‘“Measurement and reconstruction of ultrasonic
parameters for diagnostic imaging,”” Research Rep. TR-EE 774, School of
Electrical Engineering, Purdue Univ., Lafayette, IN, Dec. 1976.

K. A. Dines and R. J. Lytle, ‘‘Computerized geophysical tomography,”” Proc.
IEEE, vol. 67, pp. 1065-1073, 1979.

K. A. Dines and A. C. Kak, ‘‘Ultrasonic attenuation tomography of soft biological
tissues,”” Ultrason. Imaging, vol. 1, pp. 16-33, 1979.

A. J. Duerinckx and A. Macovski, ‘‘Polychromatic streak artifacts in computed
tomography images,”’ J. Comput. Assist. Tomog., vol. 2, pp. 481-487, Sept.
1978.

E. R. Epp and H. Weiss, ‘‘Experimental study of the photon energy spectrum of
primary diagnostic x-rays,”” Phys. Med. Biol., vol. 11, pp. 225-238, 1966.

L. Erikkson and Z. H. Cho, ‘‘A simple absorption correction in positron
(annihilation gamma coincidence detection) transverse axial tomography,”” Phys.
Med. Biol., vol. 21, pp. 429-433, 1976.

T. C. Farrar and E. D. Becker, Pulse and Fourier Transform NMR,
Introduction to Theory and Methods. New York, NY: Academic Press, 1971.
E. J. Farrell, *‘Processing limitations of ultrasonic image reconstruction,’’ in Proc.
1978 Conf. on Pattern Recognition and Image Processing, May 1978, pp. 8-15.
S. W. Flax, N. J. Pelc, G. H. Glover, F. D. Gutmann, and M. McLachlan,
‘‘Spectral characterization and attenuation measurements in ultrasound,’’ Ultrason.
Imaging, vol. 5, pp. 95-116, 1983.

M. Gado and M. Phelps, ‘‘The peripheral zone of increased density in cranial
computed tomography,’’ Radiology, vol. 117, pp. 71-74, 1975.

G. H. Glover and J. L. Sharp, ‘‘Reconstruction of ultrasound propagation speed
distribution in soft tissue: Time-of-flight tomography,”” IEEE Trans. Sonics
Ultrason., vol. SU-24, pp. 229-234, July 1977.

G. H. Glover, ‘‘Compton scatter effects in CT reconstructions,’’ Med. Phys., vol.
9, pp. 860-867, Nov./Dec. 1982.

M. Goiten, ‘‘Three dimensional density reconstruction from a series of two
dimensional projections,”” Nucl. Instrum. Methods, vol. 101, pp. 509-518, 1972.
R. Gordon and G. T. Herman, ‘‘Reconstruction of pictures from their projections,’’
Commun. Assoc. Comput. Mach., vol. 14, pp. 759-768, 1971.

J. F. Greenleaf, S. A. Johnson, S. L. Lee, G. T. Herman, and E. H. Wood,
‘‘Algebraic reconstruction of spatial distributions of acoustic absorption within
tissue from their two dimensional acoustic projections,”” in Acoustical Hologra-
phy, vol. 5, P. S. Greene, Ed. New York, NY: Plenum Press, 1974, pp. 591-
603.

J. F. Greenleaf, S. A. Johnson, W. F. Wamoya, and F. A. Duck, ‘‘Algebraic
reconstruction of spatial distributions of acoustic velocities in tissue from their time-
of-flight profiles,’’ in Acoustical Holography, H. Booth, Ed. New York, NY:
Plenum Press, 1975, pp. 71-90.

J. F. Greenleaf, S. K. Kenue, B. Rajagopalan, R. C. Bahn, and S. A. Johnson,
‘‘Breast imaging by ultrasonic computer-assisted tomography,’’ in Acoustical

MEASUREMENT OF PROJECTION DATA 171



[Gre81]

[Gus78]

[Hal74]
[Haq78]

. [Hef85]

[Her71]

[Her80]

[Hin83]

[Hof76]

[Hsi76]

[ICR64]

(Iwa75]

[Jak76]

[Joh75]

[Jos78]

{Jos82]

[Kak78]

[Kak79]
[Kak81]
[Kij78]

[Kno83]

[Kuc84]

Imaging, A. Metherell, Ed. New York, NY: Plenum Press, 1978.

J. F. Greenleaf and R. C. Bahn, ‘‘Clinical imaging with transmissive ultrasonic
computerized tomography,”’ IEEE Trans. Biomed. Eng., vol. BME-28, pp. 177~
185, 1981.

D. E. Gustafson, M. J. Berggren, M. Singh, and M. K. Dewanjee, ‘‘Computed
transaxial imaging using single gamma emitters,”’ Radiology, vol. 129, pp. 187-
194, Oct. 1978.

1. Hale, The Fundamentals of Radiological Science. Springfield, IL: Charles
C. Thomas, Publisher, 1974.

P. Haque, D. Pisano, W. Cullen, and L. Meyer, *‘Initial performance evaluation of
the CT 7000 scanner,’’ presented at the 20th Meeting of A.A.P.M., Aug. 1978.
P. B. Heffernan and R. A. Robb, ‘‘Difference image reconstruction from a few
projections for ND materials inspection,”” Appl. Opt., vol. 24, pp. 4105-4110,
Dec. 1, 1985.

G. T. Herman and S. Rowland, ‘‘Resolution in ART: An experimental investigation
of the resolving power of an algebraic picture reconstruction,’” J. Theor. Biol.,
vol. 33, pp. 213-223, 1971.

G. T. Herman, Image Reconstructions from Projections. New York, NY:
Academic Press, 1980. ’

W. S. Hinshaw and A. H. Lent, ‘“An introduction to NMR imaging: From the
Bloch equation to the imaging equation,”’ Proc. IEEE, vol. 71, pp. 338-350, Mar.
1983.

E. J. Hoffman, M. E. Phelps, N. A. Mullani, C. S. Higgins, and M. M.
TerPogossian, ‘‘Design and performance characteristics of a whole body transaxial
tomography,”’ J. Nucl. Med., vol. 17, pp. 493-502, 1976.

R. C. Hsieh and W. G. Wee, ‘‘On methods of three-dimensional reconstruction
from a set of radioisotope scintigrams,’’ IEEE Trans. Syst. Man Cybern., vol.
SMC-6, pp. 854-862, Dec. 1976.

International Commission on Radiological Units and Measurements, ‘‘Physical
aspects of irradiation,”” Rep. 10b. Bethesda, MD: ICRU Publications, 1964.

K. Iwata and R. Nagata, ‘‘Calculation of refractive index distribution from
interferograms using the Born and Rytov’s approximations,”’ Japan. J. Appl.
Phys., vol. 14, pp. 1921-1927, 1975.

C. V. Jakowatz, Jr. and A. C. Kak, ‘‘Computerized tomography using x-rays and
ultrasound,’” Research Rep. TR-EE 76-26, School of Electrical Engineering,
Purdue Univ., Lafayette, IN, 1976.

S. A. Johnson, J. F. Greenleaf, W. F. Samayoa, F. A. Duck, and J. D. Sjostrand,
‘‘Reconstruction of three-dimensional velocity fields and other parameters by
acoustic ray tracing,”’ in Proc. 1975 Ultrasonic Symposium, 1975, pp. 46-51.
P. M. Joseph and R. D. Spital, ‘‘A method for correcting bone induced artifacts in
computed tomography scanners,”” J. Comput. Assist. Tomog., vol. 2, pp. 100-
108, Jan. 1978.

P. M. Joseph, ‘‘The effects of scatter in x-ray computed tomography,”’ Med.
Phys., vol. 9, pp. 464-472, July/Aug. 1982.

A. C. Kak and K. A. Dines, ‘‘Signal processing of broadband pulsed ultrasound:
Measurement of attenuation of soft biological tissues,”” IEEE Trans. Biomed.
Eng., vol. BME-25, pp. 321-344, July 1978.

A. C. Kak, ‘““‘Computerized tomography with x-ray emission and ultrasound
sources,’” Proc. IEEE, vol. 67, pp. 1245-1272, 1979.

——, Guest Editor, Special Issue on Computerized Medical Imaging, IEEE
Transactions on Biomedical Engineering, vol. BME-28, Feb. 1981.

D. K. Kijewski and B. E. Bjarngard, ‘‘Correction for beam hardening in computed
tomography,”” Med. Phys., vol. 5, pp. 209-214, 1978.

G. F. Knoll, ¢‘Single-emission computed tomography,’’ Proc. IEEE, vol. 71, pp.
320-329, Mar. 1983.

R. Kuc, “‘Estimating acoustic attenuation from reflected ultrasound signals:
Comparison of spectral-shift and spectral-difference approaches,”” IEEE Trans.
Acoust. Speech Signal Processing, vol. ASSP-32, pp. 1-7, Feb. 1984.

172

COMPUTERIZED TOMOGRAPHIC IMAGING



[Kuh63]

[Lip83]
[Lyt80]

{Mac83)
[Man82]

[Mar82]

[McC74]
[McC75]
[McD75]

[McD77]

[McK81]
[Mil77]
[Mil78]
(Mue80]
[Mul78]

[Nap81]

[Nor79a]
[Nor79b)
[ODo85]
[01d61]

[OSAS85]

[Per85]

D. E. Kuhl and R. Q. Edwards, ‘‘Image separation radio-isotope scanning,’’
Radiology, vol. 80, pp. 653-661, 1963.

M. J. Lipton and C. B. Higgins, ‘‘Computed tomography: The technique and its use
for the evaluation of cardiocirculatory anatomy and function,”’ Cardiology Clinics,
vol. 1, pp. 457-471, Aug. 1983.

R. J. Lytle and K. A. Dines, ‘Iterative ray tracing between boreholes for
underground image reconstruction,”” IEEE Trans. Geosciences and Remote
Sensing, vol. GE-18, pp. 234-240, 1980.

A. Macovski, Medical Imaging Systems. Englewood Cliffs, NJ: Prentice-Hall,
1983.

P. Mansfield and P. G. Morris, NMR Imaging in Biomedicine. New York, NY:
Academic Press, 1982.

P. M. Margosian, *‘A redundant ray projection completion method for an inverse
fan beam computed tomography system,”’ J. Comput. Assist. Tomog., vol. 6, pp.
608-613, June 1982.

E. C. McCullough, Jr., H. L. Baker, O. W. Houser, and D. F. Reese, ‘‘An
evaluation of the quantitative and radiation features of a scanning x-ray transverse
axial tomograph: The EMI scanner,”’ Radiat. Phys., vol. 3, pp. 709-715, June
1974.

E. C. McCullough, ‘‘Photon attenuation in computed tomography,”’ Med. Phys.,
vol. 2, pp. 307-320, 1975.

W. D. McDavid, R. G. Waggener, W. H. Payne, and M. J. Dennis, ‘‘Spectral
effects on three-dimensional reconstruction from x-rays,’’ Med. Phys., vol. 2, pp.
321-324, 1975.

, “‘Correction for spectral artifacts in cross-sectional reconstruction from x-
rays,”” Med. Phys., vol. 4, pp. 54-57, 1977.

G. C. McKinnon and R. H. T. Bates, ‘‘Towards imaging the beating heart usefully
with a conventional CT scanner,”” IEEE Trans. Biomed. Eng., vol. BME-28, pp.
123-127, Feb. 1981.

J. G. Miller, M. O’Donnell, J. W. Mimbs, and B. E. Sobel, ‘“Ultrasonic attenuation
in normal and ischemic myocardium,”’ in Proc. Second Int. Symp. on Ultrasonic
Tissue Characterization, National Bureau of Standards, 1977.

M. Millner, W. H. Payne, R. G. Waggener, W. D. McDavid, M. J. Dennis, and V.
J. Sank, ‘‘Determination of effective energies in CT calibration,”” Med. Phys., vol.
5, pp. 543-545, 1978.

R. K. Mueller, M. Kaveh, and R. D. Iversen, ‘‘A new approach to acoustic
tomography using diffraction techniques,”’ in Acoustical Imaging, vol. 8, A.
Metherall, Ed. New York, NY: Plenum Press, 1980, pp. 615-628.

N. A. Mullani, C. S. Higgins, J. T. Hood, and C. M. Curie, *‘PETT IV: Design
analysis and performance characteristics,”” IEEE Trans. Nucl. Sci., vol. NS-25,
pp. 180-183, Feb. 1978.

S. Napel, “‘Frequency estimation by coherent vector averaging for doppler blood
flow analysis,”” Ph.D. thesis, Stanford Univ., Stanford, CA, 1981.

S. J. Norton and M. Linzer, ‘‘Ultrasonic reflectivity tomography: Reconstruction
with circular transducer arrays,”’ Ultrason. Imaging, vol. 1, no. 2, pp. 154-184,
Apr. 1979.

, ‘‘Ultrasonic reflectivity tomography in three dimensions: Reconstruction
with spherical transducer arrays,’” Ultrason. Imaging, vol. 1, no. 2, pp. 210-231,
1979.

M. O’Donnell and W. A. Edelstein, ‘*‘NMR imaging in the presence of magnetic
field inhomogeneities and gradient field nonlinearities,”” Med. Phys., vol. 12, no.
1, pp. 20-26, Jan./Feb. 1985.

W. H. Oldendorf, ‘‘Isolated flying spot detection of radiodensity discontinuities
displaying the internal structural pattern of a complex object,”” IRE Trans.
Biomed. Eng., vol. BME-8, pp. 68-72, 1961.

Special Issue on Computerized Tomography, Applied Optics, vol. 24, Dec. 1,
198s.

S. Persson and E. Ostman, ‘‘Use of computed tomography in NDT of polymeric

MEASUREMENT OF PROJECTION DATA 173



[Pes85]

[Phe75]

[Phe78]

[Pyk82]
[Rad17]

{Ram71]

[Rob83]

[Row69]

[Sch84]

[Sha76]

[She77]

[Shu77]

[Sny85]

[Swe73]

[Tam78]

[Ter67]

[Ter78a)

[Ter79b]

[Tre69]

materials,”” Appl. Opt., vol. 24, pp. 4095-4104, Dec. 1, 1985.

K. R. Peschmann, S. Napel, J. L. Couch, R. E. Rand, R. Alei, S. M. Ackelsberg,
R. Gould, and D. P. Boyd, ‘‘High-speed computed tomography: Systems and
performance,”” Appl. Phys., vol. 58, no. 1, pp. 4052-4060, Dec. 1, 1985.

M. E. Phelps, E. J. Hoffman, and M. M. TerPogossian, ‘‘Attenuation coefficients
of various body tissues, fluids, and lesions at photon energies of 18 to 136 KeV,”’
Radiology, vol. 117, pp. 573-583, 1975.

M. E. Phelps, E. J. Hoffman, S. C. Huang, and D. E. Kuhl, “ECAT: A new
computerized tomographic imaging system for positron-emitting radiopharmaceuti-
cals,”” J. Nucl. Med., vol. 19, pp. 635-647, 1978.

I. L. Pykett, ‘“‘NMR imaging in medicine,”’ Sci. Amer., vol. 246, pp. 78-88, May
1982. ’

J. Radon, ‘‘Uber due bestimmung von funktionen durch ihre intergralwerte langs
gewisser mannigfaltigkeiten’> (‘‘On the determination of functions from their
integrals along certain manifolds’’), Berichte Saechsische Akademie der Wissens-
chaften, vol. 29, pp. 262-277, 1917. [See also: F. John, Plane Wave and
Spherical Means Applied to Partial Differential Equations. New York, NY:
Wiley-Interscience, 1955.]

G. N. Ramachandran and A. V. Lakshminarayanan, ‘‘Three dimensional recon-
structions from radiographs and electron micrographs: Application of convolution
instead of Fourier transforms,”’ Proc. Nat. Acad. Sci., vol. 68, pp. 2236-2240,
1971.

R. A. Robb, E. A. Hoffman, L. J. Sinak, L. D. Harris, and E. L. Ritman, ‘‘High-
speed three-dimensional x-ray computed tomography: The dynamic spatial recon-
structor,”’ Proc. IEEE, vol. 71, pp. 308-319, Mar. 1983.

P. D. Rowley, ‘‘Quantitative interpretation of three dimensional weakly refractive
phase objects using holographic interferometry,”” J. Opt. Soc. Amer., vol. 59, pp.
1496-1498, Nov. 1969.

J. S. Schreiman, J. J. Gisvold, J. F. Greenleaf, and R. C. Bahn, ‘‘Ultrasound
computed tomography of the breast,”” Radiology, vol. 150, pp. 523-530, Feb.
1984,

D. Shaw, Fourier Transform N.M.R. Spectroscopy. Amsterdam, the Nether-
lands: Elsevier Scientific Publishing, 1976.

L. A. Shepp and J. A. Stein, ‘‘Simulated reconstruction artifacts in computerized x-
ray tomography,’’ in Reconstruction Tomography in Diagnostic Radiology and
Nuclear Medicine, M. M. TerPogossian et al., Eds. Baltimore, MD: University
Park Press, 1977.

R. A. Schulz, E. C. Olson, and K. S. Han, ‘‘A comparison of the number of rays
vs. the number of views in reconstruction tomography,”’ Proc. S.P.LE., vol. 127,
pp. 313-320, 1977.

R. Snyder and L. Hesselink, ‘‘High-speed optical tomography for flow visualiza-
tion,”” Appl. Opt., vol. 24, pp. 4046-4051, Dec. 1, 1985.

D. W. Sweeney and C. M. Vest, ‘‘Reconstruction of three-dimensional refractive
index fields from multi-directional interferometric data,”” Appl. Opt., vol. 12, pp.
1649-1664, 1973.

K. C. Tam, G. Chu, V. Perez-Mendez, and C. B. Lim, ‘‘Three dimensional
reconstruction in planar positron cameras using Fourier deconvolution of general-
ized tomograms,’’ IEEE Trans. Nucl. Sci., vol. NS§-25, pp. 152-159, Feb. 1978.
M. TerPogossian, The Physical Aspects of Diagnostic Radiology. New York,
NY: Harper and Row, 1967.

M. M. TerPogossian, N. A. Mullani, J. Hood, C. S. Higgins, and C. M. Curie, ‘A
multislice positron emission computed tomography (PETT-IV) yielding transverse
and longitudinal images,”” Radiology, vol. 128, pp. 477-484, Aug. 1978.

M. M. TerPogossian, N. A. Mullani, J. J. Hood, C. S. Higgins, and D. C. Ficke,
“‘Design consideration for a positron emission transverse tomography (PETT-V) for
the imaging of the brain,”’ J. Comput. Assist. Tomog., vol. 2, pp. 439-444, Nov.
1978.

O. Tretiak, M. Eden, and M. Simon, ‘‘Internal structures for three dimensional
images,’’ in Proc. 8th Int. Conf. on Med. Biol. Eng., Chicago, IL, 1969.

174

COMPUTERIZED TOMOGRAPHIC IMAGING



[Tre80]

[Uck85]

[Wan85]

[Wel77]
[Wil78]

[Wre51]

[Yaf77]

fYam77}

O. J. Tretiak and C. Metz, ‘‘The exponential radon transform,”” SIAM J. Appl.
Math., vol. 39, pp. 341-354, 1980.

H. Uckiyama, M. Nakajima, and S. Yuta, ‘‘Measurement of flame temperature
distribution by IR emission computed tomography,”” Appl. Opt., vol. 24, pp.
4111-4116, Dec. 1, 1985.

S. Y. Wang, Y. B. Huang, V. Pereira, and C. C. Gryte, ‘‘Applications of computed
tomography to oil recovery from porous media,”’ Appl. Opt., vol. 24, pp. 4021-
4027, Dec. 1, 1985.

P. N. T. Wells, **Ultrasonics in medicine and biology,”’ Phys. Med. Biol., vol. 22,
pp. 629-669, 1977.

G. H. Williams, *‘The design of a rotational x-ray CT scanner,”’ Media (Proc. of
MEDEX 78), vol. 6, no. 7, pp. 47-53, June 1978.

F. R. Wrenn, Jr., M. L. Good, and P. Handler, ‘“The use of positron-emitting
radioisotope for the localization of brain tumors,’” Nature, vol. 113, pp. 525-527,
1951.

M. Yaffe, A. Fenster, and H. E. Johns, ‘‘Xenon ionization detectors for fan-beam
computed tomography scanners,’’ J. Comput. Assist. Tomog., vol. 1, pp. 419~
428, 1977.

Y. Yamamoto, C. J. Thompson, E. Meyer, J. S. Robertson, and W. Feindel,
‘‘Dynamic positron emission tomography for study of cerebral hemodynamics in a
cross-section of the head using positron-emitting %Ga-EDTA and "Kr,”’ J.
Comput. Assist. Tomog., vol. 1, pp. 43-56, Jan. 1977.

MEASUREMENT OF PROJECTION DATA 175



