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This standard is issued under the fixed designation E 1441; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.
1. Scope examination practices are generally part and application spe-

1.1 Computed tomography (CT) is a radiographic methocFiﬁCa and industrial CT usage is new enough that i|_’1 many
that provides an ideal examination technique whenever thiiStances a consensus has not yet emerged. The situation is
primary goal is to locate and size planar and volumetric detaifomPplicated further by the fact that CT system hardware and
in three dimensions. Because of the relatively good penetrai€rformance capabilities are still undergoing significant evo-
bility of X rays, as well as the sensitivity of absorption cross!ution and improvement. Consequently, an attempt to address
sections to atomic chemistry, CT permits the nondestructivé/€neric examination procedures is eschewed in favor of
physical and, to a limited extent, chemical characterization oProviding a thorough treatment of the principles by which
the internal structure of materials. Also, since the method i€xamination methods can be developed or existing ones
X-ray based, it applies equally well to metallic and non-revised. o _ _ _
metallic specimens, solid and fibrous materials, and smooth 1-5 The principal advantage of CT is that it nondestructively
and irregularly surfaced objects. When used in conjunctiorPrOV'C_ieS quantitative densnom_etnc (that is, densn.y and geom-
with other nondestructive evaluation (NDE) methods, such a§try) images of thin cross sections through an object. Because
ultrasound, CT data can provide evaluations of material integPf the absence of structural noise from detail outside the thin
rity that cannot currently be provided nondestructively by anyPlane of inspection, images are much easier to interpret than
other means. conventional radiographic data. The new user can learn quickly

1.2 This guide is intended to satisfy two general needs fofoften upon fi_rst exposure to the technology) to read CT data
users of industrial CT equipmentl)(the need for a tutorial Pecause the images correspond more closely to the way the
guide addressing the general principles of X-ray CT as thelyqumgn mind wsgahzes Fhree-dlmen3|onal structures thgn con-
apply to industrial imaging; an®) the need for a consistent set ventlo_nal projection radiography. Further, because CT images
of CT performance parameter definitions, including how thes@'€ digital, they may be enhanced, analyzed, compressed,
performance parameters relate to CT system specification@rchived, input as data into performance calculations, com-

Potential users and buyers, as well as experienced CT inspeared with digital data from other NDE modalities, or trans-
tors, will find this guide a useful source of information for mitted to other locations for remote viewing. Additionally, CT

determining the suitability of CT for particular examination images exhibit enhanced contrast discrimination over compact
problems, for predicting CT system performance in newaréas larger than 20 to 25 pixels. This capability has no
situations, and for developing and prescribing new scan proclasswz_il analog. Contrast discrimination of better than 0.1 % at
cedures. three-sigma confidence levels over areas as small as one-fifth
1.3 This guide does not specify test objects and test procéf one percent the size of the object of interest are common.
dures for comparing the relative performance of different CT 1.6 With proper calibration, dimensional inspections and
systems; nor does it treat CT inspection techniques, such as tRgSolute density determinations can also be made very accu-
best selection of scan parameters, the preferred implementatié@tely. Dimensionally, virtually all CT systems provide a pixel
of scan procedures, the analysis of image data to extra¢gSolution of roughly 1 part in 1000 (since, at present,
densitometric information, or the establishment of accept/reject024x 1024 images are the norm), and metrological algo-
criteria for a new object. rithms can often measure dimensions to one-tenth of one pixel
1.4 Standard practices and methods are not within th& SO With three-sigma accuracies. For small objects (less than

purview of this guide. The reader is advised, however, thaft in. in diameter), this translates into accuracies of approxi-
mately 0.1 mm (0.003 to 0.005 in.) at three-sigma. For much

larger objects, the corresponding figure will be proportionally
greater. Attenuation values can also be related accurately to
1 This guide is under the jurisdiction of ASTM Committee EO7 on Nondestruc- material densities. If details in the image are known to be pure
tive Testing and is the direct responsibility of Subcommittee E07.01 on RadiologynomOgeneous elements. the density values may still be suffi-
(X and Gamma) Method. . . . Lo . .
Current edition approved July 10, 2000. Published September 2000. Originall-1€Nt to identify materials in some cases. For the case in which

published as E 1441 — 91. Last previous edition E 1441 — 97. no a priori information is available, CT densities cannot be
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used to identify unknown materials unambiguously, since amuse large slice thicknesses. This leads to reduced axial resolu-
infinite spectrum of compounds can be envisioned that wiltion and can introduce partial volume artifacts in some cases;
yield any given observed attenuation. In this instance, théowever, this is an acceptable tradeoff in many instances. In
exceptional density sensitivity of CT can still be used toprinciple, this drawback can be eliminated by resorting to full
determine part morphology and highlight structural irregulari-volumetric scans. However, since CT is to a large extent
ties. technology driven, volumetric CT systems are currently lim-
1.7 In some cases, dual energy (DE) CT scans can helged in the size of object that can be examined and the contrast

identify unknown components. DE scans provide accurat®f features that can be discriminated.

electron density and atomic number images, providing better 1.11 Complete part examinations demand large storage
characterizations of the materials. In the case of knowrfapabilities or advanced display techniques, or both, and
materials, the additional information can be traded for im-€quipmentto help the operator review the huge volume of data
proved conspicuity, faster scans, or improved characterizatiolenerated. This can be compensated for by stateof-the-art
In the case of unknown materials, the additional informationdraphics hardware and automatic examination software to aid

often allows educated guesses on the probable composition Bfe user. However, automated accept/reject software is object
an object to be made. dependent and to date has been developed and employed in

1.8 As with any modality, CT has its limitations. The most onlylz;h_lrphned Tumbetr tOdef"‘S‘;SI' it o b ded as th
fundamental is that candidate objects for examination must be, ™ € values stated in St units are 1o be regarded as tne

small enough to be accommodated by the handling system 311andard. The values given in parentheses are provided for
information only.

the CT equipment available to the user and radiometrically 1.13 This standard does not purport to address all of the

translucent at the X-ray energies employed by that partlculara]cety concemns, if any, associated with its use. It s the

system. Further, CT reconstruction algorithms require that 3 . - :
fli/ll 180 degrees of data be collected by%he scanne(rq. Object siZ {spon5|b|I|ty of the user of this standard to establish appro-

or opacity limits the amount of data that can be taken in somgrlate safety and health practices and determine the applica-

instances. While there are methods to compensate for incom-'“ty of regulatory limitations prior to use.

plete data which produce diagnostically useful images, th@. Referenced Documents
resultant images are necessarily inferior to images from com- 5 1 ASTM Standards:

plete data sets. For this reason, complete data sets andg 1316 Terminology for Nondestructive Examinatidns
radiometric transparency should be thought of as requirements. £ 1570 practice for Computed Tomographic (CT) Exami-
Current CT technology can accommodate attenuation ranges 5tior?

(peak-to-lowest-signal ratio) of approximately four orders of

magnitude. This information, in conjunction with an estimate3. Terminology

of the worstcase chord through a new object and a knowledge 3.1 Definitions—CT, being a radiographic modality, uses

of the average energy of the X-ray flux, can be used to make afuch the same vocabulary as other X-ray techniques. A

educated guess on the feasibility of scanning a part that has natimber of terms are not referenced, or are referenced without

been examined previously. discussion, in Terminology E 1316. Because they have mean-
1.9 Another potential drawback with CT imaging is the ings or carry implications unique to CT, they appear with

possibility of artifacts in the data. As used here, an artifact isexplanation in Appendix X1. Throughout this guide, the term

anything in the image that does not accurately reflect truéX-ray” is used to denote penetrating electromagnetic radia-

structure in the part being inspected. Because they are not redipn; however, electromagnetic radiation may be either X rays

artifacts limit the user’s ability to quantitatively extract density, or gamma rays.

dimensional, or other data from an image. Therefore, as with 3.2 Acronyms:Acronyms:

any technique, the user must learn to recognize and be able t03.2.1 BW—beam width.

discount common artifacts subjectively. Some image artifacts 3.2.2 CDD—contrast-detail-dose.

can be reduced or eliminated with CT by improved engineering 3.2.3 CT—computed tomography.

practice; others are inherent in the methodology. Examples of 3.2.4 CAT—computerized axial tomography.

the former include scattered radiation and electronic noise. 3.2.5 DR—digital radiography.

Examples of the latter include edge streaks and partial volume 3.2.6 ERF—edge response function.

effects. Some artifacts are a little of both. A good example is 3.2.7 LSF—line spread function.

the cupping artifact, which is due as much to radiation scatter 3.2.8 MTF—modulation transfer function.

(which can in principle be largely eliminated) as to the 3.2.9 NDE—nondestructive evaluation.

polychromaticity of the X-ray flux (which is inherentin the use  3.2.10 PDF—probability distribution function.

of bremsstrahlung sources). 3.2.11 PSF—point spread function.

1.10 Because CT scan times are typically on the order of Summary of Guide

minutes per image, complete three-dimensional CT examina- 41 Thi i i ial introducti h h
tions can be time consuming. Thus, less than 100 % CT “-1 This guide provides a tutorial introduction to the tech-

examinations are often necessary or must be accommodated B§!09y and terminology of CT. It deals extensively with the
complementing the inspection process with digital radio-
graphic screening. One partial response to this problem is to 2 Annual Book of ASTM Standadgol 03.03.
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physical and mathematical basis of CT, discusses the basenergies and becomes more important with higher atomic
hardware configuration of all CT systems, defines a compreaumber, while Compton scattering dominates at higher ener-
hensive set of fundamental CT performance parameters, argles and becomes more important at lower atomic number. In
presents a useful method of characterizing and predictingpecial situations, these dependencies can be used to advantage
system performance. Also, extensive descriptions of terms an@ee 7.6.2 and references therein).
references to publications relevant to the subject are provided. 5.2.1 One particularly important property of the total linear
4.2 This guide is divided into three main sections. Sectionsttenuation coefficient is that it is proportional to material
5 and 6 provide an overview of CT: defining the processdensity, which is of course a fundamental physical property of
discussing the performance characteristics of CT systems, aradl matter. The fact that CT images are proportional to density
describing the basic elements of all CT systems. Section & perhaps the principal virtue of the technology and the reason
addresses the physical and mathematical basis of CT imaginthat image data are often thought of as representing the
Section 8 addresses in more detail a number of importardistribution of material density within the object being in-
performance parameters as well as their characterization arspected. This is a dangerous oversimplification, however. The
verification. This section is more technical than the otheiinear attenuation coefficient also carries an energy dependence
sections, but it is probably the most important of all. It that is a function of material composition. This feature of the
establishes a single, unified set of performance definitions anattenuation coefficient may or may not (depending on the
relates them to more basic system parameters with a femwaterials and the energies of the X rays involved) be more

carefully selected mathematical formulae. important than the basic density dependence. In some in-
o stances, this effect can be detrimental, masking the density
5. Significance and Use differences in a CT image; in other instances, it can be used to

5.1 This guide provides a tutorial introduction to the theoryadvantage, enhancing the contrast between different materials
and use of computed tomography. This guide begins with af similar density.
overview intended for the interested reader with a general 5.2.2 The fundamental difference between CT and conven-
technical background. Subsequent, more technical sectioriwnal radiography is shown in Fig. 1. In conventional radiog-
describe the physical and mathematical basis of CT technologyaphy, information on the slice plane “P” projects into a single
the hardware and software requirements of CT equipment, arlthe, “A-A;” whereas with the associated CT image, the full
the fundamental measures of CT performance. This guidepatial information is preserved. CT information is derived
includes an extensive glossary (with discussion) of CT termifrom a large number of systematic observations at different
nology and an extensive list of references to more technicaliewing angles, and an image is then reconstructed with the aid
publications on the subject. Most importantly, this guideof a computer. The image is generated in a series of discrete
establishes consensus definitions for basic measures of @icture elements or pixels. Atypical CT image might consist of
performance, enabling purchasers and suppliers of CT systenas512 by 512 or 1024 by 1024 array of attenuation values for
and services to communicate unambiguously with reference ta single cross-sectional slice through a test specimen. This
a recognized standard. This guide also provides a few carefullsesultant two-dimensional map of the slice plane is an image of
selected equations relating measures of CT performance to kdlye test article. Thus, by using CT, one can, in effect, slice open
system parameters. the test article, examine its internal features, record the

5.2 General Description of Computed Tomograph@T is  different attenuations, perform dimensional inspections, and
a radiographic inspection method that uses a computer to
reconstruct an image of a cross-sectional plane (slice) through
an object. The resulting cross-sectional image is a quantitative
map of the linear X-ray attenuation coefficient, y, at each point
in the plane. The linear attenuation coefficient characterizes the
local instantaneous rate at which X-rays are removed during
the scan, by scatter or absorption, from the incident radiation as
it propagates through the object (See 7.5). The attenuation of
the X rays as they interact with matter is a well-studied
problem (1)2 and is the result of several different interaction
mechanisms. For industrial CT systems with peak X-ray
energy below a few MeV, all but a few minor effects can be SotRee
accounted for in terms of the sum of just two interactions:
photoelectric absorption and Compton scatterifig. The
photoelectric interaction is strongly dependent on the atomic
number and density of the absorbing medium; the Compton
scattering is predominantly a function of the electron density of
the material. Photoelectric attenuation dominates at lower

. . CT SLICE VIEW
3 The boldface numbers in parentheses refer to the list of references at the end of (PLANEP)

this standard. FIG. 1 A CT Image Versus a Conventional Radiograph
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identify any material or structural anomalies that may existstatistical noise, and the artifacts of the imaging system. Each
Further, by stacking and comparing adjacent CT slices of a testf these aspects is discussed briefly here. A more complete
article, a threedimensional image of the interior can be coneiscussion will be found in Sections 8 and 9.

structed. _ _ _ ) ) 5.3.1 Spatial Resolutior-Radiographic imaging is possible

~ 5.2.3 From Fig. 1, it can be appreciated readily that if anpecause different materials have different X-ray attenuation
internal feature is detected in conventional projection radiogcoefficients. In CT, these X-ray coefficients are represented on
raphy, its position along the line-of-sight between the source display monitor as shades of gray, similar to a photographic
and the film is unknown. Somewhat better positional mforma-image, or in false color. The faithfulness of a CT image
tion can be determined by making additional radiographs fronjepends on a number of system-level performance factors,
several viewing angles and triangulating. This triangulation isyjth one of the most important being spatial resolution. Spatial
a rudimentary, manual form of tomographic reconstruction. Iesolution refers to the ability of a CT system to resolve small

essence, a CT image is the result of triangulating every point igetails or locate small features with respect to some reference
the plane from many different directions. int.

po
an?j.z.:locii(;ilés\?vi?f: g‘.? Vs?:lgrr:;ea?; duastjaﬁ?a;qrggztc?ﬁecszfgtaed 5.3.1.1 Spatial resolution is generally quantified in terms of
And p e y . ttﬁie smallest separation at which two points can be distin-
time. A set of X-ray attenuation measurements is made along

set of paths proiected at different locations around the periphd ished as separate entities. The limiting value of the spatial
P proje : . : P pfresolution is determined by the design and construction of the
ery of the test article. The first part of Fig. 2 illustrates a set o

. L .system and by the amount of data and sampling scheme used
measurements made on a test object containing two attenuau?g

. : . : interrogate the object of interest. The precision of the
disks of different diameters. The X-ray attenuation measure- . : :
. . . mechanical system determines how accurately the views can be
ment made at a particular anglg,, is referred to as a single

view. It is shown asf,,( x), where x' denotes the linear backprojected, and the X-ray optics determine the fineness of

position of the measurement. The second part of Fig. 2 showtsr;]e detail that can be resolved. The number of views and the

measurements taken at several other arfgles’). Each of the number of single absorption measurements per view determine

i o i o the size of the reconstruction matrix that can be faithfully
attenuation measurements within these views is digitized and : ; : X .
: o b reconstructed. Reducing pixel size can improve spatial resolu-
stored in a computer, where it is subsequently conditioned (for.” "~ : : . e !
X . ion in an image until the inherent limit set by these constraints
example, normalized and corrected) and filtered (convolved) AT . i

. . S i . —." 15 reached. Beyond this limit, smaller pixels do not increase the
as discussed in more detail in Section 7. The next step in image__. g . . . ;
N : . S “Spatial resolution and can induce artifacts in the image.

processing is to backproject the views, which is also shown in L . .
i - . .. _However, under certain circumstances, reconstructing with
the second part of Fig. 2. Backprojection consists of projecting .

. . . ; - .ﬁ)lxels smaller than would otherwise be warranted can be a
each view back along a line corresponding to the direction i

; o .~ . _useful technique. For instance, when performing dimensional
which the projection data were collected. The backprojections : . . . :

; . ihspections, working from an image with pixels as small as
when enough views are employed, form a faithful reconstruc-

tion of the object. Even in this simple example, with only four one-fourth the sample spacing can providelmeasurat.)Ie bengfit.
projections, the concentration of backprojected rays already °-3-1-2 It can also be shown that a given CT image is
begins to show the relative size and position of features in th€duivalent to the blurring (convolution) of the ideal represen-
original object. tation of the object with a smpoth, two-dlmen_5|onal Gaussian-
5.3 System CapabilitiesThe ability of a CT system to like _fL_mct_lon called the pomt-sprez_id-fur}ctlon (PSF). The
image thin cross-sectional areas of interest through an objegPecification of the PSF of a system is an important character-
makes it a powerful complement to conventional radiographidZation of a CT system and can be derived fairly accurately
inspections. Like any imaging system, a CT system can nevdfom the parameters of the CT_ system. The effect of the PSF is
duplicate exactly the object that is scanned. The extent t& Plur the features in the CT image. This has two effeds: (
which a CT image does reproduce the object is dictated largel§mall objects appear larger and) Sharp boundaries appear

by the competing influences of the spatial resolution, théj!ffuse. Blyrring the image of smgll opjects _reduces resolution
since the images of two small point-like objects that are close

together will overlap and may be indistinguishable from a
single feature. Blurring sharp edges reduces the perceptibility
of boundaries of different materials for the same reason. This
effect is especially important at interfaces between materials,
where the possibility of separations of one type or another are
of the greatest concern. Thus, knowledge of the PSF of a CT
system is crucial to the quantitative specification of the
maximum resolution and contrast achievable with that system.
5.3.1.3 It should be noted, since it is a common source of
misunderstanding, that the smallest feature that can be detected
in a CT image is not the same as the smallest that can be
resolved. A feature considerably smaller than a single pixel can
INCIDENT X RAYS affect the pixel to which it corresponds to such an extent that
FIG. 2 Schematic lllustrations of How CT Works it will appear with a visible contrast relative to adjacent pixels.

fy, (x)
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This phenomenon, the “partial-volume effect,” is discussed irhardware or software deficiencies in the design and can be
7.6. The difference between the resolution of a small featureliminated by improved engineering.
and the resolution of its substructure is of fundamental impor- 5.3.3.2 The type and severity of artifacts are two of the
tance for CT. factors that distinguish one CT system from another with
5.3.2 Statistical Noise-All images made from physical Otherwise identical specifications. The user must understand
interactions of some kind will exhibit intrinsic statistical noise. the differences in these artifacts and how they will affect the
In radiography, this noise arises from two sourcel:iitrinsic determination of the variables to be measured. For instance,
statistical variations due to the finite number of photons2PSolute density measurements will be affected severely by
measured; anc2{ the particular form of instrumentation and Uncompensated cupping, but radial cracks can be visible with

processing used. A good example in conventional radiographg}0 change in detectability.
is film that has been underexposed. Even on a very uniforng Apparatus

region of exposure, close examlr_1at|0n of the film will reveal 6.1 Modern CT systems, both industrial and medical, are
that only a small number of grains per unit area have been . ;
composed of a number of subsystems, typically those shown in

g:l%?:?i% ?\ cﬁncc?;(?srg-plci ;?:1e”:]S:;T?firrlrgaﬁlfot?]lgc:iL:r%esda?eOIesf 'jsglﬁig. 3. The choice of components for these subsystems depends
9 ) P n the specific application for which the system was designed;

to_ produce an image .With a-given density, the fine-.gra.in ﬁlmhowever, the function served by each subsystem is common in
will have lower statistical noise than the coarse-grain film. INyimost all CT scanners. These subsystems are:

CT, statistical noise in the image appears as a random variation 6.1.1 An operator interface,

superimposed on the CT level of the object. If a feature is g 1 5 A source of penetrating radiation,

small, it may be difficult to determine its median gray leveland g 1 3 A radiation detector or an array of detectors,
distinguish it from surrounding material. Thus, statistical noise g 1.4 A mechanical scanning assembly,

limits contrast discrimination in a CT image. 6.1.5 A computer system,

5.3.2.1 Although statistical noise is unavoidable, its magni- 6.1.6 A graphical display system, and

tude with respect to the desired signal can be reduced to some6.1.7 A data storage medium.

extent by attempting to increase the desired signal. This can be 6.2 Operator Interface-The operator interface defines
accomplished by increasing the scan time, the output of thevhat control the operator has over the system. From the
X-ray source, or the size of the X-ray source and detectorerspective of the user, the operator interface is the single most
Increasing the detector and source size, however, will generallynportant subsystem. The operator interface ultimately deter-
reduce spatial resolution. This tradeoff between spatial resolunines everything from the ease of use to whether the system
tion and statistical noise is a fundamental characteristic of CTcan perform repetitive scan sequences. In short, the operator

5.3.3 Artifacts—An artifact is something in an image that interface determines how the system is used.
does not correspond to a physical feature in the test object. All 6.3 Radiation Sources-There are three rather broad types
imaging systems, whether CT or conventional radiographyOf radiation sources used in industrial CT scannetsXray
exhibit artifacts. Examples of artifacts common to conven-lubes, @) linear accelerators, and)(isotopes. The first two
tional radiography are blotches of underdevelopment on a filnRroad energy spectra are (polychromatic or bremsstrahlung)

or scattering produced by high-density objects in the X_rafle(_:trica_l sources; the third ?s approx'im'ately monqengrgetic
field. In both cases, familiarity with these artifacts allows theradioactive sources. The choice of radiation source is dictated

experienced radiographer to discount their presence qualit?y Precisely the same rules that govern the choice of radiation
tively. source for conventional radiographic imaging applications. A

5331 CT artifacts manifest themselves in somewhat Olifmajorlty of existing CT scanners use electrical bremsstrahlung

¢ ¢ . the CT i : lculated f "~ X-ray sources: X-ray tubes or linear accelerators. One of the
erent ways, f'n(f € |matgfe '? caicu a% brol;n a sehrlez rimary advantages of using an electrical X-ray source over a
measurements. A common artitact 1S caused by béam harde adioisotope source is the much higher photon flux possible
ing and manifests itself as cupping, that is, a false radia

gradient in the density that causes abnormally low values at the
interior center of a uniform object and high values at the mmo,,__::-_—_: DETECTORS
periphery. Artifacts occurring at the interfaces between differ- SOURCE [=+=

ent density materials are more subtle. There is often an
overshoot or undershoot in the density profile at such a density MECHANICAL
boundary. The interface density profile must be well charac- ASSEMPLY
terized so that delaminations or separations are not obscured. If
the interface profile is not well characterized, false positive

indications of defects or, more importantly, situations in which COMPUTER

defects go undetected will result. Thus it is important to

understand the class of artifacts pertinent to the inspection and ORAPHICAL DATA

to put quantitative limits on particular types of artifacts. Some SYSTEM STORAGE

of the artifacts are inherent in the physics and the mathematics . 3 Typical Components of a Computed Tomography (CT)
of CT and cannot be eliminated (see 7.6). Others are due to System
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with electrical radiation generators, which in turn allows detectors have been used successfully with 2-MV X-ray
shorter scan times. The greatest disadvantage of using an X-rapurces and show promise of being useful at higher energies as
source is the beamhardening effect associated with polychravell. S _
matic fluxes. Beam hardening results from the object prefer- 6.4.2 Scintillation Detectors-This type of transducer takes
entially absorbing low-energy photons contained in the conadvantage of the fact that certain materials possess the useful
tinuous X-ray spectrum. Most medical scanners use for ®roperty of emitting visible radiation when exposed to X rays.
source an X-ray tube operating with a potential of 120 to 140BY Selecting fluorescent materials that scintillate in proportion
kV. Industrial scanners designed for moderate penetrating_’l the incident flux ar|1d_ coupling therr? to §on|1e ftypel of device
ability also use X-ray tubes, but they usually operate at highe a':al(a:l(; n\]ﬁg:tsc_?_pggi ;)lpu;ntqnggreedec_f_rr:%a I'Slrﬁrl?) ’elseirt]rsc(:)gls
potentials, typically 200 to 400 kV. Systems designed to scaf”! ; gl : Ight- '

. . .—converter is usually a photodiode or photomultiplier tube, but
very massive objects, such as large rocket motors, use hig

b trahl diati duced by i | video-based approaches are also widely employed. Like ion-
energy bremsstraniung radiation proauced by linear accelerg, o, detectors, scintillation detectors afford considerable

tors. These sources have both hlgh.flux and good penetratloaesign flexibility and are quite robust. Scintillation detectors
but they also have a broad continuous spectrum and thge often used when very high stopping power, very fast pulse
gssomated beam—.har_demng effect. Isotope sources are atraGunting, or areal sensors are needed. Recently, for high-
tive for some applications. They offer an advantage over X-rayesolution CT applications, scintillation detectors with discrete
sources in that problems associated with beam hardening aggnsors have been reported with array spacings on the order of
nonexistent for the monoenergetic isotopes such as Cesium13g pum. Both ionization and scintillation detectors require
and Cobalt-60. They have the additional advantages, which abnsiderable technical expertise to achieve performance levels
important in some applications, that they do not require bulkyacceptable for CT.

and energy-consuming power supplies, and they have an 6.5 Mechanical Scanning Equipment The mechanical
inherently more stable output intensity. The intensity of avail-equipment provides the relative motion between the test article,
able isotopic sources, however, is limited by specific activitythe source, and the detectors. It makes no difference, at least in
(photons/second/gram of material). The intensity affects signalrinciple, whether the test object is moved systematically
to-noise ratio, and, even more importantly, the specific activityelative to the source and detectors, or if the source and
determines source spot size and thus spatial resolution. Both getectors are moved relative to the test object. Physical
these factors tend to limit the industrial application of isotopicconsiderations such as the weight or size of the test article
scanners. Nevertheless, they can be used in some applicatiofffould be the determining factors for the most appropriate

in which scanning time or resolution is not critical. m%tignlt?r#se. ity of ties that h b
L L . .5. e majority of scan geometries that have been
6.4 Radiation Detectors-A radiation detector is used to employed can be classified as one of the following four

measure the transmission of the X rays through the Ot?le enerations. This classification is a legacy of the early, rapid
along the different ray paths. The purpose of the detector is ey ejopment of CT in the medical arena and is reviewed here

convert the incident X-ray flux into an electrical signal, which hecquse these terms are still widely used. The distinctions
can then be handled by conventional electronic processingetween the various scan geometries is illustrated in Fig. 4.
techniques. The number of ray sums in a projection should be .5 1.1 First-generation CT systems are characterized by a

comparable to the number of elements on the side of the imaggngle X-ray source and single detector that undergo both linear
matrix. Such considerations result in a tendency for modern

scanners to use large detector arrays that often contain several " INCREMENTS
hundred to over a thousand sensors. There are essentially two g
general types of detectors in widespread usEsgés ioniza-

tion detectors and2j scintillation counters detectors.

6.4.1 lonization Detectors-In this type of transducer, the
incoming X rays ionize a Noble element that may be in either
a gaseous or, if the pressure is great enough, liquid state. The

MULTIPLE DEGREE —
INCREMENTS J

MULTIPLE
DETECTORS

ionized electrons are accelerated by an applied potential to an T A TEROMTS seruen BaaM B TR ATION MULTIELE PENCIL BEAM

ISLATE/ROTATE SCANNER

anode, where they produce a charge proportional to the
incident signal. lonization detectors used in CT systems are
typically operated in a current integration rather than pulse
counting mode. In some embodiments of the technology, xaay "
. pe . . . . UBE

charge amplification can also be engineered. lonization detec-
tors are rugged and amenable to different implementations. A '
single detector enclosure can be segmented to create linear ' P
arrays with many hundreds of discrete sensors. High conver-  c s caveramos romammorsre D. 44 GENERATION ROTATE/STATIONARY

. . . . . . EAM SCANNER INVERTED FAN BEAM SCANNER
sion and collection efficiencies have been achieved with . . .

. . L. FIG. 4 Four Sketches lllustrating the Evolution of Medical CT
high-pressure Xgnon, WhICh has a density in excess of 1.59/ scan Geometries. Each Embodiment is Representative of a
cm® and an atomic number higher than many scintillators. Such Distinct Generation of Instrumentation

360° CONTINUOUS SWEEP

STATIONAF
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translation and rotational motions. The source and detectanuch longer (that is, minutes) and the dose to the object is
assembly is translated in a direction perpendicular to the X-rapften not an important factor. A secondgeneration scan geom-
beam. Each translation yields a single view, as shown in Fig. Ztry is attractive for industrial applications in which a wide
Successive views are obtained by rotating the test article aninge of part sizes must be accommodated, since the object
translating again. The advantages of this design are simplicitgloes not have to fit within the fan of radiation as it generally
good view-to-view detector matching, flexibility in the choice does with third- or fourth-generation systems. A third-
of scan parameters (such as resolution and contrast), and abiliggneration scan geometry is attractive for industrial applica-
to accommodate a wide range of different object sizes. Thé&ons in which the part to be examined is well defined and scan
disadvantage is a longer scanning time. speed is important. To date, first- and fourth-generation scan

6.5.1.2 Second-generation CT systems use the sanfeometries h_ave_ seen little commercial application, but _there
translate/rotate scan geometry as the first generation. THB2Y be special situations for which they would be well suited.
primary difference is that second-generation systems use a fan©-6 Computer SystemsThel computer system(s) performs
beam of radiation and multiple detectors so that a series div0 major tasks: 1) controlling the scan motion, source
views can be acquired during each translation, which leads tgPeration, and data acquisition functions; argl handling the
correspondingly shorter scan times. Like first-generation sysceconstruction, image display and analysis, and data archival
tems, second-generation scanners have the inherent flexibilig'd retrieval functions. Most modern CT systems partition
to accommodate a wide range of different object sizes, whiclf’€Se functions between separate dedicated microprocessors.
is an important consideration for some industrial CT applica!Mage formulation operations involve intensive computation,
tions. and they are almost always performed with array processors

6.5.1.3 Third-generation CT systems normally use a rotate"fméj 7S ‘I)ﬁ:;agygieSS'%negnZarg:;ilgzsi Imade displav and
only scan geometry, with a complete view being collected by " g play ngs 9 play

the detector array during each sampling interval. To accommd> 0cessIng are subfunctions of the computer system that

date objects larger than the field of view subtended by thgrowdga degre? of image mteractlpn not available W'th
o . ) : : conventional radiography. The mapping between the pixel
X-ray fan, it is possible to include part translations in the scan; . . : . .
) . ; inear attenuation coefficient and the displayed intensity of the
sequence, but data are not acquired during these translations as A
. ) . . . piXel can be changed to accommodate the best viewing
during first- or second-generation scans. Typically, third-

. ) .conditions for a particular feature. Image processing functions
generation systems are faster than their second-generatign - . .
i : -~ . such as statistical and densitometric analyses can be performed
counterparts; however, because the spatial resolution in a : ) o .
: . : onh an image or group of images. The digital nature of the image
third-generation system depends on the size and number @ . .
) L . allows major advances in the way data are processed and
sensors in the detector array, this improvement in speed is . .
; . . analyzed and stored. This process of mapping reconstructed
achieved at the expense of having to implement more sensors ) . . A
pixel values to displayed pixel values is shown in Fig. 5.

than with earlier generations. Since all elements of a third- 6.8 Archival Data Storage-Information such as image

generation detector array contribute to each view, rotate-onlé . . e
. . : ata, operating parameters, part identification, operator com-
scanners impose much more stringent requirements on detectof

: . ~ments, slice orientation, and other data is usually saved
performance than do secondgeneration units, where each vie : ; .
! . archived) in a computer-readable, digital format on some type
is generated by a single detector.

) of storage medium (for example, magnetic tape, floppy disk, or
6.5.1.4 Fourth-generation CT systems also employarotatq)-ptica| disk). The advantage of saving this material in

only scan motion. The difference between third-generation a”@omputer-readable format rather than in simple hardcopy form

fourth-generation systems is that a fourth-generation CT SYSg that it would take dozens of pictures of each slice at different
tem uses a stationary circular array of detectors and only the

source moves. The test specimen is placed within the circle of

detectors and is irradiated with a wide fan beam which rotates UNPARALLELED LATITUDE AND CONTRAST
around the test article. A view is made by obtaining successive

absorption measurements of a single detector at successive

positions of the X-ray source. The number of views is equal to HASIBLLATITRE MANMUM CONTRAST

the number of detectors. These scanners combine the artifact ~_ » cotons e corams.
resistance of second-generation systems with the speed of 2 ] Ve
third-generation units, but they can be more complex and 26— Bk BLUE
costly than first-, second-, or thirdgeneration machines, they s
require that the object fit within the fan of X-rays, and they are

more susceptible to scattered radiation.

6.5.2 A significant factor in driving medical CT systems to z Vo o
use rotate-only scan geometries was the requirement that o B0 T={TmAcx o BLACK
scanning times be short compared to the length of time that &!G. 5 Conceptual lllustration of the Process of Mapping a Large
patient can remain motionless or that involuntary internal  Range of Image Values Onto a Much Smaller Range of

. . - . . Displayable Values. Two Important Cases are Shown: the One on
motion can be |gnored (that IS, Seconds)' These con&deraﬂor{f#e Left lllustrates the Case of Maximum Image Latitude; the One

are not as impp'rtant for in_dUSIrial app'lications in WhiCh SCan on the Right lllustrates the Case of Maximum Contrast Over a
times for specific production-related items can typically be Narrow Range of Contrast
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display conditions to approximate the information contained ira few principal interactions; these are highlighted in Fig. 6.
a single CT image. Also, images of samples made with old an&ome of the possible interactions have yet to be physically
new data sets can be compared directly, and subsequeoibserved.
changes in reconstruction or analysis procedures can be reap-7.2.2 The photon-matter interactions of primary importance
plied to saved data or images. to radiography are the ones which dominate observable phe-
6.9 These elements are the basic building blocks of any Chomenon: photoelectric effect, Compton scattering, and pair
system. Each CT system will have its own particular set ofproduction. Their domains of relative importance as a function
features. It is the responsibility of the user to understand thesef photon energy and material atomic number are shown in Fig.
differences and to select the system most appropriate for the At energies below about 1 MeV, pair production is not

intended application. allowed energetically; and X-ray interactions with matter are
) dominated by processes involving the atomic electrons. Of the
7. Theoretical Background other possible interactions (see Fig. 6), Rayleigh scattering is

7.1 Background—This section will cover the theoretical typically small but non-negligible; the rest are either energeti-
background associated with CT. First, the means of penetratincally forbidden or insignificant. At energies above 1 MeV, pair
radiation interaction will be discussed. Second, the specifics gfroduction is energetically allowed and competes with Comp-
CT will be delineated. ton scattering. Of the other possible interactions, photodisinte-

7.2 X-Ray Interactions-Penetrating radiation is classified gration is typically negligible in terms of measurable attenua-
according to its mode of origin. Gamma rays are produced byion effects, but at energies above about 8 MeV can lead to the
nuclear transitions and emanate from the atomic nucleugroduction of copious amounts of neutrons. The rest of the
Characteristic X rays are produced by atomic transitions ofnteractions are either energetically forbidden or insignificant.
bound electrons and emanate from the electronic cloud. Con- 7.2.3 The three principle interactions are schematically
tinuous X rays, or bremsstrahlung, are produced by the accelustrated in Fig. 8. With the photoelectric effect (see Fig. 8),
eration or deceleration of charged particles, such as frean incident X ray interacts with the entire atom as an entity and
electrons or ions. Annihilation radiation is produced by theis completely absorbed. To conserve energy and momentum,
combination of electron-positron pairs and their subsequerthe atom recoils and a bound electron is ejected. Although the
decomposition into pairs of photons. All evidence suggests thagubsequent decay processes lead to the generation of charac-
the interaction of these photons with matter is independent deristic X rays and secondary electrons, these are not consid-
their means of production and is dependent only on theiered part of the photoelectric effect. As can be seen in Fig. 7,
energy. For this reason, this document refers to penetratintpe photoelectric effect predominates at low energies. Photo-
radiation in the energy range from a few keV to many MeV aselectric absorption depends strongly upon atomic number,
X rays, regardless of how they are produced. varying approximately ag raised to the % or 5" power.

7.2.1 Xrays can in theory interact with matter in only four 7.2.4 With Compton scattering (see Fig. 8), an incident
ways: they can interact with atomic electrons; they can interack-ray interacts with a single electron (which, practically
with nucleons (bound nuclear particles); they can interact wittspeaking, is almost always bound) and scatters inelastically,
electric fields associated with atomic electrons and/or atomimeaning the X-ray loses energy in the process. This type of
nuclei; or they can interact with meson fields surroundingscattering is often referred to as incoherent scattering, and the
nuclei. In theory, an interaction can result in only one of threeterms are used interchangeably. To conserve energy and
possible outcomes: the incident X-ray can be completelymomentum, the electron recoils and the X-ray is scattered in a
absorbed and cease to exist; the incident X-ray can scattelifferent direction at a lower energy. Although the X-ray is not
elastically; or the incident X-ray can scatter inelastically. Thusabsorbed, it is removed from the incident beam by virtue of
in principle, there are twelve distinct ways in which photonshaving been diverted from its initial direction. The vast
can interact with matter (see Fig. 6). In practice, all but amajority of beakground radiation in and around radiographic
number of minor phenomena can be explained in terms of justquipment is from Compton-scattered X rays. As can be seen
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FIG. 6 X-Ray Interactions with Matter
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T T T T T T T e 7.3.2 The task of obtaining a useable data set is reviewed in
120 - - 7.4-7.6. The companion problem of how these data are then
T reconstructed to produce an image of the object is reviewed in
Pair production 7.7 and 7.8.
dominant 4 7.4 Radon Transform-The theoretical mathematical foun-
- dation underlying CT was established in 1917 by J. Raddn
T Motivated by certain problems of gravitational physics, Radon
established that if the set of line integrals of a function, which
is finite over some region of interest and zero outside it, is
- known for all ray paths through the region, then the value of
- the function over that region can be uniquely determined. A
001 005 01 005 1 s 1o o 100 particular function and its associated set of line integrals form
fin MoV a transform pair; the set of integrals is referred to as the Radon
FIG. 7 Principal X-Ray Interactions transform of the function. Radon demonstrated the existence of
an inverse transform for recovering a function from its Radon
transform, providing an important existence theorem for what
téater came to be called CT. Over the years, the process of
gecovering a function from its Radon transform has been
rediscovered numerous timés-9).
7.4.1 In a classic example of the old principle that” like

100 -
- Photoelectric effect
80 dominant

60

Z of absorber

Compton effect
dominant

IHENEE { P inn RN 1|1

in Fig. 7, Compton scattering predominates at intermedia
energies and varies directly with atomic number per unit mas

7.2.5 With pair production (see Fig. 8), an incident X-ray
::‘ti{gcgsavxgiégijstr& ng esltecct::acapﬁld.sl#]fu?gég%stgi 2:22'rcequations have like solutions,” tomography has been demon-

ucleu . XISt, g 1 P rated using many different physical modalities to obtain the
positron pair. Energy and momentum are conserved by th

. ; . . fiecessary line integrals of some physical parameter. Objects
emerging pair of particles. Although the positrons eventuallyranging i?]/ size frorgr]1 bacteriophagpelsé)) to s[,)upernove(ll) J

mterac(,;c Wlthﬁe|e:315l'0l’lsl,: geng:jatm% anntlhllfatt;]on ra_dlatlog, ttr." ave been studied tomographically using a wide variety of
secondary eflect 1S not considered part of the pair productio hysical probes, including X rays (medical CAT scanners or
process. As can be seen in Fig. 7, pair production predominat

: . . . _ ! i ple X-ray CT)(12, 13) sound waves (ultrasonic imaging)
at high energies. Pair production varies approximately Wlﬂ‘k14’ 15) electromagnetic fields (NMR, or, more commonly

atomic number ag (z+1). now, MR imaging) (16), ionizing particles (17, 18) and

7.3 CT Technical BackgrourelCT is the science of recov- pijologically active isotopes (SPECT and PET scannétS)
ering an estimate of the internal structure of an object from 1) These methods have been used to study many types of
systematic, nondestructive interrogation of some aspect of itgaterial properties, such as X-ray attenuation, density, atomic
physical properties. Generally, but not alwdg} the problem  number, isotopic abundance, resistivity, emissivity, and, in the
is kept manageable by limiting the task to a determination of &ase of living specimens, biological activity.
single image plane through the object. If three-dimensional 7 42 The essential technological requirement, and that
information is required, it is obtained by comparing and, if which these various methods have in common, is that a set of
necessary, rgsectionir(@) contiguous cross-sections through systematically sampled line integrals of the parameter of
the object of interest. interest be measured over the cross-section of the object under

7.3.1 Inits most basic form, the CT inspection task consisténspection and that the geometrical relationship of these
of measuring a complete set of line integrals involving themeasurements to one another be well known. Within this
physical parameter of interest over the designated cross-secti@onstraint, many different methods of collecting useful data
and then using some type of computational prescription, oexist, even for the same imaging modality. However, the
algorithm, to recover an estimate of the spatial variation of thequality of the resulting reconstruction depends on at least three
parameter over the desired slice. In order to best illustrate theajor factors: {) how finely the object is sampled2)(how
basic principles of CT, the discussion limits itself to the accurately the individual measurements are made, 3rtb{v
examination problem of determining a single image planeprecisely each measurement can be related to an absolute frame
through an object. Separate sections focuslympat consti-  of reference.
tutes an acceptable CT data s&), gne way in which such a 7.5 Sampling the Radon TransforrGiven this general
data set can be collected, ar®) $ome of the competing effects background, the discussion here now focuses on the specific
that limit performance in practice. The discussion of thetask of tomographic imaging using X rays as the inspection
companion task of image reconstruction limits itself to themodality. For monoenergetic X rays, attenuation in matter is
problem of reconstructing a single two-dimensional imagegoverned by Lambert's law of absorptid@2), which holds
three-dimensional reconstructions are not discussed. The tredhat each layer of equal thickness absorbs an equal fraction of
ment includes the goal of the reconstruction process and ortee radiation that traverses it. Mathematically, this can be
way in which CT data can be reconstructed. expressed as the following:
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where:
I = the intensity of the incident radiation, Q /\ P
di/l. = the fraction of radiation removed from the flux as it x
traverses a small thickness, dx, of material, and L/ >
V] = the constant of proportionality. /
In the physics of X-ray attenuation, p is referred to as the ; / /oetEcToR
linear absorption coefficient. Eq 1 can be integrated easily to >
describe X-ray attenuation in the following perhaps more DIRECT SPACE
familiar form (1): FIG. 9 Schematic lllustration of Basic CT Scan Geometry
| e @ Showing a Single Profile Consisting of Many Discrete Samples
[0)

where:
|
|

for at least §/4) M? linearly independent measurements. Refs
; : ' . (23-25) have examined the minimum number of views and
the intensity of the trangmltted_flux after it has samples per view necessary to reconstruct an arbitrary object
traversed a layer of material of thickness x. from data in which the dominant source of noise is photon
7.5.1 If X rays penetrate a non-homogeneous material, EQ &qgistics. Since the presence of random noise corrupts the data,
must be rewritten in the more general form: one would expect the minimum sampling requirements to be
| = | g e (3) Qreater than they are for noise-free data as well as to be
where the line integral is taken along the direction Ofs_ensitiye to the algorithm employed. Sgrprising[y, most algo-
propagation and gy is the linear absorption coefficient at each {;;Tqrgs;gruzz gdg’éagpr?{\)f;i; isr:ablﬁ,ehl?f:;?):’]:tliltt:é lrer(:]c;r?ﬁ;rlljjrcrz]-
point on the ray path. In X-ray CT, the fractional transmittedSam lina requirement prr icall 9 data set sizes are on the
intensity, /1, is measured for a very large number of ray paths d piing requt h S y'%' Y, | Set slz ds di
through the object being inspected and is then logged to obtaf} @€' of one fo three times the minimal amount, depending on
a set of line integrals for input to the reconstruction algorithms.the system and thﬁ applllcatlon.'ﬁrb.ltra:lly complex ?bJﬁCts
Specifically, the primary measuremeritandl, are processed, 'cduire more data than objects with simple geometrical shapes

o the intensity of the unattenuated radiation, and

“ " . L . or highly developed symmetries.
often *on the fly,” to obtain the necessary line integrals: 7.5.4 The number of views and samples needed depends on
Ju)ds = —In(I/1,) 4)  the approach used and the amount of data required; however,

7.5.2 To obtain an adequate measure of the line integralsndependent of approach, the number of samples per view is
highly collimated pencil beams of X rays are used to make thgenerally more important than the number of views, and the
measurements of the fractional transmittance. In the terminokelative proportion of views and samples should reflect this
ogy of CT, the set of line integrals resulting from a scan of anprinciple. Predicting the amount of noise in a CT image
object can be grouped conceptually into subsets referred to asconstructed with an adequate number of samples and views
views. Each view corresponds to a set of ray paths through this a well-studied problenf23-26) predicting the amount of
object from a particular direction (see Fig. 9). The views arenoise when an insufficient number of samples or views, or
also referred to as projections or profiles, while each individuaboth, is used is more difficult and less well studigd, 27)
datum within a given projection is referred to as a sample or 7.5.5 Second, each line integral must be accurately known.
often simply a data point. It has been found that errors in the measurement of the

7.5.3 As previously indicated, the reconstruction problemfractional transmittance of even a few tenths of one percent are
places a number of severe constraints on the data. First, the sagnificant (28). This places strict requirements on the data
of line integrals must represent a systematic sampling of thacquisition system. As a result, the radiation detectors used in
entire object. If the circle of reconstruction is inscribed ilkn  standard X-ray CT systems, along with their associated elec-
by M image matrix, this impliestt/4) M? unknowns and a need tronics, represent some of the most sophisticated X-ray sensor

10
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technology developed to date. A typical CT system can handlproblem and must be corrected for at some stage in the
a dynamic range (the ratio of peak signal-strength-to-rmsgeconstructive processing (see Ré&8%-36) and references
noise) on the order of a millionto-or{@9, 30) with a linearity ~ therein).
of better than 0.5 %30, 31) 7.6.3 Another source of difficulties is with the finite width of
7.5.6 Third, each sample must be referenced accurately tothe individual pencil beams. A pencil beam of X rays is
known coordinate system. It is useless to have highprecisioieometrically defined by the size of the focal spot of the X-ray
transmission measurements if the exact ray path through tHEource and the active area of each detector element. Because
object to which it corresponds is unknown. This places stricthese are finite, each source-detector line-of-sight defines a thin
demands on the mechanical equipment. Studies have showHiP rather than an infinitely thin mathematical line. As a
that the angle of each view must be known to within a few'®Sult, each measurement represents a convolution of the
hundredths of a degree, and the linear position of each sampfigsired line integral with the profile of the pencil beam. In

within a given projection must be known to within a few tens 9€neral, the width of the strip integrals is small enough that
of micrometreg(28) although some loss of spatial information occurs, no distracting

. . rtifacts are generated. The exception occurs when there are
7.5.7 CT equipment has eyolved to the stage at which eaiiarp changes in signal level. The error then becomes signifi-
of these performance requirements can be reasonably welb,i enough to produce artifacts in the reconstructed image
satisfied. A state-of-the-art scanner routinely colllt.acts m'”'on%hich manifest themselves in the form of streaks between
of measurements per scan, with ea_c_h one quaptlfled accurat gh-contrast edges in the image. These edge artif@2s
and referenced precisely to a specific line-of-sight through thg7_39) are caused by the mathematical fact that the logarithm
object of interest. Once collected, the data are then passed  the line integral convolved with the profile of the pencil
the reconstruction algorithm for processing. beam (which is what is measured) does not equal the convo-
7.6 Physical Limitations on the Sampling Processhe lution of the beam profile with the logarithm of the line integral
quality of the reconstructed image depends on the quality of théwhich is what the reconstruction process desires).
data generated by the scanner. In actual practice, equipment7 6.4 Unfortunately, edge artifacts cannot be eliminated by
and methods are limited in their ability to accurately estimatesimply reducing the effective size of the focal spot or the
line integrals of the attenuation through an obj@&). Some of  detector apertures, or both, through judicious collimation. As
the more prominent sources of inaccuracy are the followingthe strip integrals are reduced to better approximate line
photon statistics, beam hardening, finite width of the X-rayintegrals and reduce susceptibility to edge artifacts, count rates
pencil beams, scattered radiation, and electronic and hardwab@come severely curtailed, which leads to either much noisier
nonlinearities or instabilities, or both. Considerable attention ismages or much longer scan times, or both. In practice, the
devoted to managing these problems. pencil beams are engineered to be as small as practicable, and

7.6.1 The penetrating radiation used by CT systems if further reductions in edge-artifact content are required, these
produced in a number of ways, all of which involve random &’ handled in software. However, software corrections entail

atomic or subatomic processes, or both. The probability of angom_e type of deconvolution procedure to correct for the beam
one atom participating at any given moment in time is remote} rofile (32, 37-39)and are complicated by the fact that the

but the sheer numbers of atoms typically involved guaranteeI tensity profile_ of the pencil beam has a complex geometrical
ape that varies along the path of the X rays.

a finite emission rate. The number of photons produced per unit
time varies because of the statistical nature of the radiation 7-6-5 The same problem occurs when the structure of the

emission process. The variations have well-defined charactefPJect undergoing inspection changes rapidly in the direction
istics, which can be described by what are referred to mathnormfr: t(iht.hﬁ plane fcifhthel_sca?r.] When the (t:r? ang(ta. 'S tsr:zi:?bled
ematically as Poisson statistics. This ubiquitous radiographi Ver the thickness of the slice, the same mathematics that lea

problem of photon statistics is handled in CT by integrating (orO the edge artlfact_ produce Wh".“t In this case is c_ommonly
counting) long enough to keep statistical noise to a diagnosti.r—(afehrcred toasa partlal-vogjme_ aruf qee, 37'39) I man%e;ts .
cally acceptable levgP7, 33) What constitutes an acceptable ltself as an apparent reduction in attenuation coefficient in

. . ) S . those parts of the image where the transverse structure is
noise level is defined by the application and can vary W'dely'changing rapidly. In the absence af priori information,

7.6.2 Beam hardening is a problem encountered with polynothing is known about the spatial variation of object structure
chromatic X-ray sources, such as X-ray tubes or linear accelyithin the plane of the scan, and software corrections are much
erators (linacs). Such bremsstrahlung sources, as opposedre difficult to implement.
monoenergetic (that is, isotopic) sources, produce a fluxwhose 7 6 6 still another source of problems arises from the
average radiation energy becomes progressively higher as dtesence of scattered radiation. When multiple detector ele-
propagates through an object because the lower-energy phgrents are employed, there is always the chance that radiation
tons are preferentially absorbed with respect to the moreemoved from the incident flux by Compton interactions will
energetic ones. This effect compromises the validity of Eq 4e registered in another detector. This scattered radiation,
since W is no longer associated with a single energy but rathgghich becomes more severe with higher energies, cannot be
with an effective energy that is constantly changing along theeasily distinguished from the true signal and corrupts the
ray path. Although this effect can be partially controlled by measurements. This problem can be redu@&d), but not
conscious engineering choices, it is generally a significanéliminated, through the use of proper collimation.

11
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7.6.7 The last type of inaccuracy is electronic and mechaniinto CT problemg24). However, such methods must await the
cal nonlinearities and instabilities. These may result fromfurther evolution of computer technology to make their way
correctable engineering deficiencies or basic physical limitainto commercial CT systems.
tions of the available components. The validity of the data is 7.7.4 When the first CT instruments were introduced in the
compromised in either case. In some cases, the problem can bgrly 1970s, reconstructions were performed with what are
corrected (or reduced) in software; in others, it can be fixeghow classified as finite series-expansion algorithms. The origi-
only by reengineering the offending subsystem. Because thgal EMI scanner invented by G. N. Hounsfield used such an
bulk of existing information on this crucial topic is commer- approach(43). These methods, which included so-called alge-
cially sensitive and therefore proprietary, the literature ispraic reconstruction techniquegg4), simultaneous iterative
relatively sparse. All that can be said on these issues here is thafconstruction technique§5, 46) and maximum entropy
considerable effort is required to keep these types of errorgigorithms(47, 48) are rooted in a completely different branch
small compared to other less manageable sources of error, sugh mathematics from the transform methods described next.
as those discussed above. Stated simply, these methods iteratively alter the reconstruction

7.7 Inverting the Radon Transform The reconstruction matrix until a grid of values is obtained which produces line
task can be defined as follows: given a set of systematimtegrals that match the measured data as nearly as possible.
transmission measurements corrupted by various known ar@dbviously, a large number of figures of merit can be used to
unknown sources of error, determine the best estimate of thgetermine what constitutes the best match, given the statistical
cross-section of the object associated with that data. Cormadluctuations in the data; in addition, great latitude exists in the
(8) and, earlier, Rado(¥) showed that it is possible to “find a implementation of the iterative procedure (see &) and
real function in a finite region of a plane given its line integralsreferences therein).
along all straight lines intersecting the region.” Cormack later 7.7.5 while commercial CT systems no longer use iterative
extended this result in a companion papét) that described methods because of their inherent slowness, they offer numer-
“‘a method for determining a variable gamma-ray absorptiorpus advantages that suggest they could experience a rebirth of
coefficient in a sample from [a finite set of] measurementsyopularity as computer technology continues to develop: they
made outside the sample.” Although Cormack’s algorithmcan be adapted readily to a far broader range of physical
never lent itself well to digital processing, at the time it modalities and geometries (see, for instance, R4® and
provided a valuable existence theorem: it was possible t50)), they are reported to be less susceptible to edge artifacts
recover a useful estimate of the internal structure of an objeq1), they are the preferred method for handling the complex
from a finite number of measurements of the X-ray tl’ansmiSreconstruction prob|ems of emission @]]'81 52, 53) they are
sion through an object of interest. the best way of dealing with limited-angle dafd8) or

7.7.1 Over time, a large number of methods (that is,underdetermined data (too few views or samp(&d) 55) and
algorithms) for recovering an estimate of the cross-section othey can be used when full three-dimensional reconstructions
an object (that is, reconstructing a CT image) from its Radorare performed56, 57) as opposed to merely stacking adjacent
transform (that is, the set of measurements of the fractionalices. (See the review article by Cens@?2) for further
transmittance) have evolved. They can be grouped broadly intmformation.)
three classes of algorithmst)(matrix inversion methods 2} 7.7.6 Transform methods, the third class of restorative
finite series-expansion methods, arg) {ransform methods. algorithms, are based on analytical inversion formulas. Be-
The general features of each are described in 7.7.2-7.7.8.  cause they are easy to implement, are fast in comparison to the

7.7.2 Matrix inversion methods follow naturally from a very other methods, and can produce high-quality images, they are
direct approach to the problem of reconstructingharby M universally used by commercial CT systems. The two primary
image matrix. At the outset, a by M matrix consists of a types of transform methods arel)( the convolution-
blank matrix ofM? unknown attenuation values; while, on the backprojection algorithn{58-60) and (2) the direct Fourier
other hand, each measurement can be described in terms o&lgorithm(4, 61) but the so-calleg-filtered layergram method
linear combination of some fraction of these unknown attenuhas also been used in special situati(6®). They are based on
ation values. Thus, from elementary algebraic considerations,the underlying fact that the one-dimensional Fourier transform
set ofM 2 linearly independent measurements can in principleof a CT projection of an object corresponds to a spoke in
be solved for the unknown attenuation values. Further, becaus®urier space of the two-dimensional transform of that object
a set of linear equations can be solved very generally usin¢he so-called Central-Section Theorem or Projection-Slice
matrices, one class of algorithms focuses on matrix methodsheorem(63)). Thus, in theory, all that is required in order to
(42). obtain an image by this method is to transform each projection

7.7.3 Unfortunately, solving faX unknowns using matrices as it is collected; place it along its proper spoke in two-
involves determining and inverting ahby N matrix. If Nisa  dimensional Fourier space; and when all the views have been
large number, such ab1?, the size of the matrix and the Pprocessed, take the inverse two-dimensional Fourier transform
inversion task becomes completely intractable with currento obtain the final image. This method is called the direct
computer technology. This is not to say that matrix inversionFourier transform algorithm.
methods are not valuable, but that they should not be judged on 7.7.7 Within this general framework, there is considerable
the basis of contemporary commercial merits. Basic research iatitude concerning which of the steps to conduct in Fourier
this area is an ongoing enterprise and provides valuable insiglspace and which to conduct in direct space. The advantages of
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each must be weighed against the disadvantages. The direepresents the fractional transmittance of a narrow beam of X
Fourier algorithm is potentially the fastest method; howeverrays through the object, which is assumed to be sufficiently
due to interpolation problems, X-ray CT images have not yetvell approximated by small, discrete pixels of constant attenu-
been reported with the same quality as those obtained with thation. During backprojection, the value of each sample in the
convolution-backprojection metho@1, 63, 64) Although  profile is numerically added to all of the image pixels that
some recent work has showed promising res(8t), direct participated in the attenuation process for that sample. Con-
Fourier techniques are used primarily in applications thateptually, backprojection can be thought of as smearing each
collect Fourier transforms of the projections directly, such agprofile back across the image in the direction of the radiation
radio astronomy and magneticresonance (MR) imagBfy propagation.

67). The convolution-backprojection method (or its twin, the 7.8.2 Frame C shows the net result of this operation. For a
filtered-backprojection method) is theoretically not as fast apoint object, the profiles superimpose to produce a central
the direct Fourier method, but it produces excellent images anspike with a broad skirt that falls off asrifat any radius, the
with special-purpose hardware is capable of acceptable reconumber of backprojected rays radiating from the center is a
struction times. The-filtered layergram is impracticable when constant). It is implicitly assumed here that a large number of
dealing with large amounts of digital data (a deficiency thatprofiles have been used; hence the smooth, featureless falloff.
eliminates its use in commercial CT systems) but has the virtu®ne of the earliest attempts at reconstruction used this ap-
of lending itself nicely to optical implementatioi®8, 69) a  proach(6). The product was a blurry but diagnostically useful
technigue that could someday be used to process most CT dafmage, at least in the absence, at that time, of a viable
These methods are reviewed, along with several tutorials, ialternative.

the article by Lewitt(63). 7.8.3 Fig. 11 shows an improved version of this basic

7.7.8 For the sake of completeness, it should be mentioneghproach. Frame A shows the same scan situation depicted in
that there is also a small class of reconstruction algorithms thatig. 10. In Frame B, however, each profile has been convolved
are a hybrid of transform and series-expansion methods anglith a function that preserves the essential response of the
hence do not fit logically into either of these two broad groupsdetector to the presence of the point object but adds a negative
Some examples are described in R&3). tail to beat down the 1k falloff that occurs with pure

7.8 Convolution-Backprojection MethodsIn order to give  pack-projection. The result of back-projecting these modified
the user a more intuitive feeling for the reconstruction processprofiles is schematically illustrated in Frame C, where the point
the convolution-backprojection algorithm is described. It ispbject is shown reconstructed in much sharper detail. This
provided to give a sense of how such large amounts of data cagb-called convolution-back-projection method is the method
be processed efficiently into a highquality image. No effort isysed by virtually all commercial CT systems. It is easy to
made to be mathematically rigorous; the interested reader ignplement with digital techniques, is numerically robust, and is

referred to Re(?O) for a particularly readable account and to adaptable to special-purpose computer equipment, such as
Ref (63) for a more detailed, but still lucid, treatment of this array processors or hardwired back-projectors_

algorithm. . o 7.8.4 To obtain an idea of how this appears mathematically,
7.8.1 First, consider the sequence of steps shown in Fig. 1@ne results of Eq 4 are rewritten in the following form:
Frame A shows a point object being scanned and the idealized

response of a single detector as it traverses the field of view. P(®, p) = ~In[I(6.p /o] = Julx y) ds ©)
Frame B shows each of the many profiles collected during this As before| represents a single ideal measurement, but it has
scan backprojected across an initially blank circle of reconbeen rewritten to explicitly recognize that the detector is
struction. Backprojection can be thought of as reversing theriented with respect to the object at some an@lend some
data collection process. Each sample within a given projectioposition,p, as indicated in Fig. 9, is the unattenuated signal

DETECTOR
RESPONSE A

X-RAYS

> Hnmox /
L

CIRCLE OF /(
RECONSTRUCTION ~
> D X-RAY CIRCLE OF CIRCLE OF
SOURCE RECONSTRUCTION RECONSTRUCTION
A. PROJECTION OF A POINT OBJECT B. NORMAL BACK PROJECTION TECHNIQUE C. RECONSTRUCTED IMAGE OF A POINT

FIG. 10 Straight Backprojection
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DETECTOR

REsPONSE A
> []DEI'ECI‘OR \{
-~

CIRCLE OF yd
RECONSTRUCTION > 0 X-RAY
> CIRCLE OF
SOURCE O RUCTION RECONSTRUCTION
A. PROJECTION OF POINT OBJECT B. FILTERED BACK PROJECTION TECHNIQUE ~ C. RECONSTRUCTION IMAGE OF A POINT

FIG. 11 Convolution Backprojection

level, pk, y) is the two-dimensional distribution of the linear faster way to do it), the method is called filtered-back-
attenuation coefficient of the object, add is an element of projection. This distinction is frequently overlooked, and the
distance along the X-ray path through the object at abgled  two terms are often used interchangeably.

positionp. The values of (6, p) are normalized to unity and :
logged to yield a set of estimated line integrals through the8' Interpretation of Results

object,P (8, p). 8.1 Technical Objectives-The goal of a CT X-ray imaging

7.8.5 With this notation, the convolution-backprojectionSystem is to nondestructively produce internal images of
process Schematica”y shown in F|g 11 can be written a@bjeCtS with sufficient detail to detect crucial features. The task

follows: of the CT user is to specify the system that will satisfy a
S particular need and to verify that the specification is met. The
HX y) = fo f P(6, p)g(p — m)dndd (6)  visibility of a feature in a CT image depends on the difference
in X-ray attenuation between the feature and its background,
where: size of the feature, size of the background object, X-ray optics,

g = the convolution function of the Shape-theoretical form: number of samples collected, X-ray exposure, and numerous

other factors. To predict accurately the performance of a given
2<8(r) 1 system in specific application requires a very complicated
1)

m
9r) =—5 ; (7)  modeling process. However, many researchers have shown that

detectability obeys some fairly simple rules and can be

where: expressed as a function of system noise, system resolution, size
d(r) = the Dirac delta function. and composition of the background object, and size and

There is an obvious problem with expressigdr) in this  composition of the feature.
form when working with digital computers. A severe discon- 8.1.1 It will be shown in the following sections how these
tinuity exists near the origin where, loosely speaking, the deltaules can be used to help specify a CT system as well as how
function must in some way be attached to ther? Ithil.  they can be used to verify a specification. First, some back-
However, this expression is presented only to give the readeground is presented to help the user understand the roles of CT
an idea of the behavior df (r); the rigorous mathematics of system resolution and noise in detectability. Contrast is defined
how such functions are handled digitally in practice are treateth 8.2. The effect of system resolution on contrast is discussed
in the literature (see Re{63) and(70) and references therein). in 8.3. The effect of system noise on contrast is discussed in

7.8.6 In words, Eq 6 and Eq 7 say thatxpf) can be 8.4. The findings of various researchers that relate contrast
recovered from a complete set of line integr&$0, p), by first  detectability (with a 50 % confidence level) to object size and
convolving each projection with a special functian(that is,  system noise are presented in 8.5. The results of the previous
the integral overn in Eq 6) and then backprojecting each sections are combined in 8.6 to aid the user in specifying a
convolved view to obtain the final image (that is, the integralsystem for a particular need. The user is shown how to measure
over 6 in Eq 6). Convolving the views with the functiog,  the performance of an existing system in 8.7.
given in Eq 7 accomplishes two task$) he first term is just 8.2 Contrast—The quantity that is reconstructed in X-ray
the polar-coordinate version of the delta function and serves t€T imaging is the linear attenuation coefficient, u, usually
preserve the basic profile of each view; a@yithe second term within a two-dimensional slice defined by the thickness of the
corrects for the blurring introduced by the back-projectionX-ray beam. It is measured in units of chand is directly
algorithm. In CT terminology, if the convolution is conducted proportional to the electron density of the material. To be
in direct space (that is, the inner integral in Eq 6 is evaluatediistinguished, a feature must have a linear attenuation coeffi-
directly), the method is called convolution-back-projection; if cient, y, that is sufficiently different from the linear attenuation
it is conducted in Fourier space (which is generally a muckcoefficient of its background material,.u
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8.2.1 Linear attenuation coefficients are functions of the
incident X-ray energyk. Fig. 12 shows the functional energy
dependence of the X-ray linear attenuation coefficients of two ®
hypothetical materials,;jand 4. It is seen that the degree of
contrastA, between two materials varies greatly as a function
of the energy. (For simplicity in these discussions, the X rays
used are assumed to have a single eneBy,or to be
approximated by some mean enerdy, if a spectrum of 1}
energies is used.) The X-ray energy is an important parameter
that must be chosen for a given scan specification. It would He T —T_

IE:

seem advantageous to choose a low energy to maximize
contrast; however, the attenuation coefficient is large for low © Ll
energies, and this results in poor X-ray transmission and high
system noise, which is detrimental to good detectability. Also,
higher-energy systems usually have significantly higher X-ray

. x (distance)
flux than lower energy systems. The optimum tradeoff clearly
depends, to a great extent, on the specific application. A
8.2.2 Contrast in CT has been defined historically as the PDF I‘vA""i
percent difference of a feature from a background material. 1ok
Contrast, %~ l“'—ubut" X 100 % (8) ©

This expression has the disadvantage of being infinite for a
feature in air, for which p is effectively zero, but it is
convenient for comparing the contrast of different materials in p P 4
a given background. It should be noted that this definition for rig. 13 (a) A Sketch Illustrating a CT Reconstruction of a Small
contrast assumes that the feature in question extends througlfeature of Attenuation Coefficient i, Embedded in the Center of
out the thickness of the CT slice. If the feature has thickihess a Btﬁckngde Mf\tePrialf_lof ?;}tenua;i%? CFoefIicientlz ) b éb() )AAF’Iot of

o H H H H e ensi rotile rou e reature In (a); and (C
Fulf’ifzse:rp:dgfcde(\;wé?/ Etihsell;:aecf)c;r}flrger thicknessghe contrast is Probability-DiZtribution !_:l_mctgion (PDF_) for the Attenuation
/ . ’ . . Coefficients Found in (a)

8.2.3 If the CT imaging system did not introduce degrada-
tion, a profile through the center of the feature shown in Fig.
13(a) would have the crisp shape shown in Fig. 13(b).
Probability-distribution functions PDF{uand PDF(y), which
describe the probabilities of finding a given value u inside th
feature and inside the background, respectively, are plotted i) ) : .
Fig. 13(c). In the absence of degradation, only the valye p his blurring also affgcts the pe_rcewed F;o.ntrast,.espemally of
appears in the background, and only the valpears in the small features. To a first approximation, it is possible to derive

feature, with each normalized to unit probability. The contras Wo-dimensional blurring function that can be convolved
difference, Ay, is simply given by: with an object to produce the equivalent of a CT image. This

B blurring function, called the point-spread function (PSF), is the
AR= T = ) response of the system to an ideal point object. In this
As resolution and noise are introduced into the discussiongiscussion, it will be assumed that the PSF has circular
the effect of each on the profile of Fig. 13(b) and the PDF ofsymmetry and is uniform throughout the image. In this case,
Fig. 13(c) will be monitored. the modulus of the one-dimensional Fourier transform of a
profile through the PSF gives the modulationtransfer function
(MTF) (71) of the system, which describes the differential
ability of the system to reproduce spatial frequencies. In
general, low frequencies (large, homogeneous features) are
reproduced more faithfully than high frequencies (small fea-
u tures).
(el 8.3.1 First, a simple approximation to the PSF is discussed,
and its effect on the profile of Fig. 13(b), on the PDF of Fig.
0 — 13(c), and on the effective contrast of small features is
illustrated. Three methods of obtaining the MTF are then
discussed: one theoretical and two experimental. It should be
i E,,f,gy emphasized that the MTF is not merely a computational
FIG. 12 A Sketch lllustrating the Dependence of Contrast curiosity; it is used both to predict and to measure system
Difference Ap Upon the Energy of Incident X Rays performance.

»
-

8.3 Resolutior—The finite number and width of the X-ray
éaeams causes the blurring of a feature, which can alter both the
hape of the feature and the resolvability of multiple features.
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8.3.2 For the purpose of illustration, the PSF can be ap- PSF *  Feature = Blurred Feature
proximated by a cylinder of diamet&W (72) that approxi- BWSW | 4, SWP
mates the beam widtiBW is a function of the detector width 8 []K%T i
d, the X-ray source widtta, the distance between the source = T
and the detectdr, and the distance between the source and the B sW s [+ s
imaging pointq as follows:

d? + [aM — 1)]? 0 4
BW= M (10) ® = % _A{i
where: —| BW |+ —} BW je— f—2BW—]
L
M= a 11) —| LW-BW |— n

The quantitiesd, a, L, andq are illustrated in Fig. 14. A = _Ai; Aw
justification for Eq 10 will be given in the discussion of the T T
MTF that follows (see also R€f72)). —BW e 1w LW +BW |

8.3.3 Fig. 15 shows the convolution of the PSF with featuresFIG. 15 A Sketch lllustrating the Two-Dimensional Convolution of
that are smaller than, equal to, and greater than the PSF, Fi%g?:}gt’ggﬁifegrg)ions(svsf Z%D(iﬁ)m?vevr— Bﬁvwﬂéh(geitv“vrisé)ﬁv
15(6') shows the result of c_onvolvmg the PSF of dl?.thﬁt The Symbol (*) Represents the éonvolution of 'Iiwo Functions
with a smaller feature of diamet&Wand contrast difference
Ap. The imaged feature will be a truncated cone with bas
(BW + SW and contrast differenc&p(SW/BW.? Thus, the
system PSF reduces the contrast of features smaller than t
beam width by the ratio of their areas and increases the widtn1
of the imaged feature to approximately that of the PSF. Figt.
15(b) shows the result of convolving the PSF of diam&ér :

el'hese results will prove very useful later in the discussion on

mee relationship between detectability and feature size.

8.3.4 The fact that the CT imaging process is discrete rather

an continuous has been ignored thus far. In fact, the projec-

on data is sampled at some discrete spatial increment,

with a feature of diameteBW and contrastAp. The imaged Sampling theory dictates thatpe B\MZ. at most. The presen-
tation of the reconstructed image is also discrete. Again,

feature will be a cone of baseB¥ and maximum contrast . . > .
difference Ap. Fig. 15(c) shows the result of convolving the ;amplmg theory holds that pixel sizap, in the reconstructed

PSF of diameteBW with a larger feature of diametéiV and image .ShOUId be equal to or small_er trmto_preserve spatial
contrast differencép. The imaged feature will be a truncated resolutloq. In terms of the convolut_lon of Fig. 15, t_he smallest
cone of baseBW + LW) and contrast differencap. Thus, the s W'.” occupy at least four tppixels, anq possm_ly more.
diameters of features much wider than the PSF are affectegoi'\i')?ut:z;g'W}ti(?gesggvgzgzedi:gféfSc;rr]n;)rlri]r?g i;:lsdr?gijotr??ge
only slightly, and the contrast in their centers is not alteredideal image of Fig. 12(a). The profile through the feature is
now rounded at the edges. Fig. 16(b), which is a plot of the new
probability-distribution functions (PDFs), shows that the PDF
_’M‘— of the background now has values larger thgrapd that the
i PDF of the feature has values smaller than p
8.3.6 The convolution of multiple features in the image with
the PSF of the system illustrates the concept of the modulation-
transfer function (MTF). Fig. 17 shows a central, one-

i dimensional profile of the convolution of the PSF of widi/
> l with periodic features of diameteD whose centers are

separated by 2. These periodic features are dominated by
spatial frequencies of value 1I§2. Notice that as long ad =
BW, the effective contrast\{1), is not reduced; whereas far
< BW, the effective contrast is reduced. Furthermore, there is
no contrast at all at approximatel = BW/2. This spatial
frequency at approximately BW is called the cut-off fre-
quency and represents the effective resolution limit of the
system because frequencies above this value are significantly
altered by the system and cannot contribute to a faithful
Y representation of the object. Fig. 18(d) shows a plot of the ratio
_.{ ¢ o of tht_e effective contr_ast,A(p)e, to the true co_ntr_astAp, as a
function of the spatial frequency 1[03. This is the MTF
FIG. ClT4 SAC;'??;“wﬁztrz‘tiz%;qﬁfggg;?r’wigt‘ﬁ X'Eiasytﬁge;(chg curve. It can be measured experimentally for a real system
gource Width,’ L is the Distance Between the éource and the g from scans ,Of spatial _gages Slm”,ar to tho,se of F'Q- 17.
Detector, and g is the Distance Between the Source and the However, this method is open to interpretation and is not
Imaging Point recommended for an impartial system analysis.

16



A E 1441 — 00
“afl

4
Imaged Cylinder
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FIG. 16 (a) A One-Dimensional Profile Through the Center of a
Feature Convolved with a CT PSF and Pixelized; and (b) A

Probability-Distribution Function for the Profile in (a)
FIG. 18 An lllustration of the Procedure for Obtaining the MTF
From a CT Image of a Small Cylinder: (a) Sketch indicating
Relative Orientation of Three Different Line Profiles Through the
wie [ @>BW) Center of the Imaged Cylinder; (b) The Result of Aligning and

PSF * Discs or Line Pairs -) Blurred Result

I‘ K Averaging Many Edge Profiles, the Edge-Response Function,
] . . 1 ’i" ERF; (c) The System Line-Spread Function, LSF, Obtained by
o ’ : - Differentiation of the ERF; and (d) The System Modulation-
' Transfer Function, MTF, Obtained by Discrete Fourier
—fEwf— D @=-BW) Transformation of the LSF
UL AAAT
4 i - i 1 one-dimensional Fourier transform (FT) of a circularly sym-
> BW e— metric PSF and is given by the following expression:
— (D <BW) F f
_w1<— —>| pfe— . (j[)g MTF(f) = C?N( ) Few(®Fuov(OFinr(HFpix(f) (12)
—L-|— Bu NN
— = e i T where:
e F con( = the FT of the convolution function,
—iw— > @=BWD) Faw() = the FT of the effective beam width,
] BiR ¥ —© Fuov(f) = the FT of the data integration factor,
Hﬂ ‘i" Fint(® = the FT of the linear interpolation function in
- e the image reconstruction,
FIG. 17 An lllustration of a One-Dimensional Profile Through the ]IC:P'X( ) f tﬂe FT O_f Iﬂ;e display funptlboln, %ndh fth
Center of Periodic Features of Varying Diameters Which Have = the Spath reque”CY Va“a_ e. Each of these
Been Convolved With a CT PSF: (a) D > BW, (b) D = BW, (c) BWI2 factors will be described briefly.
<D< BW, and (d) D =BWI2 8.3.8 The factorFcqy (f)/f is the convolution filter factor,

assuming a reconstruction process of parallel-beam convolu-
tion and backprojection. (The reconstruction process is beyond
8.3.7 The following discussion describes how to obtain ahe scope of the present discussion.) The interested reader is
theoretical expression for the MTF of a hypothetical systemreferred to Ramachandrgi3) or Shepp and Loga(v4). The
The formalium applies to a parallel-beam method of datdilter factor due to Ramachandran is used when high resolution
collection, but the expressions for fan-beam data collection aris desired and the contrast is large enough that noise is not an
analogous. The method is attributed to Glover and Eiéfiy  issue. The filter factor due to Shepp and Logan is used when
who show that the MTF is approximately equal to thenoise is high, contrast is low, and high resolution is not the
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primary objective. The factors for these two filters are givenlar to the cylinder edge. Many profiles can be aligned and
below, wheres is the linear spacing between samples in aaveraged to reduce system and quantization noise on the

profile: edge-response function (ERF) (Fig. 18(b)). The LSF is esti-
FR () mated by taking the discrete derivative of the ERF (Fig. 18(c)),
—¢~— = 1[Ramachandran (13)  and its discrete FT is taken to obtain the MTF (Fig. 18(d)).

(Note that, by convention, the height of the MTF is normalized
[ Shepp and Logdn (14) to'u'nity.) This' procedure is easy to execute and not open to
mis misinterpretation.
8.3.9 Yester and Barné%2) describe the FT of an arbitrary 8.4 Noise—In the previous section, the extent to which the
beam shape as follows, where these quantities are defined in Bystem PSF degrades contrast and resolution has been inves-

Feon)  sin(wfs)

—F— =

10 and Eq 11: tigated. However, no factor has been introduced thus far that
fd wfaM — 1) would prevent detection of a feature (except at the cutoff
sin[v ] sin[T] frequency). In this section, system noise is added to the model
Few(F) = — 5 wfaM — 1) (15)  of system behavior, and its impact on detectability is explored
M v — in terms of basic system performance parameters.

8.4.1 ltis not possible to build an X-ray CT imager without
L —.hoise. Even if electronic noise and scatter noise are minimized,
_good approximation by the FT of a square beam whose W'dt}auantum statistics dictates that there will be variation in the
Is BW, given pre\_/lousl_y by Eq 10' . number of X rays detected from the source. The photon noise

8.3.10 Collecting discrete signals from a moving X-ray 5, yhe x-ray signal is known to obey Poisson statistics; that is,

source s eql_leaIent to cpnvplutlon by a Square funcuon WhOSg is characterized by the fact that the variance of the signal is
width is the linear sampling incremesitlts FT is given by the equal to its mean. It is customary to specify noise as the

They also note that this function can be approximated to a

following: standard deviation, which is the square root of the variance.
Foo(f) = sin(wfs) (16) This means that if an average pfphotons is detected in a
Mov wfs given sampling period, the number actually recorded in any

8.3.11 Since data values are computed at discrete points aR@rticular interval will be in the range of = 1/n approxi-
the reconstruction process requires values at intermediaf@ately 70 % of the time. _ _ _
points, some form of interpolation must be conducted. One 8.4.2 The effect that noise has on a CT image is complicated

common form is linear interpolation whose FT has the follow-by the reconstruction process. For a parallel-beam scanner
ing form: geometry, Barrett and Swind€lf'6) show that the noise at the

center of a reconstructed cylinder of radRgirradiated by X

For(f) = m @a7)  rays of effective energ§ is given by the following formulas
(mfs) for the Ramachandrancg) and Shepp and Loganség,)
8.3.12 Finally, the interpolated data are displayed on a&onvolution filters:
square grid of widthAp. Since this representation is equivalent 0.91
to a convolution, the MTF is also multiplied by the following IR = 5 /v O [Ramachandargn (19)
factor: 0.71
; 0 %L = —7=0 (Shepp and Logan (20)
Fox(f) = —Slr:(T;TAfép) (18) S\/\_/

=
=
@
@
@

8.3.13 Eq 12 is useful for predicting the MTF of a hypo-
thetical system. The relationship between the PSF and the MT%/ the spatial sampling increment, and
also suggests a superior method for measuring the MTF of an, | the standard deviation of the noise on the samples in
existing system. Slnce' the PSF |s'|deally the system response to the profile data.
a point function, a point can be imaged, and the PSF can be tpe computation of the noise on the profile datg, is
obtained directly as a profile of this point image. In praCt'Cecomplicated by the fact that the profile data is the natural

however, point objects always have some width. Fortunately, ifygarithm of the ratio of the intensity of the unattenuated
can be shown that the one-dimensional profile of a circularly.yjiation n, and the detected signal. Also, there is likely to be
SYmme‘”C PSFis fF’“gh'Y equivalent to a profile taken PErPeN5qditional noise from the detector electronics and scattered
dicular to the two-dimensional response of the system to a lingyiation. In a detailed analysis, these contributions must be
the line-spread function (LSKYS). Although aline is equally jqj,ded, and they will increase the noise. However, in the
difficult to image, the LSF is well approximated by the first 505 0ximation that photon noise dominates, the minimum
derivative of the response of.the system fo an edge,_ th ossible data noises, is given by the following expression,
so-called edge-response function (ERF), which is obtaine here 14( E) is the linear attenuation coefficient of the cylinder:

the number of views or orientations,

easily.
8.3.14 Fig. 18 illustrates the process of obtaining the MTF oy = [—1__ + % ]/2 (21)
experimentally from the image of a simple cylinder. The use of nexd—21, (BR,]

a cylinder (Fig. 18(a)) is preferred because, once its center of Notice that the noise decreases with increasimgand
mass is determined, profiles through this point are perpendicuncreases with increasing, or .
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8.4.3 Experimentally, the usual process for determining thenay overlap. The photon noise on any one sample is Poisson
standard deviationgr, for a homogeneous area of a recon-distributed, but the combination of independent samples is
structed image containing pixels, each with some valug,jis  approximated better by the normal distribution given by the

to first find the mean value of the set wf pixels: following expression:
_ 12 1 -
M= mi;M (22) PDF (W) = N eXp[ - 20? ] (24)
and then compute as: )
where:
% W ” p = the mean of the distribution, and
2 K (23) o = the standard deviation.
o = | ==
m-1 Eq 24 has the advantage of being computationally simple.

Fig. 19(c) shows the PDFs redrawn as smooth curves. The
summation over the region of interest, and figure illustrates the fact that 70 % of the values are within
a measure of the spread of the values adfpout the ~ Of the mean.
mean [ 8.4.5 Fig. 19(c) shows that the contrast will be degraded.

Hanson(77) shows thatr is not very sensitive to the number The difference in contrast can now be defined to be the
of pixels averaged ifmis in the range of 25 m = 100. The difference between the mean of the featurg and the mean of
noise in a reconstructed image does have a positional depetie background, y However, if a detection threshold is placed
dence, especially near the edges of an object, so extremelyetween the two distributions and they overlap, there will be
large regions should not be used. Han§p®) has also shown instances when pixels within the feature will be counted as
that the noise in CT images is not completely uncorrelated, bupackground and pixels within the background will be counted
the effect ono is small. as features.

8.4.4 Fig. 19(a) shows the effect that noise has on the 8.5 Contrast-Detail-Dose (CDD) Curve In practice, de-
blurred, pixelized image of Fig. 16(a). The noise appears as tction is not based solely on threshold criteria. Human beings
jitter superimposed on the profile of the feature. Fig. 19(b)use visual integration when detecting features, and even
which shows the new PDFs, illustrates that the spread ofomputer detection processes are likely to use pattern recog-
attenuation values has increased and that the two distributiomsition techniques. Thus, detection criteria should be based on
the observations of human beings. Several investigdiofs
79, 80)have reported that the effective contrail) ., which

where:
3

(0

4 human beings can detect with a 50 % probability of success,
depends on the image noise, and the object diameteD,
© My according to the following relationship:
coAp
Myt (AWe=—p— (25)
_ where:
X Ap = the pixel width, and
PDF c = aconstantin the range of2 c = 5.

1T 8.5.1 It is seen from Fig. 15 that the contrast difference of

features larger than the effective beam wiBiWis not affected

by beam convolution. Thus, for large features:
®

coAp
(AW = Ap=—5—[D >> BW] (26)
M - Dividing Eq 26 by |4 and multiplying by 100 % gives the
. My By # formula for percent contrast:
p _
10 I — Wyl __ CoAp
™ 100 %= Dy 100 %[D >> BW| (27)
© PRV 8.5.2 Eq 25 has not been tested for features smaller than
—lole— — o BW. However, the results of Fig. 15 suggest a logical exten-
| i . sion. Features smaller th&Whave effective diamet&Wand
m have the contrast reduced By/( BW)?. Thus, the detectability
T limit for smaller features can be approximated by the follow-
Hy 13 s ing:
FIG. 19 (a) A Line Profile Through the Center of a Noisy Feature AUD? A
Convolved With a CT PSF and Pixelized: (b) A Probability- _ AuD”  coAp
Distribution Function for the Profile in (a); and (c) A Continuous (A= (BW)? - BW [D <<BW| (28)
Representation of the PDFs of (b) With the Means, Standard ) ) )
Deviations, and Contrast Difference Indicated and the percent contrast is given by the following:

19



A E 1441 — 00
“afl

I — Myl coBWAp [
100 %= ———— 100 %[D << BW| (29) N
Hp D Hy 100k \\
8.5.3 Detectability alone is often not sufficient; features \\ -
must be discriminated (detected and resolved). Eq 25 can also . -, Detectability & CDD
be used to predict the discrimination of pairs of features of 4| \ ; Detectability, D>> BW
diameterD separated byR. (This distance is used because it £ AN : - Ic)gg‘ablhty D <<BW
is conventional to define resolvability in terms of the classical § NG
Rayleigh sense, which stipulates B 8eparation.) From Fig. B \\
17, it has been shown that in this cas#&}l), is given by the g 1F N
product of the true contrast times the system modulation-
transfer function (MTF). In this case, the perceived contrast,
(AW is given by the following expression: 01l
1 coAp
(3Hcople = Atcop X MTF( 30 ) = 52 (30) '1 -
Solving Eq 30 forAp.pp, dividing by 1, and multiplying by Diameter in pixels -
100 % gives an expression for the percent contrast for thresh—LiFr:SS- 22 (ﬁtﬁéf’tc'g%sgtr'cg ftgf :?:pllli(r:lzt(la?no?];rg]neol???\sz?jtiits)mzty54
old (S0 %) discrimination: cm that is Irradiated By 0.8-MeV )?—Ray Photons: A Value of 8.5
I — Myl coAp X 100 % was used for the Constant ¢ in Eq 25 and its Derivative
100 %= ———=————[CDD] (31) Equations

MTF (2 D>Dub
The plot of the contrast required for 50 % discrimination of i, pixels. If this point falls well to the right of the lines, it will

pairs of features as a function of their diameters in pixels iy detected more than 50 % of the time. If it falls to the left, it
called a contrast-detail-dose (CDD) curve. will not. Remember that the percent contrast must be multi-
8.6 Performance Predictior-The detectability limits de- plied by the ratioh/t if the height of the featuré is less than
fined by Eq 27 and Eq 29 can be used to estimate the detectigpe X-ray slice widtht.
ability of a proposed CT system to detect an object of a given 8.6.3 It is also possible to plot the theoretical CDD curve
size and composition. In the interest of simplicity, detectabilityspecified by Eq 31. The theoretical MTF has been given in Eq
will be computed at the center of a uniform cylinder. The noise12 as a function of specified scanner parameters. The theoreti-
in a reconstructed cylinder is highest at its center so that thisg] CDD curve for the iron cylinder is identified in Fig. 20 by
represents a worst case. Also, many complex objects can BRe short dashed curve. To determine whether two features of
approximated by a cylinder of the same material and crossgiameteD whose centers are separated Bycan be discrimi-
sectional area. nated at least 50 % of the time, plot a point whose ordinate is
8.6.1 The contrast given in Eq 27 and Eq 29 is a function ofthe percent contrast and whose abscissa is their common
Hy, Which in turn depends on the X-ray source effective energyliameter in pixels. Determine the position of the point relative
E, the pixel sizeAp, the size of the feature relative to the X-ray to the curve. If it lies well to the right of the curve, the features
beam widthBW, and the noiser. Many references list linear will be discriminated with at least a 50 % probability.
attenuation coefficients as functions & (81, 82) BW is 8.7 Performance Verification-The detectability and CDD
defined by Eq 10 and Fig. 14 in terms of the source widthcurves for an existing CT scanner can also be plotted from Eq
detector width, and position of the object. For a parallel-bean®7, Eq 29, and Eq 31 for a cylinder of specified material and
CT scannerg is given by Eq 19 and Eq 20 in terms of the size. The quantity/p, is the noise-to-signal ratio at the center
sampling incremens, the number of viewsy, the cylinder  of the cylinder as computed from Eq 22 and Eq 23. The
radiusR,, and the number of unattenuated photons incident ifunction MTF {2 D) is computed experimentally from a small
each samplen. Once these parameters are specified, it isylinder as described in Fig. 18. Fig. 21 shows a comparison of
possible to plot a detectability graph that will predict thethe predicted (solid line) and measured (dotted line) CDD
performance of the scanner. curves from an existing CT scanner for an iron cylinder 2.54
8.6.2 Fig. 20 shows the detectability graph for an ironcm in radius irradiated by an equivalent energy of 0.8 MeV. A
cylinder 2.54 cm in radius that is irradiated with 0.8 MeV X comparison between the experimental and theoretical MTF
rays. The detectability line for objects of diame®r>> BW  curves is shown in Fig. 18d. The agreement between the theory
(Eq 27) is represented by a solid line. For ease of analysis, th@nd experiment is quite good in this case. Because the cylinder
log, of the percent contrast has been plotted as a function @& relatively small, there is not a large contribution to the noise
the log,, of the feature diameteD), measured in pixels. The from scattered radiation. For a large cylinder, scatter will
detectability line for objects of diamet& << BW (Eq 29) is  usually make the experimental noise larger than the predicted
represented by a dashed line. To determine whether a featurembise, and the curve will shift upwards.
given diameterD, and linear attenuation«(@.8 MeV), will be 8.8 Conclusiorn—A simple formalism for the prediction and
detected in the center of this iron cylinder, plot the point whoseevaluation of the performance of X-ray CT systems has been
ordinate is the percent contrast, 1004u (0.8 MeV) — 4 presented. Contrast has been defined and the degradation of
(0.8 MeV)|/-e(0.8 MeV) and whose abscissa is the diam&ter contrast by the system point-spread function and the system
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measurementsiot the noise or artifact in the images themselves.

100 |- {« 9.3 Theprecision of the measurements can best be mea-

sured by seeing the distribution of measurements of the same

CDD Curves feature under repeated scans, preferably with as much displace-

- 10\ ___ Theory ment of the object between scans as is expected in practice.
g * **+ Experiment This ensures that all effects which vary the result are allowed
S . Jron, R = 2,54 em for; such as photon statistics, detector drift, alignment artifacts,
g spatial variation of point-spread-function, object placement,

E 1t and so forth.

9.4 One source of such variation in measurements is uncor-
rected systematic effects such as gain changes or offset
displacements between different images. Such image differ-
ences can often be removed from the measurement computa-

J tion by including calibration materials in the image, which is
then transformed so that the calibration materials are at
standard values. Since air is usually already present in the

0.1}

Diameter in pixels
FIG. 21 A Comparison Between Predicted and Measured CDD

Curves for a Real Scanner; The Object Scanned is an Iron ir_na_ge, a single_: addition_al calibration _material (prefera_b_ly
Cylinder of Radius 2.54 cm that is Irradiated By 0.8-MeV X-ray similar to the object material, and placed in a standard position
Photons; A Value of 8.5 was used for the Constant cin Eq 25 in the image) is often sufficient.

and its Derivative Equations 9.5 In addition to random variation, measurements of any

particular feature may also have a consistgas. This may be

noise has been discussed. Finally, the use of a simple object hdge to artifacts in the image or to false assumptions used in the
been recommended to predict and verify the performance aheasurement algorithm. When determined by measurement of
CT systems in the detection and discrimination of features in @est objects, such biases can be removed by allowing for them
background of specified size and composition. It must bén the algorithm.
emphasized that this formalism is meant to be a simple 9.6 Examination of the distribution of measurement results
indicator of system capabilities and does not address sudiiom repeated scans of test objects with known features similar
complications as detection in the presence of CT artifacts. to those which are the target of the NDE investigation is the
- . best method of determining precision and bias in CT measure-
9. Precision and Bias ments. Once such determinations have been made for a given

9.1 Computed tomography (CT) images are well suited fosystem and set of objects and scanning conditions; however,
use in making quantitative measurements. The magnitude andey can be used to give well-based estimates of precision and
nature of the error in CT-based measurements depends velijas for objects intermediate in size, composition and form, as

strongly on the particulars of the scanner apparatus, the scagng as no unusual artifact patterns are introduced into the
parameters, the object, and the features of interest. Among thgages.

parameters which can be estimated from CT images are feature
size and shape, feature density contrast, wall thickness, coating. Keywords
thickness, absolute material density, and average atomic num-
ber.

9.2 The use of such quantitative measurements requires t
the errors associated with them be known.

10.1 computed tomography (CT); contrast; contrast-detail-

dose (CDD); detectability; imaging; modulation transfer func-
hﬁgn (MTF); nondestructive evaluation (NDE); pointspread
function (PSF); reconstruction; resolution; scan; Xray
Note 1—This discussion addresses only the precision and bias of thattenuation
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APPENDIX
(Nonmandatory Information)

X1. GLOSSARY

afterglow—Afterglow varies substantially between different  attenuation coefficient, x-ray—a measure of the rate at
types of scintillator, and is negligible in many CT measurementvhich the material in a particular region attenuates an x-ray
situations. beam with a particular spectrum as it passes through.

Discussior—Afterglow varies substantially between differ- ~ Discussior-Of particular relevance to CT is the linear
ent types of scintillator, and is negligible in many CT measureattenuation coefficient, which is the decrease in radiation
ment situations. intensity per unit of distance traveled, for a particular substance

air measurement— a reference radiation-intensity measure-and radiation-beam composition. Units for this coefficient are

ment made with no object in the examination region of gtypically cm k. The linear attenuation coefficient is the mass

tomograph attenuation coefficient multiplied by the mass density of the

. . . . ... substance. The CT density in each pixel of a tomogram is
Discussior—Air measurements are used with radiation-

intensit s th h biect to inf i AbasicallyaIinear—attenuation—coefﬁcient value (perhaps with a
Intensity measurements through an object 1o Infer opacity. récaling factor), although artifacts may cause local or global

air mgasurement IS required.for each detect?on element. If thﬁeviations. This coefficient is the sum of the coefficients for
radlgtlon Source moves relative to the dete_ctlon elements, a Sglyerq) physical attenuation processes (scattering, photoelec-
of air measurements will generally be required for each sourcg;. absorption, and/or pair production), each of which varies
position. substantially with the x-ray photon energy and the elemental
analytical reconstruction techniques—methods for com-  composition of the material. The integral of the linear attenu-
puting a map of internal CT density from opacity measure-ation coefficients along a ray path gives the x-ray opacity for
ments, based on mathematical integration techniques for dihat ray in the dimensionless natural units called attenuation
rectly inverting the Radon transform, which the process ofiengths.
measurement approximates. attenuation length—the dimensionless natural unit of x-ray
Discussior—Contrasted to iterative reconstruction tech- projection values along rays through an object, in terms of the
nigues. Analytical techniques using Fourier transforms are theatural logarithm of intensity reduction.
basis of almost all commercial CT reconstructions. Discussior—An opacity ofn attenuation lengths implies that
aperture function, detector—a three-dimensional function the fraction of a photon beam passing through the object
centered on the axis from the radiation source to a detectdithout interaction is 1/& (For multienergetic beams, each
element, giving the sensitivity of the detector to the presence dnergy group is weighted by the signal it generates.)
attenuating material at each position. attenuation, x-ray—the process of reduction of radiation-
Discussior-The detector aperture function gives the extent?®am intensity due to interactions during passage through
and intensity distribution of each ray around and along thenatter.
length of its central line. The function is determined by the size Discussior-Each of the penetrating photons emitted from
and shape of the radiation source and of the active region of th@" X-ray source has a probability of interaction with material in
detector, and by relative distance to the source and the detectdg path, dependent on the photon energy and on the thickness,
The average width of this function in the region of the objectdensny, and elemental composition of the material. Almost all

being examined is an important limit on the spatial resolutiorPf these interactions will result in the photon being absorbed or
of a CT scan. scattered so that it will not reach the detector toward which it

was originally travelling. The photons remaining in the pri-
individual elements arranged in a pattern spread over twg &Y beam are not reduced in energy or changed in any way;
9 b P thus x-ray beam attenuation is an all-or-nothing process for the

dimensions, such as a fluoroscopic screen. S .
) ) Lo . individual photons, unlike the gradual loss of energy by each
D|scu55|on—Th|s is in contrast .to a linear detector array particle in charged particle beams.
such as used in many tomographic systems backprojection— the process of adding to each pixel a
artifact, CT — a discrepancy between the actual value ofcontribution from a (possibly interpolated) value associated
some physical property of an object and the map of thafith a line through it, as part of the process of reconstruction
property generated by a CT imaging process. of a CT-density map of an object from measurements through
Discussior—The term artifact is usually restricted to repeat- it.
able discrepancies, with other variations classed as noise. TheDiscussior—The values to be backprojected are derived
most common tomographic artifacts result from undersamplingrom groups of measurements, which are usually organized in
the object (where there is object detail finer than the measuredews, each of which is a projection of the object from one
ment spacing), uncorrected physical effects (such as cuppingjrection. For other than parallel-beam views, a weighting
from beam hardening), and incorrect calibration of detectofactor (based on distance from the radiation source for fan-
response or apparatus position. beam views) is also used.

area detector— an x-ray detection apparatus with numerous
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beam hardening— the shift in the proportions of the Discussior—This is in contrast to a fan beam or a pencil
energies in a multienergetic beam of penetrating radiatiofbeam.
resulting from the preferential attenuation of the less- cone-beam CT— use of cone-beam x-ray opacity measure-
penetrating photons. ments from many directions to estimate CT density throughout
Discussior—The beam photons which pass through ana three-dimensional volume of an object.
object without interaction are, on the average, more penetrating Discussior—Using two-dimensional area detectors, mea-
or “harder” than the original set which entered the object.surements may be made rapidly through all of an object at
(Since the penetrating power of x-rays generally increases witbnce. Such measurements from many directions can be used to
energy, hardening usually increases the average energy of teempute CT-density values throughout the volume. The speed,
beam.) Failure to correct for the non-linearity in opacity causeafficiency, x-ray energy range, resolution, artifacts, noise, and
by this change in beam composition may cause characteristigcatter-rejection capabilities of systems utilizing such cone-
“cupping” or “diagonal” artifacts in tomograms. Spectral shifts beam methods can differ substantially from systems using
of this kind can be substantially reduced by suitable beanfan-beam methods based on linear detector arrays.
filtration to remove the least-penetrating portions of the beam. contrast—the extent to which a parameter of interest differs
beam width—the distance normal to the axis of a ray of for some set of features.
penetrating radiation over which changes in object opacity will  pjscussior~Thus the contrast in linear attenuation coeffi-
substantially influence the signal generated. cient (“CT density”) of aluminum (0.33 cm) to iron (1.15 cm
Discussior—Typically an average value based on the aper-) is - 0.82 cm?, for photons of 200 KeV. Contrast is often
ture function in the region of the object is taken to characterizgytated as the percentage by which the value for one feature is
this parameter. The beam width may differ in different direc-greater or less than the value of the other (“aluminum has a
tions due to the shape of the source spot or detector aperturgl % CT-density contrast to iron at 200 KeV”). Contrasts in the
For fan beams, the beam width in the direction normal to thehysical properties of different parts of an object may result in

plane of the fan is called the slice thickness. contrasts in the image densities for tomograms or radiograms.
CAT—Computed Axial Tomography, an earlier term for Since CT density varies with energy quite differently for
what is now known as computed tomography (CT). different materials, the contrast in tomograms can be strongly
Discussior—The term “axial” was used to distinguish the influenced by beam energy, usually increasing with lower
method from focal-plane tomography. energy. Since image noise usually increases with lower energy
collimation—the restriction of the possible paths for radia- even more, image contrast is an incomplete measure of the ease
tion by placement of absorbing material. of distinguishing features; see density resolution and contrast-

Discussioa—Collimation near the radiation source is used todetail diagram.
limit the radiation beam to correspond to the general shape of contrast-detail diagram—a diagram showing, for a given
the detection apparatus. In some cases, further collimation neamaging situation, the contrast at which features of various
the detector bank or for each detector is used to reduce @izes (and perhaps shapes) can be distinguished with some
eliminate scattered radiation from that which will ultimately be specified confidence.
measured. Discussior—Such a CDD summarizes the impact of the
Compton scattering—a type of interaction between a noise and blurring in an image on a decision process. Such a
photon and an electron, in which part of the photon’s energy isliagram is most dependable when it represents empirically-
transferred to the electron as kinetic energy. verified tests conducted under actual operating conditions (thus
Discussior—The probability of this type of interaction is including operator performance and effects specific to a par-
proportional to the local electron density. For the range oficular inspection task), but diagrams computed from measures
photon energies and objects used in normal CT scans, @f spatial and density resolution can also be useful.
decreases gradually with increasing photon energy, and is contrast sensitivity— seedensity resolution
generally the most likely mode of attenuation in light materials convolution—the transformation of an ordered array of
or atintermediate (0.1 to 10 MeV) photon energies. Also callechumbers (such as a tomographic view) such that, for each
inelastic scattering. position, a new number is formed from the weighted sum of
computed tomography (CT)—a nondestructive examina- some of the original numbers, with the weighing factors based
tion technique in which penetrating-radiation measurements anly on the amount of difference in position.
the x-ray opacity of an object along many paths are used to Discussior-The array of weighting factors is called a
compute a cross-sectional CT-density map called a tomograngonvolution kernel. In most cases the weights decrease with
Discussior—In the original approach, the measurements aréncreasing distance; the typical tomographic-reconstruction
planar views made up of overlapping measurements along rajernel is — 1/d for nonzero distances d, with a positive weight
from many regularly-spaced directions, all centered on a slicat d = 0 large enough to make the sum of the weights zero. A
plane. Approaches using a cone beam have also been devglocess equivalent to convolution can be accomplished effi-
oped. ciently for large kernels with the Fast Fourier Transform (FFT)
cone beam—the diverging radiation from a source shapedby multiplying each value of the transform of the data by the
by collimation into a pattern whose dimensions at any givercorresponding point of a frequency-space filter which is the
distance from the source are roughly the same in all directiondransform of the kernel. An inverse FFT then converts this
typically directed at an area detector. product array into the convolved data. The most common
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methods of tomographic image computation use the FFT to Discussior—Both usages are relevant in work with radio-
convolve each view of opacity measurements, and then backyraphic measurements, so adding the appropriate modifier
project the resulting filtered line. The — 13kernel transforms  when first using the term or when changing meaning is
into a filter proportional to frequency up to a cutoff frequencyrecommended to avoid confusion. Mass density is often the
determined by the measurement spacing. The precise shapepifysical parameter of interest to the investigator in a CT
the filter can be modified to minimize artifacts or to include anyexamination; electron density can often be directly inferred
other linear filtering desired (see smoothing and sharpening)from CT scans; CT density (closely related to the linear
crosstalk—a condition in which activity in a measurement attenuation coefficient) is the parameter actually measured. In
channel causes spurious activity in another (usually adjacengll these cases, a density map over two or three dimensions is
channel. used, approximated by values at discrete pixels or voxels.
Discussior—This may be due to scattering of radiation in Optical (or film) density refers to a projection along a ray rather
the detector, or to optical or electromagnetic coupling of thethan a value at a single point; in fact, digital radiograms are
signals resulting from detection. Software correction forcomputed density projections in this sense (based directly on
known crosstalk patterns is often possible. the object’s transmission of x-rays, not a film’s transmission of
CT—seecomputed tomography light). These x-ray projection values which comprise a digital
CT density_the parameter, related to the action of eachradiogram differ from film-density values in that hlgh values
region of an object cross-section in attenuating an x-ray beaninean less x-ray exposure (zero density is maximum exposure),
which is computed for a two- or three-dimensional region byand in the more dependable relationship between the projection
the computed tomography imaging process. values and the amount of attenuating matter, since exposure
Discussion_[Note: the term “density” is used in Severa' time is calibrated for and such sources of variation as film

related but different senses (often without explicit distinction)characteristics and development history are avoided.
in reference to CT: mass density, electron density, optical density resolution, CT—a measure of the extent to which a
density, and image density, for example, as well as the CTomogram or radiogram can be used to detect differences in the
density defined here.] For monoenergetic beams, CT density jghysical parameter mapped by the image, for features of a
proportional to the linear attenuation coefficient of each area ofjiven size.
the object for the penetrating radiation used for the through- Discussior—The limiting factor in CT density resolution is
the-object x-ray measurements from which the image igenerally the noise in the image averaged over areas of the
computed. For multienergetic radiation, where the beam spegeature size; this may vary significantly between different
trum (and thus the attenuation coefficient) passing through eaglagions of the image. Another important factor is the contrast
interior point varies with ray direction due to beam hardeninghat the features show under the scan conditions for this image.
CT densities are averages. In some cases, such as objects magRing the ratio of some multiple of the standard deviation of
of a single known material, the CT-density measurements ohe image noise to a typical image density value is a common
images can be transformed to give values directly in masgethod for quantifying density resolution. Image artifacts may
density or some other physical parameter which is independenjso |imit resolution in certain cases. Note that the size of the
of the energy spectrum of the radiation used for measuremenfaatyre and all of the factors which influence image noise and

CT number—a quantitative value for CT density, generally contrast (beam energy, object size, scan time, etc.) must be
based on a linear scale between zero for air and a standaggecified for a comparison of density-resolution values to be
value for a reference material. meaningful.

Discussior—CT-number values for a given object depend on detectability, CT— the extent to which the presence of a

the radiation spectrum as well as the object characteristic§eayre can be reliably inferred from a tomographic inspection
especially for materials of different effective atomic number. image.

cupping—an artifact in tomographic images, typically due
to uncorrected beam hardening, in which the CT-density valuelse
in the interior of an object are reduced compared to those negy
the outside.

dark measurement— a calibration measurement from each

detection element made while the radiation source is closed (Hlurring is still sufficient
turned off. )

. . detector—a device which generates a signal correspondin
Discussior—Dark measurements are used to correct each 9 9 P 9

measurement with that detector. Also called offset measure” the amount of radiation incident on it.

ment. Discussior—CT detectors are usually arranged in arrays in
density—amount per unit of volume (or, more rarely, of area "€ OF two dimensions. _
or length); especially, the amount of mass per unit of volume detector spacing— the distance (linear or angular) between
(mass density), but the term is also used for analogouddjacent radiation collection elements in a detector array.
parameters such as electron density or CT density. A different Discussior—In most scanning systems this spacing deter-
use of the term is for the dimensionless parameters opticahines one of the dimensions of the measurement spacing,
density and film density, measures of attenuation which are thalthough some systems use measurement interlacing to over-
logarithms of transmission ratios. come this limitation if their detector spacing is large.

Discussior—CT detectability is dependent on the spatial

solution and density resolution of the image, as well as the
vels of confidence required that false positives and false
negatives will be avoided. Features may be detectable even if
they are too small to be resolved, provided their contrast after
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digital radiography (DR) —formation of a map of projected transfer function (MTF), which gives the relative frequency
x-ray opacity values through all or part of an object byresponse of the imaging process.
digitization of signals derived from measurements of penetrat- elastic scattering—an interaction between a photon and a
ing radiation. bound electron in an atom, in which the photon is redirected
Discussior—Such x-ray opacity maps can be produced bywith negligible loss of energy.
either a cone beam, used with an area detector such as apjscussior~The electron is not affected, with the recoil
fluoroscopic screen or x-ray film, or by moving the objectmomentum being transferred to the atom as a whole. The effect
perpendicular to the plane of a fan beam directed at a lineggs most pronounced at energies less than the binding energy of
detector array. Differences in scatter rejection, detection effithe electron, and its probability decreases with increasing
ciency, and total detector active area give these approachesergy. Also referred to as coherent scattering or Rayleigh
quite different characteristics. All DR techniques benefit fromscattering.
the great precision and flexibility in display and analysis that  g|ectron density— the number of electrons per unit volume.
|mage_-analy5|s software provides. Rz_idlograr_ns ”_”ade by toMO- 15 cussior—The ratio of electron density to mass density is
graphic scanners are used both for direct object inspection a 8ughly constant, gradually decreasing from about:3.00 23

as “preview scans” to select the slice planes of interest for C lectrons/gram for light elements (except hydrogen. which is

scans. . twice this value) to 2.4< 10?2 for the heaviest ones. Because
_dimensioning accuracy—the extent to which the actual ~qmnhi0n scattering (the dominant attenuation process in many

dimensions of an object correspond to dimensions CaICUIat%mographic scans) is directly proportional to electron density,

from an image, such as a tomogram. . ~ many tomograms are actually maps of electron density.
Discussior—For objects made of uniform-density materials false negative— an erroneous assertion of the non-existence

W'th smobotth styr:‘laces, Itis usu?ll);hpostsk:ble tot_oli)taln ?l;nen;?f a condition (such as a defect) by a decision process, often
slons substantially more accurate than the spatial resolution Qf,q 14 the limited resolution of a tomographic image.

the image, especially if measurements can be averaged along Biscussion—Seefalse positive

surface. . . .
display matrix size—the number of horizontal and vertical false positive— an erroneous assertion of the existence of a
condition (such as a defect) by a decision process, often due to

pixels available for display of images. . . i . S
. ) : o . . noise or artifact when interpreting tomographic images.
Discussior—Display matrix size has no direct connection 3 . o o )
Discussior—The incidence of false positives (“false

with the spatial resolution of a tomographic system; however,

insufficient display matrix size may require the use of image_alarms”) depends on the decision criteria as well as the image;

zooming techniques to show images at full resolution. :cjelcreasmtg the s]:ensmwty (ljf tr;)e {oro_(l:le_ss will gefn(TraIIy dect(ease
DR—seedigital radiography alse positives, for example, but will increase false negatives.

. An analysis of the expected cost and incidence of each type of
dual-energy scanning—use of two sets of measurements

. . e L rror is requir h imal ision criteria for an
through an object taken with differing radiation-beam energye or Is requ ed to choose optima decision criteria for any
: . particular inspection process.
spectra to separate the effects of a mixture of materials.

Discussior—Because the variation with beam energy of the fan beam—penetrating radiation from a small source, typi-
- : energy cally directed at a linear detector array, which has been shaped
probability for each type of attenuation process is significantl

different for most materials, it is possible to use two different-by colllmatlon Into a pattern Wh'.Ch is wide in one direction and
narrow in the orthogonal direction.

energy measurements along the same path in an object to soIveD_ ioR—In fan-b cT h
for energy-independent physical parameters such as electron'SCUSSIOR—IN Tan-béam systems, each measurement

density and average atomic number. A common technique is t8€/10d gives a planar fan of measurements with a common
solve for the amounts of each of two predetermined basi¥ert€x at the beam spot. Depending on the pattern of object
otion, these measurements can be directly handled as fan-

materials whose mixture would give the pair of measurement . o _ .
seen. The separated energy-independent values derived frgtidm views or distributed into parallel-beam views. Contrasted
[cone beam and pencil beam collimation.

the measurements can be used to form separate maps (eitﬁ%_ i ’ i
tomograms or radiograms) of each basis material. field of view (FOV)—the physical size of the area to be
edge response function (ERF)-the graph of CT density examined which must be subtended by the x-ray beam.
across an edge which shows how faithfully the image of a Discussior—If the test object is larger than the FOV or
Sharp edge is reproduced in atomogram_ moves out of the FOV during Scanning, Unexpected and
Discussion—The image of an edge proceeds in an :‘S_Curveuunpr'edictable artifacts or a measurable degradati_on of image
from a background value through intermediate values (due tguality can result. Many methods have been devised to scan
partial volume effects or reconstruction artifacts) to a limiting ©Piects larger than the largest FOV for which an instrument
value (the interior CT density of the object). The width of the Was designed.
intermediate region is a good measure of the spatial resolution filter, beam— uniform layer of material, usually of higher
of an image. For images with little edge artifact, such asatomic number than the specimen, placed between the radia-
tomograms of low-opacity cylinders, the derivative of the edgetion source and the film for the purpose of preferentially
response function is a good approximation to the line-sprea@bsorbing the softer radiations.
function or point-spread function. The normalized Fourier Discussior—Filters are used in CT scanners to reduce dose,
transform of the point-spread function yields the modulationscattered radiation, and beam-hardening effects.
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filter, mathematical—a function of spatial frequency giving be required for full three-dimensional reconstructions. Similar
weighting factors to use to modify each point of Fourier-in many respects to the analog process of focal-plane tomog-
transformed functions or numeric arrays. Application of such aaphy.

filter to x-ray projection values is usually a step in the process  |imited-data reconstruction—a tomogram formed from an

of reconstructing CT images. _ _ ""incomplete” data set in which the object is sampled substan-
Discussior-Use of such a filter with an FFT is a common tj|ly more in some areas or directions than in others.

way of implementing a convolution. The filter is the Fourier

. . Discussior—Many forms of data limitation have been dealt
transform of the corresponding convolution kernel.

. . . with by special methods, including these types of reconstruc-
focal spot—the region at which the electrons are focussed Nions: few-angle (large angular steps between views), limited-

an x-ray machine or linear accelerator. . N S
y angle (views missing over some range of directions, as when

fro%siﬁss?g; Ithfegsglié?] (I); t:ﬁ iﬁ;s)lélrttlggt bfeig}nfi%(:nfsofsfﬁékcanning a wall), limited-field (some portion of some views
aperture function, especially in the region near the radiation) " >>"9: typically due to high opacity or to positioning

: constraints), and region-of-interest (views consist of measure-
source. Since the spot does not generally have a sharp edgﬁé s th h onl " f th _secti
guantitative values for spot size will reflect the method used t _n s throug °”¥ a portion of the cross-sec |0(1).
define it, since the average radius of, for example, the mini- liné-spread function— seeedge response function
mum region from which 99 % of the emission comes will be linear attenuation coefficient—a measure of the fractional
much larger than, say, the standard deviation of the intensitgecrease in radiation beam intensity per unit of distance
distribution. traveled in the material (cr).
gantry—the mechanical apparatus in a tomographic scanner Discussior—The value of this parameter at each point in an
which controls the relative movement of the object to begbject being examined by penetrating radiation depends on the
examined and the source and detector mechanisms. composition of both the material and of the radiation beam
ionization detector—a radiation detector in which the passing through that region, as well as the density of the
signal is produced by the collection of free electrons or ionsmaterial. Units for this coefficient are typically ¢t The

directly produced by the radiation beam. linear attenuation coefficient is the mass attenuation coefficient
Discussior—Examples include xenon gas detectors andmultiplied by the mass density of the substance. The CT
semiconductors such as mercuric iodide. density in each pixel of a tomogram is basically a linear-

iterative  reconstruction  techniques—successive- attenuation-coefiicient value, although artifacts may cause
approximation methods using x-ray opacity measurements fdocal or global deviations. This coefficient is the sum of the
computing an object description (typically a map of somecoefficients for several physical attenuation processes (see
density parameter), based on sequential adjustments of tRgattering, photoelectric absorption, and pair production), each
description to make it consistent with the measurements.  of which varies substantially with the photon energy and the

Discussior—Algebraic reconstruction techniques (ART) are elemental composition of the material. The integral of linear
of this type. Contrasted with analytical reconstruction tech-attenuation coefficient along a ray path gives the x-ray projec-

niques. tion value for that ray, which is measured in the dimensionless
kernel—the set of numerical weights used in the convolu-natural units called attenuation lengths.

tion stage of the image-reconstruction process. linear detector array—an array of radiation-sensing ele-
Discussior—The kernel and the associated frequency-spacg,ents arranged in a one-dimensional sequence, typically uni-

filter are Fourier transforms of each other. formly spaced along an arc or straight line.

IBQV—kn_o-ek_T%tron-hvotlts, a meg\s_urg ?jf e?t_arlg)gT . magnification— the increase in the distance between rays as
ISCUSSIoR—1ne photons used In ndustria range in they proceed from the object to the detectors.

energy from a few keV to several thousand keV. . i .
oy Discussior—Equal to the source-detector distance (SDD)

kV, kVp —kilovolts, a measure of electrical potential. - . ) e
Discussior—CT beams are often formed by acceleratingd'V'.ded by the source-object distance (SOD). Large magnifi-
ations are made practicable by the use of microfocus x-ray

electrons onto a metal target over voltages ranging from a fer b hich ai A ture funcii | to th
tens of kV up to several thousand kV. In each such case, thtéJ €s, which give a very compact aperture function close fo the

bremsstrahlung (braking radiation) photons formed by collj-SOUrce. ) ) .
sions in the target will range in energy from very small values Mass attenuation coefficient—a measure of the fractional
up to a value in electron volts equal to the accebratingdecrease in radiation beam intensity per unit of surface density
potential in volts. cnf-gm ™,
laminogram, computed—map of CT-density estimates of  Discussior—The value of this parameter at each point in an
an object at positions on a two-dimensional surface, formed bgbject being examined by penetrating radiation depends on the
backprojecting radiographic data (perhaps after mathematicabmposition of both the material and of the radiation beam
filtering) onto the surface. passing through that region. This coefficient, which is typically
Discussior—Typically some blurred off-surface features expressed in units of cffy, is independent of the density of the
remain in a laminographic image. The advantage of thesubstance; that is why it is generally what is given in tables
technique is the ability to produce localized three-dimensionatather than the related linear attenuation coefficient, which is
CT-density estimates from substantially less data than woulthe mass attenuation coefficient multiplied by the mass density.
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mean free path— the average distance traveled by an x-raymeasurements of penetrating radiation has (in addition to a
photon before it is scattered or absorbed by the materialsually-small instrumental component) a photon statistics

through which it is passing. component determined by the measurement time, object opac-
Discussior—See linear attenuation coefficient for a discus-ity, radiation beam intensity, and detector aperture. In radio-
sion of the factors involved. grams, this noise is almost uncorrelated, and its average value

measurement interlacing—a tomographic scanning pattern is inversely proportional to the square root of area for features
of object motion and data reordering in which a finely-spacedvhich cover several pixels. Since the originally-independent
fan-beam view is formed by interlacing a set of more-coarselymeasurements for a tomogram are mixed in the convolution
spaced fans with a common vertex. and backprojection processes, the dependence of noise on
measurement spacing, CT-the angular and linear separa- feature size in a tomographic image is more complex.
tion between samples in each view and between view angles. non-linearity correction—a function by which a measured
Discussior—The measurement spacing is a basic limit onsignal is transformed so that the result has a linear relationship
spatial resolution, since it determines the scale at whiclo the property being measured.

reconstruction artifacts become unavoidable. For a fixed num- Discussion—The response of a tomographic detector to the
ber of measurements, artifacts are generally minimized whefadiation incident on it will not necessarily be linear. If the

the number of views is about equal to the number of measurgesponse is monotonic, however, it (or the x-ray projection
ments in each view. The measurement spacing is usuallyalues derived from it) can be transformed to linear by a

matched with the width of the aperture function to give function or table computed from an appropriate set of calibra-
samples which partially overlap but are still mostly indepen-tion measurements.

dent. ) ) ) " offset measurement— seedark measurement.
modulation—the extent to which the imaged densities of opacity—seex-ray opacity

adjacent features of a given size or spacing are resolved in an " . duci h hereb hot
image, expressed as a percentage of the actual density contrast{?h"’“r produc |ont— th N plr%czes'vsl c \ereby a tgzzm d”.‘a l?l 0 otn
Discussior—Used in specifications of spatial resolution to with energy greater than 1. ev 1s converted directly into

state the allowed amount of blurring at the specified Iir]ematter in the form of an electron-positron pair. Subsequent

annihilation of the positron results in the production of two

spacing.
modulation transfer function (MTF) —a function giving 0.5[31_1 Me\( gar_lrjrr]na pr_lo_tons. hot ired f
the relative frequency response of an imaging system. ISCUSSIOR—Ihe minimum photon energy required tor

electron-paositron pair production is 1.022 MeV (the rest mass
of the two particles); any excess over this threshold goes into
the kinetic energy of the particles. After the positron is stopped
y interactions in the medium, it combines with an electron to
orm two 511 keV photons of annihilation radiation. The
likelihood of pair production, which is directly proportional to
monochromatio— another term for monoenergetic, when the.square.of gtomic number, _increases with increqsing energy,
’ unlike the likelihood of scattering or absorption. This results in

applied to bea”_‘s of x-rays. _ minimums in the opacity of matter to photons at energies from
monoenergetie— comprised of photons all having the same 300 MeV (hydrogen) to 9 MeV (iron) to 3.5 MeV (lead).

energy. .
Discussior—X-rays and gamma rays produced by the decay parallel beam— a mode of arrangement of tomographic

. L .~ “Jopacity measurements into sets of measurements made alon
of a few radioisotopes, such as Americium-241 and CesiumoPacty 9

Discussior—The MTF is the normalized amplitude of the
Fourier transform of the point spread function.

monitor detector— a detector used to measure variations in
the intensity of the source of penetrating radiation or som
other system parameter.

Discussior—Also called reference detector.

137, are essentially monoenergetic. Many theoretical conceppsara,1I|e| pgths. .
are defined in terms of monoenergetic beams. Seeralgt- Discussior—Some scan geometries such as translate-rotate
energetic naturally produce a uniformly-spaced parallel-beam ray set for

each detector; other scanning patterns can be used to produce
ent energies. parallel-beam views by reordering and/or interpolation. Con-

Discussior—Radiation produced by bremsstrahlung (sudderFaStefj to fan beam.wews. )
stopping of fast-moving electrons) in x-ray tubes or linear Partial-volume artifact—an erroneous feature in a tomo-
accelerators has a continuous multienergetic spectrum. S&am or radiogram due to inconsistent data caused by variation
beam-hardening for a discussion of one of the consequences f the x-ray opacity on scales smaller than the width of the
making opacity measurements with a multienergetic beam. Tays.

noise—the variation in a measurement (or in an estimate or Discussior—Such high-frequency variation will usually re-
image derived from measurements) when it is repeated undétilt in an underestimate of the actual projected density, causing
nominally identical conditions. characteristic artifacts such as low-density lines aligned with

Discussior—Noise is distinguished from consistent biasing Straight edges in the object.
effects, which are referred to as artifacts in CT images. partial-volume effect—the deviation of measured x-ray
Averaging n independent measurements of the same objeqtrojection values from proportionality to average projected
generally reduces the noise by a factor of the square roat of mass along a ray path, when projected mass changes rapidly
as the random effects partially cancel each other. The noise irithin the width of the ray.

multienergetic— comprised of photons with several differ-
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Discussior—This effect is most pronounced for rays along spatial resolution of a CT system is generally notdetermined by
flat edges. See partial-volume artifact. CT-pixel spacing, but rather by measurement spacing or by the
pencil beam—beam of penetrating radiation collimated so aperture function. (If pixel size is so large as to limit resolution,
that its dimensions in directions perpendicular to the beam axithe measured data can be used again to compute a tomogram of

are small compared to the source-object distance. a subregion with pixels small enough that their size is not
Discussior—Usually used with a single detector, as in limiting.) The three-dimensional entity corresponding to the
“first-generation” CT scans. pixel is the voxel, or volume element.

phantom—test object containing features of known size, Point-spread function (PSF)—the image of a small isolated
spacing, and contrast, which can be scanned to determifint under an image-formation process, normalized to the
spatial or density resolution. total integrated density of the point.
Discussior—A variety of such standardized test objects are Discussior—See spatial resolution, edge-response function,
used with CT scanners for alignment of the systems, foRnd modulation transfer function.
calibration of image geometry and density mappings, and/or Polychromatic— another term for multienergetic, when
for determining the spatial and density resolution which can b@pplied to beams of x-rays.
achieved under specific scanning conditions. In some cases,projection—the integral of a density function, typically
small phantoms are included in production scans as imag@long a straight line or a set of lines.
quality indicators. Discussior—The x-ray opacity measurements used in CT
photoelectric absorption—a mode of interaction between are projections of the linear attenuation coefficients along the
photons and matter in which a photon is absorbed by an atonfidy paths. These are called x-ray projection values. A radio-
which then emits an electron whose kinetic energy is th&dram of an object is a two-dimensional projection.
photon energy less the electron’s binding energy. radiation intensity—the quantity of radiation per second
Discussior—The likelihood of photoelectric absorption in- Passing through an area normal to the beam path.
creases abruptly between energies just below and above theradiation source— the apparatus from which the penetrat-
binding energies of electron shells, as more electrons becon@d radiation used in CT scans is emitted.
available for emission. Other than at these absorption edges, Discussior—Examples of industrial CT radiation sources
the photoelectric effect becomes less likely as the photo@re x-ray tubes, linear accelerators, radioisotopes, and syn-
energy increases, decreasing as roughly the cube of the energfpotron radiation. The size of the radiation-emitting region, or
Photoelectric absorption is strongly dependent on atomi®€am spot, is an important determinant of the aperture func-
number, with interactions with higher-atomic-number elementdion, and thus of the spatial resolution.
more likely by about the fourth power of the ratio of atomic radiogram—a two-dimensional projection of x-ray opacity
numbers (on a per-atom basis; about the third power on gecorded as a digitized array of computed values.
per-gram basis). For the photon energies used in industrial CT, Discussior—Analogous to radiographs recorded on x-ray
photoelectric absorption is usually significant, and sometime&lm. Such images, when produced by CT scanners, are also
predominant, in both the process of attenuation in the objectalled by such names as preview scans or scout scans because
and the process of measurement of beam intensity in thef their use in selection of the desired slice plane. See digital
detector. The primary competing process is Compton scatteradiography.
ing, with elastic scattering and pair production also significant radioisotope— an unstable isotype (type of atom), in which
in some cases. the nucleus will eventually change spontaneously, with the
photon statistics— the variation in intensity of a beam of emission of particles and/or gamma rays.
photons (and thus in measurements derived from it) due to the Discussior—Several radioisotopes manufactured in nuclear
randomness of emission of individual photons. reactors have been used as photon radiation sources for CT
Discussior—This phenomenon sets a minimum level for the Scanners, including isotopes of cob&ft Co), cesium {*” Cs),
noise in the measurements, especially in cases where the totiium (**?Ir), and americium {** Am).
number of photons detected is small. The mathematical theory Radon transform— a transform of a density function in two
of Poisson statistics is relevant to this case; it predicts that sughpr more dimensions into its projections along straight lines.
sampling variation will increase the noise in x-ray opacity Discussior—The Radon transform approximates the process
estimates by a term whose variance is the reciprocal of thef x-ray opacity measurement, and the basic image-

number of photons. reconstruction problem of computed tomography is finding an
pixel (tomographic)—one of a group of discrete positions inverse to the pr(_)jection transform. This problem was first
composing a tomogram or related image. solved by Radon in 1917.

Discussior—In general usage, pixels are the points on an ray—the path taken by the penetrating radiation used in a
image-display surface at which various colors and/or intensiparticular x-ray opacity measurement.
ties may be shown. In computed tomography, the term is also Discussior—The aperture function gives the extent and
often used to refer to the CT-density estimate computed for thitensity distribution of rays.
corresponding physical position in the object being inspected. ray spacing—the distance (linear or angular) between
Because of interpolation or compression, the display pixels anddjacent rays in a tomographic view.
the CT pixels in CT images may not represent areas of equal Discussior—This distance is usually the most important
size. Pixels are usually arranged in rectangular arrays. Theeterminant of spatial resolution. See measurement spacing.
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rebinning—production of a tomographic data set of a[2] the photon will usually transfer some of its energy to an
desired pattern (usually uniformly-spaced parallel-ray viewsklectron in the material (causing dose in the object or signal in
by redistribution or interpolation of the data set actuallythe detector), and [3] such a scattered photon may interact

measured. some detector not on its original path (introducing error into
reconstruction— the process of computing a description of the associated opacity measurement). The contribution of
an object from x-ray opacity measurements through it. scattered photons to measurements may be greatly reduced in

Discussior—Normal CT practice is to use CT-density values some cases by collimation of the detector array or separation of
in a rectangular array of pixels or voxels to describe the objecthe detector from the object; it is sometimes compensated for
such an array is called a tomogram. The standard method fgjy suptracting an estimate of its value from the measurements.
computing tomograms groups opacity measurements int8ee Compton scattering and elastic scattering.
views which are convolved using Fourier transforms to apply scintillation detector—a device which converts incident

h ical fil ional to f T h pixel =77 L X
%Tﬁ; E)Tnaot;z\ml tiir ;’égggrgogzcr(%rg?g;gzczalu%ef?gm pel);i diation into visible light that is subsequently measured after
gonversion to an electrical signal.

convolved view, chosen based on which ray went through tha

pixel from that view. Other reconstruction techniques, notably SDD (source-to-detector distance)-distance from radia-

successive-approximation methods, have also been developt@n source to detector element.

but are not now in general use. second-generation scaf-a sequence of tomographic data
reference detector—a detector used to measure variation inacquisition in which the object being examined is translated

the source of penetrating radiation or some other systeracross a fan beam several times, with the object rotated by the

parameter. detector-array fan angle after each pass.

Discussior—-Also called monitor detector. o Discussior-The primary advantages of such translate-

reformatting — use of three-dimensional CT-density infor- yotate scans are the natural production of parallel-beam views
mation to produce tomograms for surfaces other than the slicgnich are easier to process), the use of a single detector for all
planes in which the x-ray opacities are measured. measurements in a view (which eliminates some types of

DiscussiorR—-Most common is the production of two Sets of g itacts) and more flexibility in the size of object which can

{)Ianes orthogonall tobthg tsllcelptla(rjlgs tﬁ.nd to eacth other, db scanned. The primary disadvantage compared to third-
omograms can aiso be interpolated in this way onto CUrved oh e haration scans is the extra motion time required.

discontinuous surfaces. . . . . . .
region-of-interest scar—a tomographic scan in which only ___Sharpening—a transformation of a view or image in which
a limited portion of the object cross-section is included in allthe differences between points located near to each other are

views. increased relative to differences between more separated

Discussior~The amount and pattern of the artifacts due toPOINts
the missing data depend strongly on the object shape, but areDiscussior—An important class of such transforms are
often acceptable within the boundaries of the fully-scannedilters which increase the high-frequency content of images.
region. Sharpening typically increases noise but may also increase
resolution—the ability to distinguish features in an image. spatial resolution, up to the limit imposed by measurement
Discussior—See spatial resolution, density resolution, andspacing. The convolution step in tomographic image formation
contrast-detail diagram. includes a particular type of sharpening. See also smoothing,
scan, (CT or DR)— set of measurements from which a which is the opposite process.
tomogram or radiogram is to be computed, or the process of sinogram—the set of x-ray opacity values obtained during a
acquiring such measurements. tomographic scan, typically ordered as a two-dimensional
scan geometry— the pattern and sequence of opacity array (position within view vs. view angle).

measurement for a tomographic scan. B slice, CT—a tomogram or the object cross-section corre-
Discussior—Scan geometry is often specified by referencesponding to it.

to the sequence of “generations” (first, second, third, fourth) of

medical CT scanners. Second generation (translate-rotate) al aD'fCUSf'OHd_I:eI.S“w plane |sft2etplatme, deterrrcl;neﬁ_ bﬁ/ theh
third generation (rotate-rotate) geometries are most used i cal spot and the linear array of detectors, around which eac
- dneasurement of a planar tomographic scan is centered. Each

such scan also has a slice thickness, which is the distance
normal to the slice plane over which changes in object opacity
interactions with matter in their path. will significantly influence the measurements; typically an

Discussior—Photons of the penetrating radiation used in2verage value based on the aperture function is used to
tomography can interact with the electrons (or, at low energieharacterize this parameter. When  three-dimensional CT-
the nuclei) in a material in a manner which changes thedensﬂy maps have been reconstructed, agllce may be formed
direction of the photon. This scattering process has sever& an arbitrary plane or other surface, not just on slice planes.
implications for tomographic measurements: [1] the photon slice plane—the plane, determined by the focal spot and the
will generally not interact in the detector toward which it was linear array of detectors, around which each measurement of a
originally travelling (causing attenuation of the primary beam),planar tomographic scan is centered.

beam geometry, in which an area detector is used.
scatter—the redirection of radiation-beam photons due to
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Discussior—Not applicable to cone-beam scan geometriesrequires careful calibration to avoid circular artifacts. The most
Using three-dimensional techniques such as reformatting, imsommon mode of scanning in medical CT; also common in
ages may be formed on planes other than the original slicendustrial CT.
plane. tomogram—map of CT-density estimates of an object at

slice thickness— the average distance normal to a fan of positions on a two-dimensional surface, typically a square grid
radiation over which changes in object opacity will signifi- on a cross-sectional plane.
cantly influence the signal generated in detectors at which the translation—motion of the object being examined relative
fan is directed. to the tomographic measurement apparatus, generally in a

Discussior—Typically an average value based on the aperstraight line.
ture function in the region of the object is used to characterize Discussior—Contrasted to rotation of the object or appara-

this parameter. See beam width. tus. Linear translation can be used to produce a parallel-ray
smoothing—a transform of a tomographic view or image in view with each detector (see second-generation scan). On fan
which the difference between nearby points is reduced. beam systems, translation normal to the slice plane is used to

Discussior—Smoothing typically reduces noise but also produce digital radiograms.
decreases spatial resolution. Smoothing may be linear (such asview, CT—a set of x-ray opacity projection values (derived
local averaging) or nonlinear (such as median filtering). Fofrom measurements or by simulation) grouped together for
tomograms, linear smoothing (or sharpening, the inverse prgarocessing purposes, especially for the convolution and back-
cess) can be applied without additional computation by suitablerojection steps of computing a tomogram.
modification of the convolution filter used in image formation. Discussior—The rays forming a view will usually be
SOD (source-to-object distance}-distance from radiation- parallel (parallel-beam views) or have a common vertex at the
source beam spot to the center of rotation of the object. radiation source (fan-beam views). The pattern of rays in views
source spot—the small region from which penetrating need not be the same as that of the measurements, since they
radiation is emitted from radiation sources used in radiographican be sorted or interpolated.
imaging. voxel—volume element; one of a group of positions or small
Discussior—The size of a source spot as seen from thevolumes at which some density parameter of an object is
region of the object is an important limit on the sharpness of arstimated in a three-dimensional tomographic reconstruction.
image formed with its radiation, with smaller spots giving Discussior—See pixel.
sharper images. However, smaller spots also give less intensewindow (density)— the range of pixel values in a tomogram
(and thus noisier) radiation beams. For x-ray machines, whicbr other image which are presented to the viewer as varying
produce source spots of from 2 mm down to 0.005 mm, théntensities on a graphics display monitor.
limit on maximum intensity is due to the melting point of the  Discussior—Typically, values above or below the current
tungsten anode. For a radioisotope, the intensity limit is due tdensity window are all shown as the same color, such as black
a combination of its half-life, concentration, density, gamma-or white. The width of the window can be a small fraction of
ray multiplicity, self-attenuation, and energy spectrum. Thethe full range of the image density values; changing the
brightest radioisotopes used in industrial imagtfy and  position and size of the density window within the full range
69%Co, are much less intense than x-ray machines per unit gfermits display of all features, even in images whose full
source-spot area. dynamic range exceeds that of human visual inspection. The
spatial resolution, CT—the extent to which a tomogram or mapping of image-density values to colors or gray-scale
radiogram can be used to detect details of the shape of imagetensities is usually linear, but can be changed to other modes,
features whose contrast is substantially greater than the imagech as logarithmic compression or histogram equalization.
noise. x-ray opacity— the extent to which an object attenuates
Discussior—CT spatial resolution is best characterized byx-ray radiation passing through it.
the point-spread or line-spread functions of the image, or by Discussior—Because such attenuation is an exponential
the equivalent modulation transfer function (MTF) in fre- function of the amount of material penetrated, opacity is
guency space. The spatial resolution is generally limited by theneasured in attenuation lengths, which are the normal loga-
measurement spacing (which in turn is often influenced by theithm of the ratio of the amount of radiation entering an object
aperture function), not by the spacing of the pixel grid. Forto the amount which passes through it without interaction. The
assessing the information in images in which noise is signifiopacity along many straight-line ray paths through an object is
cant, a contrast-detail diagram should be used. the information from which tomograms are computed. While
third-generation scan—a sequence of tomographic data the opacity of a material to mono-energetic radiation is
acquisition in which the object being examined is rotatedindependent of detector efficiency and directly proportional to
relative to the radiation source and detectors. material thickness, beam-hardening corrections may be re-
Discussior—This “pure rotation” methodology has the ad- quired to correctly infer thickness from opacity measurements
vantages of speed and efficient use of the detector array, butith multienergetic x-ray beams.
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