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INTRODUGEION o
Since its introduction in 1972, Computed Tomography (CT) has revolutionized
radiology. Among x-ray imaging techniques, CT has the unique ability to
clearly image individual slices of the body vith no interference from tissues ¥
outside of the slice of interest. Though conventional tomography can
enphasize the structures within a particulax plane, it cannot eliminate the
Principles of Image Quality and Dosimetry effect of cut of plane structures - they still appear as blurs in the image.
The ability of CT to image only the plane of interest and the high degree of
In_computed tomography scatter rejection inherent in the CT imaging process allov CT to visualize
lov contrast lesions that would be finvisible by any other x-ray imaging
method. . ’

A CT scanner is a highly sophisticated devica demanding careful calibration
for proper operation. Pariodic quality assurance testing and routine

' calibration and preventative maintainance are essential. In this papar we
vill discuss some of the properties of CT scanners and the essential features
of quality assurance including svaluations of image quality and dosimetry.

THE Cr IMAGE

The CT image is derived by computer from the measured x-ray attenuations at
all positions and angles through the slice of intecest. This image
‘preduction by computer processing requires that the image be broken up into a
J. R. Cameron Einite number of elements called pixels. A 256x256 1 matrix indicates
that the image is made up. of a reciangular matrix of plxsls that is 256
Pixels high and 256 pixels vide yielding a total of 65,536 plxals. Other
University of Wisconsin common isage matrices are 160x160, 320x320, lnd 512x512.

Wisconsin Each pixel in a particular image is assigned a nuaber as & result of the
UsAa imaging process. Typically this nusber, which is called the CT number, is
between -1000 and +3000 and represents the x-ray linear attenuation
coefficient (1) at the corresponding pomition in the y. Horse precisely,
t represents the sverage of the attenuation eoefficient within a volume
defined by the pixel in tvo dimensions and by the selected slice thickness in .
the third dimension (fig.1). This volume element is referred to as a voxsl.
For a 256x256 image of an 256mm vide field snd o Oum slice thickness, the
pixel size is lmm x lmm vhile the voxel size is lma x Ims x Smm.
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FIGURE 1.

The CT number assigned to each pixel is relatad to u by & linear offget
function. At prueﬁ. the most common method is to assign a value of -1000
to Air and 0 to Vater. In this method, a tissue vhich has a § equal to tve
times that of wvater would have a CT number of :1000. Vhen this method of
assigning CT numbers is used, the CT numbars ace sometimes reffered to as
Hounsfield Mumbers and are said to be expressed in Hounsfield Units (HU).
The folloving equation shows hov to mathematically coavart the attenuation
coafficient into a CT Number expressed in HU:

ch, (m0) » X x 1000 (1
L}

In this equation CT§, (HU) is the CT number of the tissue in Bounsfield
Units, p, ia the linear attenuation coefficient of the tissue, and uy is the
linear aftenuation coefficlent of vater. Since the CT number changes by 1000
as p changes from O to ¥, a change in CT pumber of 10 HU represents a
changxc in attenvation coefficient of 1% of Other definitions of CT
numbars have been used, particularly on older scanners, but these are not
refarred to as Hounsfield Units: For example, CT scanners produced In the
past by ENI used a definition of CT number in vhich the 1000 in equaticn (1)
vas replaced by the number 500.

To be disgnostically usefyl, this matrix of CT numbers which is the source of
the CT image must be converted into a gray scale image that can be vieved. A
very useful property of the CT modality, vhich {s shared with other digital
imaging methods, i3 the myriad ways in vhich the image can be manipulated.
The density and contrast of the final visual image can be freely changed -
after the x-ray exposure - by the adjustment of two controls on the imaging
console: the vindow width and the vindov level. This is in contrast to
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conventional film radiography in vhich the density and contrast of the image
are detarmined prior to the x-ray exposure by adjustiag the kVp and mAs - {f
these are incorrectly adjusted, the result is an image of improper density or
contrast, vhich aust be retaken. This problem cannot occur in CT scanning.
Here, if the mis iz set too lov, the image may appesr excessively noisy but
it can still be displayed with the proper density. The fres adjustment of
the contrast and density of the CT image after the x-ray exposure alse allovs
the visualization of structures over a very great range of densities.
Conventional film radiography may have probleas discerning detail in both the
lung field and the mediastenum on the same film, but such problems are masily
handled by digital imaging. If needed, tvo sepsrate film records can be made
of the same CT scan using different sattings of the vindov level and vindov
vidth to optimally shov, for example, the lung field in one imaga and the
mediastenun in the other. o

In producing a grey scale image from a matrix of CT numbers the computer must
be told how each number i3 to ba turned into a shade of grey. This is
accomplished by selgcting the vindov vidth and vindov level. The wvindow
vidth specifies the range of CT numbars that vill be converted to shades of
grey in the imsge. The windov lavel specifies the CT number vhich lies at
the midpoint of this range. A1l pixels vith CT numbers belov thiz range vill
be reproduced in the image ss black; all pixels vith CT numbera sbove this
range vill be reproduced as vhite. All pixels vith CT nusbers vithin this
range vill be reproduced as shades of grey from very dark grey for those
pixels vith CT nusbers close to the bottom of this raage to very light grey
for pixels with CT numbers close to the top of this range. The method by
vhich the wvindov width and vindow level controls manipulate the isage in o
particular cass is shovn belov in figure 2:

GREY SCALE

wmf&-- ‘
LiGHT GREY + ; Winbow wibTi = 400
MdDDLE GREY 4 Winbow Level = 4285
DARK 6REY T '
Brack - , .
-1 "If +a.S f'a:ll.’f CT #
FIGURE 2.

In this case the windov width is 400 and the vindov level iz +25. All CT
numbers below -175 transform into black in the image wvhile sll CT numbers
above +225 transform into vhite. The pixels vith CT nusbers batvesn -175 and
+225 will display as shades of grey in the imags.



CT SCANNER COMPOMENTS

It i{s convenisnt to divide the CT wscanner system into three separate
componants each of vhich often occupies a separate room:

1. The Scanner Gantry.

This includes the x-ray source, the x-ray detectors vith their associated
electronics for datm squisition, the mechanical mechanism vhich moves the
x-ray source snd (sometimes) the datectors around the patient, and a
mechanism for precisely correlating the exact position of the gantry with
the data coming from the detectors during the actual scanning. Each of
these components is controlled by the computer and/or feeds data to it.
The gantry of course contains an sperturs into vhich the patient is placed
to be scanned. The sbove components are contained in & ring shaped
structure around this sperture. Tha generator vhich provides the high
voltage and filsment control for the x-ray tube i3 located outside of this
ring structure but nearby. The patient teble, its positioning controls,
and the devices for slice localization may also involve computer control.

2. The Computer. P

In addition to controlling the functions of the scanner gantry, the
computer must receive and stors the dats from the x-ray detectors. These
data are then processed into a matrix of CT numbers and stored in the
computer, ready for transmission to the displsy console. Usually, data

for more than a single imsge cannot be stored in the limited computed”

semory. As images sre produced they must be transferred to some other
memory device. For short term storage vhich allovs rapid access to the
image, a hard disk storage device can be used. For long term economical
archival storage (with much slover access to the image) magnetic tape can
be used. A brand nev storage medium vhich combines the rapid access of
hard disk vith the large economical storage capacity of magnetic tape ls
optical disk storage. While optical disk storage is mora expensive than
magnetic tape, it occupies significantly less physical space to store the
same number of images.

3. The Contro}l and Display Console.

This console contains the operator controls of the CT scanner and the
vieving monitor vhich displays the CT image. Vhen the operator calls an
image from tha comsputer, the matrix of CT numbers for that image is sent
to the console vhich then translates this matfi% into an image on the
vieving monitor under the guldance of the windovw wvidth and windov level
controls. CT scanning systems can be configured wvith a separate,
additional display console so that previous images can bs vieved vhile
scans are being performed. It is most convenient 1f this additional
display console has its own separate computer so that it is truly
independant and is not sloved dovn vhen the main computer is occupled with
scanning and image reconstruction. While the physician can viev the image
and make diagnosis on the display monitor, it is almost alvays desireable
to produce a "hard copy” film image for later vieving independant of the
vieving console. This is accomplished by using an image documentation
instrument vhich contains a separate monitor and a camera to photograph
the image on the monitor. Newly developed laser documentation systems can
yield exceptional image quality by bypassing the conventional
monitor-camera link and forming the film image more directly.

5=
TYPES OF CT SCANNERS

CT scanners can be divided into 5 basic types or gensrations based on the
configuration and motion of the X-ray source and do‘t.e_cfmﬂn; the scan.
The numbering from lst to 3th generation is derived from the chronological
order in vhich these scanner types vare devaloped. Thess scanner types vary
greatly in their clinically significant properties. Scen times have ranged
from under 1 second to 4 minutes; thus patient throughput has varied greatly.
There are also significant variations in image quality and the degres of
freedom from image artifacts.

The original first generation scanners, developed by EMI, consisted of an
x-ray tube vhose output vas collimated to a narrov pencil beam and a single
detector. To obtain the image data during a scan, the tube and detector
executed a common linear wotion so that the x-ray pencil beam scanned across
the patient. The tubs and detector then rotated by 1 degree arcund the
center of the patient and scanned back across the patient in another linear
sotion. This translate-rotate motion vas repeated 180 times so that all
vievs of the patiedt could be measured. The highly collimsted besm and
single detector alloved a high degres of scatter rejection, but vas & very
inefficient vay to collect the image data. Thus the scan times vers vary
long, about & minutes to obtain data for a single slice. To help improve
patient throughput, EMI added a second detector vhich vas used to obtain data
for a second slice simultaneously vith the first slice. Since the pencil
beans used for the two slices vere not parallsl (they came from the same
x-ray source), artifacts could easily be produced by high density objects in
the outer parts of the field. Also the long scan time limited this scanner
to neuro work vhere motion is limited without the need for breath holding.
5till, some patient motion vas common during the long scan time and image
artifacts and blurring due to motion were often seen.

Second genetstion scanners continued to use the translate-rotate form of
motion, t significantly reduced the scan tise by obtaining the data for
several angles in a single translation. As an example of this scanner type,
the EMI 5005 scanner collected data over 10 degrees in one translational
sveep. In this vay the number of translation motions vas reduced froa 180 to
18, and the scan time vasz reduced to a selection of 20 or 60 seconds, This
vas achieved by using ap x-ray fan besam of 10 degrees and a total of 30
detectora over an arc of 10 degrees, instesd of a single datector, to collect
the data. With scan times of 20 seconds, body scanning could now be
performed using breath holding to reduce motion vith many patients. Motion
:rtihc:; vere also reduced in neuro vork, and patient throughput wvas greatly
ncreased.

A breakthru in CT scanner design occured with the development of third
enetation scanners. In this design there is only a single motion type for
the tu and detectors: a 360 degree rotation. The separate translaticn
motion iz eliminated. In this vay very fast scan timez are possible dovn to
about 1 second, with typiiéal scan times of 3 to 5 seconds for most clinical
studies. At this scan speed it becomes much easler for patients to
successfully breath hold during the scan. Motion artifacts from both
internal motion and unintentional patient motion are greatly reduced.

In order to collect a complete set of attenuation data using only rotational
motion, the x-ray beam and bank of detectors must be wide enough that the
entire patient ix covered at a single position. This requires an x-ray fan
beam and detector arc of about 30 to 45 degrees for wvhole body scanning. To
cover this large arc 200 to 1000 separate detectors are needed. Obviously,
wvith this large number of detectors, the cost and calibration effort is
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signiticantly increased over eariier scanner types. To sake full use of the
rapid scan times possible vith these scanners it is desireable to increase
the computing pover in order to reduce the image reconstruction time. Never
scanners have reconstruction times of a fev seconds per image. This allows
each glice t0o be viewed as the scans are pecformed rather than taking a
serias of scans and performing the imege processing later.

The third generation design presented some difficult enginearing probleas
ralated to detactor stablity. To produce an- artifact free isage, the
detactors must be precisely calibrated and then remsin very stable betveen
calibrations. If this is not properly accomplished, the result will be tha
formation of ring acrtifacts in the image: rings of high or lov density. The
size of the ring depends on the location of the defective or wigcslibrated
detector. If the detector is near the outside of the detector array, the
ring diameter will be large; if the detector is near the center of the
detector array, the ring diameter vill be small. If the bad detector iy very
near or at the centar of the detector array, s rather unfortunate artifsct
occurs: the ring here has shrunk to a small srea of lov or high density that
can essily be mistaken for a lasion. Thus it is very Important o reduce
these ring artifacts to the sinimum possible level. The maintenance of
detector calibration is complicated by the fact that the patient remains
batveen the x-ray tube and the detectors during the entire scanj thus the
detectors cannot be calibrated during the scan by exposure to the
unattenvated x-ray beam. The solution to this problem is tvo-fold: (1) The
selection and design of highly stable X-tay datectors and electronics, and
frequent calibration of the detactors (vhen a patient is not in the scanner).
(2) The development of computer softvare techniques to correct for any
residual miscalibration of the detectors in the image processing stage. In
general, the results have been rather succeasful, and a proparly functioning,
vall calibrated thicd generation scanner sbould have no clinically
significant problems vith ring artifacts.

Several manufacturers of CT scanners took s different approach to solving
this problem of ring artifacts and developed a fourth genecation CT scanner.
This scanner, like the 3rd genaration scanner, utillzed & rotate-only motion.
Vith the 4th generation scannars, howevar, only tha tube rotates; the
datectors remain stationary in a ring that completely surrounds the patient.
This method has tve advantages over the 3rd generation type: Every detector
can be calibrated during the scan sisply by making the x-ray fan bean
sosevhat larger than that needed to cover the patisnt. The unattenuated
beams at either side of the patient can then be used to tvice calibrate each
detector as it passes under these beams. Secondly, the nature of the data
collection does not actually demand precise’detector calibration to aveid

artifacts, Useful scans can even be made vith several totally dead
detectors. o

The 4th generation scanner design also has several disadvantages compared to
3rd generation scanners. Since the detectors are distributed over an entire
360 degree circle sround the patient, a rather large number of detectors
vould be required using detectors of optisum size vhich vers packed closely
together to absorb the largest possible fraction of the radiation exiting the
patient. This large number or detsctors can significantly increase the cost
of producing the CT scanner. To reduce the number of detectors, it is
hecessary to either increase the detector size vhich degrades the image
resolution and/or increass the spacing betvean the detectors which then
decreases the geometrical efficiency of the detectors and reduces the total
fraction of ratﬁadon vhich Is absorbed by the detactors. In this later case
& higher dose would have to be delivered to the patient to obtain equivalent
image quality. A practical 4th generation scanner design typically musat
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compronise betveen these items of datector number, detector size, and
detector spacing.

Another significant disadvantage of the &th generation design compared to the
3rd generstion concerns scatter rejecticn. In 3rd generation scanners the
detectors are placed along the arc of a circle whose center iz the x-ray
source. Since the detectors and x-ray tube move together around the patient,
their relative geometrical relstionship remains fixed. Thus each detactor
can be fully collimated to the x-ray source, greatly reducing the amount of
scattered radiation vhich reaches the detectors. In 4th gensration scanners
this collimation to remove scattered radiation from vithin the scan plane 13
not possible. As the tubs moves around the patient each stationary detesctor
sees the position of the x-ray source moving in an arc, thus thers is no
fixed position to vhich the collimation can focus. This lack of collimation
septa betveen the detectors increases the fraction of scatter in the detected
beam. The image raconitruction process must cospensate for this extrs
scattered radiation or artifact will result. BEven vhen this is done
successfully, the extra ascatter vill either resuit in a somevhat noisier,
degraded image or,” to maintain image quality, a higher doss vill be required.
Given the preceeding analysis one might ask vhether 3rd or 4th generation
designs are better among the currently available scannars. The ansver must
be that the skill of the aanufacturer in implamenting its particular design
are at least as important to consider as are ths spacific sdvantages and
disadvantages inherent in the different designs.

Twvo types of detectors are used in modern CT scanners. Gas-filled chambers
{Xenon gas under presaure) can be used as x-ray detectors. onlzatlon of
the gas in the chamber by radiation produces a signal proportional to the
radiation intensity. These detectors have the advantage of a high level of
stability and thus are particularly suitable for use in 3cd generation
scanners. The disadvantage of Ienon gas detectors is their low absorption of
ra.diabtion: typically only about 50X of the radiation incident on the detector
is absorbed.

The other type of detector uses a solid scintillation material as the x-ray
absorber. These materials emit light proportional to the smount of radiation
absorbed. This light is then detected by a photomultiplier tubs or a
photodiode which converts the light inte an electrical signal. These
detectors are batter absorbers of radiation than g8 filled detectors: they
can absorb close to 100X of the radiation incident on them. They have the
disadvantages of (1) lesser stability and (2) afterglov, wvhich is the
enission of light for a short tise after the actual X-ray exposure.
Afterglov can ba a particular problem vith faster scan times that approach 1
second. These problems can be minimized by the proper selection and
fabrication of scintillator materials, but the use of these detectora still
poses a significant engineering task not encountered with gas filled
detectors. If these s0lid scintillation detectors are used in third
generation scanners without careful dasign and calibration procedures, ring
artifacts can easily result.

There are several other svolutionary improvemants in CT scannet performance
that are vorth mentioning here, in addition to reduced scan time and reduced
image reconstruction time. Scanner designs incorporating an increased number
of detectors and improved reconstruction algorithms have significantly
improved the resolution limits of thess scanners down to 0.4 sam. The
implementation of variable selectable slice thicknazses down to 1 mm permit
the fullest realization of these improved resolution limits by reducing blur
due to partial volume effects. Larger gantry apertures and the ability to
tilt the gantry allov better access to patient pathologies. Larger tube heat
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capacities allov for faster scan repetition rates and higher patient
throughput. The use of digital plane radiographic images, produced by the CT
scannar as scout films, allovs for the precise adjustmant of scan location to
sult the clinical need. After producing the scout fila the CT operator can
interact vith the computer by draving the preciss angle and the starting and
ending positions at vhich he wvishes to scan. The patient table and gantry
can then wove to these spacifications under computer control. Often the
scanning process for the entire exsmination can be put under computer control
after the required scan techniques are selected.

The most recent major development in CT scanner technology vas made
Imatron, Inc., This latest design is sosetimes refered to as the fifth
eneration scanner. With this instrument scan times down to 1/20 sec. (50
maec) can be achieved. At this speed, effective freezing of cardiac and
respiratory motion 1is possible. This incredible scanning speed is
acconplished by effectively placing the patient vithin the x-ray tube! When
positioned for a scan, the patient is surrounded both by twvo detector rings
and by several rings of tungsten vhich act as the x-ray source. To scan the
patient, an electron beam is accelerated tovards the patient slong the scan
axis and then deflected so that it hits onc_lof the tungsten rings. The
electron beam 1s then quickly scanned over the length of the tungsten ring to
complete the scan. Since this process involves no moving parts, a very rapid
scan time {3 possible.

.

QUALTTY ASSURANCE OF CT SCANNERS

As mentioned before, peroidic calibration and preventative saintenance by the
agnufacturer are essential to the proper oparation of a CT scanner. This
alone, however, 13 not sufficient to assure the optimum daily functioning of
the CT scanner. To accomplish this it is necessary to have an independant
program of quality assurance that can daily monitor the most sensitive
sspects of scanner performance and periodically perform more complete
measurements of scanner performance. These quality assurance (QA) tests are
needed (1} to monitor the day to day performance of the scanner between
routine calibrations; (2) to check that scanner calibrations, maintenance,
and repairs are in fact being done correctly; (3) to detect problems that may
not be found and corrected in the routine calibrations and maintenance; and
(4) to monitor the scanner performance over time so that any degradations due
to scanner uging or modifications can be detectad asd,addressed.

Most of the test procedures for CT quality assurance that will shortly be
discussed are also useful in the process of buying a CT scm;r and setting
it up for clinical use: (1) Scanner compariszons are often parformed as part
of the selection process of a C! scannar. This testing of various CT
Scanners to compare their levels of technical performance can be done by the
physicist vho 1y assisting in the process of purchasing a CT scanner. This
same physicist should construct a list of performance specifications that the
CT scanner must meet sfter it is installed and calibrated and before it is
finally accepted by the purchaser. {2) To verify that the scanner does
indeed meer these specifications, the physicist should perform acceptance
ustigﬁ vhich involves all of the QA tests that vill be discussed in aaiition
to verification of the delivery and proper operation of all equipment and
softvare specified in the purchase agreement. The acceptance tests
additionally provide a baseline to vhich all future juality assurance test
results can be compared. - -
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In CT scanning, as vith any disgnostic x-ray procedure, tha objective is to
obtain an image of good dimgnostic quality at a minimum risk to the patient.
Minimizing risk involves sinimizing radiation exposure as ona elament. To
help accomplish these gosls, the tests involved vith CT scanner quality
asgurance must include 3 genaral areas of performance evaluation;

1. Image Quality
2. Dosimetry
3. Performance of "Non-imaging” Components

CT QUALITY ASSURANCE PHANTOMS

To perform the CT quality sssurance tests it is naccessary to use an object
vhich generally simulates the x-ray attenuation and scattaring properties of
the body and vhich contatins test objects with vhich scanner performance can
be evaluated. Such an object is referred to as a phantowm. To simulate the
attenustion and scattering properties of the body, %ﬁ—pﬁntu must have the
correct gize and be composed of materialy similar to tissus in their X-ray
interactions. Commarcially available phantoms and those provided by the CT
scanner manufacturers generally use sither vater or s vater squivalent sgolid
a3 their principle component. Phantoms are oftsn available in different
sizes suitable for simulating both head and body sections. The head phantoms
may contaln a vater-equivalent main section vhich {3 surrounded by a bone
equivalent material to simulate the skull. This “bone ring" can be very
useful in demonstrating the presence of artifacts dus to the skull.

Phantoms wvhich utilize the solid water equivalent materials have several
advantages over vater-filled phantons. Being solid, there iz no problem with
vater leakage. The solid phantom can be composed of a main body vith several
cavities jn it, and inserts containing test objects can be placed into these
cavities. Thus only a single, relatively thin main phantom body 13 required.
Any number of test objects can be incorporated into this phantom body by
using the appropriate small test inserts. This leads 1o a relatively compact
and lightveight phantom system vhich is easy to use. Vater filled phantoms
generally must be significantly larger and heavier if they are to perfora the
full range of QA tests. Since it is very inconvenient and time consuming to
open & vater filled phantom to teplace test objects during a OA test, the
phantoas are usually designed to contain all the the needed test abjects
vithin the phantom at the ‘same time. This requires geveral sectiong for the
different tests and can make the phantom quite long. With wvater filled
phantoms one must alsc take some care to aveid air bubbles and residue from
impure vater and grovth of organisms in the wvater. One impoxtant advantage
of vater filled phantoms iz their uniformity: vith & vater filled phantom you
have a priori knovlaedge of phantos‘s uniformity and radiographic properties.
¥ith solid phantoms you must trust to the skill and reputation of the phantom
manufacturer. A high degree of uniformity and accuracy in the phantom
material is usually only necessary in the QA tests vhich examine the CT
number accuracy of vater, the image noise, and the uniformity in the image of
3 uniform phantom. (These are the tests la, 1b, 2a, and 3a to be discussed
in the next section.) If there is any question of the suitablity of a
particular solid phantom for these tests it is usuelly a simple matter to
substitute the uniform vater filled phanton thst is normally supplied by the
CT scanner manufacturer for these particular tests.
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IMAGE QUALITY TESTS

The folloving is a list of image quality tests vhich should be performed at
the periodic comprehensive QA test. Tests listed in parenthesis, vhile they

give highly useful information, may be quite difficult to perform accurately
and are not essential for the QA progranm.

1. CT NUMBER ACCURACY
a. The CT nuaber accuracy of vater.
b. Uniformity of the CT number of vater over a uniform phantom image.
¢. Contrast scale accuracy and stablity: CT nusber measurements of
& fev "standard® materials.

2. IMAGE ARTIPACTS ' ‘ _ ;
&, Artifacts present in the image of a unifors phantom, such as ring
artifacts.

b. Artifacts due to the presence of high density cbjects in the scan
such as the skull.

3. LOV CORTRAST PERFORMANCE .
8. Image noise - obtained from the imags of uniform phantonm,
{b. Lov contrast detectablity - Contrast-Detail curves.)

4. INAGE SHARPNESS
a. High contrast resolution . L.
(b. Modulation transter function (MIF), derived fros an adge response
or MTF phantonm.)

5. IMAGED SLICE THICKNESS AND SLICE SENSITIVITY PROFILE
6. IMAGRE DISPLAY QUALITY

7. IHAGE DOCUMENTATION SYSTEM QUALITY

a. Performance of image documentation camera.
b. Performance of film processor.

Tests la, ib, 2a, and 3a all make use of the image of a uniform, wvater
tquivalent phanton. Separate scans should be taken st all normally used scan
modes, {ncluding scans at the different salqctable slice” thicknesses.
Dosimetry tests can often be perforned at the same time, thus isproving test
efficiency. These scans are then analyzed using the CT scanner’s built-in
l:ltii‘su;.al sof;nn. A region of interest i3 selected in the cantral region
of the phantom image; the average CT numbar and the standard deviation of the
noise ggixel hoise) are then deternlned (tests la and Ta).  The values 3hould

e vithin the Ilmlcs given by the CT scanner manufacturer. Probably the most

nolse dirsctly affects the datectablity of 1low contrast lesions. An
significant {increase 1ip the noise measurement should be inmediately
addressed. Measurements of CT number and noise can alsc be made in other
reglons of the image, or the image can simply be inspected for uniformit
from center to edga (test 1b). Finally, the images should be inspected for
the presence of any artifacts - such as ring artifacts (rest 2a). It is
ussful to keep the test Hlims on tile for comparison vith later tests.

The folloving tests are performed with CT phantoms containing the required

test objects. To test the contrast scale accuracy and stabilit rods of
different substances, such i3 plexiglas, polyethylens, and tcﬂ‘o'n can be
scannad (test 1c). The sverage CT numbers within the rods are then
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determined. These CT numbers should be stable over time and should
correspond te¢ the manufacturer’s specifications. Specific CT numbers cannot
be given for all CT scanners, since the CT numbers will vary somsevhat
depending on the kVp and filtration used in the CT scannar and on the preacise
densities of the test materials.

scan using a bone equivalent ring can be inspected for image
::tpihf.:::tt:.(tnt 2b).n‘ The most .cqo-on artifact is skull bleed-in; hare, tEo
part of the image just invide the bone ring has an artificially raised
density. Special phantoa inserts, such aszs ona containing an slusinum pin can
be scanned to observe the resultant artifacts (test 2b). Any vorsening in
artifacts from previous tests should be noted.

One of the most important charateristics of CT imaging iz its ability to
perceive lov contrast lesions. Thus the lov contrast detectablity of a
scanner is an important performance characterlstic (test 3b}. ﬁi- low
contrast detectablity specifies either the smallest objects that can be
perceived at given contrast levels or, equivalently, the lovest contrast
levels. at vwhich objacts of specified sizes can be detected. In either case,
the results can be expressed on a tvo dimensjonal graph of object size
vs. contrast level in vhich a plot of the threshold points divides the graph
into tvo regions of detectable vs. non-detectable objects. This graph is
called a contrast-detajl curve. PFor a particular CT scanner the actual shape
of the curve will vary if either the reconstzuction algorithm or the exposure
factors (kV, mAs) are changed.

e lov contrast detectablity test is performed by imaging test objects of
::ry:lng lov densities and sizes mdp:hcn determining the threshold of
perception of these objects. In general this is a rather difficult test from
vhich 1o get reliable, reproducable results. First, the test is highly
subjective and is greatly affected by viewing conditions, vieving distance,
and an individual’s own visual perception. Second, since noise is by nature
a random, changing process, several scans of the ssme lov conatrast objects
under the same conditions in the same scanner will veary often give different
test results. Thus the only useful wvay to perfors this test is to hava a
precize protocol for svaluating the imsges by the sase individual or group of
people. In addition, the evaluation must either urilize several images of
the same phanton or wus{ maks use of a phantow in vhich thers are multiple
objects for each particular size and contrast. The test rasults are then an
average of the results from several images of the same or similar objects.

Because of the difficulties of performing and evaluating the lov contrast
detecrablity test, wany individuals may find it prefarable to moniter a
Scanner’s lov contrast performance sximply by testing for image noiss. A
specification of the standard deviation of the pixel noise is not, by Stself,
a sufficient indicator of lov comtrast perforsance vhan comparing different
3canners. Hovever vhen testing a specific scanner at spacific techniques, a
measuresent of pixel noise is a very good indicator of any changes in lov
contrast performance.. For thase purposes of Quality Assurance the additional
testing of lov contrast detectability does not norsally add a significant
amount of ugeful information.

Image sharpness can ba tested by scanning one ¢f several types of resolution
Inserts {test 4a). One common type contains a pattern of rovs of rods,
another containg a pattern of parallel planes. The former yields an image of
rovs of dots, the latter an image of series of parallel lines. The
resolution, like the image nolse, can vary greatly depending on the
reconstruction mode used. Special high resolution modes will enhance image
sharpness but will also increase noise and image artifacts. Thus these lodcln
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are used for imaging bone detail but are not good for soft tissue. The
modulation transfer funtion (test 4b) is a more complete description of image
ahatpriess than resolution. Hovaver it usually requires additional computer
processing of the CT image of an edge response or NIF phantom. The softvare
programs necessary for this processing are not normally available to the CT
operator. FPor simple QA testing, the high contrast resolution test is
sufficlent. Any significant degradation in image sharpness occurring over
time in a particular scanner should showv up in the resolution test. ‘

The 1* slice thickness and slice sensitivity profile (test 5) can be
measured using an Inclined aluminum ramp. UIth & 45 degree ramp, the imaged

slice thickness is equal to the vidth of the ramp isage. With a 26.6 degree
ramp, the imaged slice thickness iz one-half the vidth of the ramp image.
Thus the 26.6 degree ramp is a more sensitive test object and is recommended.
The sasiest vay to measure the imaged slice thickness - defined a3z the full
vidth half saxisum (FVAM) of the slice sansitivity profile - ts to determina
the mean CT number of the densest part of the ramp image and the mean CT
number of the image ocutside the ramp. Then take the average of these two CT
numbers. Set the vindov level to this average CT number and set the window
vidth to its minimum slloved valua. The measured thickness of the ramp image
is then exactly the PVHEM of the slice sensitivity profile (remember to
multiply by 1/2 for the 26.6 degree ramp). The completa slice sgensicivity
profile can be obtained from the CT number profile across the ramp.

The image display quality (test 6) involves the correct satting of the
monltor comtrels for contrast and brightness. Once the proper settings hive
besn detarmined and set, they should never ba changed except to adjust for
monitor aging: When the contrast and brightness of individual CT images need
to be changed, only the windov width and vindov level controls should be
adjusted. As part of this test, the monitor should de observed for proper
focus across the screen. Distortion can ba determined by measuring the
displayed height and width of a phantom image: they should be vithin 5% of
aach other. If not, the vertical or horizontal gain of the monitor should be
;dju:tcd. The screen should be also observed for any sign of flicker or
umpiness.

The monitor in the & documentation systes can be inspected in the same
vay as the display monitor {test 7a). f"n’_mﬂ'ition. any dust on the monitor
should be removed. The simplest vay to check the overall performance of the
sonitor and camera is to reproduce an image of one of the unifdrm phantoms at
all of the image positions on a fils. This fils’can then be inspected at
each of its image positions for proper focus, image density, image contrast
and artifacts.

Pinally the film processor should be monitored on a frequent basis, daily 1f
possible (test 7b;. This involves monitoring the base + fog, speed index,
and contrast of test films exposed in a sensitometer. Since the single
emulsion films used in the image documentation systems are more sensitive to
processor variation than the filas used in conventional radiography,
processor QA becomes particularly important in CT. Also speclal care is
needed if the same processer is used for both the single emulsion CT films
and regular double emulsion film since the required replenishment rate may be
quite different. The processor performance may vary significantly as the mix
of filus is varied. Finally, the images produced in the other tests should
be inspected for any artifacts that may be due to the processor: uneven
developing, drip marks, scratch marks, roller marks, etc.
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DOSIMETRY TESTS

The dose figures quoted by the msnufacuters for their CT gcanners can be very
confusing becsuse of the many differsnt vays to specify dose. There is the
additional problem that a dose figure 1s rather seaningleas unless the axact
techniques of kVp, mAg, and slice thickness are spacified st the same time.
The folloving discussion will try to eliminate much of the confusion
regarding CT dose by indicating the differemt ways in which dose can be
specified, and the best vays to measure it in a QA programs.

The first consideration in dose specification is the location of the dose
measurement. Tha dose may be specified as "surface dose* or “"central doss”.
The dosimeter may be placed on the surface of the phantom, at Its center, or
in fact at any other intermediate position. If the dosimeter is placed at
the center of the phantom {or any place vithin it), the phantom size and
composition wust be specified. The size of the phantom vill also affect the
measurement of surface dose, but to a lesser extent (mostly by affecting the
distance betveen the dosimetar and the x-ray source}. Surface dose can vary
greatly around the durface of the phantom if the scan angle is mot exactly
360 degrees. This will occur vith the normal 180 degree scans of lst and 2nd
generation scanners, and also vith 3rd and 4th generation scanners operated
in liaited angle, fast scan modes, and in overscan modes (to reduce motion
artifacts).

At vhatever position the dose is measured, there exists a &2“‘51151& across
the slice thickness irradisted, vhich is produced by the ation from a
single scan. This dose profile iz a function of dose (rad or gray) vs. the
the distance (ma) along the scan axis. Twvo particularly useful parametars of
this dose profile are its maximum dose and dose profile width (wvhich is
ususally taken as the full vIdth at half maxiwua of t ose profile). The
dose profile at the center of the phantom vill be smuch vider than that at the
surface due to the presence of a large amount of scattered radlation. To
measure the dose profile at the center of the phantom, weasurements must be
made over a distance 10 to 20 times the selected slice thickness snd the
phantoa must of course be wider than this distance. Partly bacause of the
technical difficulties of measuring the central dose profile, ve recommended
measurement of the surface dose profile for OA tests. An additional
advantage of the surface, dose profile 13 that it directly reflects the state
of collimation of the X-ray source, vhile this effect is masked in the
central dose profile by the overvhelming presence of scattered radiation.

The total amount of radiation sbsorbed (at a specified depth) by the patient
during & CT scan of a single slice is proportional to the areas under the
single slice dose profila (the matbematical integral of the dose profile)
weasured at the specified depth. Thus this int of the single slice dose
¥rotile iz & very useful quantity. Its units are rad-ca. thiax Integral
s divided by the selected slice wvidth, the resultant quantity has been
termed the CT Dose Index or CIDI. The CIDI, vhich has units of dose (rad or
gray), can ba specifled st any point in the phantom from its surface to
center. We find that the surface CTDI is a particularly useful quantity for
CT QA tests that is also easy to measure.

A specification of the surface dose alone is not the best vay to evaluate the
total amount of radiation absorbed by the patient, and thus his rediation
risk. Different models of CT scanners vith similar surface doses may produce
significantly different central doses and therefore different radiation risks
to the patient. Hovever, a measurement of surface dose is a very good way to
monitor any changes in the performance of a specific CT scanner, vhich is the
precise purpose of the QA program.
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Since all actual clinical CT studies involve multiple slices, the dose or
dose profile 1is lontll:s sp:citled g; a‘lultipih:du? urt:: oi sca::.
Normally the sultiple slice dose profile is apec or each selectable
alice vyidth vith t|E condition that the slice incrementation distance is
equal to the slice width (contiguous slice condition). Two persaeters of
this profile are the maximum dose and the average dose. The average dose for
contiguous multiple slices is clearly s particularly useful quantity. An
important relationship that we note here i3 that the average dose for

contiguous multiple slices iz equal to the CTDI. -

C! scanner dosimetry can be performed using ILD's or an ion chamber. A
series of TLD’s can be stacked togeather such™ that a dose profile can be
massured. An ion chamber can be used to seasure the integral of the dose
profile and thus the CIDI. Vhen the proper equipment is available, ion
chambar mesasursmentz ars simpler than those using TLD's, sand can be useful
vhen the exact dose profils is not needed. FPor CT dosimetry the ion chamber
should be cylindrically shaped {pencil chaamber), and its active length should
be significantly larger than the bulk of the dosa profils. For surface dose
measuresants of & single slice, a 4 cn active length is sufficient; vhile for
central dose measurements, the chamber may need to bs 10 to 15 cm long. To
deriva the integral of the doss profile (IDP?) or the CIDI from the ion
chasber measuresant, use the following equations:

1DP (rad—cm) = 0.94 x & x A (3}

CIDI (rad) = 0.94 x B xa (&)

Here, E iz the jon chamber reading (in Roentgen units); the .94 factor
converts the ion chamber messuresent of “exposure® in units of roentgen (R)
into "dose™ in units of rad; ¥V i3 the selected slice width (in cm); A is the
active langth of tha ion chamber {(in ca).

If TLD’s are not used and an idea of the wvidth of the slice profile is still
desired, film dosimetry can be used. In this case a sheet of film i3 placed
over the surface of the phantom and a3 single exposure iy made at each
selectable slice thickness. The phantom is moved betveen each exposure so
that the exposures do not overlap on the film. The film wust not be
overexposed, othervise the apparent slice thickness vill be too large - an
optical density of about 1.0 to 2.0 is about right. Thus a suitable film and
x~ray technique sus: be used. )

Ve consider it important to do a very thorough check of dosimetry during the
acceptance testing of a CT scanner. This should include the use of TLD’s to
obtain the single slice dose profiles for all selectable slice thicknesses.
Subsequent QA tests may continue to use TLD's to test dosimetry. However it
i3 also acceptable to use a suitable ion chamber placed on the surface of the
phantom to measure the surface CIDI for comparison to previous values. If
either the tube output or the width of the dose profile should jincrease
Fetveen "tests, it vould be detected as an Increase _%n the . AddItional
HIa dosImetry, as desctibed above is then & useful adjunct to confirm the
vidth of the dose profile.
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It is very useful to compare the dose profile measured at the phantom surface
vith the slice sensitivity profile obtained from the CT image. +Vhen doing
this comparison it 1s important to mathematically transform the dose profile
from the position of the scanner surface to the scanner isocanter. This is
done by multiplying the distance measurements in the doss profile by the
fraction: D / (D - r) , vhere D is the distance betveen the focal spot of the
x-ray tube and the scanner isocenter, and r is the radius of the phantos.
This assumes the phantom iz centered fn the scanner sperture. The result of
this transformation will be a slight incresse in the width of the dose
profile. Ideally, this transformed dose profile should clossly match the
slice sensitivity profile. Also, both the measured wvidth of the slice
sensitivity profile and the vidth of the dose profile should be close to the

.selected glice width.

PERFORMANCE OF NOM-IMACK .WS

Here ve are including essential tests that do not fall within the categories
of image quality or dozimetry testing. Thase tests include evaluations of
the accuracy of the patient positioning devices:

1. Patient poaitioning using the digital scout images available with
many current scanners. This test can be performed as part of the
positioning of the test ghantom in preparation for other tests.

2., The patient positioning lights that sark the location of thae scan plane.

3. Manual and computer controlled wotion of the patient table. Incremental
cm:l c; in position should be sccurate and reproducible in both
directions.

TRCENIQUES FOR DAILY QUALITY ASSURANCE

Daily quality assurance ix very important to maintain consistant image
quality. The tests that ve recommend can genarally be done quite quickly
using the uniform water phantom supplied by the CI scenner manufacturer.
These tests include the folloving image quality tests that have been
previously discussed: (la) the CI' number accuracy of wvater; (2a) artifacts
present in the image of uniform phantom, such as ring artifacts; (3a) imsge
noise - obtained from the image of uniform phantowm; (7b) perforsance of the
film processer.

These tests require the taking of a single scan at each of 2 to 4 of the most
commonly used gycan modes. Each image is then evaluated using the CT
scanner’s built in statistical analysis softvare: The average CT number and
the standard deviation oc pixel ncise is detersined for a central reglon in
each image. These values ars tabulated in a log vhere daily deviations are
ea3ily spotted. The most significant potential problem is an increase in the
noise, since this vill affect the lov contrast detectablity of the scaaner.
These images are thep vieved for the presence of artifacts. Finally, as
wentioned previously, the processor is an essential link in the image quality
of the final image end should not be neglacted. Daily chacks of base + fog,
speed index, and contrast are recommended.
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