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FIGURE 6: Phantom for contrast-detail-dose analysis.
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In use, the phantom is scanned at a range of doses, and the number of
details detectable at each contrast is estimated, for each dose rate. A
family of curves may then be plotted, of contrast versus detail size, with

dose as the parameter. Such a set of curves is shown in figure 7.

The subsequent analysis of this contrast-detail-dose data has been debated
in the literature, and the exact functional form of the relationship
between dose, contrast and minimum detectable detail size is uncertain.

(15)

However a proposed relationship is
F = DR3 2 (9)

which may be rearranged as

1 1 2
LnR = 3 LnF - 3 LnD - 3 LnC (10)
where F 1is a scanner specific constant, or performance index

D is dose

R is the size of the smallest detectable detail

and C is contrast.
. (16) , , , .
Trajtenberg has rewritten this relationship as:
LnR = f - giLnD - BoLnD + E (11)
where f = LnF
and E is an error term.

By estimating the values of By and B, using a multivariate least squares
regression analysis, he has shown that the coefficient of LnD and LnC in
equation 11 are approximately 1/5 and 2/3 respectively, not 1/3 and 2/3 as
predicted by equation 10, and that they vary with dose and contrast, and

between scanners.

2.5 Sensitivity Profile

The sensitivity profile is a measure of the response of the CT detector in
the z direction. 1Ideally this response would be rectangular. Typically
the response is as shown in figure 8. The sensitivity profile measurements

are usually summarised in terms of the full-width at half maximum (FWHM).
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FIGURE 7: Contrast detail curves obtained at low and high doses.
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FIGURE 8:

Typical CT number sensitivity profile, for 10 mm slice width.
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Initially measurements of the sensitivity profile were made using a 25 mm
perspex cube, with a 1 mm diameter drilled at 45° to the scan plane. The
length of the image of the hole gave the sensitivity profile width, and a

plot of the CT numbers gave the profile.

Although this gave satisfactory results, (i) it gave no checking of
alignment errors, (ii) it gave only one or two rows of pixels in the image
of the air hole, (iii) the width of the air hole caused a 1 or 2 mm
uncertainty in the FWHM, and (iv) the small size of the cube meant that

very low mAs had to be used, giving a noisy image.

9) . .
/ was constructed which contained two

Therefore a conventional test object(
] mm thick aluminium ramps side by side, each at 45° to the scan plane and
perpendicular to each cther, figure 9, This object gives two estimates of
the profile (one for each ramp) which are identical if the phantom alignment

is correct.

The sensitivity profile width is given by

§ = L tan 6 (12)
where 1L is the length of the image of the ramp
and & 1is the angle of the ramp.

In this case 6 = 45°, tan 8 = 1, and S = L.

However, if the phantom alignment is not correct, and there is an alignment

error of angle ¢ then the profile width is given by
§ = L; tan (8 + ¢) or S = L, tan (6 - ) (13)
where L; and L, are the different image lengths, and © is the ramp angle.

An expression for ¢ has been given in the general case 6 # 45° by Schneiders

and Bushong,(l7) enabling S to be calculated from (13). However in the
special case 6 = 45°, the sensitivity profile width is just
s = (L, 1ps

2.6 Resistance to Artifacts

There are several major types of scanner artifact; these are known as beam
hardening artifact, "streaking" artifact, ring artifact, undersampling

artifact, motion artifact and scatter artifact.
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FIGURE 9: Conventional Al ramp test object for determination of

sensitivity profile.
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(i) Beam hardening artifact is caused by regions of dense material in the

(18)

object (often bone), or even by patient or phantom sizes that are
different from the size of the phantom used to calibrate the scanner. The
CT scanner assumes an effective energy for the detected polychromatic x-ray
spectrum in order to compute the CT numbers. If, because of the extra beam
hardening due to the dense parts of the object, the effective energy is
greater than the assumed effective energy, then the CT numbers will be less
than expected. These errors are most apparent in regions of soft tissue
between two bony structures, or in soft tissue directly in line with long

bony projections, and appear as regions of reduced tissue density, or

darker shadings, in the image.

(ii) Streaking artifacts are also caused by dense materials but are of
different nature and cause. Small dense objects, or sharp edges, of high
contrast may appear in the image surrounded by radial streaking patterns.
These streaks are due to mechanical alignment errors in the detector array
and gantry of the scanner; the small object or edge appears to be in
slightly different positions during the scanner rotation. This defect

occurs to some extent with most scanners.

(iii) Ring artifacts are usually due to differences in detector responses,
or electrical faults in, for example, a preamplifier. These will appear

most clearly when scanning a uniformity phantom.

(iv) Undersampling artifacts are caused by small or sharp details in the
object which contain spatial frequency components above the bandwidth of
the CT scanner. These high frequency components appear in the image

masquerading as low frequencies which appear as ripples in the image.

(v) Motion artifacts are due to patient motion such as breathing,

peristalsis or heart beat, and result in blurring of the image.

(vi) Scatter artifact appears in the image as gradual lightening or
darkening towards the centre of the circular objects, known as cupping or

rounding respectively, and is observable using a uniformity phanton,

It is difficult to design a phantom to quantify these imaging artifacts.(lg)

We have constructed a phantom to subjectively evaluate beam hardening and
streaking artifacts. (Ring and scatter artifacts appear, along with some

beam hardening in the images of the uniformity phantoms.)
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FIGURE 10: Representative image of artifact phantom demonstrating typical
appearance,
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The artifact phantom resembles an anatomical section of the skull, and is
shown in figure 10. Figure 10 also shows typical artifacts which are
observed with this phantom. These include streaks from the aluminium pin,

and density shadings in line with and between the bone projections.

The phantom was constructed from epoxy, using tissue equivalent for the
'brain' and a bone equivalent mix containing calcium carbonate for the

skull. The aluminium pin was of 3 mm diameter.

2.7 Uniformity and Noise

Both uniformity of CT numbers, and noise are assessed using a uniform

perspex disc, of 160 mm diameter, (which may be fitted with the 32 cm body
ring). The CT numbers in a scan of this disc should be uniform across the
image with no variation between edge and centre. A measure of the standard
deviation of the CT numbers over a set number of pixels (say 100) gives an
estimate of the scanner noise for quality assurance purposes. This should

be done at a known mAs for future reference.

This standard deviation may be converted to an absolute measure of noise
using the contrast scale (Section 2.2) of the scanner. The standard
deviation is multiplied by the contrast scale to give the noise in cm‘l,

and then this is compared to the attenuation coefficient of water, to give

the noise as a percentage of the water value, i.e.,(lg)
Noise (%) = CS x SD x 100 (14)
Ky
where CS = contrast scale
SD = standard deviation
by = attenuation coefficient of water.

(This assumes that the SD for water and perspex are the same, which is

usually approximately true.)

For example, a scanner may have an 8D of 7.24 CT numbers, and a C3S of
0.00018 cm“l/CT, with py = 0.191. The noise is therefore
SD x CS = 0.0013 cm™!, and the % noise is Noise/uy x 100 = 0.07%.

Some scanners (e.g., GE 8800) may give a very non-uniform image of the
uniformity phantom, in 'head' modes. This is caused by the arbitrary bone

hardening correction employed by these scanners. In essence, the scanner
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assumes a certain thickness and density of bone around the edge of the
image and corrects the CT numbers on this assumption, whether the bone is
there or not. In clinical use where bone is present this approach is
satisfactory, but for measurements of uniform phantoms it may result in

ring or 'donut' artifacts.

2.8 Distortion

Clearly it is important that CT images be free of simple geometric
distortions, especially if the image is to be used for therapy planning.
However, whilst the reconstructed image itself may be satisfactory,
distortion may be introduced by the video monitors and/or hard copy

devices.

To test for distortion a square grid of thin aluminium strip was
constructed, and cast in an epoxy disc. The image of this grid is viewed
on the video monitors and copied on film. The image should be inspected

to ensure that all the horizontal and vertical lines are straight, and that

all of the squares are of the same size.

3. DOSIMETRY AND DOSE DESCRIPTORS

Whilst the dosimetry aspects of CT performance testing have been described

(1,2,3)

previously, a brief summary of the salient features of the NRL

system is given here.

3.1 Jonization Chambers

(3)

Two ionization chambers are used, a 0.475 cm3 chamber for determining
the peak dose of the dose profile, and a 'pencil' chamber of 182 mm length
for determining the total dose-length-product, or line integral, of the

dose profile.

Both chambers are used with a Keithley model 35025 dosemeter. The two
chambers fit the 12.15 mm diameter dosimetry channels of the BRH 160 mm
head and 320 mm body phantoms.(l)

The chambers are regularly calibrated at NRL using a constant potential

x~ray plant and free-air standard ionization chamber.

3.2 Thermoluminescence Dosimetry

Harshaw Lithium Fluoride TLD 100 is used in the form of "chips' 3.3 mm



- 25 -

square by 0.91 mm thick. These are used in rods containing 51 chips,
exposed edge-on to the beam. They are stacked face to face in the peak of
the dose profile and spaced further apart in the tails of the profile.
Also used are rods containing 15 chips only, for determination of the peak
dose of the dose profile.(l)

Calibration is by exposure in air, compared with a Keithley 35025 or 35055

dosemeter.

3.3 Film Dosimetry

Film dosimetry is employed to obtain the actual shape, and full width at
half maximum (FWHM) of the dose profile.(l) The film used is Kodak Min-R,
and it is used as strips contained in light-tight paper envelopes, to fit
the dosimetry channels of the phantoms. The dose profile is obtained from
a microdensitometer scan of the film strip, using a microcomputer to apply
the sensitometric correction and plot the profile. Calibration strips are
exposed in air, and developed with the film strips, to give the
sensitometric curve for the film. Energy dependence results in large errors

for the magnitude of the doses (£25%) but the accuracy of the FWHM is

better than obtained by other methods.

3.4 Dose Descriptors

(3)

A number of dose descriptors are employed to quantify various aspects
of the dosimetry of CT scanners, necessitated by the narrow rotating fan
beam, the overlapping of contiguous slices, and the collimation of the

detector systems.

(a) Peak Dose (D )

max

D is the peak dose of the dose profile.

max

(b) Multiple Scan Average Dose (MSAD)

This gives the average dose for a large number of scans (>10), and is given

1f°°
- Di(z) d
Ad 1(z) dz

where D;(z) 4is the single scan dose profile in the z direction

by:

MSAD

[

and A is the couch increment.
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(c) Equivalent Rectangular Width (w)

w is the width of a rectangular dose profile of the same area and same peak

dose as the actual profile:

1 ©
D [._ - Dl(Z) dz
max ¢ -

(d) Computed Tomography Dose Index (CTDI)

Intended as a dose efficiency index,

CTDI = —L-Jr Di(z) dz
Tg don
where Tg is the FWHM of the sensitivity profile.

(e) Coefficient of Performance (7))

n = Tg/w

This compares the equivalent width of the actual profile with the width of
the sensitivity profile.

<
In the above definitions j‘ Di{z) dz is given directly by the pencil

ionization chamber, or more indirectly by summing the doses of the TLD

chips.

(f£) 1Integral Dose

The integral dose, or total energy deposited in the phantom, may be derived
approximately from the pencil ionization chamber doses, by averaging these
doses for all positions in the phantom, dividing by the chamber length and
multiplying by the phantom mass. This gives the integral dose in kg*Gy or

joules.
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