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Product Description

Section 1
Introduction

1.1 Product Description
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With the increasing use of computerized tomography as a diagnostic tool, the need has arisen for an
efficient means of evaluating the performance of the CT scanners now in use. Recognizing this
requirement, The American Association of Physicists in Medicine (AAPM), established a Task Force on
CT Scanner Phantoms. Its goals were to define CT scanner performance and present practical methods
of performance testing through the utilization of special phantoms. The phantom described here is based
on the guidelines presented in Report #1 of the Task Force and approved by the AAPM.

The modular CT Performance Phantom offers the CT user a single system with which to measure nine
performance parameters. One phantom does it all. It permits the routine standardization of alignment,
beam width, spatial uniformity, linearity/contrast, spatial resolution, linespread, noise, size independence,
and absorbed dose.

All components of the phantom are housed in a compact, transparent tank (to be filled with water), which
holds the system together in the correct orientation.

1-1



Nuclear Associates 76-410-4130 & 76-411
Operators Manual

The phantom consists of an 8.5” diameter acrylic tank containing a slice thickness insert, a spatial
resolution and linespread block, a CT number calibration insert, and a means for inserting alignment pins
and/or TLD holders. Additionally, a 0.25" thick Teflon band, positioned at the base of the tank and
concentric to the 8" internal diameter, simulates human bone. Attached to the base of the tank is a low-
contrast section with re-sealable cavities (from 1" to 0.125" diameter), which can be filled with a diluted
dextrose or other appropriate solution to provide a low- contrast media. An optional external resolution
and noise ring slides snugly over the outside diameter of the tank, allowing whole-body scanner systems
to be evaluated.

1.2 Components

Water Tank: Acrylic, 8.5” OD x 8" ID x 12.75" long. Re-sealable with fill and drain ports. Low-contrast
detectability block is attached to base.

CT Number Calibration Insert: 7.5"0D x 2.5" long. Contains 1" diameter contrast pins of polyethylene,
acrylic, polycarbonate (Lexan), polystyrene, and nylon. Density values: polyethylene, 0.95 gm/cc;
Polystyrene, 1.05 gm/cc; nylon, 1.10 gm/cc; acrylic, 1.19 gm/cc; polycarbonate, 1.20 gm/cc.

The contrast pins in each CT Performance Phantom are identical in density to the contrast pins of similar
material in every other Nuclear Associates CT Phantom. For example, the nylon pin in every CT Phantom
of our manufacture has the same density.

This uniformity of density among all Nuclear Associates phantoms provides the user with a standard for
comparing the CT number scale of different scanners.

Resolution Insert: 7.5" OD x 2.5” long with 6" diameter solid acrylic block. The block has 8 sets of 5 holes
(1.75, 1.50, 1.25, 1.00, .75, .60, .50, and 40 mm) spaced longitudinally on 4.3 mm centers and vertically
on centers equal to twice the diameter. All cavities are filled with air. The 6" block is sectored 1.25” out on
radius. Insert contains 0.009" stainless steel wire positioned longitudinally to the insert plates. The wire
allows calculation of a point-spread response for MTF determination. A sectored 1.25” portion of the main
6” block permits an edge gradient to be used for determination of the linespread response and MTF.

Slice Thickness Insert: 7.5" OD x 3.5" long. Contains three 0.020" x 1.00" aluminum strips angled at 45°,
positioned on the center line and displayed vertically. A simple, direct calculation permits the accurate
measurement of beam width. Separation for a Dual Slice CT unit can be obtained by a double exposure
of two adjacent frames on film.

Low-Contrast Extension: 8.5" OD x 2.75” long solid acrylic block. Has two each of the following 2.25”
deep cavities: 17, 0.75”, 0.5”, 0.375”, 0.25”, 0.125” diameter, spaced twice the appropriate diameter apart,
one row of cavities on each side of the center line. Cavities with screw-locking sealing ports are easily
filled with dextrose or sodium chloride solutions of various densities. User may adjust densities to any
value suitable for the scanner. Typically, 1% or 2% differentials in density between cavities are used.

Alignment Pin: 0.25" OD x 3.25" long aluminum with tapped hole, allowing pin to be secured to cover
plate.

TLD Insert: 0.5” OD x 3.5" long polystyrene rod drilled 3" deep to accept TLD’s. Contains re-sealable
cavity. Tapped on other end to allow mounting to cover plate.

External (Whole-Body) Resolution and Noise Ring, Model 76-411: Annulus 12" OD x 8.5” ID x 2.5” long
contains the same hole pattern as the Resolution Insert at two locations 90° apart. Permits whole-body
resolution and noise measurements when positioned on the main tank. Inner and outer resolution values
are easily determined.

Support Stands: Two "C"-shaped plastic stands are also supplied. They are used to cradle the Phantom
in a horizontal position. All sections of the Phantom can be "cut" by the scanner with the Phantom in a
horizontal position.
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Section 2
Operation

2.1 General Instructions

The Phantom is shipped partially assembled. However, it may contain packing material that must be
removed before filling the systems with water. Proceed as follows:

1) Remove the top cover by unscrewing all the shipping screws.

2) Remove the packing materials. Separate the two gate valves, aluminum alignment pin, TLD insert pin
and insert pin mounting plug. Replace the inserts.

3) Re-install the cover and make sure the gasket is in place. Tighten all thumbscrews securely by hand.

The shipment also contains two large plastic gate valves and two plastic pipe plugs, either of which can
be used to fill and seal the Phantom. If your facility possesses a sink with a hose-cock system, the valves
may be used with an appropriate water hose. If not, use the pipe plugs and a funnel to fill the Phantom.
Both procedures are outlined below.

2.2 Filling Procedure - Gate Valves

1. Stand the Phantom on end on a level surface. Insert the gate valves into their respective ports
located on the cover plate. Hand tighten until the gaskets are compressed.

Open both valves by turning the stem knobs counter-clockwise.

Install a water hose on one of the valve cocks. The other valve serves as a vent.

Fill the Phantom slowly with warm water. The air will be displaced as the water level rises.
When all the air is displaced, water will flow out of the vent valve. Turn off the water flow.
Let the Phantom stand for 3-4 hours to allow dissolved air to disassociate from the water.

Add more warm water until all the air in the Phantom has been displaced and water again flows
from the vent valve.

8. Close both valves. The Phantom is now ready for use.

N o ok~ oDd

2.3 Filling Procedure - Pipe Plugs

1. Using a funnel or other means, slowly add the warm water to the system through either of the plug
ports on the top cover.

2. When completely full let the Phantom stand 3-4 hours to allow dissolved air to disassociate from the
water.

3. Add more water slowly until the Phantom overflows and has no more air bubbles.
4. Seal with both pipe plugs. The Phantom is now ready for use.
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2.4 Service Instructions

2.4.1 Resolution Insert

The 0.009 stainless steel wire used for linespread functions can loosen due to vibrations during transit
and use. To tighten, use an Allen wrench to loosen one of the set screws securing the wire in the cover
plates. Squeeze the two plates together, grasp the wire with a pair of needle-nosed pliers, and draw tight.
Retighten the set screw, and then release the pressure on the two plates.

2.4.2 Low-Contrast Insert — Filling Instructions

Make up appropriate solutions of sodium chloride and water, or dextrose and water, to the desired density
differentials. Using a screwdriver, remove the plugs in the Low-Contrast Insert. With a syringe, carefully fill
each section to the top of the threaded portion of each cavity. Carefully re-insert the filler plugs, using a
screwdriver. Advance the thread slowly so that no displaced air is trapped.

2.5 Performance Measurements

The following procedures describe simple techniques for checking the performance of CT systems. The
user may choose to adjust these procedures for his own particular scanner.

2.5.1 Beam Alignment and Noise

Beam alignment measurements are performed by scanning the aluminum pin, which is mounted axially
on the inside of the phantom cover plate. The pin is true to the center of the phantom by 0.025” and has a
run-out of less than 0.015” over its length.

Image of horizontal alignment pin showing true cut alignment.

Procedure

1. Position the phantom in the scan circle so that it is parallel to the axis of the circle and
perpendicular to the circle plane. Use a bubble level to set up these parameters for best results.

2. Position the scanner table so that the center of the pin is in the scan zone.
Scan the alignment pin and photograph for medium contrast (window width of 50 to 150).

4. Proper alignment yields a round and true image of the pin. If the CT scanner alignment is
incorrect, the pin appears elliptical in shape or produces tuning-fork type artifacts.

w
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5. The image of the water surrounding the tank should be uniform and should show no major
"streaking" artifacts.

2.5.2 Linearity and Contrast (CT Number Insert)
The CT Number Insert consists of five pins, each 1" in diameter, fabricated of the following materials:
Density (g/cm?d)

Acrylic 1.19

Polystyrene 1.05

Polycarbonate 1.20

Polyethylene  0.95

Nylon 1.10

Although only polyethylene is less dense than water, radiographic densities (linear-absorbent coefficients)
differ greatly. Both polystyrene and polyethylene exhibit CT numbers less than water. Depending on your
CT system's computational program and effective beam energy, the CT numbers may vary somewhat
from published results.

Example of a high-contrast linearity measurement, showing different radiographic densities of test pins.

Procedure

1. Position the phantom in the scan circle so that is parallel to the axis of the circle and perpendicular
to the circle plane.

2. Position the scanner table so that the center of the high-contrast insert is in the scan zone.
3. Scan the insert.

4. Using the window and level control, or the “area of interest” system, measure the CT scan number
of each pin, using at least 25 pixels for the determination. Typically, polystyrene and polyethylene
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will display CT numbers less than water. The acrylic and polycarbonate pins, although close in
density, will exhibit different CT values. The nylon pin, with a density of 1.10, provides a control
value as found in dense tissue.

5. Atypical “Hounsfield” CT number scale should yield the following results:

+ 1000 number scale + 500 number scale
Polyethylene -92 -46
Polystyrene -24 -12
Water 0 0
Nylon +92 +46
Polycarbonate +102 +51
Acrylic +120 +60

2.5.3 Slice Thickness Insert

The Slice Thickness Insert allows the use to effectively measure both the slice thickness (cut) width and
the adjacency of successive cuts.

Beam width and adjacency of cut

Procedure A — No Line Printer

1. Position the Phantom in the scan circle, parallel to the axis of the circle and perpendicular to the
circle plane.

2. Position the scanner table so that the slice thickness insert is in the scan zone.
3. Scan and photograph once.
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Remove or advance the film system and re-photograph at 1/2 the exposure time. Leave this
exposure in the camera.

Step the scanner table for the next adjacent cut, and scan. Photograph in the frame of Step 4 and
process the film.

The first image obtained (Step 3) is evaluated for beam width by taking the ratio of the film image
diameter to that of the phantom (8.5") to obtain a reduction factor.

Measure the widths of the aluminum ramps as shown on the image, and divide by the reduction
factor. Then divide the result by 1.414 to obtain true entrance, middle and exit cut width.

The second frame (Steps 4 & 5 adjacency measurement) should display the image of the three
aluminum strips with the second cut image adjacent to them. Any excessive separation or overlap
indicates the need to adjust the table stepping mechanism.

Sample Beam Width Measurement
Phantom diameter on film = 2.125”
Reduction Factor =2.125 = 0.25

8.50

Measured Ramp Width = 3.5 mm
Adjusted Width 3.5 =14.0 mm

0.25

“Slice Thickness” = 14.0 mm
Procedure B — With Line Printer

1.

Position the Phantom in the scan circle, parallel to the axis of the circle and perpendicular to the
circle plane.

Position the scanner table so that the slice thickness insert is in the scan zone.
Scan and photograph once.

Step the scanner table for the next adjacent cut, and scan. Photograph in the frame of Step 3 and
process the film.

The first image obtained (Step 3) is evaluated by taking the ratio of the film image diameter to that
of the phantoms (8.5") to obtain a reduction factor.

The second frame (Steps 4 & 5 adjacency measurement) should display the image of the three
aluminum strips with the second cut image adjacent to them. Any excessive separation or overlap
indicates the need to adjust the table stepping mechanism.

To measure the widths of the aluminum ramps as shown on the image, obtain a CT number
printout of each aluminum ramp.

From the CT number printout of the aluminum ramps, plot the numbers versus individual pixels (see
example below).
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9. From the plot determine the full width at half maximum (FWHM) in terms of pixels.

10. Convert the FWHM in terms of pixels to dimensions of millimeters by multiplying by the length of
each pixel.

Example
FWHM in pixels = 10 pixels
1 pixel length = 1.5 mm (varies with model of CT scanner — obtain from CT mfr.)
FWHM in dimensions of length
(10 pixels) x 1.5 mm / pixel = 15 mm
“Slice thickness” = 15 mm

2.5.4 Spatial Resolution and Size Uniformity (Resolution Insert)

The High-Resolution Insert allows the measurement of system resolution on both small and large scan
circles. A series of 8 holes in a Lucite block, ranging from 1.75 mm to 0.40 mm, with 4.3 mm longitudinal
spacing, are filled with air. A straight edge across this block 0.009" and a diameter stainless steel wire
allows a linespread function to be calculated directly.

2-6



Operation 2
Performance Measurements

Resolution limits of small scan circles are easily defined. Linespread function can be calculated directly.

Procedure

1. Position the phantom in the scan circle so that it is parallel to the axis of the circle and perpendicular
to the circle plane. The Teflon ring should be positioned over the insert to simulate the beam
hardening of bone as encountered in brain studies. The matrix of holes should be aligned to the
vertical and horizontal axes.

2. Position the scanner table so that the center of the resolution insert is in scan zone.

3. Scan the insert. Adjust the level and window width for the best image, and photograph (scan circle
approx. 30 cm diameter).

4. Rotate the phantom so that resolution hole matrix is at a 45° angle, and re-scan.

5. Adjust the level and window for the best image, and photograph.

6. Evaluate both images for resolution. Compute the linespread function, if desired.

2.5.5 Contrast Sensitivity (Low-contrast Extension Block)

The Low-Contrast Extension Block, mounted at the end of the phantom tank, allows the user to evaluate

a scanner's ability to detect small differences in density. The cavities drilled in this section range from 1.0"

OD to 0.365" OD The acrylic block has a density of 1.19 gms/cm?®. Solutions of dextrose or NaCl & H.0,

prepared on a weight percent basis and differing by 1%, 2% or 3% from the acrylic density, should be
used to fill these cavities.
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Low-contrast detectability is easily determined by using solutions whose densities differ by a known
percentage in adjacent cavities in the test block

Procedure
1. Position the Low-Contrast Extension Block in the scan circle so that it is parallel to the axis of the
circle and perpendicular to the circle plane, and the scan zone is over the center of the block.
2. Scan the block. Adjust the level and window setting for the best image, and photograph.
Using the “region of interest” program, or the window and level, evaluate the cavities for CT number

value as a function of cavity diameter. The smallest cavity set with discernibly different CT numbers
defines the limit of low-contrast detectability.

2.5.6 Whole-Body Scanner Resolution, Size Uniformity and Noise (Noise Ring)

The Whole-Body Annulus allows resolution and noise measurements to be performed on "whole-body

scanners. This 12" OD x 8.5" ID ring is designed to slip over the phantom tank so that the scan circle is

filled. By positioning the ring over any of the internal or external sections, all performance parameters may
be measured.

Whole body scanner resolution is easily evaluated, using the noise ring and tank sections.
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Procedure

1.

N oo s

Position the CT Phantom in the scan circle so that is parallel to the axis of the circle and
perpendicular to the circle plane.

Place the noise ring over the phantom, and position it so that is rests over the inner high-resolution
insert. Both inner and outer hole patterns should be perpendicular to the table plane.

Scan and adjust window and level settings for optimum image. Photograph.

Evaluate both inner and outer resolution patterns on the film. Evaluate MTF from the inner insert.
Rotate both the phantom and the noise ring so that the hole patterns are at a 45° angle.

Scan and photograph as in Step 3.

Evaluate for performance as in Step 4. Note any difference in the resolution capability between the
images (i.e., parallel to or angulated to the pixel matrix).

The image of the two hole patterns should be uniform in size. The relative noise level in the noise
ring and internal tank water should be the same.

2.5.7 Beam Hardening (Teflon Ring)

The Teflon Ring may be positioned over any of the internal inserts to harden the beam, simulating a
clinical condition. The ring has been machined to slide easily over any of the internal inserts throughout
the Phantom.

2-9



Nuclear Associates 76-410-4130 & 76-411
Operators Manual

(Blank page)



Appendix A
Addendum to Instructions

Appendix A
Addendum to Instructions

A.1 General Information

Note that this procedure makes the idealized CT numbers for air and water to be always -1000 and 0 respectively
regardless of what their measured values are on a given day, with a given scanner, in a given location and a
given algorithm. In practice, for greater accuracy, one can measure the water and air CT numbers in
approximately the same location within the phantom as the Region of Interest (ROI) within a patient.

A.2 Reformulation of the Definition of CT Number

The CT number H of a material is defined traditionally by the equation
H =-1000 (1- p/pw) @)

where W is the linear attenuation coefficient of the material in question and p, that of water. The quantity y/p. can
be rewritten as

M)
W/ = =(/w)=F )
(Mw/ w)

where py/ and pw/ w are the mass attenuation coefficients of the material and water respectively. The 's are their
physical densities. F is the ratio of the mass attenuation coefficient of the material in question to that of water.

Since  w=1.0g/cmd, it follows that

H = -1000 (1- F) (4)
F = (1/) (1+. 001H) (5)
= (1/F) (1+.001H) (6)

For the sake of dimensional compatibility, one can think of as the specific gravity of the material or the physical
density relative to that of water.

Using published values for the mass attenuation coefficients from the National Institute of Science and
Technology (NIST), we calculated the F ratios for selected tissues and tissue substitutes at effective beam
energies ranging from 60 keV to 100 keV and used them to calculate the expected CT numbers with the help of
equation (4) above. The results are given in the form of a table attached to this addendum.

With the advent of spiral CT, reduced scan times and improved data processing algorithms, interest in the use
of actual CT numbers (pixel values) for the quantitative evaluation of CT scans is growing. CT numbers are
also increasingly being used for making inhomogeneity corrections in Radiation Oncology Treatment Planning.
However, as is well known, measured CT numbers are subject to many types of systematic variations due to
system malfunction from time to time (AAPM Report ~ No. 39). For this reason, regular monitoring of their
consistency using a standard phantom such as our CT Performance Phantom or our portable Mini CT QC
Phantom is extremely important.
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This will ensure that hidden systematic errors due to system malfunction are promptly recognized and corrected.
One cannot still expect all CT scanners to give the same CT number for the same material. This is because;
measured CT numbers are also subject to a number of inherent physical and design variations and limitations.
The selection of beam quality and beam hardening algorithms is among the more important ones. Another is the
day-to-day stability of the measured CT numbers for water and air. Measured CT numbers can also be different in
different regions of a scan for identically the same material due to beam hardening and partial volume effects.

In this addendum to our basic instruction manuals, we provide users of our CT Performance Phantom and our
Mini CT QC Phantom some additional information that will help to minimize the errors involved in the use of CT
for quantitative purposes.

One way to improve the accuracy of measured CT numbers is to idealize them using a procedure first proposed
by Brooks (1). This procedure corrects for variations in the CT numbers for water and air from time to time and
from location to location. The procedure itself is simple and has already been described in our instruction manual
for the Mini Phantom. It is included in this addendum also for the benefit of those that may only have the
performance phantom. In addition, we will present a reformulation of the definition of the Hounsfield or CT
number, based on earlier work by Rao et al (2,3) and use this formulation to provide a chart of expected CT
numbers for selected tissues and tissue substitutes at varying values of the effective beam energy in keV. In
addition, an improved procedure for determining the effective beam energy in keV will be suggested as an
alternative to the linearity measurements proposed by Kriz and Strauss (4) and Judy et al (5). Finally, two
alternate methods for tissue characterization by CT and for making- inhomogeneity corrections in Radiation
Oncology will be suggested.

A.3 Idealization of CT numbers

The idealized CT number H is related to the observed CT number H(O) by the formula
H(O) - Hw (O)

H =1000 (1)
Hw (O) - Ha(0)

where Hy (O) and H4(O) are the observed CT numbers for water and air respectively.

It must be emphasized that the CT numbers provided in this table are based on theoretical calculations only and
cannot therefore be regarded as absolute standards. Besides, CT numbers vary considerably with the physical
density and the exact molecular composition of the material involved, in the case of tissue equivalent materials.
These can change from batch to batch and from manufacturer to manufacturer. Further more, as stated before
CT numbers vary not only with beam energy but also with beam filtration, "cupping” effects due to beam
hardening, the algorithms used for beam hardening corrections, detector non-linearity, partial volume effects etc.

A.4 Determination of Effective Beam Energy

Also attached to this addendum are a number of plots of the F value for different materials against effective beam
energy in keV. Knowing the physical density of the material of a given insert in the phantom and the measured CT
number (properly idealized), one can determine the F value for the material experimentally using equation (4)
above and then use that number to estimate the effective beam energy at the location of the insert using the
appropriate calibration graph provided. For greater accuracy, one can use aluminum or magnesium inserts since
the theoretically calculated F numbers for them can be expected to be more accurate than for the inserts made of
tissue equivalent materials whose composition can vary from batch to batch and from manufacturer to
manufacturer. Secondly, the measured CT numbers are much more sensitive to beam energy with Al and Mg than
with the others because of their higher Z values.
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In using this procedure for determining the effective beam energy, it is once again emphasized that the
measured CT numbers should be idealized first as described earlier. For greater accuracy, the water and air
numbers may be measured at the same location within the Mini CT QC or Performance Phantom as the calibration
insert.

A.5 Tissue Characterization and Inhomogeneity Corrections by
CT

Instead of using CT numbers per se, one can calculate the physical density in any given Region of Interest (ROI) in
a clinical scan by scanning the Mini CT QC or the Performance Phantom immediately after a patient has been
scanned. If the CT number in the ROl is H (Pt) and that at the center of an insert of similar atomic composition
placed in a similar location within the phantom is H (Ph), it follows from equation (6), since the F values for the
insert and the material in the ROI can be approximated to be the same, that the physical density (Pt) in the ROI
is related to the physical density (Ph) of the insert material by the equation

1+0.001 H (PY)
PHY) = Ph) (7)
1+ 0.001 H (Ph)

This formulation may offer a more accurate way of tissue characterization in quantitative CT than the use
of CT numbers alone. It may also be useful for making inhomogeneity corrections in Radiation Oncology.

Another way is to develop a matrix of effective beam energy values for different size simulated body
contours during a calibration procedure, assume the atomic composition of the material in the region of
interest (whether it be body tissue or a prosthetic material) from published literature, calculate its F value
at the particular beam energy and then determine the density of the material in the ROI knowing the
measured CT number, appropriately idealized. We are considering the development of envelopes to our
Mini CT phantom to meet the requirements of this section.

References
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Appendix
Tissue Characterization and Inhomogeneity Corrections by CT

A

CT Relevant Data for Selected Tissues and Tissue Substitutes

Material or Tissue
Aijr

Lung Equivalent
Fat
Paolyethylene
(CZH4)

Water (H20)
Palystyrene
(CBHB)

Plastic Water
Soft Tissue
Nylen (CEH11NO)
Polycarbonate
(C16 H14 O3)
Acrylic (CEHBO2)
Bakelite
(C43HIBOT)
Carbon

Teflon (C2ZF4)
Magnesium
Bone (Compact)

Bone Equivalent

Aluminum

Gmice

0.0010

0.2400

0.8160

0.9500

1.0000

1.1100

1.0300

1.0400

1.1500

1.1800

1.1800

1.2500

22500

22140

1.7380

1.8500

1.8330

26980

Elec/gm

KI10E-23

3.0080

3.2860

3.3400

3.2400

3.3433

3.2430

3.3343

3.4200

3.3200

31770

3.2480

3.1790

3.0080

3.0110

2.8805

3.1920

3.0800

2,89020

Elec/cc.

XIOE-23

0.0030

0.7886

3.0594

31730

3.3433

3.6897

3.4343

3.6568

3.8180

3.7808

3.8326

3.9738

6.7680

G.6664

51875

59052

5.9536

7.8325

Elec/cc.

Relative

0.0008

0.2359

0.8151

0.8481

1.0000

1.0767

1.0272

1.0635

1.1420

1.1308

1.1464

1.1886

2.0243

1.8838

1.5648

17663

1.7808

23427

G0 ke

0.8033

0.8033

0.9603

0.9550

1.0000

0.9057

1.0000

0.9962

0.9365

0.9061

0.9281

0.9045

0.8485

09117

1.2475

1.5088

1.5088

1.3520

65 kel

0.8028

0.9028

0.8668

0.9668

1.0000

0.5200

1.0000

0.9855

0.9472

0.9129

0.9343

0.9126

0.8593

0.8071

1.1808

1.4018

1.4016

1.2637

F Ratios

70 ke 75 ke
0.9023 0.9017
09023 0.8017
0.9743 08771

0.9800 0.9829
1.0000 1.0000
0.9270 0.9347
1.0000 1.0000
0.9930 0.9926
0.9537 0.9556
0.9197 0.9220
0.9385 0.9447
0.9202 0.9234
0.8657 0.8700
0.8983 0.8935
1.1285 1.0804
13218 1.2565
1.3219 1.2565

11875 1.1466

90 keV

08011

0.8011

0.8806

0.9924

1.0000

0.9425

1.0000

09923

09619

0.9235

0.9500

0.9261

0.8750

0.8927

1.0598

1.2045

1.2045

1.1031

1 00 ke

0.8927

0.8927

08871

1.0010

1.0000

0.9502

1.0000

0.9915

0.9702

0.9302

0.9608

0.9384

0.8850

0.8808

0.9906

1.0869

1.0869

1.0000

60 kel

-898

-783

-120

1018

1168

1791

1916

2649

G5kel

-888

-783

114

21

30

35

a9

86

102

141

933

1008

1062

1593

1708

2411

CT Relevant Data for Selected Tissues and Tissue Substitutes

Expected CT numbers

70 kel

-888

-783

-108

59

1]

75 kel

-888

38

30

32

a9

a7

115

154

958

a78

895

1324

1429

2085

80 ke
-599
-784

-102

106

121
158
969
a76
842
1228
1328

1977

A-5

100 keV/

55

30

k]

116

107

134

173

891

850

722

1011

110

1699
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Appendix
Tissue Characterization and Inhomogeneity Corrections by CT

A

ele/cc(Rel)

'y':

- 1.3844e-4 + 1.0588x - 7.1055e-2x"2 R"*2 = 0.998

gm/cc

A-7
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A-8

CT Number

2000 a
60 keV o
y = - 1033.5 + 652.89x + 376.20x*2 R*2 = 0.893
o]
1000 - a
0 - (o3
-1000 T T
0 1 2
ele/cc(Rel)
2000
80 keV
y = - 1016.9 + 825.68x + 183.90x"2 R*2 = 0.960
_ 1000 o
@ o
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E
=2
=z
o
O -
-1000 T T T
0 1 2
ele/cc(Rel)
2000
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