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Abstract
.w .

The tmportance of bone mass measurements for the early detection and in treatment
‘ monitoring of’ osteoporosxs is now well accepted Computed Tomography (CT)isthe ./
preferred method for measqung bone mass since cortical and trabecular bone density can be
separately quantltated with good precrsron and acclxracy e
A special purpose X-ray fan-beam computed tomography scanner (X C'I')
: desrgned and constructed in this department, represents a srgmﬁcant technological advance’
Qr the non-mvasxve measurement of trabecular bone densny for skeletal dlagnos1s and
_ treatment momtonng This thesis describes the cahbratlon procedure developed for this
'scanner system and the 1mplementauon of both single and dual energy approaches to the
quantrﬁcatlon of tra!;@cular bone density, i in-vivo, and i m-vztro '
Data acquxsltlon and scanner control for cahbratron and image data cpllecuon for the
' X-C’l‘ system use a YAX ll/fSO numcomputer co‘nnected through a Contputer Automated |
Measurément and Control (CAMAC) system and l‘MS9900’-based nlierocon*buter The
photon detection system wh1ch consrsts of sts of 26 PMT/N al(T1) detectors, used in the photon
counting mode, is calibrated for spectral matching, deadtime and beam hardenmg at X-ray
tube potentials of S(lkV and 80kV. The geometn"cal parameters for the fan-beam, such}:{is
- source to center-of-rotanon distance and detector angles, which are required for the image
reconstructxon process are expenmentally determmed Data collected in multiple 360°
.rotations of the linearly shrfted, asymmetric fan-beam is reordered into a parallel beam
format. The number of data points in a reordered parallel projection. 1s detenmned by the
umber of rotatrons of thg scanner. After nebrdenng, 4 parallel beam, ﬁltered |
back-projecnonmethod is used for unage reconstrucuon Due to the variable source to
‘ r-of-rotatxon dlstance, the X-C’I‘ scanner can be used to prov1de high resoluuon, i

- 2-dimensional i 1mages of objects of diameter from 75mm to 220mm B

Procedures for lngh precrsron measurements of trabecular bone densrty Rave been

iv



» plemented on the scanner. ’I‘hese mclude a method for p: cisely reproduclng the

1

axial measurement site i a bone using a digital radiograph, and an: automauc algorithm for

detectmg the outer contour of cortical bone These p?ocedures hejp to precisely reprodie

t

. the mettsured bone volume in order to reduce errors resultmg fro axial‘and transaxial

-
[

variations in the distribution of trabecular bone. . !

L4

| ‘Both smgle and dual energy scanmng mEthods are possnble with the X-CT scannet’
The smgle energy method prov1des good measurement precision (0. 12% m vitro at
. SOkV) but is mﬂuenced by fat content in the measured bone volume The dugl energy
“ .method greatly 1mproves the accuracy of the bone density measurement when unknown

, amounts of fat are present in measured volume However the i mcrease in accuracy is offset

L .-

»
- bya decrease 1* prec1s1on

~

j Two approaches to dual energy scanm.ng are presented the pre- processmg and the

post-processing methods Implementauon of the pre processing method makes it poss:ble

to unambtguously separate bone and soft tissue m bone Cross- secttons Caltbrattonw
e

A
methods for the pre- processmg approach and a fast bone and soft tissue: reconstructton
algortthm based on isotransmission lines have been deveToped and tmplemented The
post—processmg dual energy method works thh reconstructed images of the bone

Cross- sectlons at fhe two photon energles. This method provides separate measurements of
- the 'conc‘entraﬁons of the mineral and nonéitineral parts of trab&cular bone using two '
( independently measured linear attenuation co\e;faents given by the pixel values in the two
1mages This procedure has been 1mplemented toEtemnne trabecular bone density from
50V and 80K es of bone. . - N -

Overallfﬁx?ormance of the X-CI’ scanner, pamcularly with respect to accuracy and

«

preclsmn of bone mass measurement in-vitro, and in-vivo, has been evaluated. v
- L—’

Expenmental verification of the i improvements offered by the dual energy method to reduce
the fat induced errors ig the measurement of trabecular bone mass is presented, where

measurements were made for standard solutwns and for cadaver femurs. The beam



N Jo |
. hardening errors due to variable quantities of soft fjpsue surrounding the bone, are

established b); mcau{ing appropriate experimental phantoms. Scattering and exponential
| > ‘Nl ‘ " '
edge gradient errors qrcMgtudied \:ith standard solutions in other experimental | ' P

e [ [ T 4 . ‘ ST - N s
. phantoggs. . . . « S ' .
ﬂ ‘ * . ! . 3 . ) - ’ .‘ w
. The contributions of pixel noise, and of reposxtionint errors in the ﬁonp
‘mcasurement volume to the overall precision of the measurement of bone miass, have been
determiried from repeated measurements of a standard KoHPOj4 solution (c.v.0.12%), and
. N repe \ ( \
£ of the distal site of a cadaver femur (c.v. 0.67%), under the normal measurement
L AR e

- conditions4&ye scanner, The standard error in the pixel values of the single and pre-

processing images is determined for a,number of scanner rgiadeos hangiels. v
v . g o : Co .
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o 1.0 Introductlon

B

For more thana century. tﬁe:human skeleton has been known to be both a.

.lﬁ'amework‘for mechamcal support and movement of the body, and 2 mmeral storehouse

‘ for physxologrcal needs Dunng the past 10—15 year§, however, the human skeleton has
become necognized as a: complex organ, as distmct f’rom its role merely as a structure.

| A cons1derable body of evidence has now been accumulated ..demonstratmg that the

‘strength of bone tissue lgears aclose relationship to its'mineral content [Bentzen et al.,
1987 Ciarelli et al 1986; Grag and Walker, 1986 McBroom et al 1985] New

techniques for evaluating and momtonng skeletal status, through bone mineral

e measurement. have evolved along wnh the mcrease in bxologxcal knowledge about the .'

" skeleton 'Ijhls new technology is able to measure small in-vivo, changes in bone mass
‘over time w1th good precision and accuracy. However, 1n order to invéstigate the effects of
pharmacologtc agents on the skeleton in the search for an effective Went for a major
skeletal disease- osteOporosrs- even smaller changes in bone mass need to be determined
with better precisron and w1th a lower nsk to the patient. The purpose of thlS thesis is the

1 development of a new technology for skeletal assessment-~ a spec1al purpose X~ray
computed tolnography system (X-Cl')-- and its gpplication to the measurement of bone

| densny, in-vivo , and in- vztro

 The dlscovery of X-rays in: %395 by Roentgen and theoretrcz[ll studles of Rador in
1917 concemmg the soluuon of grﬁmn equatlons by 'inversion formulae provxded the
 basic knowledge for the eventual' development of computed tomography In an 1ndependent
restatement of the inversion theorem of Radon, Bracewell [Bracewell 1956] developed o

" methods for the reconsEc}onof rmcrowave sources from therr srgna.ls rccerved on eanh
by antenna arrays which proved useful for the subsequent apphcatlon of these techmques to
neconsu'uctxve tomography, A maJor development in X-ray computed tomography (C’I‘)

'occurred W1th the work of Cormack [Cormack 1963; Cormack 1964] which mvolved o

" aL
- . hd
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theoretical and experimental studies of radiation transthission projeetions. and the

\
reconstruction of a transaxial.image of an object from these projections. At that time,
however, Cormack was not able to implement his ideas for practical applications due to a’

lack of the computational power needed for data analysm Houmﬂeld started hls

) mdependent CT research early in the 1960's, and he produced the ﬁrst commcrcml (o4}
scanner --the EMI CI‘ --in 1971 [Hounsfield 1973]). Hounsfield and Cormack shared the

1973 Nobel Prize in medlcme and physmlogy for their respective pxoneermg contﬂbuuom
to this revoluuonary radiologic imaging development.

Since the development of the original EMI heqd scanner CT technglogy has evolved

. rapidly to the present such that precise, accurate and rapid measurements of linear

attenuauon cocfﬁcxents in a two dxmens:onal Cross- secnon of an object are now routinely
avallable The tcchmcal apphcatxons of CT scanners-are now wide-spread, makin g use of
quantltatlve as well as qualitative mformanon in the CT images. Currently the most

important application of qualitative CT is for high contrast resolution visualization of

~ anatomical structures for diagnostic purposes. Quantitative applications of CT scanners

include: radiation therapy planning [McCu‘lloug'h,A1981]; blood flow measurements .
- - ‘ .
[Berninger and Redington, 1981]; functional surgery [Greitz and Bergstrbm, 1981], and

bone mineral ana_lySis [Riiegsegger et al., 1974]. In radiation therapy quantitative €T

- images of a part of the body containing a tumor are used to generate isodose cutves for

field size definition in radiation therapy, and for subsequent follow-up of the efﬁcacy of
treatment procedures. CT scanners with very shon scan times (<5seconds) also provide -
dynarmc measures of the passage of an 10d1nated contrast medlum through an organ for

blood flow measurements. By applymg stereotactxc prbcédures to CT images geometncal

vmforvmanon about small anatomical structures is obtained whichi is useful for functional

. surgery.

Quantitative measurement of bone mineral content, in-vivo, is a recent, very )

e

important application of CT. The human skeleton his the dual function of providing

~
N
N
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nschanical support to the body and calcium stdrage; it is adapted to mechanical usage

th’rough regulation of its structural and material propertics. After skeletal maturity, these

o ad'ap'tatibn properties are dynamically presel‘Vedthrough continuous skéletal renewal, a
process known as "re'mod‘eling" [Frbst.l9r86] The skeleton is constructed from many

. ‘dlffcrent bones, and each bone has several compnnent parts. The outer shell of most bones

\
is the dorﬁcal (or compact) bone which has an outcr. periosteal surface and an inner,

corncnl*endosteal surface. The cortical bone contams Haversian systcms whxch are / g
mtcrclonnectcd through a vast syswm of commumcatmg channcls (the Volkmann's canals
| and thc canahculae) contalmng blood vessels and nutrient ﬂUIdS Within the volume |
‘ cogta;ncd by the, gonlcal shell trabecular or 'spongy' bone is distributed along with
, hefhgtopoietic and fatty. marrow. In the appendicular sk'elctén ufabeéular bone lies mainly at
the distal and broximal ends of the long bones, thle it is”gencrz'illy quMly distributed
in the bones of the axial skeleton. ‘ ;.
~ Osteoporosis and osteomalacia are two important bone disorders. Osteoporosis is#
the cen’;monest bone dysfunction, pamcularly affacting post-menopausal women. It results
from an increased loss of bone due to an 1mbalance b&w:n rcsorpnon and formation in the

!
bone remodelmg process. Osteomalacia is the msuft of ajhlncralxnng dcfect in bone. As a

result of these bone disorders, and of the normal aging process, bénc loss occurs for all  *
- individuals after about 35 years of age. This b({ne ldss is mbr; prominént on the )
cortico-endosteal and trabecular bone surfaces than on the cortical ﬁavérsiaﬂ and periosteal
surfaces. Trai)ccula-r bone has a large surface area in contact with the marrow .w}:ich
| contains metabolically acti\?c'bédy ﬂi;ids. Thus a larger boﬁc loss, and also an increased
scn‘sitiﬁty to disease and to thgrapy is seen for trabecular bone. Trabecﬁlar bone mineral
contént_ isthusa sensitive indicator of skeletal status. |
There are a number of pxibblems associ;tt;d With the precise and accurate |
measurement of trabccular bone mineral content. The measurement only of trabecular bone

-requues the spaual separation of the cortical bone from the trabecular bone and the |
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surrounding soft tissue The spanal variations in distnbution of trabecular bone also require

the analysis of a precisely reproducible v&:l;?gnt’ trabecular bone in serial studies. Among
the radiological techniques (section 2.1) f measurﬁ\g bone thineral coment only the CT
method can provide spatial separation betweerrcbrtical and trabecular bone. However, a CT

scanner capable of meaguring trabecular bone mineral content with: good precision must

have special features including: very good spatial and contrast resolutiong in bone images;

reasonably short scan time to reduce errors due to patient movement, and - very low.

scananrIn addmon, corrections for non-lmear detector rcsponse. bc dening and
scattering must be carried out for accuratg quantitative mcasuremont of trgbfular bone

mineral content by CT. The presence of variable amounts oLt ingeg raf - one space

can also cause serious errors in éiﬁglc energy CT methods s ol
(pre- and post-processing) have been developed which reduce such errors.

~ The X-CT scanner described in this the:sis is a multiple rotation device which uses 5
se&ﬁential, 360" rotations of a linearly shifted, asymmetric fan-beam to improve limited
spaﬁ'al resolution. Another important design feature of the X-CT scanner is*its variable
source to center-of-rotation (SCR) distance- which provides the sgme physical, spatial
resolution for different object sizes. g - “ \\-f‘

A brief description of the hardware and software irhplcmentaﬁqns for the major

sub-systems (X-ray generation, data as\%ésition, computer and control) of this scanner is
given in section 3.1. The thcory and"’\{l;c cxpc“rimental procedures for detector system - —
cah)branons (spectral matchmg, deadumc and bcam hardening corrections), and the
geometric calibrations such as fan—beam ocntenng, and evaluation of geometric parameters
for the fan-beam are outlined in section 3.2. An analysis of the unique data collection
procedure and an outline of the methods for reordering the fan-beam radiation transmission
projections into a parallel beam format s given in section 3.3. Section 3.3 also illustrates

the principle of achieving a variable spatial resolution by varying the number of scanner

-
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rotations in the data collection procedire. - .7 \\ '
Good precision in the measurement of trabecular bone mmcral content i\{)ossible

only if a preciscly reproduced volumerof bone is measurcd and analyzed. For the (-CT

scanner the procedures for repositioning the measured bone volume agd for optimi .

analysis of the CT images of bone to determine its volume averaged mineral content & n

prescnted in section 4. o . \
The pixel values of the X-CTi images represent the relative lmca{6 attenuation - \ -

cocfficients within the cross-section of bone. thcse pixel values are directly related to thc \

mineral content of bone. The relatlonshlp bctween trabecular bofie mineral content and the B

pixel values in X-Cl‘ images, assuming a two component (single.energy method) and a

three component'mode‘.'l‘ ( pre- and post-processing dual energy mcthods)'of trabecular bone \

" are analyzed in section 5. The performance of this X-CT scanner with Tespect to the factors

affecting accuracy ’and pmciéion in elinical bone mﬁés measurements is established through

experimental and th_eomtical studies and thés; are described in section 6.
In order to better appreciate the significance of the'X-CT scanner for measurement of |

| trabecular bone density (TBD) a brief background of several other skeletal assessment

methods precedes the description of the scahner.



2,0 Background
.

2.1 Radiological Techniques of Bone Mass Measurement

There are several techniques currently available for bone mass measurement using
ionizing radiation. The clinical importance of a bone mass measurement mcthod can be
established in terms of its accuracy, precision and scnsit?Vity to changes in bone mass, the
radiation dose rcceivcd by a patient, and the cost of the cquipmcnt..'l"hc accuracy of the
bone mass measurement technique is ths frue representation of the quantity of bone tissue
present in a measured volume. Precision is associated with varidtions between mdcpendcnt
measurements of the same quantity of bone. Thq sensitivity of these methods can bc o
dclﬁned in terms of the measured chgngcs in bone mass rc}g‘{ivc to the real changeg in the

quantity of bone in the measured volume. The radiation dose given to the subject is also a
/ .

very important consideration in longitudinal studies. !

In general the most suitable measurement tcchriiqhés are those which c;n separately
measure the density of trabecular and cortical bone. Since trabecular bone turnover and its
response to thcr_apclitic intervention is much larger than that of cortical bone, ¢hanges in
TBD can be rﬁeasured with a higher precision and can be used as a scn§itivc indicator of
skeletal response.

The various technigues for skeletal assessment arc briefly discussed in the

. following sections.

2.1.1 Radiogrammetry |

Radiogrammetry is the simpiést of the quantitative radiological techniques for
skeletal éssc?ssinent. Increased cortico-endosteal resorption results in reduced cortical
thlckness in the appcndxcular skeleton. In the axial skeleton osteopema- a state of reduced
' bone volume- is charactcnzcd by geometrically deformed vertebrae. Radiogrammetry



)
involves the evaluation of geometrical parameters such as cortical thickne‘,ss relative to bone
width, cross-sectional area of bone. and wedge anglcs of compressed vencbrac Hngh
quallty radiographs of particular bones are taken and the geometrical parameters measurcd
from these films using a micrometer. In pamcular diseases resorption tunnels within the
cortex can be seen in a magnified radiograph of the bone and this featurc usca as an
additional indicator of skeletal status.
Considerable care must be taken in sclccting.and reproducing the site of cortical

bone measurement. The results are normalized to bone width to conip;nsatc for variations
‘in body size. The minimum level of cortical thinning that can be detected with this

technique usually occurs only in adyanced stages of bone disorders\The technique is ~ *

-

theprfore not' suitable for identification of population at risk with respest to osteoporosis

due to the relatively small change's»i,n cortical bone thickness. The precision of the
measurement of vertebral dimensions is £3.2% [Riggs et al., 1982], and of the metacgrpal
cortical index (ratio of combined cortical tickness and total bone diameter) fro:1 +1.3t0
+3.1 % [Dequeker, 1917). |
2.1 2 Photodensitometry -

Photodcnsxtomeuy was the ﬁist approach to quanmanvc bone mass measurement.
The undetlying principle of this method 1s that the optlcal density of a radiograph has a
fixed relationshipto the number of X-ray photons detected, and consequently to the amount
and type of material present in the beam path. The optical density corresponding to a
_particular beam path through the bone referenced to that of a calibration material is known
asa projection point. Thg projection points along a line across the bone are summed for 4
s‘licc thickness of 1cm to express the bone mass in units of gm/cm.

As the optical density of the bone image is dependent upon‘fc amount of soft tissue

in front of and behind the bone, some means must be found to correct for this. A water

. . N 0 -
bath surrounds the bone and a radiograph is obtained with carefully controlled X-ray tube



voltage and current, film exposure and development. The rdiation dose glven to the
subject is the same as ?or a normal radiograph The precismn of measurement is £4.7 % for
metacarpal and 8 % for ulna [ Shnmmms etal,, 1972; Cameron et al., 1963]. A small
change in the trabecular bone mass cannot be detected with gooad precision because cortical

bone mass.is also included in the measurements.

2,1.3 Single. Photon Absdrptlometry (SPA) ¢
1n this technique photons traﬁsmitfed through ;m objéct in a wcll’c@cd beam
are counted as'the photon source and detector assembly are movc:i across the object. The
problems asSociatcd with film in photodcnsitom;try are eliminated, and a qalibration wedge
is not required fo be scanned with the object due to the inherent sial;i{ity of thc detector
system. The most commonl; used photon sources are 1251 and 241 Am with effectivé
cncrgics§9kev and 60ke‘;’ respectively. The soft tissue compensation involves immefsing
the limb in a water bath. The results are expressed ir; Wcm, as in photodensitometry, and
can be normalized to the width of bone (gm/cm2). |
SPA can be used to measure appendicular sites where significant amounts of
trabecular bone are present, e.g. distal radius, femur and proximal tibia. However, since
bone mass changes very rapidly with axial position at these sites, rcpositioﬁing €ITors can
be very largc thus giving a poor measurement precision for bopé ﬁ\ij;;/éha ges.
Repositioning errors can be considerably smaller at the fvdshaft of tltlc lofg bones where
* only uniform cortical bone is present. The precision of measurement for thé radial

: diaphysis can vary. from+14% to 17.6% [Hangartner, 1986] depending upon the

repositioning errofs and the Wurement. SPA delivers a ver}; low radiation dose
(0.02mSv) to a small measurernent area, and if the repositioning errors are controlled this
technique can be a useful tool in the in-vivo study of bone mass. The accuracy of the
measured mineral content is affecfcd‘by variations in the amount of fat present in bone

' marrow and is between 5 to 6% [Cameron et al., 1968].



| 2 1 4 Dual Photon Absorptiometry (DPA)

The soft ttssue compensatron requued in photodensxtometry and SPA cannot be )

< mage in case of vertebral bone mass measurements du‘e to unknown amounts of atr present ,

| Jn fungs, stomach and bowel In prmcrple thts problem is solved by using a dual energy |

' M;}such as 153Gd (44keV IOOkeV) for measurmg the prO_]CCtlon at two energles ‘The

. -data can then be analyzed to separately g1ve the amount of bOne and soft: ttssue, expressed '

. -in. gm/cm2 The radtatton dose delrvered with thts,technu\e is very small (O 005 0 015

- mSv) and is dtsmbuted over a large abdommal area for a spine measurement [Peppler and :
Mazess, 1981] The accuracy of the techmque is better than that of the SPA due to the use_" '
of two photon energles to compcnsate for vartable soft nssue However, the vartable s -
amount of fat present in bone mérrow sull causes an maccuracy m the measured results -

The: precmon and accum°¢y of the bone mass measurement has been quoted at +2. 5% and
. " ‘:l:4% respecttvely [Peppler and Mazess, 1981'? Bone mineral content measurement inthe
’ lumber smee (whtch contams a large amount of u’abecular bone) is very sens;tlve o o
g chan ges in skeletal status Therefore DPA can be used to.detect and momtor osteopema by

measurm'g the changes m the vertebral bone mass

2 1.5 Compton Scattermg_Techmque (CS)

T : Measunng bone densrty by CS mvolves the use of two orthogonal photon beams% 3
| After the coufit rates of two photon beams through the Ob_]CCt 1nto two detectors have been
: measured, the apparatus is rotated through 180° and another set of readmgs is taken These
" count rates allow computanon of the phys1cal dens1ty of the scattenng volume The number ;
‘ of scattered photons 1s proporuonal to the number df electrons m a grven volume ofa”

.‘ parncular btologlcal matenal Whlch in tum is proporttonal to the physrcal dens1ty of that

: materlal 'I'herefore the denstty measurements mclude contnbunons from the organic and
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' the morgamc components of bone An advantage of thns techmque is that the scattenng !

vvolume can be located entmely w1th1n the trabecular bone. The pr'tcucal hmttauonj of high
dose (1 6mSv) to the pertpheral measurement snte (calcaneus) [Kennett and Webber. !976]
and long scan ttme restnct theﬁCS method apphcatlon to measurement of a relattvely lttrge"r

: u.volume of bone Since the reposi omng of the scattering volume is relatxvely s1mple the o

precrsmn of the measurement is largely &%mmed by the radtauon dose The precxsxon of
X
calcaneus bone mass measurement has beenmreported to be £1.5% [Webber and Kennett,

1976).

o
. X f R
wowl !

There are several problems assocxatéd w1th the & techmque of bone mass

+

ameasurement One of the ‘major problems with this technique is that the photons undergo )
| mult1ple scattenng The number of muluply scatter?d photons qan be calculated by Monte '

c Carlo s1mulauon of Compton scatterlng mteracttons of photons thhm a cahbrtmon |

phantom [Battlsta and Bronskxll-, 1978]. However, these calculauons may not be valid if

the bone under study differs from the calibration’standardCompton scattering

densitormeters are available for clinical use onty in a:few reseztreh centers

: 2 1. 6 Neutron Actlvatlon (NA) -
Bone rnmeral mass measurement by NA mvolves the 1rr5tdmtnon w1th neutrons of

a body, in part orin whole Neutrons are available from reactors accelerators or

v vrad101sotope sources: (252Cf ,238Pu Be,241Am Be) Neutron 1rrud1atxon of bone converts
o 48Ca into 49Ca Wthh emits photons at 3 1 MeV which can then be counted by scmttlltmon

' detectors Slnce the amount. of 49Ca produced is proporttonal to total amount of calc1um in

' “an irradiated body volume, and because 99% of the calcxum is concentrated in bone the

v' amount cf 49Ca present isa good esumate of the amount of bone in the body part under .
consrderatton ' . ‘

The precmon of these measurement varies from +2% to +7% dependmg upon the

- body 51ze the radtatton dose can be as hlgh as 50 mSV dehvered to the torso[Catto et al,,

_/
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197 3]. Due. to the problems of reproducl 1ty and the 1nfluence of the size of skeleton, -
neutron acnvanon remains a research tool. |
" .o o RN t"‘;~‘1: )

..'2 1.7 Comp ted Tomography (CT)

CT offers major advantages for bone densrty measurement over
" other teehnl'q és: | |
) A CT imageisa two dimensvional.disu'ibution of average llnear attenuation

coefﬁc1ents of materlal present in small volume elemehts wrthm the cross-secuon of bone.

: A rrumber of CTi 1mages taken ax1ally along a bone can be arranged to eonstn‘ct a three -
‘dlmensronal map of the lmear attenuauon coefficient for a grven volume of bone Thus

_ volumetnc densxty of bone (gm/cm3) can be: measured L
| (2) The corucal bone can be separated from the trabecular b\tx n the CT 1mage and

a volume contalmng only trabecular bone can be used in the analysxs to oBtam the average

-~ TBD yalue. . | . v o

/ (3) The volume. of bone for density analysis can be preeisely reproducod with the

help of d1g1tal radlograph and automauc corucal bone contour detecuon (see sections. 3.2 _

and 33), | |

The teehnological improvements in terms' of. digital comouters, data acqui'si'tion |

bsystems and scanner geometry have had a major 1mpact in the field of CT In the earhest

- first generauon CT scanners a single detector was utlhzed to measure the transrmtted A

nimber of photons from a highly colhmated X-ray beam as the source—detector assembly

- was translated across the object. In order to obtain the attenuauon proﬁles ata number of
angular positions around the object, the source-detector assembly had to be rotated and
translated many umes ThlS resulted in longer Sto 10 mmutes) scan times and large : |

. radrauon doses In second generauon CT scanners, the pencrl beam was replaced by a

fan beam w1th a number of detectors arranged in the fan. The source—detec:tor assgmbly

was:,:translated across the,object to obtain the attenuation proﬁles fora number of angular
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pos1 ions dependlng upon the number and mter-detector angular spacmg of the detectors A
c'bnaderable reducuon in scan‘time (typrcal scan tmle\of 23 mmutes) resulted due tothe
smaller number of translanons and rotations requrred to obtam a sufﬁcrent number of

attenuatmn proﬁles In third generatton scanners. the translate-rotate scanmng geometry rs
.

" replaced by a rotate—rotate seauence A large number of detectors ( typlcally 30()—700) are

, TOld

\
arranged in a wider fan beam, and data collectron involves a 360° rotatron of the source-
detector assembly around the object resultmg in very small scan ttmes (1-10 seconds)

Fo gnd fifth generation scanners further reduce the scan time by eliminating the need to v.

¥ butky detector assembly of the thtrd generanon scanners Fourth generauon

systems consrst of a fixed 360‘ detector, rmg w1th only the source rotatmg Fifth generutlon

‘ systems have both the source and the detectors statronary, such scanners are very complex

and have hrgh cost however the scan times are extremely fast ‘fractrons of a second).

»Ai_t'"*
2.1.7.1 Measurement of Bone Density using Commercial Scanners
' Commercially‘availableCT scanners can be used for bone mineral analysis if 'v

appropriate corre(:tions for beam hardening and scattering are made for the projection data.

- These scanners have been extensrvely used for vertebral bon¢ mmeral content
. measur_ements [Goodsm and Rosenthal, 1987; Lava]-Jeantet et al., 1986; Cann and ’

- ‘Genant, 1980; Genant and BOyd, 1977]. The. patient is scanned along with calibration

solutions obtaining a number of slices covering L1 fo L4 lumber vertebrae. A region of
yt

: 1nterest within the vertebral bodies is analyzed to grve the bone denstty in terms of the

. 'standard solitions. However, commercrally available scanners have a number of problems

with respect to bone mmeral measurement and analysrs
1 The precrsmn of bone mass measurement is poor because the bone occupres a
small area of an 1mage ' @ .

(2) Since sl_celetaltreaunent requires repeated bone mcasurements at the same-

skeletal site, the radiation dose for a study has to be a minimum. A larger patient dose
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v’ (SlOmSV) is usually associated wlth"cormnercially available CT scannersthan for other,v P
bone measurement methods, -~ . o ! o - .
- (3) The commercralt'l‘ scanners use a relatively hrgh X-ray tube potentral withan
effecnve energy of more than 40 keV, thereby decreasmg the sensitivity and precrsron to |
'changes in bone densrty [Mliller et al., 1985]. Moreover, the problems assocrated wrth
marrow fat are enhanced at higher photon eneigies.
2.1.7.2 S pecial PurpoSe CT Scanners for Mpasurement of ane Density
Spmal bone densrty is a very 1mportant pam@ter for drfferennanng the osteopemc
. from the normal skeleton and 1t is well correlated to the bone densrty measured atthe ‘
. appendrcular sites [Sehulz et al,, 1983] Specral purpose CI‘ scanners are therefore: " . gf;;v
desrgned combining a low keV photon source with good spaual resolution (<0.5mm)
‘which results in very good reproducrbrhty of bone density measurement wrth very low
' radranon dose One such scanner was des:gned and fabncated at the University of Alberta
vm 1979 [ Hangartner and Overton, 1982]. Thrs scanner uses an 1251 point source and
| NaI(Tl)/l’MT detector units. Changes in bone density c’an bedetermined with a precision of
10. 9% for an average local skin dose of 0.015 mSy per scan. The errors in bone densrty

measurement due to marrow fat are small because the low photon energy prov'

<

_s a hrgh

contrast between bone and soft tissue. Sensitivity and precrsron are also 1mpm=ed at the
. - lower photon energies. S | |
. ‘ |
)2 1.8 Radrologrcal Analysrs of Bone and Bone Blology
| The radiological assessments of bone mineral content are based on the assumptron |
h :that the amount of bone lost/gamed does not change the composmon of the bone

cross-section in terms of the relatlve amounts of fat and soft t1ssue A change in the

composmon of bone t1ssue results in an maccurate : asurement of mineral content.

~ Similarly, the variable amounts of remodelmg and minyralizing spaces can cause-maccuracy :
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in the results. In order to precrsely and accurately measure the bone mmeral content, and to

understand the measured bone mlneral content data, a kn&ledge of the compgsmon.

. structure and the remodehng status of bone therefore becomes\hecessary Q
%

2.2 Bone Biology | |

The human skeleton is an architectural structure which provxdes not only
‘ tnechamcal strength to the body but also acts asa mmeral reserve. The skeletal functions
: are marntamed through well deﬁned metabollc activities in bone. The growth of human
- bones starts in the embryonic stage, and thexr sxze and shape are adjusted according to the
eventual mechanical usage through bone formauon and bone resorpuon processes Bones
. lcontmuously exchange rmnerals wlth the systemic c1rculatton and maintain their |
compresswe and tensrle strength through a renewal process called remodehng

In this chapter the composition, structure and remodeling of bone are dtscussed
and their i importance to an understandmg of the radiologically measured bone mineral

* content data is outlined.

2 2 1 Composition and Structure of | Bone .

l—iuman bone is made.from a mmerahzed matrix of collagen fibers in an orgamc
grdund substance. Mechanical strength is provided by the collagen fibers and crystalhne
:rnmerals. The minerals present in bone are calcrum, phosphorous and carbonate in the form
of caicium hydroxyapatite crystals In the process of bone growth and maintenance, bone
- tissue'is resorbed as well as formed. The bone cells which carry out the process of bone
formatmn and bone resorpuon are kriown as osteoblasts and osteoclasts respcctwely
_ Osteoclasts are multinucleated cells which drssolve both the orgamc ttnd morgamc bone
substances through contact w1th their central rufﬂ.ed border. Osteoblasts form bone in a two

stage process of laying down collage'n fibers in the ground substance-and then by A
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facthtaunm subsequent mmerahmuon In more deﬁul the osteoblasts deposxt a layer of
unmmerallzed (ostemd) matrix known as the osteox seam, which then begins to '

Pmineralization. The completrbn of

o’ Yy y take several months to a year In addlﬁon to the osteoblasts and
osteoclasts, there is another populanon of bone cells known azéosteocytes whrch take part'
_in mineral exchange and perform local bone tum _over [Parfitt and Kleerekoper, 19?9].
~ The structure of bone is charactenzed by 2 collectlon of "brick-like" pieces l_cnown .‘
- as bone'stru‘ctural units'(BSU“) which are joined together by cement lines The Gement line
s .the boundary of a BSU which is fully mineralized. This basic structure charactenzes the
human skeleton but the bone can be classrﬁed by its two prlncrpal anatomical forms
g corttcal and trabecular bone. - | "
‘Cortical (or compact) bone contains Haversian systerns (osteons). Each Haverstan
~ system consists of a central canal which carries nutrient-vessels, around which are ‘

concentncally arranged layers ( lamellae) of mmerallzcd bone extendmg up to the cement
 line. Each Havers1an system is in close contact with all other Haversian systems throug(
transverse Volkmann canal and canahculr. Cortical bone accounts for 80% of human bone
" Volume but it provides only 30% ‘of' the bone surface area for rrlineral exchange. |
‘Trabecular (or spongy) bone is an elegant archltectural structure of plates and struts
in close contact w1th spaces contmmng red an/?ellow marrow. A tmbecular plate is. also
"layered' or lamellar bone, e.g. as if an osteon was unrolled and spread flat. This bone
_accounts for approximately'20% of bone volume but provides 70% of the total bone
surface area for mineral exchange | - o | |

The arrangement of cortical and trabecular bone gives rise to four different bone

vsurfaces or envelopes periosteum, Haversran comcal endosteal and trabecular endosteal.
‘On these surfaces all three states ( foﬂnatlon resorptron and quxescence) can be found The
amount of formatwn and resorptlon varies from envelope to envelope wrth cortical *

endosteal and trabecular endosteal being more active than the Haversran and periostial



. envelopes. 1
- v
2.2, 2 Growth of Bone (Mod ling) s
Modelmg is a process by whtch bone grows and ch;ngeg its shape and size. The
) growth of bone a.nd ttsTmal shape are achteved through resorption and formation dnfts
[Frost, 1982]. The resorption drift is due to & coordinated po;Zulatton of ostcoclasts, the
‘ formatlon driftsa s1m11ar populatton of osteoblasts. These procestes of resorption and
’formauon are not: coupled in modeling. . .‘
Longttudmal growth of long bones takes place through a process known as |
| endochondral oss1ﬁcat10n [Frost, 1972] in which the primary spongxa is formed. In this *
- process the calcified cartilage is first resorbed w1thm columns that are perpendtqular to the
growth plate and then woven bone is laid down The cortical bone is forme from the .
| cartilage by a process knowtt as mtramcmbraneous ossification [Frost, 1942]. h the ’ ,
transverse direction the thickness of cortical bone and the di;meter of the marrow dvity
inc‘rease by‘ periosteal apposition and endosteal resorption. |
In addition to nutrmonal hormonal and genettc factors, the final shape and size of a

bone is also govemed by its mechanical usage. If normal mechanical usage produces
flexural strain abov_e a certain threshold level (minimum effective strain, MES), modeling
: atctiVity wil] ztdjust the shape and size of bone such that the resulting strairt is less than the
‘new threshold level [Frost 1982].

The quantlty of bone accumulated duting the growth period is very 1mportant since

&

normally there is no bone growth after skeletal matunty

- s
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small quantity of bone is resorbed by osteoclasts and this resorption is fo ei by new
bone formation by osteoblasts within the resorption cavity. Therefore, resorption and
| formation are stro\ay coupled in remodelmg The activation of the BMU and the rcsultmg

resorption and formation are spanally and temporally discrete events.

‘LC
* 1. Quiescence
-(
2. Resorption
§ 3. Reversal
/ 4, Early Formation
5. Late Formation
» 6. Quiescence
2 0O
‘{‘{9 - OldBone  NewBone  Ostcoid

Figure 2.1: Bone remodeling
Fxgure 2.1 shows the history of a BMU undcrgomg remodeling to construct a new
BSU in bone. The quiescent bone surface, covered by flat lining cells (LC), is resorbed by

a group of osteoclasts (OC) to produce a cavity in the bone. The dimensions pf a completed

-
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BSU depend upon the quantity of bone mmoved by osteoclasts which in turn is detﬁt';i:\ed |
by the number and the vigour of the BMU (osteoclast) populatxon produced by the
activation,
- A cement line(CL) is doposited over the newly resorbed surface by a group of (as
yet) unnamed mononuclear gclls [Parfitt, 1981]. A group of osteoblasts(OB) then deposits
a layer of unmineralized os;teoid matrix over the cement line(CL). Primary mi,ncrullizmion of
this matrix takes a few days, but then proceeds more slowly so that some 90-1(X) days are
required for this part of bone to revert to histologic ciuicsccnce. |
‘o ;‘ The time r:eguired for the resorption, reversal and formation préccssess is kn()wr|\ as
the remodeling period. The time requiredbfor complete mir.meraliz;tionéf the ’BSU is known
_ asthe mincralization:. period. BMU-based remodeling has the following important
properties [Frost, 1986):
e} BMU—bascd remodeling occurs throughout life in humans but it causes little '
qchange in the siic and shape of bone. _
) The difference between the amountsJof ¥hne resorbed and formed is kndwn
| 8 bone balance per BMU and is denoted by AB.BMU. This very important parameter
determines tf amount and sign of bone chahgcs. The AB.BMU factdt is generally zero on
the Haversian envelope, slightly positive on the penostcum envelope and lar;,ely negative
on the cortical endosteal envelope. The AB. BMU can control thc bone baldncc
mdependently of the bone msorpuon(fonnauor;) rétcs alone. This means that no matter how
mucAh bone is resorbed and formed in a typical BMU, the basic parameter which determines
the bone balance is AB.BMU.
| 3) In a given bone the volume of a completed BSU varies very little.
Therefore, bone turnover is determined mainly by the number of BMU's acti\;atcd (()Jvcr a
given time period in the unit volume of bone, i.e. activation frequency.

) In the steady state the global bone balance is determined By the activation
frequency multiplied by AB.BMU: therefore, bope balance can be controlled by these two
a
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independent factors.

An example of such control is the treatment of osteoporosis by manipulation of
(;ohcmm cell bopulations The sequence of events in this pr(;cess is activation- depression=
fmc rcpcat (ADFR). The BMU activation frequcncy is mcrcased by giving an activation
agent, e.g. Vitamin D [Hangartncr and Overton, 1982]. Since resorption must occur‘bofo?e
formation in the remodeling process, simultaneous activation of a large number of BMU

) will result in a large, 'vacant' remodeling space in thc. bone. Therefore, bone mass will start
decreasing soon after the actiyation event.

The normal actmty of the ostcoclast population is then reduced by giving a
depressor agent (e.g. a bisphosphonate or calcnomn) such that a smaller than normal

_quantity of bone is removed by e‘i!h BMU; this is known as adcprcssion step in the ADFR
process. oot , ’

When the resorption period taboot 10:20 days) is completed, the’!‘erﬁodcling BMU
is 'freed’ to function independently. Thcgogiegblasis will then (theoretically) deposit a
normal amount of bone in each remo.(iclir‘i;g’ BMU cavity. However, since the volume of

' bénc deposited by osteoblasts will be larger th'an the volume of bone resorbed by depressed

osteoclasts, a net gain {n the q“apgty of bone will result during this free period of the '

ADFR sequence. The whole activate-depress-free sequence can be repeated an appropriate

2.2.3.1 Classification of Bone Di .
The various metabolic bone diseases can be differentiated on the basis of BMU-
based remodeling. The skeletal state of ;'cdﬁced volume of otherwise healthy bone along
with one or two vertebral fractures defines ostcoporosis: In osteoporosis bone is los;f either ~
by a large negative AB.BMU on the cortical endosteal surface, or by an increased b;ﬂe
turnover. In the first case (as in late stagé involutional osteoporosis) the efficiency of the

\J

osteoblasts is decreased such that a smaller than normal amount of bone is formed per
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BMU. In the second case (as in post menopausal osteoporosis) the small negative bone

balance per BMU at the gortical endosteal and trabecular envelopes is amplified by an

fdgd activation frequency [Parfitt, 1981]. If the resulting bone cannot withstand

n echanical loading bone fractures occur and the person is then defined as
- 'osteoporotic'. |
et In case of osteomalacia, the BMU-based remodeling is arrested prior to the stage of

mineralization. T°hercfore, the absolute bone volume may not change from normal levels
but the mineral content is decreased and the osteoid seam thickness increased because of an

increase in the mineralization lag time.

2.2.3.2 Effects of‘ Bone Composition and BMU-based' Remodeling on
Radiological Bone Assessment '

The techniques of radiological assessment of bone measure. the aggunt of
mineralized bone matrix within a specified bone volume. These measurements of bone
mineral content are loosély given the name of bone "density".

The radiological techniques for measurement of bone mineral cangp\t differentiate
spatially between trabecular plates and marrow bsp'z;ces so that the resulting data includes
contributions from both the mineral and non-mineral parts of trabecular bone. Therefore,
the interpretation of bone mineral content data Should take into consideration the changes in
trabecular boﬁe composition.

In the steady state a constant number of new BMUs is activated per unit time per
unit surfice area of bone. In each BMU a small amount of bone \s first resorbed and then
an osteoid seam is laid down which subsequently mineralizes. On the surface of the bone
envelope undergoing remodeling there are vacant spaces, collcctivcly‘ known as the
remodeling spécc (i.e. BMU at the reversal stage), which do not contribute to the photon
attenuation. Similarly, the undermineralized bone known as the 'mineralizing space’ w;vill

contribute less to the photon atienuation than the completely mineralized bone. The:

Va

-

T
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radiologic IO mineral content in a specified volume of trabecular bone
is therefore underestimated élue to the presence Qf remodeling and mineralizing spaces.

. Under 'stcady state conditions for activation frequency, remodeling and }hinemlization
periods, the errors from such sources are systematic and no't“important for serial studies.
Howgver, therapeutic intervention usually causes temporary changes in one or more of the ‘
above parameters which results in an error in the mcas;lred bone minerél content. For
example, incrcasing\hn_qeé:;tion frequency will cause a temporary increase inthe bone
loss and the new steady state will only bt:,” reached after one complete remodeling cycle. In -
the new steady state for activation frequency, the }emodeling and mineralization spaces will
be largcr than in the earlier state because a larger number of BMUs was activated per unit
time. Therefore, the athount by which the bone mineral content will be undcrcstimhted will
be increased proportionately. Rcmodeling and mineralizing spaces should therefore be
taken into consideration if on¢ or more of the bone remodeling parameters are changing
over the period of a bone mass study. . - '

Consideration of BMU-based mmodeliﬂg is also important in the design of serial
studies to assess the effects of therapeutic agents on bone since the resorption, reversal,
formation and minerlization steps are separately defined.

We conclude that the mineral content of the trabecular bone can be measured usingv
spccially designed CT scannérs, and that.the i}ntcrp atiog of such data can be made on the |

ibe a particular special

basis of BMU-based bone remodeling. In the next chaptet, we
purpose CT scanner an}) its calibration, data collection and image reconstruction

procedures.



3 0 Fan-beam X-ray CT Scanner for Quantitative Bone Density
Measurement,

.

The Y:ér.syStem designcd anq developed in the Department of Applied Sciences in

Medicine is a sgcond géneration, translate-rotate scanner with a two minute minimum scan
time. This relatively long scan time can result in subject movement, and henice artifacts in \
the image which increase both th:-, analysis time and the inaccuracy in the bone mass |
measurement. The y-CT scanner can only be used for bone density wmcms at the
distal radius site in humans since a low energy 1251 photon source (29 ch;is used and
) only objects of diameter less than 78mrn can be scanned with good geometrical resolution.

The isotope source is also very photon limited, incrcnsing scan time in the reconstructed

image. ) * ; | )

These problems are partially resolved by using a rotate-rotate scanning geometry
with a variable SCR distance to obtain a constant spatial msolutlon fora range o(objcct
sizes. In general rotational CT scanners require large numbers of closely packed Rhot’bn
detectors and hence are very expensive ma(_:hmcs. The number of detectors requlvpﬁd,
however, can be decreased, with a corresponding increase in scan time, by usin& a
multiple-rotation fan-offset scanning geometry [Peters and Lewitt, 1977, Jelincbund
dvcrton, 1985].

The special purpose fan-beam X-ray CT scanner featuring a multiple-rotation fan-
offset geometry and varinblc SCR distance was designed and developed by Hangartner
[Hangartner pnd Overton, 1985]. In this chapter, the detector system and geometrical

Y 4 calibrations, data collection and image reconstruction procedures for this scanner are
described. In (;rder to better understand these procedures, a brief description of the
hardware configuration, and of software implementation for this scanner precedes a
discussion of the underlying theor;' and the experimental implcrncntation of these

procedures. d
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?;ASI System Descrlptlon

@’ . - The system schematic of th1s scanner is shown in Figure 3.1. 1 The scanner can be

intosthe followmg sub systems

Y] X‘(‘ ray tube and High Voltage Géneranon
. 2) Photon Detectton System \ L .
| 3) VAX ahd CAMAC (Computer Automated Measurement and Control, IEEE .
&tandard 583 1975) Interface System . \' I . l
4) Mlcrocomputer and Scanner Control |
Details of the design and. development‘bf the various sub-system‘s of this scanner
ﬂ are glven in an earlier report [Wells 1986] In the following sections only a brief overview
‘ ofthesesub systems1s glven P A S
3.1.1 ‘X,-ray Tube and High Voltage Generation " o R B '
- The photon source for the X-CT sca'nner is‘an X-ray tube witha lmm2 focal spot
, area and a25° anode face angle The photons emitted from the tube are collimated into a SO
fan angle using a 2mm wide lead collimator. The maximum operatmg voltage for the: X-my |
tube is 100k V; the maxunum op‘aung tube current is 10mA. The tube can be operated
contmuously at 140watts with a low pressure c1rculatmg 011 cooling system
‘ A c0mpact DC high voltage generator wh1ch is based on the pnncxple of swnchmg
- DC power supphes is used [Fug Instructlon Manual). ‘The maximum output ratmgs for the
- power supply are 120kV and l(ij The high voltage is gZerated dlfferentlally such thdt a
. neganve voltage is apphed to the: cathode and an equal posmve voltage 1s apphed to'the |
_anode The ﬁlament current regulation is carrled out: by a programmable low voltage
| : sw1tch1ng power supply ,’Flﬁ{?ugh voltage power supply has a peak to peak ripple voltage
~of less than one part in 105 The high mltage and the current for the X-ray tube can be :

Te gulated manually by potentlometers located on the front panel of the power supply, or-

these settlngs can be programmed remotely under VAX software control throtéh the i tnput S

W



: gate/output register IGOR) module in the CAMAC crate. The maximum programmable :

voltage is ltmlted to 96kV in order to protect the X-ray tube from overvoltage

3.1 2 Photon ‘Detection System
The photon detection system of the scanner comprises 26 Nal(T1) detectors spaced -
a2’ intervals in the 50‘ fan- beam The detector colhmator has an aperture width of 3mm in
_ the Xma] dxrectlon and lmm in the radtal drrectlon and is 6mm long which reduces the
~ effects of scatteregmdlatton o R - v “
The electromcs of the detectors are desrgned to work i in count mode; each photon
‘ 'mteractmg with the detector crystal produces an 1nd1v1dual current pulse at the output of the
: photomultlpher tube (PMT) whtch is ampltﬁed by a curnent-to—voltage
,converter/pre amphﬁer based on the LeCroy TRAlOOO pre- amphﬁer circuit and desrgned
to give a closed loop gain of 20mV/ttA [LeCroy Systems, 1978] The dlfferentlal voltage
pulses from the output of the pre-ampltﬁer are fed to the dxfferentlal mput of a pulse height
dxscrtmmator. The a%sembly contalmng the PMT/NaI(Tl) detectors and pre-ampllﬁer '
circuitry is electﬁcally isolated .fro_m the rest of the scanner in order to avoid noise in the |
data _resulting'from"ground loops. : ‘_ . 1
| The dtscnmmator outputs a logtc pulseto a scaler prov1ded the amphtude of the
, voltage pulse at the input of the msmmnator exceeds a certam threshold level (see section
3.2, 1) ’Ihe t*eshold level of the dtscnmmator can be vaned mmuaJL{Sr remotely by
:_ -:changm g the voltage applted to the extemal threshold connector In the remote mode the
voltage applted to the connector is programmed bya progrernmable supply controller
(PSC) module. . ‘ o E .
The scalers count the number of pulses unt11 the 'load' line of the all the scalers i is |
pulsed to 1ndtcate the endof a data collectton interval. At th%s time the\CAMAC controller
4" tntetrupts the VAX and the Bollected cou*or the pmgrammed number of detectors are

stored ina temporary buffer At the end of the data collectlon process, the counts for all

>
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 data collection intervals are accumulated in a‘VAX‘ data file,
The counnng mode for photon detectlon is better than the current mtegmtmg type of
data acqulsmon systems used in commercral CT scanner systems The current integrating |
| type systems use analog 1ntegratron of the signal from PMT followed by sample/hold and
.I analog to ngrtal conversion. The input offset-voltage of these components and quanttzanon e
error in analog to digital conversion increase the mrmmum level of signal detected which is |
not very useful for detectmg a low photon ﬂux The detectxon efﬁcnency of the counttng
/ system is improved because each mdlvrdual photon mteracnng ‘with a detector i is -recorded
separately However the ﬂuorescence decay time constant of the NaI(Tl) scmtrllator
_ (250nsec), and to a lesser extent the propagaﬁon delays in the electromc cm,uttry mtroduce
a 'deadtime’ in the countmg?ystem dunng whrch the system is unable to record photons
1nc1dent upon the. detector The theory of the deadtime cahbranon procedure for the X- CT
system is described in section 3.2. 2. The deadttme of the systcm depends upon the incident
photon fluence, and for a relatively low count rate the error in the number of photons
observed is very small. » . | , |
B o T
3.1.3 VAX and CAMAC Interface System |
The master controller for the X CT scanneris a VAX 11 /150 mtmcomputer a
muluuser system w1th 6 megabytes of main memory and 450'hytes of dxsc storage in
_‘ addition to 1600 bpx magnetlc tape. The tr“ﬁ’hlcomputer is connected to an array processor
- (FPS- 120B) forthe mathematlcal operauons (ﬁ‘ convolutlon and backprOJectxon requnred
- for image reconstru@lon o . . ‘
The basic purpose of CAMAC is to prov1de a standardrzed method for transmrtung .
data between VAX and the vanous instrumentation modules of the scanner. The CAM;A_C
 modules are interfaced to the Unibus of the VAX system by the controller ‘The various )
modules of the CAMAC system used in 1 the X-CT scanner are descrxbed below

) A CAMAC crate controller module (Kmetlc Systems 3912) whnch '
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L)

commumcates dlrectly with both the VAX and the other CAMAC modules |
v (2) | | Two IGOR modules (Kme(lc Systems 3063) each featurmg an output )

: reglster an input reglster and handshakmg signals. for data commumcatlon One of the
.. IGOR modules is used for data commumcatlon between the VAX and the microcomputer
used for control of the scanner movements; the other module i is used for programming the
X-ray, tube voltage and current under VAX software control. |

3) Anvmterface modulc (LeCroy 2132) allows bi- dxrecnd%al commumcanon
between the CAMAC dataway -and up to-15'high vol!age supphes used for the PMTs The 2
' hlgh voltage system (LeCroy HV4032A) provides up to 32 1ndependent1y
programmable channels The PMT high voltages can be set manually or remotely via thlS
interface module . | o

‘ (4) A dual PSC module (Kinetic Systems 3162) featuring two 12 bit |

digital—to-analog converters is used,for programmmg the discriminator threshold voltage fer, .
the discriminators used in this system. | | '. |

5) . Two discriminator modnles .(LeCroy 4415), each consisting of 16
chann'els of differential 'input‘dlscrinﬁn'ators Thetommon discriminat(;r threshold level forv‘m; |
all 16 channels can be vaned from -30mV to -600mV and cah be set manually or remotely
through an. external voltage apphed to the threshold control connector.

()] «A scaler module (LeCroy 4434) w1th 32 channels of 24 bit soalers Each
.scaler counts pulses of duranon greater than 10nsec and a mammum frequency of ZOMHz

Other penpheral devrces associated with this system are a GRINNELL (GMR 270)

1mage dlsplay system ¢ and a Versﬁtec (V80) hardcopy plotter

¢
- 3.1.4 Micrecomputer ‘a,ndlv Scanner Control {
The X-CT scanner uses a multiple-rotation fan-effset scanning geometry in order to
 increase the radial 'sampling density, and hence the spatial resolution in the reconstructed

' image's. Ob_jects with diameters ranging from 75mm to 220mm can be scanned by varying
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the SCR distance, and hence maxtmizmg the number of detector rays passing through the
obJect [Zatz, 1981] The scanner 1s des1gned to translate in the x-, y- and z-dmecnons and
to rotate in the x-y plane over 360° (Figure 3.1.1). The honzontal movements (x-dtrectnon)
are used for centermg the fan beam about the center-o f~rotat10n of the scanner (sectxon
3.2. 5), and to prov1de the lmear shifts of the fan-beam from the SCR line in the data
collection procedure of the scanner (see section 3.3.1). The vertical movement (y-direction) |

-of the scanner is used for optimizing the SCR distance with respect to object size in order to
obtain the same geometrical resolution for different object sizes. The axial movement - |
(z—ditection) is used for positioning the fan-beam of the scanner at the measnrement site
determined by a digital raciiograph-(see section 5.1). The rotational movement of the

'kscanner is used for data collection A combinatit)n of x-, y- translation and rotation .i_s used .
to stmulate a small rotation of the detectors about the source (see section 3.3.1).

All four movements of the scanner are carried out using steppmg motors. The speed
and direction of each stepping motor is controlled by the fnequency and the sequence of the ‘
puls‘es given to its fonr windings. The movement of the stepping motors is controlled by
the microcomputer and the scanner control system. In addition, the microcompnter }
processes the status of limit switches and the air brakes used for mechanical safety, and the
position switches used for determining the resct (home) po‘Sition of the scannes '.I‘he.
microcomputer also controls the timing of the i mterrupt pulses given to scaler units at the
end of each data collection interval. ‘

‘The nucro?;pmputer consists of a TMS 9900 mictbprocessot'based CPU (central |
processing un_it) board, an I/O} (inputfontput) board for communication with CAMAC, and

. a thii'd board for gene;ating timmg pulses to stepping motors. A customized data -

communication Iirotocol is used.for sending commands for motor rnovements from thea

VAX to the microcomputer through an IGOR module of CAMAC [Wells, 19861

Information conCeming'tne speed, direction and length of the motor movements is

downloaded from'tlie VAX and status ini"ormation‘from the scanner is uploaded to the

3

el
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: VAX through thc same IGOR module.

The control system contams the translatxon control boaxds for each of the motors
and a relay control board for proccssmg the limit sw1tch and air brake signals. The motors
“ can also be operated manuaﬂy in which the speed and ditection of each of the motors can be
‘set by Switchés located ih front of the éort'espondihg tran'slvator control board. |

- | \

3.1.4. l . Scanner Reset l"osition

Thc scanner has to be in the resct posmon befone any data collectlon for cahbratlon |
'or image rcconstructlon purposes is initiated. The reset pqsmon of all four scanner motors
. is determmed with reference to the posmon switches corresponding to each of the scanner
" moverhent_s. The position switch'is an ‘oscillato'r.which changes its"intemal imp,edance when
a mctat 'flag' comes closer to its surface.

. The reset.position of the axial motor is sﬂeciﬁed by the position of a horizontal
cros§5hatch of laser beam mounted in the ceiling above the st:anner, The distance between
this cross-hatch and the axial position Switch is detexmined )'by placin g 5 metal wire aligned
with the crosshatgh. The wire is placed aligning with the horizontal cross of the laser beamn
such that it intersects with all 26 detector rays. Data.fdr all 26 detectors are t:ollectcd as the
axial motor m'ox:esﬁthe fan-beam m the‘forward dircc‘tion“star'ting frorh the axial position
switch unnl the fan-beam passes over thxs wire. A drop in photon intensity due to the wire
glves the position of the honzontal cross-hatch and thus the reset position of the ax1a1
motor. -
| For the fotational reset positioh the motor is moved counter clockwise until the
 rotational posmon switch i is detected, and then mwed 180° clog;kmse from the position )

switch to the reset posmon ‘ | '
The reset posmon of the horlzontal motor is estabhshed during the fan- beam

centenng procedure discussed in secuon 3.2.5.The reset posmon of the vemcal motor

object s1ze 'I‘he scanner is setup for’ object diameters of 75mm 100mm
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and 150mm, but the vertical motor reset posmon from the vcmcal posmon switch is

1 programmablc from software. o : . e |

3.1.4.2 Motor Movements in Data Collection

* -
B

Data collectlon for this scanner can be initiated by moving any of the four motors,
‘Each motor has an assi gned location in the mxcroconzxputcr memory whcm the motor
movement description table is stored after downloading from the VAX. Each line in this
. tabIe contains the number of stcpé of motor niove_inent, the speed of the x;dtor and the
' number of Steps in a data collection interval, so that the data collectjon interval can be
controlled in the VAX software. A few lines at the beginning of the motor descriptibn table

are used for accclbmﬁng the motor to desired speed, ;nd a few lines at the ¢nd for |

\
' decelcratmg the mfﬁr speed to zero. A motor c?an be moved wnhout collectmg data by
setting thc number of steps in a data collcctxon interval w1thm the motor description table to
zero. _ . .f
In addltlon to downloading the motor descnpnon table for data, collcctlon the
CAMAC drlvcr control is also informed of the size (16 or 32b1[) hnd len gth ( numberof
: data collection intervals) of the data. The data can be collcctcd for all or for only selected
3hannels by informing the CAMAC driver software accordingly. The number of data
’ 'collcctibn intervals prograrpmcd in the motor movemeént 'dgscription table should match the
number given t%the CAMAC driver séftware, except for thé first interval for which. the

‘duration is unknown.

3.2 System Calibration
In an ideal photon deteétor sy'ste'm all the detectors would have the same energy
resolution, ratched observcd spcctra zero background noise count and zero dcad time.

' Similarly, a perfect X-ray source WOuld be mono-cncrgcm with a vanishingly small point

focal spot, and i 1sotroplc angular ﬂux dxstnbutlon Obvmusly these features are not realized

. . . b N
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in any prhctical CT system, so procedures to correct for these imperfections are required -
‘before the CT system can provide artifact-free images. '
A detailed analysis of the theory and implementation of .the calibration procedures
for the X-CT scanner has been reported by Wells [Wells, 1986]. For our work, the
scanner has to be calibrated at two energles for dual energy scanning, and the calibration
procedure at X-ray tube potennals of 50kV and 80kV is discussed in the followmg

».

sections,

3.2.1 X -ray Spec.\ Matchmg
The noise generated by a PMT depends on its gam and its peak anode current in that

a larger number of light photons falling on the photo—cathode increases the noise generated
[Hanjamatsu]. Thus the charge collected at the last dynode of the tube also includes
contributions due to noise; the counting system has to discriminate between noise and the
signal due to photons which requires the setting of ; discrim_inatq 'threshold' to enclude\
noise. ' ' A
| The need to match the measured spectrum for each detector arises becahse a
common discriminator threshold level is used for all the detectors _Although the photon
energy spectrum incident on all the detectors is the same, the observed spectra will be
dlfferent for each detector because: |

- a) the energy response of the Nal(T1) crystal varies shghtly from detector to
detector. '

N h) there is a finite dead-time associated with the detector systern SO the shape of
the observed spectrum will depend upon of photon fluence-incident on the detector
o .As the quannty of charge collected by the last dynode of a PMT is a funcuon of

inter-dynode potenual and the amphtude'of the output pulse increases as this potennal is
increased, so the measured spectmm of a detector can be shifted along the energy scale by

changing the high voltage applied to its PMT.
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The instrumentation of the X-CT scanner does not readily permit direct pulse height

analysis, o an indirect method of calculatin the pulse height spectrum is used. A 0.46mm -
thick (Sn, Kegc=29.2keV) filter is used to limit the spectrum to energies between 2()keV to
30keV at the lower tube potential (SOkV). and between energies of approximately 40keV to
65keV at the higher tubc potential (80kV).

The procedure works as follows. The detectors are given an initial PMT high
voltage and the totel number of phot’bns collected by each detector in one second is
measured as the dnscnmmator threshold level is varied in steps of 25mV from -120mV to
-600mV A differential spectrurms calculated by subtractmg, succewve readings for each
detector. The lower and hpgfref energy measured spectra of a detector are shown in figure
3.2.1. o |

| Let I(vy) be the number of photons in the observed differential spectrum and v the
discriminator ‘threshoid level. I(vp) and vy are the y-axis and x-axis parameters in figure
3.2.1. A baseline 'y‘-—f f(-600mV) is drawn which intersects the spectrum at -6()()an and vl
as éhown in the figure. The peak position of the spectrum is then given by

I .
' J'I(v[)vldvt
_vl '
peak 600 (3.2.0)

[1vpav,
vl

The peak posilions of the spectra at 50kV are compared W ith a reference position of
-400i10mV and those at 80kV with —47SiIOmV The PMT high voltage of those detectors
which show a dev1atxon of more than :thmV from the reference position is then changed.
This procedure is repeated until the spectra for all detectors are matched. Due to the short
time (5-1Ominutes) needed to perform this calibration, it would be possible to carry it out

it
1

every day
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50kV, 0.46mm Sn Filter, o

Counts

-1000 v T v T ~ Y — T Y 1
100 200 300 400 500 600
" Discriminator threshold level (-mv)

(@ . <

80kV, 0.46mm Sn Filter

Counts

0 — Y v | B T M T v 1
100 200 300 400 500 600
Qiscrimina!or threshold leyel (-mV)
/ (b)

‘igure 3.2.1: Differential counts vs the discriminator threshold level for (a) 50kV and (b) 80kV using a
L46mm Sn filter. - ) '

A common threshold is used for all 26 detectors and this is determined from the
hape of the observed spectra. The»commondiscriminat(')r threshold is selected at a point in

he spectrum where the slope is 4 minimum and only the noise is completely discriminated.
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An apprdpriatc, common discriminator threshdld was found to be -20QmV for both 50kV

and 80kV. aetd
f

All practical radiation detectors have a finite regolving time, or interval that must

3.2.2 Dead-time Corrections

separate two events if they are to be separately registered. This interval is referred to as the
‘dead-time’ of thc‘ system, during which no additional photons can be detected. For a
Nal(T1)/PMT detc'c"tor the dead-ti‘me is due principally to fluorescence dcchy of the crystal,
and to a lesser extent to the resolving capabilities of the prc-ampliﬁer/umpliﬁcr and
discriminator/scaler circuits. The effect of the dead-time is seen in the non-linear
relationship\')etween ébsewed cgunts (Np) and incident photon ﬂucnle. N

Two models-are commgaly used to dcscﬁbc the dead-time behaviour of counting

systems: pafalysable and non-paralysable response. For a non-paralysable model [Knoll,

1979}:

_N | - (32.2)
LN, T, : '

where Nt is the true counts, Ng the observed counts and T4 the dead-time of the

counting system. Similarly for a paralysable model [Knoll, 1979}:

N,
N=Ne' " | (3.2.3)

t (o)

It has previously been shown that the counting system of this particular scanner
does not closely follow either of these models [Wells,1986] as is evident from the
experimental data shown in figure 3.2.2. .

By using a paralysable model, and assuming that Ny is proportional to the X-ray

tube current, a calibration procedure was developed to determine the dead-time for each of

N
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he 26 detectors. Since there is no analytical solution for calculating true counts for the

LA * . . . -
»aralysable model the raw data in the reconstruction procedure was corrected assuming a

mn-paralysablé model and using the dead-times so calculated.

14.0 7 .
4 50 kV, No Filter < Non-paralysable
~ 12,01
(0.0
E 8.0
g‘v 6.0 7 , .
p 1 &~ Observed
§ 407 <€ Paralysable
C 201
0.0 —T T 7T b
v 0.0 0.5 1.0 1.5 2.0 2.5 3.0.
’
Current (mA)

‘igure 3.2.2: The observed number of photons as a function of X-ray tube current (or true counts) for a

etector. The corresponding counts for paralysable and non- paralysable responses for Tf=500 nSEC are

Iso shown. )

A reconstructed image of.a phantom is shown in ﬁgure‘ 323 where circular ring
rtifacts due to this imperfect dead-time correcnon are seen. Thc radii of these circular nng
rtifacts are equal to the perpendicular distances from the center—of -rotation to the
ourccjto-detector lines of those detectors for which the dead—umc estimation was wrong
'y a significant amount (Jeﬁnek and Overton, 1986].

A simple but more precise method of comecting for dead-time was developed based
n the fact that the ihcrease in the Ng vs. Nt 'curve up to its maximum can be described by
second order polynomial [Kohman, 1945} |

,=aN 4bN N (3.2.4)

Z
]
o

nd.
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N =mN ’ | (3.2.5)

t X

where Ny represents the X-ray tube ci‘:;’l‘his procedure measures the counts per
second as the X-ray tube current is inc from ()‘ 10 3.0mA for both S0kV and
80kV tube voltages, using 0.65mm and 2.75mm Cu filters respectively. The coefficients a
and b for each detector at both X-ray tube settings are calculated by using a least squares fit
of a second order polynomial to the data. The value of m was calculated by using the r
equation (3.2.5) assuming that the observed count rate is approximately equal 1o the true
count rate at a tube cu(x;rent of 0.1mA. This calibration procedure was performed for both
50kV and 80kV X-rﬁy tube potentials. \

/ . Since the cyoefﬁcients a and b were calculated from the data w}\ch was collected
‘using a 1second time-base the raw data used in the reconstruction nceds to be adjusted to

the same time-base before correcti he values of the coefficients a, b and m can then be

used to correct the observed cou age of a phantom reconstructed by this method

is shown in figure 3.2.4 where to the imperfect dead-time corrections have

vanished.

3.2.3 Background Noise

Background noise has two components, a 'dark caunt' due to electronic noise and a
background radiation count. The electronic noise is caused by the following factors’
[Ha}mamtsu]: (1) thermionic emission of electrons from the photocathode or dynodes of the
PMT and (2) ionization of residual gases inside PMT by electrons. Since a discriminator
threshold level of -260mYV is set at both the X-ray tube settings (0.65mm Cu filter at 50k V,
2.8m;\ and 2.75mm Cau filter at 80kY, 1.75mA ), the majority of low energy noi)s_c pulses
are removed. However, the higher energy noise paésés through the discriminator and adds

; B
to the signal. Any noise greater than -200 mV is due mainly to the background radiation
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(Wells, 1986 ), and is therefone 1ndependent of PMT cu:‘ent '
The amplrtude of the current pulse at the dnode of the PMT, due to background
"radiatlon depends on themter—dynode potennal The apphed PMT htgh voltage for \each .
. detector is smaller at 80kV 1 75mA than at SOkV 2.8mA. This was necessnry smce atthe
same PMT hrgh voltage the detectors start saturatmg at 80kV, 1 ()mA even with the gredter -
.degree of filtration. Thenefore the background noise counts due to back ground radtatlon
s are dlfferent for the two X-ray tube settmgs w)ﬂw | _ |
The background noise counts of amphtude larger than the dtscnmmator thresholci
are measured overa penod of one hour with the X-ray tube off. The PMT hrgh voltages are
- set appropnately for both X-ray tube potent1als In the reconstructlon process the
“ background noise counts per mterval are subtracted from the raw data before the dead-time
‘“T»and beam-hardenmg correcuons are carned out in the reconstrucuon At the: dts;nmrnator
~threshold level used - 200mV) the: average background count’is of the order of 0. ()0()5 %
: _[Wells 1986] therefore the dark count correction has no srgmﬁcant effect onthe ‘{
o rec__onstructed 1rn_ages. ‘ 3 > |
‘3 2.4 Bearn Hardeningc_-’Cal;ibrations ‘ |
L In CT measurements of the linear attenuation coefficients $at each point in a Cross-

0 / =
‘Tsecuon of an umform obJect are deferent due to the polyenergeuc nature of the X- ray beam.

nce the attenuanon at a ﬁxed point is greater for lower energy photons the energy I
" dis ’“‘buuon of the X—ray beam shifts towards hrgher energies (hardens) as it passes through
bJCCt X-rayereachmg any paxtmular point inside an object from different dxrecuons '

: / !

. ,' are hkely to have dxfferent enei‘gy ﬂuence and thus will be attenuated dtfferently at that

- ’pornt:’ﬂns effecgrresults in both quantltanve and qualltanve arnfacts inthe reconstructed

Jf” : | 1mages It has been shown [Brooks and Di Chxro,1976] that CT numbers at the center of v

the 1mage of a phantom contarnmg homogeneous material will be decreased due to beam



| \hardemng, showrng the well known ‘cupping' effect in the attenuatlon proﬁle of the
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reconstructcd 1mage The beam hardemng effect is, in genenal, non- lmear [Joseph 198 1]
and causes streaks in the i image of ahlgh contrast obJect SR - ‘

The. accuracy of bone mass measurements.isalso affected by beam hardemng
because of the variable-amount of soft ‘thsue surroundmg thecortrcal bone [Hangartner et’

al.‘, 1987; Vetter et al., 1986]. Several teChnique’s are availableto re'du_ce the errors due to

~ beam hardening, such as water-bag filters [MaDavid etal, 1977], polynoi‘rﬁal fitting and

linearization [Herman 1979}, and material' selective corrections [Rilegsegger et al., 1978].
In smgle energy measurements o’f bone mass with the X-CT scanner, a srmple,

approximate method of conectmg beam hardemng crrors has been developed [Wells

- ratio of the mc1dent number. of photons (Io) to flle transmrtted number of photons . The

underlymg assumpuon w1th thlS procedure is that any measured proJectlon ray-sum is the

result of attenuanon of the beam by a sandwich of specrfied thicknesses of aluminum and

plex1 glass. The correctxon procedure involves scanning successive layers of 5 85mm thick

plexr glass and 0. 85mm thick alurmnum sandw1ches, and measurmg the prOJecuon values

correspondmg to each layer If the X ray source was mono-energenc then the pro;ectxon '

‘ values correspondmg to successive layers would increase lmearly, but a polyenergetlc .

O B
beam hardens as the number of layers is increased resurtm gina smaller artenuauon by the

added layers This effect is shown in ﬁgure 3.2 5 where prOJectron values are plotted asa

~ function of thickness (numbers) of aluminum and plexr-glass platesl The dev1at10n from ,

e

” lmeanty is determmed by ﬁmng a second-order polynormal to.this curve; the coefﬁcxents of -

th1s polynomlal are used to coz;ect the prOJectron values before convolutlon and

‘ back-projectron for ln%age reconstructlon This procedure is performed at both the X-ray

.

tube settrngs G , ‘7 S

". N JS*"”W

- 1986]. A projection ray-sum or ‘a logarithmic attenuatron is defined as thF natural log of the o

>
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‘ lmeanzmg the observed data'by fi D

-obtamed for all detectors (p<0 001), howéver small errors due to vanable amounts of sof t

- the linear offsets between the rotations, are precnsely determmed (see section 3 3.1 for
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Flgure ‘3 2.5: The logamhmtc attenuation of a S0kV beam as a, function of the number of luycrs of-
5.85mm thick ple)uglass,a,nd 0. 85mrq " k alummum sandw:ch The corrected ddld is obtained uftcr

i
Xt

After lmeanzatwn O

tissue surrounding the.cojical bone will occur, as dtscuSsed in section 6.1.2. “

3.2.5 Centermg The Fan-beam.

In a muluple rotauon fan-beam scanner it is necessary that the initial fan offset and

. &

detaxls) This requues that in the “home” posmon the SCR lme bisects th@etector arc so-’

- :that the source to detector: rays on both 51des of the SCR hr;e a.re.symmemcal The

: ’fan beam centenng prodedure deterrmnes the reset (hOme) postnon of the honzontal motor |

The geometnc consxderauons of this procedure are deprcted in figure 3 2.6. For ’ :

:h *

_srmphcxty only two. detector rays are shown in this fi gure The centered fan- beam at 0 and

- 180°, shown by thin lmes, is symn"tetncal about the"SCR line (A-O-B). Thc thtck hnes

depxct the same fan- beam at 0‘ and 180' when n is not symmetncal about the SCR line, =

where AA and BB’ give the lmear shxft AX of the fan beam from the SCR hne at 0 and

180° respectwely




Figure 3.2.6: ‘The centered and linearly shifted fan-beam at 0* and 180".
W :
A wxre is placed 1n ﬂm fan beam, shownfby point W in the ﬁgure, and the

" scanner is translated honzontally&,’so that the beam for each detector passes through the

" wire. The point at which the w1re passes through each beam is recorded as a drop i in count

rate for that pamcular detector, Fbr each detector the dxstar;é% through which the fan heam
“ Moves before the raxcon'espondmg toa parttcular detector passes through the wm:ﬁl

- calculated. For the symmetncal fan beam, these dlstances are given by WL and WEF for the
" two detectors in0’ and 180' posmons Slrmlarly, WL and WF give the correspondmg

- “distances for two, detectors, in case of asymmetncal fan beam at O° The scanner is then

 ratated by f80‘ and t the procedure is, repeated and distances WL" and WE" for the

o scanner (1 9cm), only siX detectors pass by the w1re which is honzontally ahgned at the

41

. asymrnetncal fan-beam are measured Due to the limited honzontal movement of the X-CT .



* center-of-rotation, Considerthe following from Figure 3.2.6:
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(WL +WF) (WLv|+WFn) A
= (WL'-WL") +(WF' WF")

_ =AA'+BB'+AA'+BB'
=4 R (3.2.6)

So the linear shift AX can be found by determining the distances WL, WL",WF'

and WF". Although bnly two detectors are shown in the ﬁgu're. the above'prolcedure can be

generalized. Let there be N detectors whtch show a drop in count rate due to the wire when

the fan is translated horlzontally If Xn,1 and Xp,2 are the distances through whtch the fan

moves beforc the nth detector ray encounters the wire at 0° and 180° respectively, then the |

" linear shift of the fan beam is given by:

AX=-L I | | 327

‘ The linear shift determined by this procedure is used to correct the reset position in

'the reset scan procedure such that the central ray of the fan beam will always pass throu;,h

the center of rotation. The centered posmon of the fan beam is mdependent of thc SCR
drstance soitis only determmed fora partrcular SCR dlstance
.y
3.2.6 Geometrical _Calibrations.
Both the;data collection and image reconstruction require precise measurentent of
two more geometrical ‘paramete‘rs, the SCR distance énd thc detector angles abéut the SCR
line. e ' |

The geometncal considerations of this calibration are grven in figure 3.2. 7 where S

and CR are the focal spot of the X-ray tube and the center-of-rotanon of the scanner,

respectively.
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Figure 3. 2.7: 'Fan-beam parameters, the circle is the locus of points of i mtersectnon of
detector rays and the wire.

A wme 1s placed outside the fan beam (1 -S- 26) at point W. If the scanner is rotated

by 360°, each detector ray would encounter the wire twice. The circle with center CR is the

locus of points at which all 26 etectors would intersect the wire.

Data is collected for each detector ata iarge number of angular positions; the two

angular posmons fora parncular detector at wh1ch 1ts ray passes through the wire are g1ven

®
by_the observed decrease in count rate at two pomts.,Thc ith detector ray would intersect

' the wire after the scanner has rotated 'thr(\mgh angles A(i) and (360°-B(3)) at poirits Ajand |

Bi, as shown in ﬁgure 3.2.7.If the X-Y co-oMfinate system is rotated such that the line
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joining the wire and center-of-rotatxon (W CR) coincides with the new X-axis, then the co—

ordinates of pomts Ajand Bl in the X"-Y" co-ordinate system are given by:

CSXA=PCOSA® - a2y
Y'A.= pSIN A(i) | ;7 / ol (3.2.9)
X'B,= p COS B(). | ‘ (3.2.10)

» . 4 L@
where p is the radlusxqf e circle centered at CR whxch passes through the wire W.
Let (m ), i=1, 26) be the slopes of the detector rayq with respect to the X' Y'co- e

ordinate system, then m'(i) is- given by:

_pSIN BG)-pSIN AQ)
“pCOSB@® -p COSAQ)

m'(i)
_SIN B(i) ~SIN A() o <~ (3.2.12) .
® ~COS B(i)- COS A() '

The next step in »this procedure is to determine the co-ordinates of the focal spot S,.and CR.

* The co-ordinates of ‘the focal spot are determined by the points of intersection of the ith and
jth beams as given by following equations:
- /

A . . ) .
/ » 4;‘ l l a ) i (
/ .

L YA A AR DXA; m(J)X'A
K= ST 3.213)

ni'(i)m'(j)(X'Ai-X'Aﬁg +m i)Y Am (YA,

The values of the X' s and Y g are determmed for the intersection of all possxble

(3.2.14)

’ combmatlons of the ith and ]th beams
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A perpendicular drawn from CR to a detector ray i bisécts this ray and the
: co—ordinatcs of the point of bisection can be determined from the co-ordinates of points Aj

and B;. Thcreforc. the center-of-rotation is the point of i 1ntcrsecuon of perpendxculars

- drawn at the pomts of bxsccuon of all detector rays, enclosed by the circle of radius P The

;tslopes of thcse pcrpendxculars are determined from the slopes of detector rays in the X'-Y'

o co-ordinate system, hencc equations (3.2.13) and (3.2.14) give the co-ordinates of CR

‘aftcr rcplacmg (X'Aj, Y'A) and (X'Aj, Y'Aj) with the co-ordinates of pomts of blsectlon,
- and m'(l) and m'(j) with the slopes of pcrpendxculars drawn at the points of bisection of
rays iandj respectively. The values of x'CR(i,j) and Y'CR(j,j) for all combinations of i
. and _] are therefore determined. The co-ordinates X'CR(i,j)» Y'cRa,j) X'si,j) and Y's(ij)
are used to calculatc the avcrage slope m(0) of the SCR line in X'-Y" co—ordmatc system
| j along with th& lcngth of SCR line. The angle of rotation ©(0) of thc X' Y' co-ordinate
system from the X-Y.co-ordmatc system is calculated from the slope m(O). Thc slopes rg(i)
of the detector rays with respect to X-Y co-ordinate system can then be determined by the
| f,o:llowin:g equa.tion . | '

m (i) = TAN ( TAN'I( m'(i)) - ©(0)) ‘ (3.2.15)

and the angles of the detectors about the SCR line are given by:

03) = TAN" (-———) ' (3.2.16)
m(i) ‘ - - | \ ‘x

Similarly the SCR-distance is given by the co-ordinates of the focal spot and the

center-of-rotation;
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,E‘{‘ ‘ l . ) \/ " [ 2 v ‘ . 2
SCR= 'ﬁ; KsXeragy Y sy Yorepy
. -

L}

. =p | |
1 .
=Kp o (3.2.17)

where K} is a constant dependent upon the SCR distance and N is the number of

v -

combinations of i and j.

Since the value of p is not known the whole experiment is repeated at a different
SCR distance keeping the position of the wire (and hence value of p) the same outside the

fan-beam. This measurement gives a SCR distance different from the previous value such

that: .
SCR=K;p ' (3.2.18)

We also know the difference d between the two source positions such that:

1N

-

d = SCR, -SCR, |
=K-K)p (3.2.19)

* The value of SCR distance at the two source positions can then be calculated

from the followin g equations:

Kd

SCR, = %53 (3.2.20)
. ™2

Kd | : o
SCR, = el (3.2.21)

"In the preceding discussion it was assumed that by placing 4 wire outside the fan-

- beam and rotating the scannci‘ By 360°, we can accurately find the angles A(i) and B(i) for
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all the detectors. In order to know these angles accurately a large number of angular‘
samples aroung the circle are required }or dlfdetectors. Since each data point is 4 bytes and
the CAMAC /O buffer is limited to 64 ’Kbytcs, d;ta for only three detectors is collected
dﬁring one rotation containing 4570 angular samples for each aetcctof (i.e. 4 x number 6f
angular samples x number of detectors < 64 Kbytc's). A total of nine rofatigns is therefore
required to collect data for 26 detectors at each source position, This experiment was
“performed 15 times at ca;éh source position and average values for SCR distance and
. detector angles were calculated. The mean value of the SCR distance at 7Smm object size
setting was found to be 98.7mm with a standard deviation of 0.lmm. The standard )

deviation of measurement of all detector angles was less than 0.02" and mean inter-detector

angle was approximately 2%,

3.3 Data ’Collecﬁ%n and Image Reconstruction
‘The methods for data collection aﬁd image reconstruction are unique to this CT
scanner. In the following Aiscussion the ‘fan-beam geometry is analysed to ensure efficient
data collection and image mcon§chﬁon, It will be shown that the spatial resolution of a
fan-beam scanner can be imﬁroved by rotating the scanner more than once with different

radial positions of the detectors in each rotation.

'3.3.1 Data Collection

The effective detector aperture width (acq) is given by [Yester and Bamnes; 1977]:

B = _1\12 J 2l + (M-1)% | : (3.3.1)

4
where a and s are the dimensions of the detector aperture and focal-spot respectively, and

M is the magniﬁcation determined by the ratio of the focal-spot to dctcctbr and the
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focal-spot to center-of-rotation distances. If both the intensity of the focnl spot and the
response of the detectors are constant over the appropriate dxmcmlons and zero outside,
then the effective beam profile is also copstant over the width aqr and zerooutside it. Since

a measured projection in 8 CT scanner is the convolution of a beam profile and an actual

. projection, the spatial resolution is limited by the finite value of ayy. Thc**valge,of Bofr also

determines the sampling requirements in that there should be at least two sam‘pl‘cs patt s .
effective aperture wxdth to satisfy the Nyquist criterion and avoid ‘aliasing’' artifacts in the
reconstructed image [Stockham, 1979). In a fan-beam, rotate-rotate /CT scanner de
sampling is limited by fan geometry and detector size. A single 360° rotation would give
one sample per effective aperture width and the sample positions would be dctcrmincd bly
the position of the detec'tors in the fan, An arrangement of a large number of small and

closely packed detectors in the fan i improves the sampling density, however, for ‘such an

arrangement the c&t is high. Even if the focal spot dlmemlons are small compared to the

“ detector aperture, two samples per effective aperture width are still not available. This

difficulty can be overcome by using a relatively small number of detectors and a detector

~ offset procedure with multiple rotations of thc‘ifan‘-bcam scanner.

The theoretical basis for a multiple rotation fan-beam scanner was first given"by

-

Peters and Lewitt [Peters and Lewitt, 1977]. In order to better understand the data

- collection proccdlire of such a device bnly three detectogs are considered in the analysis.

48
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Figuré 3.3.1 shows the fan-beam rotated from the reset position by an angle ¥, the dotted °

lines show the fan-beam after the d\ctcctgr’ array is rotated by an additional small angle y
about the Sourcc. ¢is the angle between detectors, 8 and r are the angular and radial |
posmons of ray §'-3 considered in the equivalent parallel-beam fonnat If the angular
sampling mterval is equal to the inter-detector angle such that ¥'= n¢ (n=1 to 360/¢) then

for the centered fanjbeam.
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c=mo m = -1,0,1 (3.3.2)
8=ndp+mod n=0,1,2,3.....(360/0) - (3.3.3)
r = SCR SIN(m¢) | (3.3.4)

]

where SCR is the source to center-of-rotation distance and ¢ is the radial cg,ordinate ofa

&

detector measured as an angle between the SCR line and the detector ray.
The ray-sum P for a detector with radial sample positioa G, collected between 0°
and 180°, is the same as that for a detector with mdéfl samplemsxtlon -0, collected

between 180° and 36()' such that;

P(c,0)= P(-—o, 0+180") = P(c, 0+360°) © (3.3.5)

d: F.m bcam aftera mlauon from the resct position. boucd lincs shies

romuon of the dclectdrs about source, t f_#'.' T

Figure 3.3
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Figure 3.3.2(a) shows how the sample space (6,0) is filled when the scanner is "

rotated by 360°. It can be seen that rotating the §canner by 360° collects data twice at the
same (6,0) values. It can also be shown [Pctcr(and Lewitt, 19771 that for complete data
collection for a fan-beam scanner, a rotatio® of slightly more than 180° (180 + fan angle)
is required. A further rotation._vup to 360" is ‘therefore pointless since it will repeat the .
already known data samples.

‘Aftcr rotating the detectors by a small angle y about the source, the radial and

angular co-ordinates of the fan-beam in an equivalent parallel beam format, are given by:

0 =np+mory ‘. (3.3.7)

-

If the scanner is rotated by 360 the (0,0) sample space will be filled as shown in
figure 3.3.2(b). Sinc; The dctectoi' angles about the SCR line are no longer symmetrical, the
radial position of detector 1 between 0° an& 180° will not be the same as that of detector 3
Pctw.cen 180° and 360° (Figum 3.3.1). Data points collected-at the same angular position
(‘Pénd)) of soarce are shown connected (Figure 3.3.2(b)), showing that a rotation of 360°
would give two samples per detcctor at each angular co- ordmate 6 f

Flgure 3.3. 3(a) shows the asymmemca!:ﬁm beam 1-S-3 (dotted lmcq) and thczamc
, fan-beam linearly shifted by a distance S-§' perpcndxcular to the SCR line (thick lines). If
the fan-beaxr; is given a linear shift in a direction perpendicular to the SCR axis, lthcn the
angular position of a ray does not change (Figure 3.3.3(a) rays S-3 and S'-3'). However,
the radiai position of the rays with respect to SCR ‘axis is changed such that a detector will
collect data at different radial co-ordinates but with the same angular co-ordinates. For

example in Figure 33, 3(&), the arc-length of dctcctor 3 from the SCR axis before and after

the linear shift of the fan-beam, is given by ©-3 and O-3' respectively. A linear shift of the



: equwalent to an arclength of B
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fan beam has changed the radlal dlstance of detector ray S 3 from CR-r to CR-r whlch is

.“

S ples laken belween 0 and 180 degrees

R N et et [ KU o
P : i : ‘ : Ve

| -I— -Samplesmakenbetween 180and360degrees ) AT f

"/ | ‘ v‘ ¢=15° b : " - ” ) . Co
++++++++++43 
a 0 + + 4+ 4+ + + + + + + _+_ + |

S0 15 30 45 60 75 90 05 120 135 150 165 180 -
¢ : T 2 . . @ -

e, ——b Degrees,

" Fi giire \3.3}2(5); (0,0) Sample space for centered fanbeam

e

S0 s 50 ',45 ,50‘ - 75', ?ﬁ.9b.',-?105_ ,’120--'_.135 5 165 8
el LA ,

. Flgure 3 3. 2(b) (0,6) Sample space for. fan beam aftera small rotauon of detectors R
- about the source, . - . -

.. .'The sampl;s at the four cormiers are due to wrap around wnhm B
a 180‘ rotatmn ( either 0" 180' or, 180 -360° ) -



Flgure 3 3.3: (a) Fan-beam aftera linedr shift of the fan in direction’ pcrpcndtcular w the SCR lmc.
shown as: drstance S-§' . \

Frgure 3 3. 3(b) shows the (o 9) samplc space after two 360° rott}nons of the

“ scanner the fan beam 1s asymmetnc by an angle yin each rotanon and a lmear shrft of the

‘detectors from the SCR ax1s is apphed before the second rotation, causm;, a chdnge of/

L3

. angle Bin the radlal co-brdmates

It can be concluded from the prevrous drscussmn that if the detectors are rotated
about the source by a small angle and the scanner is rotated m times w1th a lmear shrftbf
, the detectors from the SCR ax1$ then the number of the radlal samples at’each source

- s»

posmon 1s gwen by:

ot



® R

M " -Samples collected between 0" and 180° in first rotation

o -Sarnples collected between. 180° and 360* in first rotation . e
3 v v *‘ ' : o v ) ) . . ‘ A - : . . . . . .
X ‘ -Sdmpies collected between 0* and 180° in second rotation o
. . o [« T A : - '

-

.

I i + -Samples collected between 180° and 360" in sécond rotation

i»‘l“‘ .
! S

Flgure 343, 3 (b) The (c, 6) space for twa rotations of an assymetrical fan beam B is the shrft irithe -
. radial co-ordinates of denecwrnfsdue to a linear shift of ihe in the secondrotation. The samples
b at the top—left and bottow comers are due to the wrap around wnhm a 180' mmtmn (ert.her 0—180' or

v where n is the number of detectors For examme the three detectors prov1de 12
' }f # (273x2) radial samphng posmons for each angular co-ordmate in ﬁgure 3.3. 3(b) Hence :
the number of radral samples per detector can be mcreased by properly shlfung the fan-

4
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- beam and rotating the scanner more than once. For our particular CT scanner, the initial
offset of the detectors from the SCR axis mvolves movement of three motors as shown in

Q,

ﬁgure334 L M

S 5.Source .. SCR sin ¥
.. - Y=SCR (1-CosY)

Detector
D. '

. Figure 3.3.4: .E'duivalent linear shifts for a fotation of detector about the source.

‘ * The scanner 1s rotated ﬁve times thh a dtfferent lme'ar shtf t X in cach rotatton ln ‘

o each rotation data 1s collected at 2/3 ). mtervals for each of 26detectors grvmg 260

. ‘(2x26x5) r‘adral samples in each angular view. As the data collected between 180 to 360 ts |
~ folded back between O" and 180' there ane 270 equtvalent parallel views avanlable (1 80/¢) |
It should be noted that to keep the detectors in. order w1thma 260—pomt proﬁle, the lmear |
. sh1ft given to the fan beam must not exceed the ray spacmg of the detectors The farr-be&rf f’

e

in each successxve rotanon is therefore hnearly shifted: by one ﬁfth of the ray spacmg

TR
e« !

The data collectlon procedure for this C'l" scanner takes about one mmute (fn/e

: ‘, mtatrons) 'I'he scan trme can be reduced by mcreasmg the speed of rotatton buythrs

1nvolves an increase in photon fluence from the eray tube6 However the extstmg Nal'ﬂ‘l) B _’

R

' 'detectors start saturatmg at about 750 000,counts/¢ond, SO any 1mprovement m the scan -‘I S
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hme would requlre a dxfferent detector system with a smaller mherent dead-time than

3. 3 2 Image Reconsfructlb‘ll ' |
The geometry of the X-CI‘ scanner suggests the use of a direct fan-beam
~ .reconstruction algonth however, in such a scheme the first completed fan-beam |
_ {l;,_' projection is avarlable onl,( after the ﬁfth rotation. We demded therefore, to use a parallel ,
}. beam reconstructron algorithm along wrth an efﬁc1ent scheme for re-bmnmg the fan-beam
“ .l\ prOJectlons 1nto parallel prOJectlons Our reconstructron procedure is faster than duect
| l t'an-beam reconstructlon*whrch requrres a back-prOJectron operator dependent upon the -
dtstance between the source and the pomt at wh1ch a pixel value is reconstructed [Herman
‘ an;i Lakshmmarayanan 197 6] v v 0 |
‘ The data collecuon process determmes the number of photons counted by each
‘detector in all v rotatlons Constdermg the ray S-3'infigure 3.3.1, a pro;ecnon ray-sum

is calculated a% follows

P(re)-Ln( ). ju(x,y)dl e 639
- P 1(r,0) | B

o o . ‘ ‘ N L@B)

| where f;x,y) is.the lmear attenuatlon coefﬁcrent of the material in the x-y plane, L(r, 0)is W’ .
| ‘ the ray path of the X~ray beam from source to detect I(r,0) and To(r, 9) are photon ﬂuxes .
_ countad by the detector atr, 9 rad.ral and angular co- lnates, with and without the object
IV in the scannmg ﬁeld respecuvely 2 f- : | | . o . |
The counts Ipand I are corrected for dead-ttme and background counts’ befbre the
prOJectmn ray- sums are calculated as dlscussed m secuons (3.2.2 and 3 2.3). These '

; ray-su;ns are thén corrected fot beam hardemng and reordered into an equlvalent parallel




: , , 56
projection, As previously discusstd, the fan-beam geometry collects dataaleng‘ diagonal
lines in (6,0) space A reference co—ordtnate system is set-up and the angles of the
. 'detectors thh respect to the SCR hne are determmed in t.hls system. The angular posinon )
“of the parallel views is then detennmed ?rom the angle of rotatidn, initial’ rotandi’\ of the
detectors about the source and the angles. of the detectors. 'I‘he radial position of the

. detectors is'éiven by 'the dete”'ctor"angles ‘the initial offset of the fan-beatn about the source
" and the lmear offset of the fan with respect to the SCR line. As shown in figure 3.3, 3(b).
~data for aconstant angular p()smon along the o axis is from a parallel projection. If the |
angular co- ordinate 8 i is more than 180%, it is folded back between 0" and 180 and the
‘radial position is determmed from equation (3.3.5).
| The refordered parallel projection consists of irregularly spaced samples,'and the

Iaosition of a sample from the eenter ofa projection is given by the following equation:

r = SCR Sin (m ¢ + ) + kAl Cos(m ¢ +7) (3310
where Al is the linear offset of the fan-beam and k is the mtegral multiplier mdlcatmg the
‘ .rotatlon number. A regularly spaced, 256-pomt proﬁle is generated by a ﬁrst order

| mterpolatl.on from the re-binned, unequally spaced profile. The ﬁnal step in reconstructing

the image is to convolve and back-prOJect the 256- pomt profrles, spaccd at 2/3° mtervals

accordmg to the followmg equatlons ' o

»

f(x,y) =-2KI:—Z§; P(r,0) *G(r) v o ; | (3.3.11)
: S i . o >

: G(r—r’i =1  ;r=
SO L S | (3.3.12)
4 Ir-r1°-1) ) o

.
: . s o

. : . hd ) o . DY

r , o ‘ Y
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here G(r-r') is a 256-point numcncal vcrs1on of the Shepp and Logan convolution kemcl

d Logan, 1974] Nis the number of samples inja proﬁle.and Mis the number of
proﬁlcs rebinned from the fan-beam data. In the back-prOJccnon, a Imear mterpolauon is
used for samplcs ot fallmg on the grid pomts |

The nu of parallel views required is detcrmmed by the size of the . ‘ngés o
rcconstrubtioﬁxtm thc size of the object and the required spatial resolunon IfN (plXClS)

xsathe dlameter of fhe clrcle of reconstruction, then the number of plxel clements PN, is .

gmn by

2 - . ' e

P —— . . | CG3a3) ¢

-

and if N is also the number of samples in a proﬁle then number of proﬁles to detcrrmne al

@
-

thc p1xc1 elemems is. ngen by

- M=1t1—j- . (33.14)
* For this CT scanner M is equal to 202, which is less than the 270 collected, so the
" requirement for the matrixsizz is more than satisfied. Since the profiles for all angles are-
added to givé a pixel in the imagg, the precision of pixel values improves by gollecﬁng 270

instead of 202 profiles [Peter and Lewitt, 1977). ~~ * 3

-



4.0 Analysis Procedures for High Precision Measurement of TBD using CT

2
',
N

| x ““ ation in 8pat1al dlsmb“‘“ﬁf trabecular bone in man nd in animals
*emphasizds the m’pom““" of using a hig y ml)l‘<)duc1ble volume of trabecular bone ina -

. longitudinal study of bone mass. Thus a pnectse locaht)n of the measurement site, and a

: reproducrble determination of bone contours is »nec:essaty to analyze an identic'al volume of
bone in a serial study. In this chwter the techmque for repositioning bone inthe CT .-
scanner is outlined, and a brtef analysts of bone contour detection and volumetrtc TBD

deterrhmt@ton procedures is gtven

. -g- A -

4.1 Reproduclbrhty of the i’leasurement Slte

 For the dJstal radlus 1t .hans‘been demonstrated that Cross- secnonal bone area can
\. change by up tp 6% per mm change in axial posmon alon g the bone[l-langartner and o
Overton, 1982]. The averag;TBE wlthm a transaxial shce of the distal radius changes up
to 5% per mm change in axial posmon ‘For the dtstal femur the TBD and the bone area also
: depend strongly upon the axraI location of the rneasurement thure 4.1.1. The
determination of a reproduc1ble measunement site is thus extremely 1mportant for the study
of bone mass at axial as well as at appendtcular skeletal sttes [Han gartner and Overton,

1982 Cann and Genant 1980]

measurement s1te is made possxble by the use of a scan projected

~

digital radtograph OV n as a 'scout view',

oThe patlent is positioned using a laser cross-hatrs system such that the start position
is about 4cms above the center of the knee—cap The data collectton»process for the digital -

3

radrograph uses the ax1al and horizontal movements of the scanner* data are collected for all

26 detectors as the colltmated ‘beam translates axtally along the 1 gt en the fan- beam is
hnearly shrfted to the nght and the data is collected again. A set of transmrsSxon :

| ,measurements is made for ﬁve such translatrons with a linear Shlft of ] "e fan-beam made -
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betore each translation, so a profile of 130 radial poSiﬁons is available at each horizontal =~

position.
170 -

0 - o »
M I v ] v 1 LA ] B |
0 2200. 2300 2400 2500 2600+ 2700 -
: o Area (Number of pixels) '
Figure 4.1.1
- Tmbecular bone density at distal femur site expressed as relative
" KoHPOy4 solution ¢oncentration as a function of bone area. The slices

are-taken at 4 mm intervals proximal to the measurement site
determined by 'SCOUT SCAN",

.

Pl

»:Each profile We in the two dimensional 'scout view". . The size of the
__lmear shift of the fan-beam used in this scout scan is the same as that used i in thc data
' collectxon procedune for a tomographic image (secﬁon 3.3.1). The linear shxft Al of the fan—
beam is equal to the one fifth of the detector spacing, given by:
AT o ) : ’
g AI#S,CRTANWD) _ o . - (4.1.1) .
. . 128 _ E . P

¢ W

o where \|ns thc fan angle

; :Y A’ scout view' 1llustrat1ng the procedure for locatmg the mieasurement site is shown

: m Fxgwe 4.1. 2 It should be notcd that this is not a true scout view' in that: a fan beam‘ :

by
dlmcnsxonal
'@:‘?;

- mstead of a parallel projecnon iSused as a smgle line in reconsu-uctmg thc



gl

" Scan projected dlgual radlogm h of human knee: The two hom.omal lincs pmvndc nnammual
landmarks for rcposmonmg the dlstal femur and the proxnm&l ubla sites,

I-
i

'
3
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radiogréph. This results in distortion of the 'scout view' in the uaﬁsaxial direction,
However, since thcre. is no distortion in the axial direction, the resulting image is analyzed
- to calculate the distance of the desired measurement site from the laser-beam Cross-hairs
_‘ bosition. .’ | A. J |
4.2 Reproducibility of Mgasureinent Area ‘

The distribution of trabecular bone varies spatially i.e.the volumetric fractipns of
collagen, minéral, soft tissue and fat are functions of the axial as \ell z;lS. transaxial position
in the long bones. Hence, th measuréd- TBD also depends on the wolume of tﬁe trabecular
v bdnc taken fo'r‘analysis.' In a sefial study of bone mass therefore, a grecise reproduction of

the measurement site is important, and'an identical area of the bon€ cross-section must be

used to calculate TBD. The reproducibility of bone area in a crpss-section for TBD ana’lyﬁis
‘is determined by the precision of the bone contour detection procedure.
4.2.1 Bone Contoﬁr Detectian
- After posmomng the bone in the CT scanner and determining the axial measurement

site from a dlgxtal radiograph, cross-secthnal images are gencrated as ’\dlmensmnal
array of plxel elements representing the distribution of the linear atten ation coefficients
within the section. Reglons of similar pixels reprcsent a specxﬁc tissue structurc, for
eXample,‘frabecular or cortical bone. In order to measure TBD. the trabecular boné has to be
| idcntiﬁed as disﬁnct from the cortical bone and the soft tissue surrounding the bone. In
| order to pfe'cisely quantify small density changes in trabecular bone over time an’ |
automated, objective procedure for bone contour detection is essenual In general the

contour detectlon algonthm should have the followmg features

1)‘ The bone contour detection algonthm should automaucally dcterrmne a

' umquc and premse bone contour, w1thout the intervention of an operator.



- less immune to thxs pixel noise.
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2) A serial study can only be carried out safely if the radiation dose is within

prescribed limits. Therefore, noise in the CT image is generally high since statis'tical error is

mcrcased for a low mmdcnt X-ray ﬂux 'Ihc contour detection algorithm should be more or

/

» 3) - Itisknown that bone remodeling actmty (section: 2 2.3) is greater on

trabecular and cortical-endosteal envelopes than on the comcal Haversxan and pcnostcal
engelopes l[Frost, 1986; Parfitt, 1979]. Due to the larger remodeling activity anfi a negative
bone balanéc in each BSl} (section 2.2.1) on the cortical-endosteal envelope, the marrow
cavity increases in diameter with age. The periosteal ehvelbpq, on‘the other hand,

,

undergoes very little remodeling so there is no significant bone change on the periosteal,

" surface. Therefore, the outer diameter of the cortex of long bones remains constant, at least

during relatively short study periods, e.g. 3 months. The bone contour détection algorithm

should always determine this constant outer bone contour so that a constant area of the

- trabecular bone can be analyzed on each mcgsurcmcnt occasion.

%

. The images obtained with this CT scanner are 256x256 pixel arrays, and each pixel
has 256 gray levels (O=black, 255=white) There are a number of different mcthods
avaﬂablc to obtain precise and accurate contours within an image including: pixel
classification; edge detection; reglon growing or pamuonu; g; border followmg, and -
combmanons of these [ Rosenfeld and Kak, 1982; D'Amlco 1986]. To analyse femur

images, Scxtz and Ruegscgger [1983] have used an automated and efﬁcncnt algorithm based

onthe border following approach, along with local ﬁltermg operations to rcducc the effect

of n01sc .

'I'hc bone ﬁngmg algorithm currently used with thc ¥-CT system [Hangartncr and
Overton, 1982] is based on a combination of pixel ‘classification and spatial frequency
filtering (' median, Laplacian) operations. This 'aIgorithm detects all edges in the complete
. image resulting in several 'artifact’ conyurs, along with the cortical bone contour since the
Laplacian operation is very sensitive to noise. On occasmn the rcsultmg cortical bone

! ‘!%i '
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cantour is not perfectly closed and the operator has to rernove unwanted oﬂjecm &Wf - ‘!

the contour unage ‘and repair the desired bone contour using an mtcractxve gx%*phxc! Syp !
The reproducibility of the bone area is greatly affectc,d by these mtcractxo:k anq the axfulysxﬁﬁ

L

time is increased. |,

A substantial operational improvement with decreased analysis time and mofe v

efficient contour ‘d?tcction have resulted from the work of D' Amico [D‘Afnico, 1986] who \-w
developed an autb%ated procedure known as 'Edge Detection by Cross-correlation of
Radial Profiles' ('ED‘CORP). This algorithm has been modified and implemented fof_ this
X-CT scanner.
The complc;c "bone find" (BOFI) ahalysis process can be (‘iividcd into‘ three méjor
parts. | | ‘
42.1 (a) Pre-BOFI _

'EDCOQRP is successful in establishing reliable contours 98% of the time,
however, it can fail to give an accurate bone contour in cross sections which contain two
bonés, for example distal radius and uina or proximal tibizi and fibula. The function of the
pre-BOFI process is to identify a 128x128 p1xe1 image contaiging the desired bone section
from the entire image. This is d(;l;e ﬁsmg a track ball to move a 128x128 frame over the
image and centering the frame over the desired bone area. If a 128x128 frame still contains
a part of undesired bone, it can be removed manually thh the help of the track ball. The
EDCORP operation is then repeated thh the framed image and the center & the frame

gives the initial origin'f the radial profiles.

42.1 (b)  Auto-BOFI

| . This is a modified version of the EDCORP algorithm and normaily is the first
process to opcraic on the image to find the bone contours. This algOrithm was developeq to
specifically. ﬁnd thc contour in low dose CT i images of the long bones at appcndlcular

skeletal sxtes A bnef descnpnon of this algorithm is glvcn in the followmg section; a
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#plete thcorcncal and operanonal description is givcn in the ongnnwnnuscﬁpt .

D Amlco. 1986] o

' The two types of CT unams which are analyzcg by the ERCORP algorithm are

shown in Figures 4.2.1 and 4.2.2. Thie center of intensity of the image for pixels of values -

~above a ccrtai'ri threshold is detcrmincd For a cross-section of the proximal tioié and fibula

(Figure 4. 2 2) the centc"of mtcnsny falls in between the two bones. Pixels smmted below

the dctermmcd center of intensity are zcroed and a new center of i mtcnsny for thc rcsultmg

image is dcterrmned. This is done in order to remove thc fibula in proxnmal tlbna

‘ cross-sectlon-,‘ and tb ensure that the new center of intensity falls inside the,dcsmd bone

c?oss-s‘cction'. For a distal femur image, the center of intensity is within the boue,pf the -

- image because of the selected threshold. This centerof iptensity is taken as a first -

approximation for the origin of radial profiles of the desired bone cross-section. A radial

proﬂlc consists g&pixel elements along aline origipating from the center of the boné

“Crogs- secuqn, and cxt,en:hng towards and through thc cortical bone into the surrounding

. soft tlssile : = 'eé |

’ meymﬁlo at 0 is cross-comelated thh a knOWn correlation kernel -an 1deahzcd

,« edg&’proﬂlq in: thlS case. In ordcr to compcnsate for blumng due to finite beam width, the

] reconstmctxgn process and nmse the corrclauoi'nlcemcl is mcasured from CT-images of a

*

'\ plf‘amom contammg K2&1P04 solutlon mxan mncr al'ummum cylmder [Figure 5.1.1]. The .
; cross-com‘elab& funétmn fmm the corrélauion opcranon Bf the bone profile with this kernel

B 3

‘ 'has a maxxmum at the bonaed'ge, apd so the co-ordinates of the contour at this angle can be

| dctenﬁmed by Calculamig the posatfon of this max1mum value. A typlcal radial profile irfa
bone.image is shown in Figure 4. 2 3 along with the correlation kemel and the resulting
:corfclau(;n funcuon Thc posmon of the edge’in the contour is dctcrmmcd by finding the.
f’ | cmss:omrelauon funcuon f'or the profiles at all anglcs At this stage, a ﬁrst approzxmauon

*® A

' Qf the bonc comour is.available if the determined contour is a closed one. If this contour ls

not closcd the same process is repeated using a wxdcr window for thc CTOsS- cormlanon

I_A






kemel If the contour detemuned usmg a wrder kemel wmdow is not closed. then the T ‘

d1ffers 1n posxtlon from the orlgin of the ra’dxal proﬂles, then the new center of mtensxty is
taken as the new ongm for raﬁtal proﬁles and. the whole process is repeated a maxnmum of
': ‘ seven umes, or unul the center of 1ntens1ty and the ongm of the radlal proﬁle matchr The
last contour determmed is taken as the outer contour of the comcal bone If the center of

: mtensrty of the contour has not stablhzed wrthm seven cycles then. an error messagc 1s

dlsplayed Flgures 4, 2 4 and 4 2 5 show the contour detenmned for the femur and ttbxa S

1mages of Flgure 42. 1 and 422 1espect1vely AT , .
. A bone mask is then prepared w1th the help of the calculated contdq‘r’and éma‘ébp
- w1th neganve plxels out31de the contour is produced and stored in a file for furthet"

processmg

N
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- Figure 4;2.3(a):"fl“he cross-correlation keme_‘f!lsed in EDCORP algorithm. ’
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- Flgure 4, 2 3(b)“’Ihe radml proﬁle from an 1mage of lhe dnstal end of a cadaver femur o

’ .
5N

421 (c)

v

m"‘

P .

(Scaled)

»

Pixel Value

Corrclation Valuo{Scaled)

I

2.8 &8

3007

6007

we

61

100
- Rﬂdial Pixcl_s

Post BOF I

Figurc 4.‘52J.3(c): "Iho’corre'l’ation funcu'

© " Ragjal Pixels

Ve

resulting ffom?cmSSQ(:onelaﬁng @and (b). - -

";
u

>

g "'\’\

There are. occasxons whon EDCORP faxls to yleld a bone contour, th1s occurs 1f thc -

. bone odgesdetenmned f)y cross-correlanon of radlal proﬁles do not belong toa closcd < )

contour, for example Thcre are cn'cumstan

b

oy

v, ;q".

R 2

whcn a -bonc convto_u,r detqnmned, by this S
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b
...~ Distal femur image of figure 4,2.1 cortical bone
Ci e e I e

i \,: > .».» 'V X “I g
tibia gtle of figure 4.2.2 wi -




method may not a rately represent the outer cot'tical bone surface, for example 1f the

ﬁbula is t00 close 10 tho tlbla and is, not eomplewly remorved fn the analysrs process

_ The funcnon of the Post-BOFI system isto dtSplay the detected contour along with
the nnage of the cross-sectron in ?rder for the. ::erator to decide upon the accuracy ofthe
contour If EDCOR!P fatled due to mcomplete removal of the second bone, the Post-B@FI

SRR et S B

process automaucally regenerates the Pre-BOFI process a‘nd the operator manually corrects o

the bone separatwn using a track-ball IfEDCORP fails dl\le to image noise then the \
operator can specify the use of a Laplacran operator method for edge detectron The

Post BOFI systemalso formats the data for use by the TBD analysrs program _

4.3 TBD Analysrs h_ T e
~ When ih}‘deslred location of the measurement s.s found a contrguous set of

L3

n ,nwverlapprng 2mm shces is reconstructed both‘for the drstal femur and prdxlmal tibia.

\

_ ikl g
-The area enclosed by the outer contour of the corucal -bo:‘;fs taken as the total bone area for

)

‘ a parncular unage sectxon The p1xel va.ues' w1th1n tw areaﬁw used to cﬂc}ul‘ate the volume

average TBD usmg all the measurements for a paxtlcular site, e. g the drst radrus, ﬂtal .

femur proxrmal nbta A crmple and bnef des&ptron of the steps 1nvolved in thrs an‘alysrs o 5

1s glven here _ o , _
& The analysrs is performed separately for each of the measurement date§;or all
' nyges taken on F3 ptﬂ"ncular date the number of pxxels tmthm the inner 45% area of the

-bone contour calculated along wrth mean value of ptxels within th1s area. ThlS area -

the TBD The vanous procedums for compunng TBD fmm the ; mean plxel values are grven
Lo _ oY W

_ to b@\cupred bmebecular bone [Hangartner et al 1985]xa:h¢ mean plxe. . ». 5
| v ] ues are used. along wrth the correspondmg values for the standarc\solutrons, to calculate '



~ insection 5 W

[T P :;1;;;4‘;1.

‘A second or tlurd order polynomlal is then ﬁtted to the 'FBD vs; area dnta and a
lmear or second order polynom1a1 is ﬁtted to the posmon Vs. anea data of all the dates If the
funcnons T(A) and P(A) nge the TBD and posmon as a fulktion of area respecuvely. the
volume average TBD Tv, can then be calculated from the followmg expressxon '

fT(A) P'(A)AdA

%1 Pmmm£>

»

+

- changesm TBD are ca]culated w1th B , t6 thlS TBD base. «,

’. t m dlscusswn in the prev10us paragraph descnbes the procedure for repomng
% o
‘ TBD However, the actual 1mplementanon has addmonal features €8 measurements '

wh1ch have image amfacts can be excluded from ‘the giid 'sxs, for more detalls refer to the'

: operatmg manual for i 1sotope CT scanner [Hangarmewd Overton 1982 Hangarmer c:
al; 1985] RN N : e

: . ‘ ! L :‘A' ’ . v
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pgurement usmg CT

WIS LI R

The plxel values m the CT images whxcb represent the linear attenuatmn coefﬂclents

of bone are related to the bone mmeral content We descnbe here the technlques used o - {‘; - 'i{,'j‘- .

' deterrmne the trabepulat"bone mlneral content from the single and dudl pho%ton.t e .
| measuremcms of hnear attenuatton coefﬁclents of trabecular bone . : "*’ik;‘fg ‘ )
5.1° Smgle 'Energy Method for Bone Mass Measurement by CT(SECT) M’ : .
ik Trabécular bone tissue consists of mineralized collagen fibers and i mtervenmg i - ;
‘,{spacQS*contammg he‘matopo1et1c tssue (re&nan‘ow) and fatty tlssue (yellow marrow) The . ‘u‘rg

stngle energy method for TBD measu;eme* in general assumes a two component ussue .‘ T .

- model for the!trabecular bone bone mineral, and marrow or non-mmeral The bone mmeral

: .ff_whponent conststs of the collagen ﬁd mineral; the

: tnbuuonal relauonshxp (about

1%d’soft tlSSUC Smce collagen and‘h’nneral have a ﬁx d,
o
ood%rd 19641, they can be

by volume) for both normal and osteoporouc bones‘ g

combmed 1nto asin gle component, ie. bone rmneral However, combmmg fat and soft
. Tt -
: uss“ue asa smgle component, ie. marrow, is not gené’ ally correct, s1nce the amount ffat

«
K Q

7 1s vanable : » | o . .e’- . ) . ; v X . i
’There ge two approaches to the measurement of TBD by SECT
(a) Volume fiictions approach L A - 0
(b) Concentrauon approach —
: . ! 5B ‘
5 1 1 Volume Fracttons Method _ o : ot 2o

Let ub, pﬁ and uf be the hnear attenuau@f coefﬁcwnts of bone rmneral soft tissue - R
'" o o 4
(red maxrow) and fat ussue (yellow mamow) respeem?ely Let Xb, 5(8 and Xf beme ‘ : B

: volume frachons of bone mmetal soft ussue an& fat, respecuvely, present in urt% volume e




—
AT )

_bone tissye which is a weighted ayerage of the three

)

- | b=y X, + 0 X +qu ¢ . e
“ o A= XX, +xf¢., s : | 812
R gt @ . -
. ¢ whel thﬁlmear atteﬂixaﬁbn coefﬁcmnt of trabccul ' bonc tisspe. :
4 ele »

«$:12) can be réduced by

assummg a ﬁxcd"\(olume rclatiohshxp between soft tissue and fat pi'esejnt in tlfé n‘abccular

' bone nssue[Hanganner andOVeﬂon, 1982]

‘Let um‘!be thc hnear attenuauﬁcmh‘lcrf : g th ' 'umc fracnon of the 8

1= x +x R A "_3,,;(5;71.4)
® : L ' , . ‘

E From equauons (5 1. 3) and (5 1 4) the volume fraénon of the bonc mmcral is glvcn by

(5.1.5)h

-« Let pb, pm be the physmal dcnsmes of pum bane,and marrow rcspcctxvcly, thcn TBD is

glvenby | 2 L o a qg‘ o
f'i*— ' \’. * ‘ o A O
T T T S
"t = Q) —+ (L~ '-“)pm- 5 16)

)




S 7
ssue i therefore assuimed to be-zero.

" density of the marfow. portion of the trabecular bone
. to simplify the TBD calculations. In this case TBD is given by: . .
. . ' . - . ( E j . ’ " . “.

R “b'“mu

(5'.1.7,')

N TBD can therefore be measured if th values of the parameters ub, Km, Pb and Pm are.

’ f knOWn

\‘ R -«* f/
aré the same S mpaet bone mlneral The phystcal detgify‘and lmqar attenuauon ;
coefﬁcient of! aregalculatgd by assummg a ﬁxed cdmposmon c. g 70% soft ussue :

." uq orAO% soft ussue@nd¢60% fatty t1ssue by volume [Hangartner an(ﬁ :

=

' | " e 3 ; ‘ k
Ll ’e polypnergeuc nature of the beam of X-ray spectrum.
“?"»f .J ..: . S ) ; s " c N

) t.: ,‘ ' S" 1‘;_'” T e

: " - ‘G ‘iu.}fpi'lcegtx;ntion Method - j

1y w, T

“ The uanﬁty bf’ne mmeral preSEnt in umt volume of trabecular bone tissue is
NS

§“* - ‘: \u“ured in terms: of an eqmvklent K2HP04 (or calcn,um hydroxyappante) solutxon Let
ub, us, Hf @‘WS‘ aﬁenuguon coefficxents, S» Cf the concentrations in terms ‘,

B of gm/ml ofbone mméfga‘ soft us.we and fat oomponents of the tmbecularbone iSSumg

- ‘lxespectiirely 'me lmear attenuation coefﬁcwnt of the uabecular bone nssu:,}s the

given,by‘ ' A..~...‘ . i ‘A‘ ) : "7 R ‘ S v . T ) .
p, Cbub+C l.l -l~Cfp.f S e O G.Le)

T ttenas.
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=B (FCy+FC+FC) N A KT
where M is the linear attenuation cdcfﬁcien; of the trabecular bone tissue t:easx'xrred'by CcT
and pw is the ‘linear attenuation coefficient i;quum water. The parametefs F:b. Fg and.Ff are
the mass attenuauon coefficients, relative to water, of bone mineral, soft tissue and fat
‘ rcspccnvcly Let Cnm be the concentration of the total non—mmcral component (soft tissue

C fat), and FFC the fracnonal fat content of the total non-mmeral component Thc

ighstof the.soft uisue and fat can be cxprcsscd as:

‘ SRRELIE

i kC -(1 FFC)C ‘ ' B : }ﬁ . (5.1,10)

et

c =EFCC,, . . ® e SL)

. alues Of Cs and Cf, equatiorf (5.1.9) can bc re- wntten

-as:

B, (F,C +F C ) (5.1.12)
where ani: the mass attenu.ation ;:oefﬁcicnt of the total non-minera component-relative to

‘ water and given by: ) | ' ' ’
4 . N » R . & a
= (1-FFC) F, +FFC--E SR G.L13)
. The concentration of bone mmcral Cb can be dctermmed frofSgquattion 512y | \ i
' ==Y 5.1.14)
, ‘ ; - F ' L P ( ) '

’ : - : -

For a pure bone—hke mmeml soluuon &2 K2HP04, of known conccntrauon Ck equanon _

R :
~ (5114)can.bc written as: | \ \' A
. _&k— . ) v / v. . -
b, ‘ | -
w . ’ - .
SeEE ¥ (R

" where pk is the linear attenuation coefficient of the mineral solutionmeasured by CT.

‘.' o [
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1t has been assumed that the radiological attenuatte for the mineral solution s the same s

#o - N N 0 . ‘ b » .
* that of bone mineral. Ina mmcral solution the non-mmcral'component is water, therefore

Fnm is equal to umty and Cnm can be replaced by the dongentration of water Cw
Equatxons (5 1.14) and (5.1.15) can now be used o find the unknown &)nc

* mineral cdhtent in terms of the mineral solution: ~ ° _: YL .
?ﬁ;’ "”ancnin . .
%i' LS i

| C,=C (5.1.16)

o

Since the values of Fym and Cm'fm trabpculatbone tissue, and of Cy for the mineral
solution are not known the followmg appmxxmanons are made to simplify cquatlon

5.1.16): S ‘
vy - g

SRS 15 Thc nm-mmeral @mponent of the bone is radlol()glcally eqmvalent to water|
gnd its conccntratxon is equal to 1.0 gm/ml. ‘

-

2) The concentranon of water in the mmﬁ solutlon is almost equal to its

dens1ty suehthat - C SR | . ‘
. ‘:.“F C =Cw510 _ o 1 § o

L : .
g » N
The bonc rmncral concentmuon is'then given by 5% T

RTR, - ' : . | S
LA ;o S (;1.1“7‘;‘"-
e By, . S

\ .
The paramelers Mk and Hw are determined by scanmng samples of pum water and a mmeral

G, =C,

solution of known conccntratmn (see sectxon 5.1.3). Thorcfore., using equanon (5.1. 17),
the hnear attenuauon cpefﬁclent of the trabecular bpne ﬂssue can be expmssed-m gm/ml of
,ular'\pone t:ssue densxty Thls method has been used L

| N extenswely tq ﬁnd the mmeral oontcnt of venebral trabccular bone [Cann and Genant,
S m::;‘oloﬁ‘ and Feldm&n 1985 Rao t al, 1987 Goodsm and Roscnthal;, 1987]

'l\c volumc frachon nmhod qu s TBD by measuring the volume fracpons of



the bone and marrow. 'l‘fp-concentration method measures the amount of Bone mineral

- present in the trabecular bone in terms of an equwalent K2HPO4 solution concentradon In ‘_ K

order to quannfy the true TBD changes in composmon of marrow (or non~m¥neral)

' component should be taken into account. Smce both approaches assume a constant
composmon for the marrow (or non-mmeral), thc values of TBD generatcd by both
methods have the same physical sigmﬁeancc 4

__The X-CT scanner uses polyehcrgetlc pheton source and therefore the lidcar
attenuauon coefficients of components of trabccular bone are not known, On the other
hand, the linear attenuation coefficients of a standard mmﬁl solution and watcr can be ’
dctermmcd from the CT1 images. Therefore, the concentration method is used to quanufy
the TBD by the X-CT scanner. ‘

| ® .

5.1.3 Calibration 'fer KzHPO4 Solutions

It should be noted that the conccntratlon ‘of-the KoHPO4 solutions relatc lmearly ta "
the pixel values measured by CT, exccp; for a d1splacemcnt error [Rao etal., 1987] whxch

results in a decrease in the concentrauon of water when the concentration of mmeral in thc

solution is increased. The p1xel values are_lmcar}y proporthnal to the linear attenuation »

v

o - o

coefficients of the underlying méterial’. i

o

27D v .
Section through the cylin
filled in the inner aluminum cylinder and section at 0. 4 mmalu num tmckné.ss is malyscd in cach case. .
dxmensnons in mm.
> A o .. | : ,,_ o ,)/

s
‘ ' . s . T, .; ,.&
C . h
L #” - « a - P R o i : S &h—l
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Equauon (5 1 17) can be used to calculate the bone mineral content’ lf lhe pixel
. values of the water and mineral solunons.axe kno}’n These ptxel values are determined by
scanmng samples of mmeral soluuon and w\ter along with the bone. Sittce equanon

L

5.1.17) assumes a lmear relattonshtp between. dﬁﬁxel values of mmeral solutions and
their concentratians, a large syetemattc error due to tl:e dtsplacement effect could be
- 1ntroduced. This effect would be exaggerated for TBD valpes s1gmﬁcantly different from
' the concentration of the bone rmneral solutxon In order to'correct for this error a number of

dlfferent concentrations of mineral solution (0, 25, 50, 100 150, 200 mg/ml of K2HPO4)

were scanned. A phantom made of two cdncemrlc c‘yllnders thure 5.1.1, was used for

o .

. tb)s calibratiof®
/-

. is alunnnum and is filled with KoHPO4 solutions of various concentrations. This phantom

e outer cylmder is plextglass and i is ﬁlled wnh water the inner cyltnder

~was scanned and an image feconstructed. The mean value and standard deyiation of all o
pi)aela; and the number of pixels within a circle of diameter less than the intemal diameter of
the aluminum cylinder w\ith origin at the center of the reconstructed image, were detertnined .
usmg an automated analysis method. The standard error SE i in the mean of the pixel values

s’ (95% confidence interval) is given by:

196SD. | (5.1.18)
J-N-v y ., . 4( .

~ where SD is the standard deviation and N the number of pixéls. -

SE =

Using a least squares procedure a llne is fitted to the plot of mean pixel value vs.

‘“ concentration uf mineral s’olution These fitted lines, at X-ray tube potentials of S0kV and
80kV are shown in thure 5.1.2. The equations of the lines and the squared conelatton
coefficients are also given. The standard errors for the mtercept and the slope of the ltne are

]
calculate_d as0.06% and 0.18% respectively at S0kV and 4s 0.15% and 1.0% at 80kV.

Equation (5.1.17) can be written as: - e



\ _ equahon ¢.1. 19) usmg the values for slope and mtercept from the caltbratlon hne

. . Lt -.,"" ’s” B . b‘ N e . * - ‘u . . R ’\‘ \ [ ‘ -
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""The denommator is the slope of the cahbrauon hne, Llw the mfercept;'and u the mean pikel
- value of the trabecular part of the bone The method of ﬁnﬁrhg -ihe average ptxel value of
: :the trabecular bone is descnbed in se'ctton (4 2. 2) Therefore, TBD 1s determisted by

‘ 5 ‘ %.,' J'
N “'5 2 Dual Energy CT (DECT) for Bone Mass Measurement

The hnear attenuauon coefﬁcrent‘and the densrm of fat are-less than the * A

- correspondmg vaﬁues for water therefc{e, bone rmneral content measured by the

parucularly useful in cross sectlonal studies when accuracy 1s more 1mportant than

o informatxon o

 both the mmeral and the hon-mmeral oo ‘

" -trabecular bone mass more accurately

- conce'ntrauon method w1th SECT decreasés as the fractxonal fat content m the trabecular .
- :bone mcreases [Sbrenson and Mazess, 1970 Mazess, 1983 Laval Jeantet et al 1986] y -
o ‘Thus, the bone mmeral measurement mcludes an error (5 to 50%) [Hangartner et al 1985]

| because tbe fat content in the uabecular pan of the bone is not. known Dual energy C'I‘ has

- been shown to reduce this error [Genant and Boyd, 1977 Nlckoloff and Feldman, 1985,
o Laval-Jeantet etal 1986 1984 Goodsrtt and Rosenthal 1987] DECT analysrs of bone is 1

o

.__\

3 1s10n However in serYal studxes when loss of bone is accompamed by a change m fatty

' ct10n [Mazess, 1983] DECI‘ analysrs pmvrdes partxcularly useful addmonal

e

s

SECT analysrs at lower energles (30-40 keV) is only shghtly affected by changes m S

L fat content [Genant and Boyd, 1977] However, dual energy CT theoreueally quantlﬁes A

'nents and can be used t0 measure the .

—

There are two types of dual energy methods for bone p;meral analysts the &

N post-processmg method, and the pre-proeessmg method

Voo
%o [
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5‘2 l Post-processmg Method W e .‘ , e

'Ihe post-processtng analysts is camed out on the reconstructed 1mages of a bone | | | . .

N
bone is a welghted average of the ﬂnear attenuauon coefﬁc1/ nts of the mineral and -
AN

non-mm&al components in- propomon to thexr respectxve )éoncentramns Hence, the
S

. cross-sectxon at two X-ray beam energtest The linear attenu?on cocﬂicxent of trabecular 8-

mmeral and nbn-mineral contents of the trabecular Uone/can be determmed from the hnear

: e
o b9 @

"‘;_, ~‘_, | _ attenuatlon coefﬁctents measured at two photon energxes “The theory of. dual energy

post-processmg method 1s ngen in the followmg s non -

5 2 1. 1 Theoretical Consnderatlons' for

The lmear attenuatlon coefﬁcxent u E

‘ g gtven by equatxon (5 1 10) m sectlon 5.1/ T
ﬂ S L »}‘ T :bi,,* '//‘” ‘
S u(El) i, (El,)[Fb(El)Cb/JrF (EI)C ] e B Y 62D
o p(Ez) u (Ez)[F (EZ)éb+F (EZ)C ] B ,(5.2.2)

RN N where Cb, Cnm are the concentm.ﬁons, and Fb, an arerthe mass attenuatlon coefﬂc1ents

: relauve to water of the mm and non-mmeral com nents of tmbecular bone
respecuvely p.(E) is the lme attenuatxon coefﬁc1ent f trabecular bone atan energy E
The hnear attenuan/on coefﬁc1ents uk(El) an p.k(EZ) of a K2,HPO4 solunon of

- ‘1 7 ‘ conoentrattori Ck at the/t‘wo energles canbewntten és: ‘, ) .' . ' - ' S
‘f.;.l_,uk<E1)¢=/u ®) [Fbm1>q+C] ez

 where Cyjs the .oogssnngﬁon‘of witer i the given K2HPO4 solution. The subscripts E1

“ o
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| and E2in equatlons (5 2. l) to (5 2 4) conespond to. the lower and hlgher X-ray bcam - x‘.r
: energtes. JFrom equanons (32 1) to (5 2. 4), the bone-mmeral congentratton of trabecular | -
o bone Cb in terms of concentranon  of K2HPO4 solutton dk can be calculated as follows- el
S oMED pe T t

1 :."f"',‘j' |
be . n(ED) b (E2) SCIN TR .:(,5_2‘ .
.
uw(El),uw(EZ) N SRR

Lo I o
v . . . b

with the following assumptions

(1) The concentratton of water in mmeral solutton is equal to tts densrty ie: Cw=1 0 o

. (2) The ratio of the mass attenuanon COefﬁctent of the non.—mmeral component to that of

water is the same at two energles ie. an(El)—an(EZ)

' The second assumptlon is not sti‘lctly vahd smce t’e ratio of the mass attenuatlon “
L 3

- coefficlent of fat tp that bf water 1ncreases w1th 1ncreas1ng photon energy, and there isa

.q,

. ,':small decrease in this ratlo for soft u'isue with i mcreasmg photon energy [Rao et al 1987]

.Due to the vanatlons in the composmon of trabecular bone, therefore an error wm always

: R result in its measured bone mlneral, content (secnon 6 1.1 .

~ The concentrahon -of the non-mmeral content of trabecular bone can- be similarly °
‘ computed from the above equations. A dual energy post-processmg method is avatlable for
determmmg the fat and soft tlSSllc content of trabecular bone [Goodsltt and Rosenthal |

1987] The bone mlneﬁs expressed in terms of the standatd K2HPO4 solunons, whtle a

e percentage of ethyl alcohol ;n water is used asa standard for the fat content present in the

- non-mmeral part of trabecular bone. The cahbratlon of the plxel value vs. the percentage of

. ethyl alcohol in-water is camed out at spemfied photon beam energtes, in addmon to the

' usual cJahbranon of the p1xel value VS, concentratlon of K2HPO4 Thesé cahbratton data, - t.

’ and the p1xel values of the trabecular bone at two energtes are used to compute the bone

- mmeral and fat contents w1thout makmg any assumpuons regarding the composmon of

trabecular bone. The prec1s1on error in these measurements is large, however smce the
‘& e

, . RN .
\" . . = . . . LR
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standard errOr for each callbranon measurement propagates into the calculated mineral and
| fat contents. For tlns reason thrs post-prbcessmg method was not unplemented for g
' 5.2.1.2. Procedure of Bone Mass Nvasurement ) ‘, tod
The established measurement posmon ata parncular skeletal site is scanned at the .
I two selected energles along wrth a K2HP04 squnon of a known concentration. The
" selection of the two beam energies- for the X-CT scanner is dxctated by the neeessrty to -
.operate the detectors in tl\en' linéar reglon, 50kV, 2 8mA and 80kV, 1 T5mA were chosen
as the two X—ray beam energles with 0 65mm and 2. 75mm thick copper ﬁlters ”
respecuvely S ” i : L g
The contour of the cortical bone is determined for the CTi 1mages of a bone |
" cross- sectron\ at two encrgies by the method dlscussed in secnon 4.2.2. The meamplxel .
values wtthln a given region of trabecular bone are found for both images; these values are :
. “pt;oportlonal to the linear attenuation c&fﬁcrents of trabecular bone at the two energres The '
pixel values of pure water and mineral solutlon are also determined from i images of
' cahbrauon’phantoms The bone mineral content is then computed from equation (5 2, 5)
: 'The resultmg volumetrlc bone dens1ty is then computed for a spemﬁed volume by

- mtegratmg the TBD v, area funct10n with respect to the posmon of the measurement.

5. 2.2 Pre-processnng ethod”
+ The hnear attenuanon coefﬁcnent of a matenal depends on its electron densrty and
atormc number as well as Qn the photon energy used Wlthm the dlagnosnc range of photon ,
: : energles (40 keV 100 keV), photons mteradt witha: matenal prmclpally through |
: " photoelectnc abSOrptlon and Compton scattenng processes. Hence the linear. attenuanon
. coefﬁcrent of 'matenal can be deﬁned in terms of the material, ‘and the energy dependent |

,trlc absorpnon and Compton scattenng Therefore, the matertal S 5 S
' ! o ~
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: "c‘iependcnoe for the photoelectric absorption and éqpp‘tpﬁ*scattéﬁﬁg processes can be |

established if the liner attenuation coefficicnts'of‘ a material are known at two photon *
R B ' . ' » .

energies. . - S .
. "0"" ’ .

The pre-processmg mcthod gcncrates two 1mages. one containing an alummum

oquivalent and the other a plcx1glass equtvalent of the matenal present in the dcsnrcd

!

cross-section. In case of trabecular bone, an aluminum equivalent image contains the )

* mineral component plus a negligible amount of a non—mi'néral component, and vice versa, a
plexiglass equivalent'image contains non-mineral component and a negligible amount of -

- mineral component. The mineral content of trabecular bone can therefore be quannﬁcd from

o thc alummum equlvalent unages with only a small error duc to vanable amoums of fat.

In thc following sections, a detailed descnpnon of the theory and proccdurcs for the

pre-processing method is given.

© 5.2.2.1 Theoretical Considerations for the »Pre-p:‘oceSsing Approach to DECT

In the dlagnosuc energy range X-ray phott)ns are attenuatcd prmcrpally by N
photoelcctnc absorpuon and Compton scattenng The mass attcnuauon coefﬂcwnt of a
matenal atan energy E can be expressed in terms of the material.and the photon encrgy o

dependcnt components as follows:

MO _, f B +af (E) | o (5.2.6)
o | v .
where W(E) and p are the linear attenuatxon cocfficu:nt and dcnsxty of matcnal mspcctlvcly,
4

and fc(E) and fp(E) are the energy. depcndcnt components corrCSpondmg to Compton a

scattermg and photoclectnc absorpnon The matenal dependent component a is the electron i

mags density Ny (elcctrons/gm) S " .

Z ' _
ac = Ng’— ZX Avogadros Number - - .\(.5.‘_2.7)

. where Z and A are the atomic number and atomic weight of the material mspccﬁ?ély. The -

|
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energy dependent co __@nent feis the Kleut-N 1sh1na function [Johnt“and Cunmngham. |

1983] The second part of equation (5. 2 6) can be wrrtten as [behmann et al 1981]:

38 -
‘af(E) NC-Z—-—-—N Zs'af (E)
E .
Y
where Cp=98x10'24 andEtsm'keV

e s Hence the matenal dependent component of the photoelectnc absorption is ’
proporttonal to approxtmately the fourth power of the atomic number of the material, wh11e
the enargy dependent component is mversely proporuonal to the third power of the energy.
~Equation (5.2. 6) is the result of a least squares fit to- expenmental data [Alvarez and

» Macovski, 1976]. However, 1t should bé noted that equation (5.2. 6) is true only in the
“energy range above the K-egge dtscontmumes, where photons are a‘ttenuated
predominantly through the Compton scattering and photoelectnc absorpt;on

It follows thcn that Qvery mﬁtenal can be characterised by its ac and ap components

: Therefore, by measunng the lmear anen;adon coefﬁcxent at two energles the material
dependent components of photoelectnc (ap) and Compton (ac) processes o;m be
~determined. In the ‘case of X- CT the line mtegrals (pl'Q]CCthl‘l ray-sums) measured at two‘,
‘energies can be separated into line integrals of a and ap along a given beam path. The

3 - resulting images, the Ba_sis images, contain the values of ac and a, within a cross-section.

~ ‘This:cihoice of basis images' is useful in determining the ‘lche'mi'cal composition of the . . '

'

underlymg matenal [Alvarez and Macovskl 1976]

The lmear attenuatlon coefﬁcrent of any material can be expressed asa lmear

7\

combmanon of the linear attenuauon coefficients of aluminum and plexi glass Rewntmg L

. .

equatron (5.2.6) for aluminum and plexlglass.- L | oA

» R
e
A

b® . . o
SN B+ Ny Z 1 (E) | (5.2.8)

PaL S . .
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< ' 4 [}

P{JL(E)

NgpL c('E) N’PLzPLf (E) T 629
Prr |

% . ‘ v *

B : BEERRE |
Solving equations (5:2.8) and (5.2.9) for f.; aJL fp and'putting the; m&@xto equation

L)

. 2 6), we get the followmg result [Lchmann etal, 1981]. ‘ , -~

My ® . g ® ‘ |
BE). = B 4 g, AL | | C G210

| p ' ppL ‘ P AL RN 1 . ‘ .
n whgré ay and a art plcxigiass and alufhinum equivaient coefficients (}f a matériul givcn" by:

. N (Z 5235 Nz %.z2% , .
. A= AL__. a2=_-5-L—lL-- (5.2.11)
: gpL(ZPL' AL) o NgAL(ZAL'%PL,) . .
v f ‘ q : o o »
° Table 52.1: Ace'.m’ of basis decomposition , e
" . \81 a’z ‘% RMS |~
. | Ma

Aluminum | 0000 | 1.000 | 0000 |
Plexiglass | 1.000 0.000 | 0.000 .
Muscle 0950 | 0.080% 0.039

) Bone 0237 |.0.833 .| 0259
‘ Water 0968 | 0071 | 0.053
\ . | Fa 1067 | -0037 | 0.016 °

r

T 5.2.1) gives the coefficients a; and a3 of cquétion (5.2.11) for a number of materials
able\(N\\ » ) ) . o i
~ within the energy range 40-110 keV. The coefficients listed are the result of a least squares
fit of equation (5.2.10) to the fﬁcasured attenuation coefficients [Lchm'ann et al., 1981].
Equatidn (5.2.10) can be used to determine the alumim_l-m (bone) and plexiglass (soft
tissue) equivalent parts of trabecular bone. » . =
. _ ~ ‘ » \f
5.2.2.2  Procedure T .

\»,

Let 1(x,y,E) be the linear attenuation coefficient within the dcsm:d cross-section of

By
LY
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~-aaagerial as a function of energy. in CTthe logarithmi&ransmlsslon of a wéll collimated
* X-ray beam through a vo}\me of object is measured. If I and l’o are, the transmxttcd and the ’

¥

~
, mcn&em beam mtensntics mspec“BVely. the logarithrmc transmissxon is ngcn by

/' In (—-) = -eI.n ['&(B) exp( Iu(x,y,E) dS}*dEl \ “5.2.12) v *

. ,‘ o ’ N \
where dS is the small length across the beam path and S(E) is the X-ray energy spectrum '
ﬁﬁlbuuon . |
o, .
Usmg equation (% 11) equation (5.2.12) can be rewritten as:

»

g T= ']‘n [J-S(E) éxp { - ApLupL(E) + AAL“AL ‘ (521’3)

. i B . . P - .
o [T ) T # ’

. 1 _ ' ':: v ) 1 ’ .
Ap =— [Py a,(xy) dS 5 A, =—— ] p(x.y) ay(x.y) dS
sy P Pa -

where; .

The parameters AaL ax)d AéL are the equi\)alent alum;num and flexiglass thicknesses along
ihc bear;x path for a given material. The units of ghc coefficients AaL andl Apy, are those of
length. I;'.quation (5.2.13) can be solv:d for;\AL and Apy if the logarithmic trahsmiésion

- - values are known for two bcam energies. Let SL(E) and SH(E) be the energy spectra at.
X-ray tube potennals of. 50kV and 80kV respectively. The lower and higher energy

,loganthmlc transmission values, Tr and Ty can be written as:

T,=-In [J S,(B) exp { -1 Aty () +A Lu,,L(E)] dE} (5.2.14)

TH= -In [Iéﬂ(ﬁ)_cxp {-[A B + Ay B ) dE] (5:2.15)



‘ # ‘“\ ’
v - .

If the sourcg is monoenergetic then these equations can be simplified to first order,
N ] v

4 '

simultaneous equations:  * | - |
* T= Ay ta B+ Ap i B) - 1-6:2.16)
D Ty A ® A ® . (5:2.17)

‘ N
The aluminum equivalent thickness A, and the plexiglass equivalent thickness Apg, can be

‘ \obtaincd 'i'rom cqlfations (5.2.16) and (5.2.170). Hov\;cvér. th; X-ray spur‘cc for the X-CT
: scanner ;s polyenergetic, thﬁs higher order terms must be included in these equations to
account for spectral hardening. Conventionally [Alvaﬁcz and Macovski, 1976} a second
ordér polynomial cah be used as an approximation to equations (5.2.14) and (5215 ie: -
V4 T= aoﬂlKAL+a2APL+a3APLAAL+a4Af’L+a5AiL (5.2.18)

‘ - 2 2 . »
Tyy= by, A, +b,Ap +0,A0 A, +D,AL +bAL | (5.2.19)

where the cocfﬂc»ients aj aﬁd bj (i=1,5) are determined by a caiibratioh procedure discussed
in thc‘following‘ sections. | _ |

There ‘an:}ﬂ?q of approactles to solve for equivalent aluminum and plexiglass
thicknesses using eithef equations (5.2.18) and (5.2.19) or equations (5.2.14) and
(5.2.15). The choice of procedure is based upon thé following considerations: |

(1) Accuracy. o

(2) Sensitivity to noise in the data.

/
(3) Sensitivity ? the numerical procedure.

(4) Computation time.

5.2.~'2.2‘(a) Conventional Approach’
This approac.hﬂwa.s used by Alvarez and Macovski [Alvarez and Mz@ovski, 1976}

fo generate the Compton and photoele;:tric basis images. This method can be briefly

sumﬁaﬁxd by t_he following steps: |

-~

(1) A number of combinaﬁons of aluminum and plexiglass thickness are scanned at

-
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two beam energies giving the lower and higher energy Ioganthmc attenuation values for
| di!!erent combinations of A g and Ap[,. ” .7 -
‘ . (2)\Usmg the melhod of least’ squares equations (5.2. 18) and (5.2.19) are fitted to_
the lower and higher energy logarithmic attenuation data to find the coefﬁments 8 and bi.
“r(3) Thc\gbjcct of interest is scanned at two energies and ‘the logarithmic attcnuanons
.
are dctermined fdr all possible beam orientations by CTa
(4) The equivalent aluminum and plexiglass thlckncsscs are determined from |
cquauons (5.2.18) and (5.2. 19) usinga gencrahzcd Newton-Raphson method
[MaCracken and Dom.‘&‘{964]. An aluminum iuﬁge is reconstructed from'the A AL values
and a plexnglass image is mconstmctcd from the Apy, values. ' |
The Alvamz Macov ki method was not 1mplemcmcd for the X-CT scanner because:
(a) the accuracy Qf the results depends upon ghc numerical procedure in the least squares fit,
(b) the Newton-liphson mcth;;d sometimes does not converge due to ngfsu, and (c) the
computation time to reconstruct aS 12x512 image is high (about 20 minutes) | |

[Chuang and Huang, 1(987].

5.2,2.2(b) Isotransmission’ Lme Approach
Suppose tAL and tpy, represent the thicknesses of alummum and plexiglass
rcspccnvcly. For a given beam energy E there exist a number of combinations of aluminum
and plexiglass thicknesses whi::h would give the same logarithmic attenuation Tg. Fora
" monoenergetic beam these ordered pairs of aluminum and plexiglass ( taL, tp) are linearly
related and the resulting straight line is known as an isotransmission line. The equation of

an isoqa_nsmission line is given as:

‘b o Tk B Gy Bty (5.2.20) °



' | R
An isotrarismission line for a monoenergetic beam is shown in Figure 5.2.1. It should be

noted that isotransmission lines for monoenergetic beams are parullel to e;xch other.

,
y = -8.602x + 8.685, R-squared: | » ¢

Plexigiass Thickness {cm)

0 . Y — T Sy————T \d 14 v v 3

0 2 4 6 .8 b 12
' Aluminum Thickness (cm) -~

Figure 5.2.1: Isotransmission line at 30 keV for c‘onsmm‘Tj;() kev= 3.0

If the X-ray beam is polyenergetic then the ordered pairs of aluminum and
plexiglass are not linearly related since the linear attenuation coefficient is a nonlinear
function of the photon energy The ratio of 'thc linear attenuation coefficients for aluminum
and plex1glass varies ‘nonlmcarly with energy so the thickness of plexiglass and aluminum
required to give the simc attcnuatmn are not linearly related. Wong ct al. [Wong and
Huang, 1983] were able to fit a fourth order polynomlal to alumninum vs. plexiglass
thicknesses required to give the same attenuation.

o Supposé N aluminum plates of equal thickness are required for a given attenuation
of a p‘()lyénergéﬁc beam. ¥f one aluminum plate is removed, a fixed thickn;ss of plexiglass

will then be required to obtain the same attenuation of the beam. The thickness of the
4 4
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plexiglass wouldl depend on the ratio of the effective attenuation coeffiients of 'alumim.nv s
and plexiglass. If two aluminum plates are removed, the requim(i thickness of plexiglns; to
obtain the same attanuation would not be doubled, since a nonlinear change in the spectrum
ofthebeammults.mdthemdooftheeffecnveuwnuanonmfﬂchnuforﬁntwo |
materials is not the same. Therefore, isotransmission Yines cannot be defined for
polyenergetic beams due to. ¢hanges ineneré' spectrum as the beam passes through
differcm thickncsscs of alummum and plexiglass. '

The nsotransmlssnon line approach can be used for a polyenergetic beam if spectral
hardening errors are not significant. The logarithmic attenuation was shown as a function
of thickness of an aluminum and plexiglass sandwich in anure 3.2.5. The logaritgmic
attenuation is almost a linear function of thickness of matenal and deviation from linearity
begins only at larger values of attenuation.’ Therefore, for the lineargange of the curve
shown in Figure 3.2.5 , the isotransmission curves can be éssumcd as straight lines.

‘The isotransmission line method has been used sucécssfully by Chuang et al.
[Chuang and Huang, 1987] to carry out bone and soft tissue dccompoéitjon with a
polyenergetic beam. The computational time required for écparating the projection ray-sums
at two energies into equivalent aluminum and plexlglass thicknéss is (< '2mir;utcs) less than

-

that required for the Alvarez-Macovski reconstruction method.

5.2.2.2(b.1) Isotransmissiog Line Calibrations ;

The data collection procéss for the igtransmission calibration is the same as that
used for the conventional method. The basis materials for bone and soft tissue (
decomposition are chosen as aluminum and plexiglass.

The first step in the calibration process is to determine the thickness of



Table 5.2.2: Culibration Table for logarithmic stienustions &t S0KV, 2.0mA. The number acros
. the bp and down are number of st
© 0.085 and "S85mm respectivaly.

P2
-

91

oge. The 1ep sizes of wominom and plemigliss wre

o
A .0 1.2 3 4 5 6 7 8 9 10 M 12 n
I " 0.149 0269 0396 0.51900.663 0783 0,892 1.012 1.154 1275 1417 1.539 1651 1,990]
2 0300 0.423 0.550 0.675°0.820 0938 1.048 1.168 1311 1427 1568 1.693 1.802 1.947
3 0451 0,574 005 0.82% 0.969 1,087 1,204 1320 1461 1.579 1719 1.840 1,950 2.093
4 0613 0.736 0867 0989 1.131 1255 1.363 1480 1623 1.74) 1878 2002 2.113 2.2
5 0768 0.892 1.019 1.144 1.288 1407 1.518 1636 1.774 1.891 2032 2.153 2.266 2403
6 0930 1.054 1.179 1305 1.449 1563 1.680 1.792 1938 2.048 2,190 2311 2419 2.853
7 1.093 1216 1345 1467 1.611 1.727 1.838 1.952 2.089 2.205 2348 2467 2.76.2.716
8 1253 1.376 1.504 4625 1.769 1.889 1.993 2.105 2.248 2.361 2504 2,622 2.734 2.884|
9 1412 1.531 1.661 1780 1.921 2036 2.149 2.262 2406 2.516 2.651 2,780 2.899 3.038
10 1581 1.700 1.829 1.947 2.086 2202 2.317 2.429 2.569 2.679 2823 2951 3.0%9 3.19%
11 1.733 1.861 1986 2.101 2,240 2356 2.470 2.581 2,722 2.837 2980 3.101 3.212 3.381
12 1.894 2.010 2.137 2258 2.398 2508 2,616 2.730 2.876 2.999 3.136 3.255 3.361 1.507
13 2,046 2.163 2293 2410 2.549 2.667 2.776 2.8%1 3.036 3.145 3287 3.409 3.521 3.65%
14 - 2205 2.328 2450 2.568 2.704 2826 2.944 3.058" 3.188 3.303 3439 3.557 3673 3808
15 2362 2476 2.60S 2.726 2.863 2986 3.094 3.202 3350 3.460 3594 3.712 3.822 3958
16 2517 2.631 2,760 2878 3.026 3.132 3.251 3.361 3493 3.613 3748 3.864 3.973 4.113
17 2672 %286 2.920 3.041 3.185 3298 3.403 3.519 3.657 3.768 3902 4,023 4,136 4.259{ .
18 2.8359WIS3 3,084 3.198 3.331 3441 3,556 3,661 3.805 3.904 4.072.4.169 4.283 4,418
19 3.006 3.114 3246 3.358 3.496 3.605 3.710 3.830 3.972 4.083 4222 4,337 4.450 4.588
20  3.163 3.284 3411 3.528 3.660 1.767 3.882 3.993 4.125 4.244 4375 4.503 4.596 4.745

aluminum and plcxiglass‘conésponding to the imum thickness of bone and soft tissue,
respectively. A 1.105cm thickness of aluminurp and a 11.78cm thickness of plcxiglnsg o '
were found to be adequate for the distal femur sité. The thickness of each individual
aluminum plate is 0.085cm, and of each plexiglass piatc 0.589cm, resulting in a total of 13
aluminum and 20 plexiglass plates. Combinations of aluminum and plexiglass plates are
scanned at 50kV, 2.8mA and 80kV, 1.75mA on the X-CT scanner. Copper beam filters of \
(hickness 0.65mr and 2.75mm are used at S0kV and 80KV respectively. The resulting
logarithmic a‘ttg:nuationé are shown in Table 5.2.2 and Table 5.2.3 corresponding to a R
single detector at two X-ray beam qualities.

Fér a given detector the calibration data for different combinations of aluminum and

plexiglass plates can be représcnted by a matrix. The rows of this matrix represent the
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<+ thickness of plexiglass and the-c lumns represent the thickﬂ?’#gs of aluminum.

.

Table 5. 2 3 Calibration Tab]e for logamhmlc attenuations' at 80kV 1 75mA The number across -
; . the top and down are mimber of steps. The step sizes of alummum and plexxglass are
0.085 and 585mm respectwely : : ‘ ‘

002 0057 (0111 0170 0236 0297 0342 0.399 0465 0523 0.588 0647 0697 o7

T ,

1 -0.124 0.186 0.241 0.298 :0.361 0.418 0.469.0.530 0.592 0.654 0.715 0.778 0.822 0.899|.
2 0252 0312 0366 0.427 0.490 0.545 0,597 0.655 0720 0.778 0.846 0.902: 0.950 '1.021].
i3 0375 0435 0.491 0550 0.613 0.670 0.722 0.778 0.845 0.901 0.967 1.029 1.073- 1.148|
4 .0.511 0.569.0.623 0.682 0.747 0.805 0.853 0.911 0980 1039 1.100" 1. 159 1210 1.280.

5 0638 0,6980.752 0.807 0.871 0.932 0.980 1.038 1.104 1.161 1 ¥

L6 0,768 .0.830 0.883 0.938°1.003 1.064 - 1111 :1,167 1234 '1.294 65 1.538] .
7. ..:;._0902 0.96(;) 1,014 '1.0741.139 1.192 1,240 1.305.1.36% 14 6°1,665| .
8 1.086..1,145 1.201 '1.267 1.320.1.370 1432 1495 .58 L792)
9y 10161273 1329 1395 1452 1500 1.560.1.624 16 - 1:922
107 1.411° 11466 '1.527 1.588 1636 1.697 1.753 1.81 ,
M Y481 1,537 1.589 1:658.1.712 1.763 '1.821 1.892 1. ‘2,181

12, 610 1.663 1.715 1.782 1.837 1.885 1947._2.016 2314,
13 1.786' 1.841 1.907,1.964 2.0¥5 2.069 2.141 2. 2.440

862 1.920 1.969 -2.037 2.094 -2.144 2.190 2.266 :2.327 2.394 2.448 2496 2.565| -
1 2.51472,575.2.623 2.691]

162,059 2,119 2.170-2.227. 2.294 2.352 2,396 2.456 2.518 2575 2.645 2.6992.743 2.823
L 17::2,188 224472295 2356 2.430,2.474 2:530. 2.585 2.641 “2.706 2.769 '2.825°2.875 2.949
18" 2310 ‘2376 2:426°2.491 2.549 2.606 2.654 2.708 2.781 2.831 2.901 2.959 2.999 3.074} .
7190 2,449 2505 2.569 2.616 2.684 2.739-2.791 2.845 2.908 -2.960 3037 3.091 3.135 3.202| .
120 2,588 2.641 2708 2.758 2822 2.871, 2926 2990 3047 3109 3.175 3.222 3266 3,347| «

—— ™ ~
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Thg maxunum and mlmmum logarlthrmc transrmssxons are deterrmned from the
’ ;matnx and the range between the maxlmum and rmmmum txansmlssrons arbltranly dlvxded

’mto 290 transmxssnon values The loganthrmc transmlssmn for the first’ 1sotransrmss1on lme o
) '!

o f '
'1s sct 10 the minimum valuc The combmatlons of alurmnum and plex1glass thlcknesses for

LY

e . )

- -""thxs transmlssmn value TL are determmed An 1sotransrmsswn hne is ﬁtted to alummum v

’ _plex1glass thlckness if the number. of such comb1nat10ns is more than three The general

v form of the 1sotransrmssxon lme is given by

L aLt +b oy S Gsa21)

1404|

205



- Read Calibration Matrix
| MATRIX(row,col)

| Inc=(Max-
_ Isotrslhsd—Mm

Min=Min(MATRIX(row,cal))
ax=Max TRlX(row,col))
in)/290

N

and Plexi thickness such that
Isotrns=MATRIX(AL,PLEXT)
Use Lmear Inte lation.

‘ Dcterrmnc Combmanons of Al |

Lcast squares ﬁt the .
1sotransmlss1on line,

~ Store the coefficients
- “isotrns, a,b

. O . ke

. - . PN ; .
. ' \E\ e
R gl

‘ ;Isotr‘fns*—-lsqtifnsﬂnc. -

Is
" Isotrns SMax 7

Figure 5.22: Flowgraph for isotmnsmi.»ésion line calibrations.
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where aL and bL’ are the regvessron coefﬂcrents, and the subscnpt L speclﬁes the loWer
energy The procedure is repeated for all 290 log'artthrmc transrmssron values and the
coefﬁcrents stored in a lookup table A flow dtagram for thls procedure is shown in thure
5.2.2 fora gtven detector ata glven beam energy ’Ihe procedure is repeated for all 26
v.detectors at both energres At the hxgher energy the equatton of the 1sotransmlssmn line can

bc wntten as:.

<L

TH=aHtAL+._thPE___- . Lo e e (5.2.22)

S
N

where TH is the constant attenuatton at htgher energy and ay and’ bH are the regress1on

coefﬁcrents resultmg from the least squares fit. It should be noted that the coefﬁcrents aL

and bL are proportlonal to the attenuatlon of the lower energy beam by alutrnn‘um and

‘found in the Iookup tables of 1sotransrmssron lme at that energy The éoefﬁc1ents of the
' 1sotransrmss10n lme are used to calculate the attenuatton for the combmatton of: alummum
' and plextglass The error between the predlcted attenuatton and the obse Ned attenuauon is

calculated for all combmauons of alurmnum and plextglass at both the energ1es Th oy

" maxtmum error between observed and predxcted attenuattons wrth respect t0 the observed

, attenuatton was found to be less than 2% for both energles ThlS error is. shghtly more than |
' the error found by Chuang et al [Chuang and Huang, 1987] smce SOkV and 80kV are. H
E used mstead of 80kV and 120kV and the contnbutton of coherent scattenng tothe
_aftenuatton coefﬁcrent is great_er at lower photon- energies. The ,root-mean square_erro'r was -



| %
found tobe067% and055% at SOKV and 80lcV respectwely R T

e emiwo tsemmmlssion lines sre shown in thure 5.2.3 fora smglc detectot\ at 50kV
and 2 8mA It shoq!d be noned that the slope of the xsou‘ansmnssron ltnes from one\\

transmlssron value to another 1s dtfferent due t0 spectral hardemng

5. 2 2. 3 Bone and Soft “Tissue Decomposmon

~ The isotransrmssxon lme pahbratmn step is ‘a/tedtous and time consumm_‘gﬁrocess in
\

the pre~process1ng method Howﬁ:ver the reconstrucuon process for bone and soft ttssue

Y
L] RN

1mages ts s1mple

! he ob_]ect of mterest is s ned at the two beam energtes ﬁsome commercxal

scanners, the ovision for sw1tch ng the X-ray tube potenual between data pulses has
made thlS procedure easy and ef] c1ent The hlgh volt’age power supply of the X-ray tube in-
our CT scanne' can be switched remotely but the tube 1tself can not be used in pulsed ‘
mode Moreover in order t2 avoid count rate saturanon problems with detectors a lar;,er
thlckness of copper filter is requn'ed at 80KV than at 50kV, therefore two separate scans of
| the object are taken at 50kV :nd 80kV respecuvely | ' o |
~ The prOJecuon rny—sums at the two energres are used to determine the’ coefﬁcients
ar, aH, b and bu trom the lookup tables Equauons (;2 .22) and (5 2. 23) are then solved
torfphe resultlng combmauon (tAL, tp) of alummum and plexrglass equrvalent thicknesses. |
: These tlncknesses are the same asp ters AaL and ApL in equations (5.2. 14) and o
- (5. 2 15),hence the resultmg data (tﬁz) are used to reconstruct the alumtnum and
, plexrglass equlvalents of the cross- secuon of the obJect . _ A
The bone and soft tissue unages of a dtstal femur section are shown in Frgure 5. 2 4
along w1th the smgle energy images at two beam energies. The alummum equ:valent (bone)
_’ image contams the entire amount of bone and a httle soft tlssue Srmllarly, bone tissue is

.- not seen in the Elexlglass (soft ussue) equrvalent 1mage B

T
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" Figure 5.2.4 &)

Bone equlvalcnt CT mlage resulung from basns decomposmon of (a) and (b)

- Flgure524(d) S
Soﬂ tissue equwalcm CT image resultmg from basis decomposnion of (a) and (b)
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' 5.2.2.4  TBD Ménsurement
| “The soft tissue and fat pncscnt in trabecular bone conmbutc lxttlc towardq the pixel
values of trabecular bone in an aluminum equivalent fmage. The aluminum i image is

thcrcfone analysed to quantify the bone mmeral contents in terms of gms/ml of KzHPO4

g‘i

soluhon Let agy, az and ay be thc alummum equwalcnt coeffxcxenm. and C, C.. and Cp
be conccmrauons (_gm/ml) of bone mineral, soft tlssue and fat present in the tmbccular
bone, respectively. The pixcl value of trabecular bone in the aluminum imnge‘PAL(bonc) is

* given by:

PAL(pone)‘";Bl—(azmcm+azscs+a c) (5.2.23)
" |

Slmﬂarly the pixel value of a bone-like mineral SOluthﬂ PAL(K) is gwcn by:

P K =—— @, CHa, C) . (5.2.24)

4

| The bone mineral content can be expressed:in terms of concentration of mineral solution_
from equations (5.2.23) and (5.2.24):
) C"“PAL(bonc) : PAL(W) o
m kp AL(K) -_PAL(W)

< (5.2.25)
o -

—— - N ' '

where Pa1 (W) is the pixel value of water in the aluminum image given by:

- - " a2WCW
| P, (W)=

p AL .
The following assumonns are made in solvmg cquanons (5 2.23) and (5 2. 24)

(1) The alummum eqmvalent coefﬁc1ents of bonc mmcraf angl mmerdl solunon are equal.
(2) The non-mmeral component of the trabecular bonc glves a pixel value equal to that of
water in the alurmnum image. ‘

Sxmﬂar assumpuons were made in the concentration method in case of SECT (section .

512) °
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In practice equation (5.2. 25) is not ubf;d directly to quantify the bone mmcral

content. An approach similar to the SECI' mé" ﬁod is taken and a calibration line for various
PR XY
K2HPO4 solutions is determined. The slopa and the intercept of this line #re calculated and

a

then uscd to dctcrmme the bone minera] concentrauon. The calibration line corresponding

to the alummum images of the KoHPO4 solutions is shown m’Flgure 5.2.5. The standard

errors of csnmatc of the slope and mtercept are 1 15% and 2.98% rcspecnvely

I
Eohy
f . . .

| D L]

y = 155.54 + 3.7501x . R*2 = 0.999%

c

Pixel value in AL- -

M T - & Y -
0 100 ., 7 200 300
: gms/ml K2HPQ 4
Figure 5.2.5 - ’ '
Pixel value in the alyminum eqmvalent image vs.
concentration of the mineral solution. The regression

line equation and the correlation coefficient are shown.
14
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6.0 Performance of X-CT Scanner for TBD Measurement

L ‘
The performance of the X-CT scarmel‘for 'I'Bl)meaeuremems is evaluated in termy:

-

- of measurement accuracy and precision. The accmfcy of the TBD measurement is

particulary important in cross-sectional population studies. The precision of the TBD
. 4

measurement is important in longitudinal studies to quantify small changes i TBD over
time. . ‘
In this chWr the factors affecting the accuracy and precision of T 38

N

measurements using the X-CT scanner are analyzed The results for hum { pilaver femur

txbla sites are prcscntcd

6.1 Accuracy’

The acguracy of a bone mineral measurement is usually stated relative to the actual
amount of bon‘e mineral (gm/cm3) contained in the volume measured By CT. The normal
standard of refererice is the gravimetric determination of mineral content in a sample

following ashing [ Cann, 1988]. >

In general, the factors affecting the accuracy of TBD) measurement can be classified
into two catagoﬁcs: physiological and experimcntal. Thc’physiological factors include
changes in the composition of the measu\\r\egl bone volume, for cxample relative chan gesin
the fractional fat content. The cxpcnmemal factors are assocmcd with the accuracy of CT
 measurement of linear attcnuatlon coefﬂments in a bone cross- scctlon For this X-CT

scanner the evaluation of the effects of thcsc factors on the measured 'I'BD will be

elaborated upon in the following section. The significance of several factqrs which affect

the accuracy of TBD measurement will be analysed in terms of standard mineral solutions.
. These are: |

,.g;(i) Varigble fractional fat content

-

[}
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(2) Beam hardening " ey
(3) Scattering and Exponential Edge Gradient Effect  ° \ ‘

¢ 6. 1 1 ‘Variable Fractional Fat Content. ‘ ) \
. As noted in earlier sections, ‘trabecular bone is composed of threc prinimp al \

components: bone mineral, soft tissue (red marrow). fat (yellow marrow). Assumxng th{
each plxel in a CT image represents the average' linear attenuation coefficient for a t}xed
measm'cment volume, the SECT measurement is able to measure the volume fraction of the,

-

two componcnts if their material properties are known The prevxously discussed \\

a‘zsumptxons regarding one or two components dre gcncrally madwn the SECT
measurements. The assumption regandmg the mdxologmal equwalcncc of watcr to the
non-mineral component of trabecular bone is made in the concentranon mcthod' of SECT.
However, the linear attenuatlon coefficient of soft tissue is shghtly greatet than that of
water while the linear attenuation coefficient of fat is loss t}ian that of water. A similar |
‘behaviour for density is also founo for these o(‘)‘mponcnts. The fractiooal fat conient of

trabecular bone is variable from' person to person; it also varies over time at any particular
skeletal site for an individual. This unknown quantity of fat causes a systemanc uncertainty
in the TBD values mcasuncd by SECT [Mazess, 1983; Laval-Jcantet gt al., 1986]. The fat
fraction of the total linear attenuation coefficient for trabecular bone increases with

incréasing photon ener_gy thus giving a larger error in measured TBD values at higher

energies.
»

. The maj part of the photon attenuation is due to photoelcctnc absorpuon at lower
photon energies (30ke V- and is approx)mately proportional to the founh_powcr of
the atomic number. Therefore, a very hxgh éoritmsi betwezn bone and the non-mineral |
co’mponcnt is o:)taincd at lower cncrgfs, and the errors due to variable amounts of fat in
the TBD megsurements are greatly reduced. The special-purpose CT scanners designed for
peripheral bone evaluation [Rilegsegger et al., 1976, Hangartner and Overton, 1982]

generally work at the lower photon energies. However, the low pheton energy may not be
¢
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adequate for imaging thicker bones, or bones surrounded by large amounts of soft tissue,
Dual energy CT can be used to reduce the errors due to variable amounts of fat by:‘ :
measuring the relative concentrations of the mineral and non:mincral components,

An cxperimcmﬁl verification of the effect of fat on measured TBD values was
carried out using a KzHPO4 solution in water and ethyl alcohol. The mineral conjent of the
KgHPO4_‘s‘olution represents the bone mineral, and cthyl alcohol has radiologiéél pmpcrdcé
similar to fat. A 100 mg/ml K;HPOj4 solution was made with varying fractions of 0, S,

10, 20, 25 and 30% ethyl alcohol. The phantom used in this experiment is shown in-Figure ',
5.1.1. The aluminum insert, of uniform internal diameter, was filled witl'; the desired
solution and the phantom was scanned at the 0.4mm alurﬁinum cylinder t}.lickncss ats0kv

~and 80 kV. The isotransmission line techrfique of the pre-processing method was applied to
the raw data at SO kV and 80 kV to give bone and soft tissug léquivalcnt images. Thes
mineral contents of th; K>HPOQ4 solutions were calculated ughg SECT and DECT (pré-
.and post-proces.sing). The measured mineral content decreases linearly as the ptérccntagc of
alcohol is increased in the solution as seen in Figures 6.1.1 and 6.1.2. For a 10% increase
in cthﬁ alcohol the measured mineral content of a 100 mg/ml K2HPO4 solutior; is reduced
by approximately 11 and 7 mg/ml at-80 kV and 50 kV respectively. These val‘ues are
reduced to appfoxiniately 3.2 and 3.5 mg/ml per 10% increase in alcohol with post and
pre-processing dual energy methods. The com:latior? coefficients f;)r these lines illustrate
the corresponding increase in precision error in the case of the pre- and post-processing
dual energy techniqucs. |

Even dual energy techniques are not able to completely avoid errors due to variable .
amounis of fat in the measured TBD values. Although the post-pfo(:cssing_ technique gives
two inchendcnt measurements of hne?n' attenuation cqefficicnt for trabecular bonc,. '
solutions for a three component trabecular bone still requires some assumptions regarding

the radiological behaviour of the non-mineral component.

(4

RN
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. y(S0kV) = 1022671 -0.6811x R=099 '\
' y(B0kV) = 102.9854 - 1.0654x R =099

' . i Y(DECT)m= lOl.SB68-0.31§8x R= 088 ® 50kV"’
100 ; . ® 80kV
[ = DECT

T M T Y T ¥ T ¥
0 10 20 30 40
% Ethyl Alcohol in 100 mg/ml K2HPO4 Solution
Figure 6.1.1

Mecasured mineral content as a funcﬁon of % ethyl alcohol in a 100 mg/ml K3HPO4 solution by SECT

(50 and 80 KV) and DECT (post-processing) methods.
- ,

y(50kV) ig.2671 -0.6811x R=0.99 L ]
y(80kV) = 102:9854 - 1.0654x" R = 0.99
y(Aluminum) = 94.3632 - 0.3482x R =0.89

o 50kV
& 80kV
& ) Aluminum Image

Minczal Content (mg/ml)
o

0v— T Y T v T ™ '
0 10 k 20 30 40
% Ethyl Aleohol in 100 mg/ml K2HPO4 Solution
Figure 6.1.2

Measured mineral content as a function of % ethyl alcohol in a 100 mg/ml KoHPOj4 solution by SECT
(50 and 80 KV) and DECT (aluminum-image of pre-processing) methods.

\
-
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The mass attenuation coefficient of the non-mineral component relative to that of water is

not the same for the two photon ’encrgiea.' The ratio of the mass attenuation coefficients of
soft tissue and water decr8ases with increasing photon energy; the ratio of the mass
attenuation coefficient of fat with respect to water increases with increasing phmon cnerxy
Therefore, the ratio of the mass attenuation coefficient of total fon-mineral content of the

‘ trabecular bone with respect to that of water also w;arics with increasing photon ener.gy. the
nature of these variations being determined by the relative fractions of soft tissue and fat
present in trabecular bone. However, the error in the measured mineral content of the
trabecular bone due to an unknown amount of fat can bc'minimised l:y a proper sﬁ]sctidn of
the two, encréies [Rao et al, 1987].

Slrmlarly, thc pixel values of water and the non-mineral componcm in the aluminum

(bone) equivalent imagcs are not the same thus causing a small emr dpe to vulable alcohol

. content in the 100 mg/ml K2HPO4 solunon.

6.1.2 Beam Hardening
The X-CT scanner uses a pqucncrgctic X-ray beam as a photo;l‘sourée. The
measured integral attenuation values are not correct since the energy spectrum changes-as
the beam passes through the material. The errors are propagated through the reconstruction
process so the pixel values for trabecular bone will depend upon the density and quantity of
the surrounding soft tissue. There are always quantitative dxscmppﬁc‘b{?rfth asured
TBD values due to this spectral hardening unless a post- préeessmg. matcn selective beam
- hardening correction is applied [Rii®gscgger et al., 1978]. All other types of beam
hardening correction make ass \mptions about the distribution of material in a cross-section.
For example, each integral atteguation is assunied to be caused by a certain combination of
aluminum and plexiglass m the case of the X-CT scanner. On the other hand, the material
selective beam hardening corrections are mfmcrically very tedious to pcrfom and involve

iterative solutions for the final image.
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Plexxglass_. T

2e§

il Aluminum cylinder

thure 6 1 3

Sccuon through the beam hardemng phantom Theinner. alummum cyhnder is ﬁlled wnth a 150 mg/ml :
K2HP04 soluuon The alummum cyltnder is surrounded by a solid plexiglass cylmder of vanable drameter

All dtmensrons in ,ptm i a

The dual energy pre—processmg procedure theorethally removes the beam
hardenmg errors A monoenergetrc 1mage of the obJect is reconstructed from the alummum o ._
and plexrglass equtvalent 1mages The p1xe1 values in the reconstructed monoeneréettc e
1mage represent the average llgew attenuatlon coefficrent of the materlals present ina umt

volume (voxel) ata specrﬁed photon energy The coefﬁcrents a and as (secuon 522 1)

' are used to glve the lmear attenuatton coefﬁcrent at an energy, E by followmg equation:

*

(6.1.1)

L p(E) s4 "un,tl‘iv)' +a2uAL(E) :
R A
e T e T S S T S -
| where p’,,L'(E) -and uAL(E) are the linear‘ attenuation.coeffrc{ent_s of plexiglass and aluminum at
energy, E. o a%”i |
The erro;s due to. beam hardemng were studred for the X- CT scanner using a
phantom shown in thure 6 1 3 ' . | - |
' An alummum cyhnder representlng cortlcal bone was ﬁlled wrth a 150 mg/ml
KQHPO4 soluuon whtle the outer plexxglass cyhndef of vanable dxameter represented the
soft trssue surroundmg cortlcal bone Thls phantom was scanned at 50kV and 80kV at each
step of the plexlglass cyhnder Smgle energy 1mages were reconstructed at SOkV and 80kV
‘ usmg the proposed beam hardemng cdrrectron The alurmnum and plexrglass equwalent '

. 1mages were also reconstructed usmg the 1sotransnusssrot; hne method and these 1mages
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were used to deterxmne the monoenergeuc 1mages at 50keV For each image, the aVer,age

plxel values were dcterrmnedé an ared of 1201 pxxels thhm thc aluminum m’sen The 9@;

mean p1xc1 value of the K2HP04 soluuon at 50 kV and 80 kV;and the: alummum

' equ1va1{ent 1mages, were obtamed

and mn. ,“ v

"" ntage devrattons fmm the mean were -

detenmned correspondmg t0 the different pleinglass diameters (Table 6. L 1)

. ‘Diamete_r ofplexl Percenta, eDe\hahon from Mean

Cylinder (mm) 50 kV L:80kv |Alughinun] 50keV |

[ 2 | e 248 |38 1034

.38 094|091 | -074 | 019 |

44 -043 | 040 0.14 | -0.14

50 ] 089 “"o92?fr 2030 | 0.00

56 |..162) 1713 .] L% 0 |- -0.14

62 196 | 245 ._-2 o;.. .:0,34_

Tablc 6. 1 1 . The percentage devxauon of prxel values of beam hardening phantom at S0kV, 8()kV

‘ alummum and mono-encrgetrc images

The error in the mean pixel value changes from - 1 .62% 10 . 96%. and frol%

RN

-t -

¥
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s
LS

2 46% at 50 kV and 80 kV respectlvely These errors are reduced in the monoenergetlc

1mages at 50 keV from 0. 34% to -0. 34% The crrors in thc aluminum equwalcnt 1mages

b
result from the assumptlon of an 1sotransmlssron line for the loganthmrc attcnuanon asa

 function of alurmnum and plexlglass thlckness for the case of a polyenergetrc beam The

~ errors 1n the thicknesses of alummum and plexrglass plates used in the i 1sotransmlssron line

-~ calibration procedure also contribute to thc overall error for both the aluminum equrvalent

and monoenergenc 1mages However a compansron of the errofs in the alummum 1mag,es

wrth thc rest of the data is quesnonable since the aluminum equwalent 1mages have more

‘noise compared w1th the SOkV 80kV and monoenergeuc images. .

6 1 3 Scattermg and Exponentral Edge Gradlent Effect

o In the diagnostic X-my energy range the second major. process of photon interaction

is: scattermg (coherent and Compton) A photon 1nteract1ng with the matenal through
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. scattermg is deﬂected from its path wrth erther the same (coherent ) or a lower (Compton)

energy Therefore, scattered photons measured by the detectors do“r'_lmt reflect the R

attenuatron propegues of the matenal along a dxrect path from the source to detector The

observed transmittedmtensrty is thus: mcreased due to scattermg and hence the mtegral
| attenuatron value is decreased. ‘

»

-

o The scattered radlatlon results in srgmficant €rTors (1 t0 5%) in 'I'BD measurements
i : [Hangartner, 1987] The mcasured attenuatlon in a bone cross sectlon is decreased due to
| the scattered photons at all pomts in a pro;ectron proﬁle A ﬁlter funcuon contarn’ng
o negauve elements at all spatlal posmons except at the center 1sused to filter these pro;ecuon
’ | proﬁles The resultmg ﬁltered pro;ectron will have larger than expechues within the |
" trabecular bone smce smaller than expected values of attenuation by corucal ‘bone are used‘ ’
in the convoluuon process Therefore the prxel values w1thm the trabecular bohe are
’:mcreased due to scattering, B |
. The phantom of Flgure 5 1. 1 was used to study the erTors caused by scattermg
| The inner alummum cylmder was ﬁlled wrth 150 mg/ml K2HPO4 solution and the outer
: plexrglass cyhnder was ﬁlled w1th drsttlled water The vanable thlckness of the alummum
" ring represents the vanable thlckness of cortlcal bone m the appendrcular human skeleton. -
| This. phantom was scanned at all steps of the alummum ring for X-ray tube potentlals of
: S0kV and 80kV- respectlvely The smg]e energy unages at SOkV and 80kV were
reconstructed wrthout scattermg correcuon The data at the two energres was used to
generate the alumlnum and plexlglass equrvalent unages usmg the 1sotransm1ss1on hne
- approach The percentage mcrease in the mean ptxel value of the K2HP04 solutton asa’ U
= functron of alummum nng thrckness is gwen in Table 6.1. 2 for 50kV, 80kV and the )
: alummum equrvalent 1mages The comespondmg results for drsulled water prxel values are

_shown in ‘Table 6 1.3.

L]

The data m Tables 6 L. 2 and 6.1 3 rndtcates that errors-due: to scattenng are greater

- at S0kV than at 80kV, in Splte of the fact that the scattermg fraction of total attenuation R

T
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) cross-secuon increases wrth the photon energy The inctease in water pixel values in the
B aluminum equivalent unages is more: than the correspondxng values for the KzHP04
‘ -solunon These results cannot ge explamed solely on the basis of scattered radiation since a'
similar increase in ptxel values nesults from the Exponenttal Edge Gradient Effect (EEGE)
as the thickness of the aluminum ring is mcreased. The EEGE is the result ot;/finite beam

f

photon

w1dth heterogemety of materta.l w1tlim the beam and the exponenttal nature
' [Joseph 1981] The photon detector system collects the average transmitted

over the beam wrdth The attcnuatron R is then calculated by followmg equation:

> [ -
[} -
-

R=In(2 )—m[ P T (1 )
| Iexp(ju(xy)dsm T e PR

L)

where W i 1s the beam-wtdth and Io an%are incident and transmitted beam intensities . -
. 4

‘ icspectlvely Parametcrs dS and dR are small lengths along.and across the beam path
respectively. If the lmcar attenuauon cbefﬁctent tt(x,y) is constant m dircction of dR

equation (6,1.2) can be s1mphﬁ_ed to:,

P=’J.u,(x‘,-y)d’s’- N, . (6.13)
| ¢* o |
Aluminum | . . Percentage change in _
rlllngkn - ‘mean pixel value
e ess ' - |Aluminum |
mm) | SOV | BOKV Jimage
0.4 0. 0 0
1.0 0.}4  §20.46 -1.12
20 | 137 47 | 1936 |
30 | 251, | 048 | 252
40 | 3.03 \ 130 .| 234 ‘

Table 6.1.2: Percent change in the water pixel value as a function of aluminum ring thickness.



o

0.4 | 0!
1.0 | 03 0.06 0.5
2.0 1.40 0.20 2.8
3.0 | 1.78 0.50 2.6
40 | 270 107 ' 2.4
. . . o ]
Table 6.1. 3 Percent change in the pxxel value of KoHPO4 soluuon asa funct.mn of alummum rmg
, thxckness
‘ L . .
Alummum@ Percentage change in mean‘f'pixcl value
g | AR -
thickngss Single energy image Alurmnum 1mage
(mm) . - - s
30 [40 [50 {60 |76 30-50 -40-60 . | 50-70
‘keV{keV | keV | keV | keV | keV kev kev
o4 10 [0 Jo [0 Jo | 0o | O 0
1.0 2.7 10.86]0.3 |0.1 }-0.1 | 20 12 .. 35
\ 2.0 4.1 |1.6 0.7 {0.3 ]0.2 28 22 | 15
3.0 |3.8]1.7 {09 |03 ]102] 25 21 | 20
4,0 (3.9 |1.8 |0.6 {0.5}0.3 12 19.6 9.2

Table 6.1.4: Pcrc_eht change in the water pixel value as a function of aluminum ring & i

o

The attenuatibn sums P" and R will not be the same for a beam path pafﬁally filled by -

cortical borie. It can be shown that the measured attenuation R will always be smal}er’ than -

| : ch¢ true attenuation P if the beam path is occupied by two or more different inﬁtefials

[Joseph and Spital, 1981). The nature of the error in the measurcd attenuatlon is, thcreforc, ,

similar to that rcsulung from scattermg It should be noted that errors duc to EEGE w1ll

| :dxsappear if either the photon beam is mfimtely small or a homogencous matenal is prescnt ‘
| mthebeam | ' o o ‘. " 0

In order to csumate the relanve conmbutlon of the EEGE to the errors in Tables
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| ™,
6 L 2 and 6 1.3, the phantom of Frgure 5 l 1 was simulated. mathemadcally Thg inner and -

outer cylmders were assumed to be filled wuh water. The linear attenuanon c,o@cients -

' were taken from tables avadable for each matenal [John and Cunmngham. 1983] The raw |

data was calculated usmg a beamwndth of 1. 28mm foran object size of 75mm over a range | _‘
of photon energies (30keV- 70keV) In order to srmulate the EEGE errors attenuanons
‘ were calculated by averagmg the mtensmes over the proposed beamwxdth The images ‘

correspondmg to each step of the alummum nng thickness were reconstmcted at all photon

_ energres The mean pixel value for water in the inner aluminum cyhnder was found for

each alummum ring thlckness The percentage chan g in  the mean pixel yalue as functton -

of alummum ring thickness is shown for different photon energres in Table 6.1.4. Srmllar.

" results for the alumm_um equlvalent images are also shown for a several | patrs of photon

S

energies in Table 6.1.4. The following observations can belmade from this data,
(1) The -percentage change in p1xe1 value for 50kV images as a functlon of i mcneasmg
alummm‘n nng thickness falls between the correspondmg values in the snmulated 1mages at

30keV and 40keV. Hence the errors at 50kV nesult mamly from the EEGE instead of

-

, scattering. - ‘ » )

¥

co \2) The percentage change in the pixel values due to EEGE at 50-70keV is very small
Y

Y
since the radlolog1ca1 contrast dccreases with increasing photon energy. Hence a significant.

,pohxon of the errors at 80kV is caused by scattered radxatmn The errors due to scattering at

'80kV, however, happen to be less than the errors due to EEGE at 50kV.

(3) The percentage change in the prxel value due to EEGE in the alummum equrValent
_ 1mages for the 30-50keV and the 40- 60keV pairs are very large, so the errors in the |

'alurmnum equlvalent images for the 50-80kV pair have a major contnbunon due to the

' EEGE effect. The EEGE €rTors, however will decrease as the radlologrcal contrast

decreases Smce a 150mg/ml K2HP04 solution has attcnuanon properties closer to-
alummum than water, the errors due to EEGE will be smaller for a 150 mg/ml K2HPO4

, solunon than for water (’I‘ables 6.1.2 and 6.1.3) contamed in the aluminum cylmder
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‘_'_constdered inthe aluminum equivalent i nnages SN

(he b vations made above are only approxxmﬁtely true since the actual energy
spectrum of the k—ray bcam at 50 and 80kV is not known. The 50kV beam is assumed to
have a relatwely :arge portion of 30 to 40keV photons whlle the 80kV beam may have |
srgmﬁcant intensities at 5_0-70keV photon energies. o

The results 50 far.suggeSt that in order to measure TBD indépendent of the |
variations in the cortlcal bone thrckness ( alummum rmg thlckness in the expenment),
scattermg correction must be made at 80kV. The error due to EEGE should be conected

SOkV and in the case of the pre-processsmg dual energy approach The EEGE

cln be con'ected by Fourrer deconvolutron or by the Local Ray' correctron method
[Joseph and Spltal 1981] No attempt was made to 1mp1ement EEGE or scattermg
correcuons here since: ‘ /

a) The quanutatrve uncertarnty in TBD measurements resultmg from scattermg and
EEGE is important only in the case of vanauons in the cortical thlckness of bone, and
' hence is not important in a short-term longltudmal study. ‘

b) The change in prxel values for a wide range of aluminum rmg thicknessess is not
more than 3% for a 150mg/m1 KoHPO3 soluuon

) Comcctrons for both EEGE and scattered radratron are- tlme consurmng

6.2  Precision

The TBD measurement procedure should always produce the same result for a
given quannty of bone so that the deviation, or vanabllrty, in a set of measurements can be ’
defined as the precrsron or rcproducrblhty of the bone mineral mcasuremcnt procedure

Two major factors affect the reproducibility of TBD measurcments by quantitative
CT; the ﬁrst is the precision of the measurement of linear attenuauon coefficientsin a CT

. 1mage containing a number of _volumc elements (‘'voxels) within the trabecular bone |
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region; the second is the reproducibility of the trabecular bone volume used in the analysis

 procedure.

6.2.1 Precision of Linear Attenuation Coefficient /'t

| The pixel vatue in a CT image gives only an estimate of iﬂs’w average linéar
anenuaﬁon coefficient for the materials present in‘au'voxcl’. Theﬁnoisc in the attenuation
proﬁle resulting from the limited ph'ot(;n fluence contributes to.the pixel noise. The stability
of the cilib:aﬁon daté (dead-time and beam hardening coefficients) is another importaﬁt

‘ pararnctér'in detcrmining the pmcision of the pikel values. In quantitativc CT the pixel

vAvaJues within’ trabecular bone are averaged to produce the mean p1xel value used i in the TBD

calculaﬂons A better prec1sxon for TBD measurement is obtained if a large nhmw of low

ETE

: n01se pixels, for a ngen physical area of the trabecular bone, is used to calculate the mean

 pixe] value, The standard error oy, in the mean pxxcl value pL for N pixels is given Ly
v

w“E o S 2
wherc ois the standard devxatlon

The standard devmtlon ¢ depends on the radiation dosc to the subject, and the number of
pixels dﬁpends upon the spat1a1 rcsolutlon of the scanner. A good spat1a1 rcsolunon is
obtamed Wlth the X-CT scanner by usmg a multiple rotation fan- offsct technique, as

- discyssed in sectlon (3. f;-) The effectlve beam width of thc scanner vancs from 1.28 10

1.36im for objects of 75 to 220mm~dlamcter This means that high contrast ObJCCtS (c g
lead strips) of di

er 0.64 to 0.68mm can be resolved in the CT image [Wells, 1986]‘
n be imroduccd to corrupt the data at any point in the CT imagim
process$ the ptincipal source is the random, statistical noise arising from the detection o »

finite NUmMbdr of x-ray quanta in the projection rijg‘ﬁsmcmcnts. The effect of this noisgl
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) order to estimate the short term variations in pixel values, a 200mg/ml K2HP04

L]

LA

. . 1
the precision of the linear attenuation coefficient was studied by scanning ammml

K2HP04 solunon at different speeds The phantom of Figure 5.1.1 containing the mineral

 solution was scanned at three rotational speeds at X-ray tube potentials of 50 and 80kV.

The aluminum and plexiglass images were reconstructed from the projection data at two

beam qualities by the isotransmission method. The percentage standard error in the mean '

pixel value of a region of 1201 pixels was determined for each image. The results are

shown in Table 6.2.1 for 50kV, 80kV, aluminum and plexiglass images.

Percentage standard error
m Al . ‘le 1
fowy [0 o | e

kV__ |kv_ |lmuge fimage |
2000 | “023| 028] 2.0 | 092
(1000 | 0.47] 021} 1.5_| 0.65
500 | 014] 017| 1.1 | 048

Table 6.2.1; Standard error in mean pixel value as a function of the rotatior! speed of the scanner.

The standard error in the aluminum and plexiglass images is much higher than in the 50 and

80kV images. The aluminum and plexiglass equivalent thicknessess are calculated by

subtracting the scaled projection ray-sums for the 50 and 80kV X-ray beams, respectively

to reconstruct the aluminum and plexiglass ifnages. The noise in the resulting aluminum

and plexiglass equivalent thicknessess is therefore increased giving a larger standard error

~ in these images. Since a larger number of photons is collected in a specified angular

sampling intchal (2/3%) as the rotation speed is decreased sO me standard error in mean of

pixel values decreases.

@

solunon was scapned repeatedly over a period of one hour, both at 50kV and 80kV. The

. mean of 1201 pixels was detcrmmed for each measurement in 50KV, 80kV and aluminum

- images. Table 6.2.2 shows the coefficient of variation (CV) in the mean pixel value of thc

~ 50kV, 80kV and aluminum images.
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=
skV | 80kV | Aluminum ﬁ.'
| Mean | 75970 | 69940 | 9261 o .
- S . A
Dc“"v‘d%"ia o 9.17 19.93 347
Number 14
- of scans 13 10 ' -~
CV% 0.12 029 0.34

Table 6.2.2: The coefficient of variation in pixel values of a 200mg/mi K2HPO4 solution,

2

6.2.2 Comparlson of Dual Energy Methods r

The dual energy post-processing technique is applied to the mean plxcl values so
the standard error can be calculated for the resulting TBD value. Assuming that the standard
error of the estimate of the slope and intercept of ihe calibration lines (section'4.1.3) is very
small, the standard error Gygp in TBD values as determined by the post-proccssihg dual

v
cnergy method is then given by: ’ .

\/ (&) + @)

where 0, and G, dre the standard errors in mean pixel values of the trabecular bone (W, and

(6.2.2)

11,) at two energies. The coefficients a, and a, are the intercepts of the calibration lines at the
two energies. -

The standard error of TBD measurement using the dual energy pre-processing

method can be calculated as follows:

Qq, .
‘ "mo"—“'—un_ | - (623)

where },LAL‘Kd o are the pixel values of the trabecular bone and its standard error in the

A ]
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aluminum image; a,, is the intercept of the calibration line for the aldminum images.
The percentage standard error of the TBD measurement for the pre- and

post-processing methods was determined from equations (6.2.2) and (6.2.3) using thedata

of Table 6.2.1.The results are given in Table 6.2.3. ‘

Percentage standard error
speed
(Hz) | Pre- Post-
: rocessing | processing |
2000 | 3.06 1 296
1000 | 235 | 22
500 1.79 1.74

Table 6.2.3: The standard error Q{I'BD for pre- and post-processing dual energy methods.
Y ,
N A

‘ i
6.2.3 Repositioning Errors

The spatial resolution in the 'sc;uf' miage is determined by the spatial resolution of
the scanner in the axial direction. The soul'éé sl.!d‘dét_ector collimator ha;/e physical aperture
widths of Imm amd 3mm, respectively in the axial direction. The effective beam aperture in
the axial direction at the, center-of-rotation is determined by the source and detector
collimator apertures and the SCR fistince. The effective beam apefture in the Axial direction
can be calcu!awd by the sam;: method as for the transaxial direction (section 3.3.1). Th?

§ effective beam aperture for the X-CT scanner for the 75mm diameter setting was foun’d to
be 1.8mm. Therefore, the position of a high contrast edge in the axial direction can be
reproduced to +0.9mm. The measurement site determined by the scoutviinagc helpsin  *
repositioning the same region of bone for measurement in a serial study.

The errors in determining the measuremént site are further reduced by using

| operator defined aréa limits, and interpolaﬁon in the integration in calculating volumetric

TBD (section 4.3). In this way, a highly reproducible, particular bone:vol.umc is alWays

uséd to calculate volume averaged TBD so a small error in the area of trabecular bone, in
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each measured slice, resulting from the error in repositioning does not affect the volume of

the bone for TBD analysis in a serial study.

Thq positioning errors were studied by measuring TBD at the distal end of a

'cadaver , in- -vitro. The measurements were carried out at SOkV 2.8mA, and the SCR

distance v;/ds set for an object of 150mm diameter. The scanner was reset and the laser
beam cross-hair positioned at approximately 5cm cranial to the distal end of femur. A
'sc‘bui view' was reconstructed using the method discussed in section 4.1 (Figure 6.2.1).
The horizontal lines in Figuge 6.i.1 give the distance betweeén laser beam cross-i.air and the
' diétal end of femur. A set of 10 slices was taken at 2mm intervals starting at a distance of
4cm from the distal end. The axial position of the femur bone was then altered and 'scout

view' again carried out to repeat 10 slices spaced at 2mm intervals.

Measurement TBD
Number . | &ms/mD |-
: K2HPO4
1 142.2
.2 142.1
3 140.9 ,
4 141.8
5 141.1 ,
6 143.6

Table 6.2.4: The volumetric TBD (gms/ml K2Ple4) for six measurements of femur.

This experiment was repeated 6 times for the same bone,%hch time altering the axial
position with respect to the laser beam cross-hatch.

There were no apparent amfacts in the reconstructed images for the six different
measurements. Therefore, the image and TBD analysis procedures were applied to these
images (sections 4.2 and 4.3). All six measurements were analyzed simultaneously and the
same [ower and higher area limits used in each case to calculate the volumetric TBD. The

e
calculated volumetric TBp is shown in Table 6.2.3. _ \/‘

I v ' {
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\ Figure 6.2.1 .
Digital radiograph at distal site in a cadaver femur.
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The mean TBD and standard deviation from six measurements are 141,9 and 0.95 giving a

- TBD measurement precision of 0.67%

§

6.3 Results |

‘

The X-ray ’CT scanner is presently being used in several bone rescarch studies. In
one study 'I‘BD/rpcasuremcnts are cz{n'icci out for a number of human cadaver femurs both
“ at the distal and ;;roydmal sites including the femoral neck. This data will be compared with
hisotomorphométric studies on these same bones. In another study TBD in a group of post-"
n;cnopausal women is being measured in order to assess the effects of exergise at different
skeletal sites? For this study, the X-ray CT scanner is being used to measure TBD in the
distal tibia. In this section preliminary TBD meaggrement data for cadaver femur and in

vivo measurements is presented.

6.3.1 Cadaver Femur Measurements .

Using the X-ray CT scanner TBD measurements were carried out at the distal and
proximal femur and femoral neck sites for two frozen human cadaver femur bones . Both
the SECT ()50 and 80kV) arid DECT (pre- and post-processing) techniques were uggd for
TBD measurements.

For the distal fcfnur the measurcnd)cnt site was located by the 'scout view' as shown
in Figure 6.2.1, at a distance of 3.5cms from the distal end of femur. Starting at this
measurengent site, two sets of 20, non-overlapping slices, each spaced 2n:m proximally,
e obtained at X-ray tube potentials of S0kV and 80kV. The CI‘ images were
reconstructed at the two energies for each of the 20 slices, and by using the isbtransmission
lines approach, aluminum and plekiglfiss equivalent images were also generated. The outer
contour of the cortical bone was determined by the EDCORP algorithm and TBD analysis
was perfofm@d using SECT (50 and 80k V) and DECT (pre-and post-processing) |

4
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| Dlgnal radlogfiph at proximal ; snc m_a cadaver femur

Fxgure 6>3 2'j

'Dngunl radmgmph at fcmoral neck sntc m a cadavcr femur 2
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o ’_'on 5 0). The inner 45% area cnclosed by the outer comcal ‘bone contour .

"w”' was assumed o be trabecular bone and ‘meah plxel values within thts area, for SOkV 80kV

and alummum nnages, were \ised to calculate TBD (gr/ml K2HPO4) at each shce posmon‘

y -»:',I‘he alummum lmages were used ih the pre- pnocessmg DECI‘ techmque For a particular -
bone thefsame low and hrgh area llmrts were used in equatlon 4. 3, 1) to calculate the

volumetrrc TBD in each of the measurement techmques The results for two femurs are |

&
shown in Table 6.3.1.
R " . * ' ’ : V’ ’ ’ ‘v ’ ; ( ’ 1 T o
Fomu ‘ : TBDims/ml K2HP04) . : F -
: Distal . : Proximal ~.Femoral Neck
_SECT | DECT | SECT pECcT | secr | DecT
50 | 80 | |50 |80 - 50 | 80

|« | kv |Pre |Post} kV | kv |Pre }Post| ky \L kv | Pre | Post|

1| 137 | 112 15& 160 | 123 {106 |134 |140 | 237 [204 | 258 | 270

“ 2|91} 75" |104 |r05 |144 f133 {152 |155 | 242 | 234 254 | 271

| Table 6. 3 1: TBD (gms/ml K2HP04) of cadaver femurs at drffcrent sites. measured by SECT (SOkV o,
80kV) and DECT (pre-and post-processmg) techmques, : , . o S
| The 'scout view' of thef‘prOXimal site is shown'invv:Fig‘ure 6.3.1. The distance
| betWeen rhe scanner reset posmon (laser beam cross- halr) and the end of the femoral neck
 was determmed from the tw honzontal bars shown in- the 'scout v1ew ‘The first - |
i . ,me urement s1te was Iocated ata drstance of 5. 5cm from the end of femoral neck. As in.
the Vase of distal femur the same two sets of 20 shces were again obtamed at 50kV and
- 80kV. The procedure for calculatmg the TBD was similar to the distal measurements except

/ that 30% of the total bone anea enclosed by rhe outer cortmal bone contour was assumed to

.' . be trabeeular bone and dlfferent lower and hlgher area lmuts were used for ?qulaung !he

.

_ volumemc TBD A 30% mstead of 45% of the total bone area w’as/ngssary in order to

-

-
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L nexclude from the TBD analysxs, a small, wedge hke cortical: structure extendlng into the

trabecular envelope The volumetnc TBD for two femur bones are grven in Table 6.3. 1

A 120m length of the proxlmal femur including the femoral neck, was phys1cally

separated from the rest of the femur in order to measure the TBD at the femoral neck site. £ ‘

The secuoned bone was placed in the scanner such that the femoral neck was aligned
__parallelto the longltudmal axis of scanner. For these me\asurements the ﬁrst measurement
site was located,z:t—a distance of 1cm from the end of neck as $ shown in F1gure 6.3.2. The
‘TBD measurement procedure was srmllar to that for the dlstal femur for each of the SECT
and DECI‘ techmques The volumemc TBD of the femoral neck sites of two femur bones ‘

are glven in Table 6.3.1.

- 6.3. 2 In vivo Measurements

The proceg‘ure for TBD measurement in the human dtstal femur and proxxmal t1b1a o

was demonstrated in two normal subJects Slmultaneous data collectxon for X-ray tube

potentlals of SOkV and 80kV is not possrble wrth the present set-up for data acqursmon in
-1
the X-ray CT scanner. These measurements were, therefore, only carried out at 50kV:

| Age TBD(gms/ml, K2HPOA) &
Subject v — : Y ,
(Years) Distal Femur | Proximal Tibia
1 3 B w0 o b
2 | 28 12 117

&

- Table 6. 3 2: TBD (gms/ml. K2HP04) at the distal femur anda roxnnal sites for two normal male
p sub_;ects :

, - - ,
The axtal measurement srtes for the dxstal femur and proxunal ubra were deterrmned

vg&}:

usmg the horrzontal lines in the ' scout view' shown in Fxgure 4 1.2, These lmes gave the.

{ g
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distances of the twosites from the scanner reSe; p.o‘siti'on..‘ The scanner was firs ’mov“cdto |
 the distal femur si\te at 3.5cm proximﬁl to the lchr 1inbe;(Fi.g'ur‘ér4.'l.2v). A Se; of IO slices
was taken craniad to ihc' ﬁrst‘meashrem'_ent site, _gaéh slicé s’ep‘ar&ted by 2nim.'A similar set

- of slices was taken dis_tally from the first measurémeni site for the proximal tibia. Tﬁclomer‘
cortical bone contour was dctcnniﬁed and TBD at eabh‘ slice pbsitiqn bbtaihcd assuming
trabecular‘bone occupies 45% of total bone area. Tﬂ‘c‘\?olumcﬁ'é TBD for two subjects at |

each site is given in Table 6.3.2



7.0 . Discussion
A '

Thc'X CT. scanncr is a unique exampjlc of the application ofa multiplc rotation,
fan-offsct gcomctry wnth a count mode data acqu1s1non system, which combme to provide
a hlgh gv‘omctncal and phys1cal resolution at a very low radiation dose (less than 20mR).
Evaluation of the X-CT scanner with respect to its geometrical parameter? (effective beam
‘apc‘rturc:;, focal spot dlmcnswns etc.) and precision of various scanner movements have
bccn camcd out prcv1ously [Wclls, 1986]. ThlS sectlon contains brief dlscussxon of thc |

pcrformancc of scanner mcludmg the accuracy and precision obtamcd using dxfferent

| techniques of TBD mcasuremcnt

©1.1 N Scanner Performance

' Detector system calxbratxons, such as spcctral matching, dcad—umc and beam

A' hardening (scctlon 3.2.1 to 3 2, 4) and gcometncal cahbratlons such as fan-beam .

. ccntcrlng, detector anglcs and SCR distance evalu%nons (scctlons 3.2.5and 3.2. 6), havc
now been Opumlzcd to give artifact fmc 1mages It was found that detector system
calibrations are mqulred at about 2-week 1ntcrvals, and that they can be casﬂy perfonned in
2-3 hours for both 50kV and 80kV The. cffccuvcness of these calibrations can be seen m
the arufact—frce 1magcs shown in thxs thcsxs (SCCthl’lS 3.2and 4 2. 2) Morcover in thc
- rotate-rotate’ scanmng gcomctry arufacts duc to 1mperfect calibration of particular detectors

| rcsult in cu'cular ring arufacts with specific radn This characteristic facﬂxtatcs the fast

' identification of faulty detcctors | o s

. The geometrical calibrations for the X-CT systcrn are, howevcr, very cumbersome
and time consuming. Multiple measurements arc required to calculate the SCR' distancc and

.detector anglcs whxch mcreases the calibration time s1gmﬁ¢ant1y However, the |

| gcomcmcal calibrations were found to be very stable and nceded rcpeatmg only once per

ycar ata S0kV tube potenual for an objcct size setnng of 75mm diameter. SCR dastance at

124
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‘, the other obJect srze semngs (IOOmm and 150mm dtameters) were srmply obtamed from

75mm setting by addrng the linear movement of verttcal motor required for these setnngs
There are no geometncahamfacts in. the images as long as the tmtlal posmon of the scanner
motors (reset scan posmon) is accurately detennmed before each data collectron -

The data collection and i 1mage teconstrucnon were camed out separately for the

X-CT scanner as fan-beam prOJecuons were available only after the five rotations. Data
 collection time is less than half the scan timeé of 1251 scanner [Hangartner and Overton'. .
. 1982]; this time can befurther reduced by using faster data aquisition systems (section

.9 2) This relatively small data collectionvtime (50 seconds) and automatic axial ,movements \

of the scanner result in faster subJect measurement times and thus decrease movement
amfacts

" With the exceptron of the distal femur measurement, in whrch the operator has to
o .
tnteractlvely remove the patella from the i 1mage, the corttcal bone contour is determined

’ automattcally A single, 1nteract1ve ‘TBD program calculates T8BD by SECI‘ (SOkV 80kV)

and DECT (pre- and post—processmg) techmques

7.2 ‘A,ccuracy 4
" The accuracy of TBD measurement is depe’ndent upon the linearity of the detectors,

beam hardemng, scattertng, EEGE and the vanable amount of fat content present in

- trabecular bone Ajcorrelatton of r—O 98 is found with the X-ray tube current asa functlon

of photon counts corrected for deadtime. Plxel value of cahbratton solunons in- SOkV 80kV

and alummum images correlate hrghly wtth the concentratlon of solutions (Figure 5. l 1 and |

*5.2.5). These results compare well w1th the 1251 scanner [Hangartner and Overton, 1982]

and are better than those obtamed by Genant and Boyd [1977] with the EMl head scanner .

For the X-CT scanner a 10% increase in ethyl alcohol content ina lOOmg/ml

) v K2HP04 solutron decreases the measured rmneral content by 7mg/ml at SOkV and by

11mg/ml at 80kV. These results fall within the range of values in the l_tterature [Laval-
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| ‘Jeantet etg} 1986; GOOdSltt and Rosenthal 1987 Genant and Boyd 1977] Laval-Jeantet

“ ctal. found a decrease of llmg/ml at 85kVp and 13mg/ml at 140kVp, in the measured

spinal ‘mmcral content for a 10% i mcrease of a’ctualvfat content. ‘Goodsitt and Rosenthal

| showed a decrease of 8mg/ml at 80KV and 10mg/mi at 140KV in spinl mineral content. In”

an. m vitro study smnlar to that descnbed in sectlon 6.1.1, Genant and Boyd presented

mtneral content asa functlon of % alcohol by voﬁ;)e in a5mg% KzHPO4 solut10n at 80kV _

and 140kV They showed a 9% and 12% decrease in mineral content fora 10% increase in
alcohol by volume nespectlvely The DECT pre- and post-processmg techmques of X-CT |
reduce the error to 3. 2mg/ml and 3. Smg/ml for 10% alcohol respectlvely Laval Jeantet et
al [Laval Jeantet et al., 1986] obtained an error of 7mg/ml by DECT (post-processmg) at

. 80kVp and 130kVp, and Genant and Boyd [Genant and Boyd 1977] showed that the dual

energy tesults for mmeral content were w1th1n one standard deviation (10%).

" Numerous dlfﬁculttes arise when comparing these results. Thc fat-dependent error |

| decreases as the photon energy dééreases (Figures 6.1.2 and 6.1.3) which makes it a _
~ function of the X-ray tube potential and added beam filtration. Another factor is the use of
‘ dlffenent equivalent fat matenal to represent these errors. Since the physwal densrty of ethyl _

~ alcohol is ;0. 8mg/ml compared with 0. 92mg/ml for fat, an overestlmatlon of the error due to

fatis obtamed using ethyl alcohol. A true comparison can only be made i in equlvalent
s1tuat10ns

The pre processing CT techmques have not been generally used because of

calibration and operational difficulties. Moreover, other than separate vxsu_ahzatlon of bone

and soft tissue, this technique does not reduce the errors-shown by the pOSt-processing

techmque as far as the effect of fat content on the TBD measurement is concemed ( Figures
6.1.2 and 6 1 3) In the case of the X- CT scanner the data collecnon for the pre-processmg
techmque requn'es the ObjOCt to be at the same posmon w1th respect to the center-otlrotanon

when 1t ts " - d at the two energtes with dlfferent photon beam filters. Any dev1anon of

the object from its previous posmon results in amfacts in the alumlnum and plex1glass ,
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equlvalent images. In the post- proccssmg techmque the results are calculsted from the meah
. plxel values of lower energy and hrgher energy 1mages 50 small vanadons in the positibn of
the object when scanned at two energies are not important. The pre-processing results can
be improved by simultaneous data collecnon at two energies which removes the errors duc
to small movements. ‘ ; v

The two beams (SOKV and 80KV) are heavily filtered, with 0.65mm and 2.75mm
copper'respe‘cti_vely, to reduce the spectral hardening. However, if beam h‘ardening
corrections are not appl})cd artifacts in the CT images 'res.ult due to hardening of the beam .
“and to'the variable response of the detectors to bhoron energy. Not only the actual \
h'ardeni'ng‘ of the beam but also the nature > of the correction procedure contr'ibutes to_\\yards
the errors given in Table 6.‘1'.1. The bdlyhomial&oefﬁcienté are determined by measuring
the projcction ray- sums for a number of sandwiches containing 5.85mm pleXiglaSs and
0. 85mm aluminum. The effectrve attenuation coefﬁcrent of such a sandwrch is smaller than
that of a]ummum and greater than that of plexrglass Thcrcfore, an increase only in the | -
plexiglass thlckness of the beam hardening phantom (Figure 6. 1 4) does not cause as much
hardemng of the beam as would be assumed by this correction procedure resulting inan
' ovcr-correctlon of the proyectlon ray -sums bcforc image reconstruction. ThlS factor also
explams the opposrte nature of these errors in Table 6.1.1 from those of 50keV
mono-energetic images for which these errors are a minimum. |

The beam hardening errors have been studied in this form by Hangartner et al
. [Hangartner etal, 1987] and Vetter et al. [Vetter et al 1986]. Hanganner etal. found
errors rangmg from 1.52% to -2. 53% for body sizes of 260mm to 410mm for the GE880()
CT used for spmal bone measurement. Thesc authors also found errors rangmg from -
' 0.91% t0 0. 79% for obJect sizes of 38mm to 63mm for the i25] scanner. Vetter et al.
determined an error of 12% at 125kV and 3% for pre-processmg for ObJCCt sizesof 1910
.33cms. However, these results car/lnot be dlrectly compared with our- rcsults sincea |

1?‘, h

different beam quality was‘usedx a
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An experiment similar to that performed by Hangartner et al [Hangartncr, 1987]
was performed to study the scattering and EEGE errors for this scanner. These errors are,
however, only important when the thickness of the corncal bone changes along with TBD
A major contribution to the total error at-SOkV is the result of EEGE (secnon 6.1.3) since
the detector collimator of the scanner has been designed to minimize the detection of ,-
 scattered radiation. These errors at SOkV are much smaller than the corrected or uncorrected
errors of the 125] scanndr [Hangartner, 1987] since the EEGE effect is largér af the 29keV
photon energy due to a larger radxologlcal contrast between bone and soft nssuc Scattermg _
and EEGE errors at 80KV are smaller than those at SOKV since EEGE error dccncases due to

‘ decmascd radiological contrast and the increased scattered radiation is excluded by

g

collimation. In the aluminum images errors similar those at to 50kV occur because the
errors arising for the two single energies propagate into the aluminum equivalent thickness

calculated from the projection ray-sums at the two energies.

7.3 Precfsion

" The precision of pixel values is'"d‘et;.trmincd mainly by statistical photon noise. At a
scan tin?e of 50 seconds (2000 H@étional speed), the coefficient of variation (CV) of
pixel value of 200mg/ml K5HPO solution (one standard deviation of mean) is 0.12%,
© 0.29% and 0.34% at 50kV, 80kV and in aluminum equivalent images respectively.

The sensitivity for measuring changcs in TBD at a given prccisi'on depcnds upon
photon energy, and on the tcchmqyc of TBD caICulatlon 1t is determmgd from the slope of
_the correspondmg calibration'line. The standard error of TBD measuri@cm 1?deterrmnéd

by the standard error of pixel values and sensmvny of the measurement technique, and is
daemuned by propagauon of errors in the corresponding equations of the various TBD
calculation techmqugs. This valpc is determined to be 1.04%, 2.2%, 3.06% and 2.96% for
50KV, 80kV, pre-proceSsing and po_s-t-pri_)cessing téchniqués mspectively,’for a 100mg/ml ‘
KQHPOA solution. ﬁcmfm, the sensitivity is bétter at 50kV than at 80kV because a larger

[}
'
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error at 80kYV is obtained for a similar error of pixel values (0.23% and 0.28%). This |
results from dependence of the photoelectric effect on the third power of the atomic number.
of "the material in the lower photon energy range. This finding is in agreement with those
obtamed by simulation [Miiller et al., 1985].

Althout;?the standard error of the pixel values in the alummum images is large
compared to those in the 80kV 1mage/s the standard errors of the TBD measurement differ
by less than 50% in the two cases, This is another example of increased sensitivity.of the
TBD measurement which 1s/bctter for aluminum images since the changes in TBD
contribute significantly tq,theal)rer values of the aluminum images with negligible
contribution from soft tissue. Srmllarly, the sensitivity of the TBD measurement by DECT
(post-processing) is véry good because the contributions of soft tissue to the pixel values in
50kV and 80kV are almost cancelled when TBD is calculated by subtracting one from the
other. B ‘ |

‘ Longrtudét,nal studles requrre that subjects serve’ as their own controls which stresses
the need for good reproducibility in TBD measurement. A reproducibility error of 0.67%
in multiple TBD measurements of a cadaver femur demonstrates the accuracy of

deterrmmng the measurement site and volumetric TBD by using the same area hmxts for’

evaluatmg the same volume of bone each time.

7.4 Cadaver femur o .

The data collection, rmage reconstructien, image analysis and TBD analysis
programs of the X CT scanner were tested on two cadaver femur bones with various TBD ’
measurement techmques ThlS prelimary data (Table 6.3.1) indicates the presence of
relatrvely large amounts of fat in trabecular bone space at the drstal , proximal and femoral
‘neck sites. §ECI‘ (80kV) glves the lowest value of TBD at each measurement site of two
"bones because the hnear attenuauon coefficient of fat contnbutcs a significant'fraction of

total lmear attenuauon coefﬁcmnt of trabecular bone. At a lower photon energy, where the
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pHotoelectric effect is the dominant photon interaction process, the contribution of fat to

total linear attenuation coefficie
dile: of atonic nunfber of G

grcases because photoelectric effect dcbends upon the

A} Waterial and the effective atomic number of fat ( 6.46)
i less than that of bone (12.31) [John and Cunningham, 1983]. TBD measured by SECT
-+ (50kV) is therefore larger than that measured by SECT(80kV). Both of the dual energy

| techniques considerably reduce the effect of fat and give TBD values significantly larger
than those given by SECT (S0KV and 80KV) techniques. |

~-



8.0 Conclusions and Future Dei'elopmems
. N v |
8.1 Conclusions

System calibrations for the X-ray fan-beam CT scanner have been developed.
Methods to reproduce the volume of TBD analyzed wiﬁ?m a paﬂicul& bone and various
image anAlysis procedures for determining mineral content have been implemented.
Trabecular bone can be analyzcd'ag a two component ( SECT) or a three component
(DECT) model in order to determine-its mineral content. ._5"

SECT analysis can be performed for a range of photon energies on the X-CT
scanner, spcciﬁcally 50kV and 80kV analysis has been demonstrated to measure the TBD.
A number of factors affecting accuracy and precision of:I‘BD measurement have bet;n
analyzed at 50kV and 80kV. Thé‘:l'BD measurements at S0k V are superior to those at 80kV
" in terms of measurement precision and variable fat related errors. Therefore, SECT analysis

at 50kV should be preferred to that at 80kV in order to determine the response of skeletal
challenge to vaﬁous stimuli including drugs and physical activity. A short term precision of
0.12% and short terms variations, including repositioning erroré; of 6.67% are found Qt
S0KV. |
‘Dual energy techniques implemented on this scénner include the pre- and

post-proccssing analysis which treat the trabecular bone as a thrcc component model. The
post-processing technique scéms more attractive due its relative simplicity compared the
pre-processing technique; it also g.ives minimum variations in TBD due to the variations of
. \fat content compared to’ any othcr‘method. Both dual energy techniques have a comparable
standard error in TBD meas_uremcnts which is more than that for single energy techniques
at 50kV and 80kV. Dual energy techniques provide a more‘accurate estimate of trabecular
bone mineral and hencé could be used in a cross-sectional discrimination of normal and

osteoporotic subjects. The TBD data measured by both single and dual energy techniques

131
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can be n;ucﬁ more useful in clinical applications. i
The mono—cncrgeuc xmages of the pre- proccssmg techmque are uscful pamcularly :
at the lox;; mono-energy, for.quantitative bone measurements since these are free from )
beam hardening errors. Use of a lower photon energy is useful in reducing the fat related
errors. An atomic number and g‘lfggt'rﬁoh density ;hoicc of basis images instead of bone and
soft tissue basis can be useful in diagnostic ~mdiology in order to identify the atomic number
or clectron density x;clatcd pathologies. |
8.2 Future D@elopments ~ |

The X-CT scanner af implemented does have advantages over the second
generation y-CT scanner, with its lower scan time and the possxbxhty for muluplc site TBD
\ measug:nt However, several problems remain with this scanner wnh respect to TBD
measurements by smglckand dual energy methods, these mglude.

(1) The scan time per slice is 50 seconds, which is still unacceptably long as patient
movement can introduce artifacts in the image; repeating thesé- measurements coqsidcrably
increases the total time of a bone inass study.

'As a result of the fluorescence decay time of Nal(T1) (250nSc¢), and signal
propagation delays in the clectrohic circuits, the présent photon detector system is limited to
count rates less than 750,000 events per second. Reducmg the scan time for a gwen
precision in pixel value to say 20 seconds, would requxrc tl'fb-dctector system to operate
reliably at rates greater than 106/secon¢

(2) Data collection at the two energies cannot be performed simultaneously. Also, at
the higher energy the amplitude of the current pulse at the anode of the $MT is increased
which increases pulse width resulting in additional pulscrpile-up which further reduces the
count rate. This problem can be solved partially by reducing the difference between the |
discriminator threshold and the avcfage pulse height of the observed sbcctn;m resulting in

‘smallcr pulse width. But the poor energy resolution of som: f the existing detectors in this

scanner does not allow aﬁ%encc of less than 200mYV. Th&rcYore, in order to aéhieve

A



: 13
comparable count rates at 50kV and 80kV,a lower PMT high voltage'is used at 80kV and
the beam is filtered by a thicker copper filter. This necessary arrangement makes ‘
simultaneous data collection at the two energies very difficult to achicve. Simultancous data
collection at the two photon energies is particularly useful for pre-processing dual energy

measurements since even a small displacement of obj Jetween two data collections

produces noticeable discrepancies in the measured proj;:;tion ray-sums at two energies. In_
post-processing dual energy measurements such data collection would significantly reduce
the study time,

A dual energy beam is not easily available with this scanner. There are a number of
techniques available for generating a dual energy photon bcam.’Thcsc are: (1) by rapidly
switching the high voltage on X-ray tube, (2) by using a sﬂplit filter approach [Rutt and
Fenster, 1980], which divides the fan-beam into two different cncr:i\gnd (3) by using a
filter which gives two energy peaks. Rapidly switching the high voltage chulrcs small
stabilization times for the high volta
of a pulsed rather than a continu
scanner can sw&b.thc voltage a

generated by a filament controlled, continuous output tube which cannot be used for rapid

d current from the high voltage generator, and use

t X-raytube. The high voltage generator for this

in about 1.5mSec [Fug), but the X-rays are

switching. On the other hand, a split filter approach requires a 360° rotation of asymmetric
(about the SCR ) fan-beam to collect the projection data at the two energies over 180°". For
the X-CT scanner, this would require 10 rotations of the scanner to collect data for a
260-point profile at each angular positidn, for the two energies; which is the same as
presizntly used. |

In the following sections, suggestions concerning a dual cnergy/ beam method using

a special filter, and detector systems for fast single and dual energy data collection are

discussed.



e
o
_,.( .

1'3.4'f

.’.

8.2.1 Dual Energy Photon Beam - | | |
| Heavy ﬁltrauon of the radtanon from a stauonary anode X-ray tube by a. gadohmum

S A_,ﬁlter produces a dualy peak X-ray spectrum with the peaks centered at 43keV and IOOkeV

B

"*" The X-ray tube needs to be operated at an anode Powﬂﬂal of greater than, or equal 10, -

120kV In the X CI‘ scanner the/htgh voltage generator for the X-ray tube can operate up to

i 120kV and IOmA but the tube 1tself can be operated only at max1mum anode potenttal of

i . | 100kV Therefore, a tube capable of. operatmg at an anode potentlal of more than 120kV

and 'wrth s1m11ar specrﬁcauon regardlng focal spot d1mens1ons and anode angle, 1s requrred

-‘ . ;-_-,Such an arrangement would produce a photon beam for smgle and dual energy quantltattve

s f_ CT appltcattons wrthout requmng the raptd swttchmg of hrgh voltage or geometncal i

Lo btsectlon of photon beam mto two. energtes ’I’he 43keV beam can be used for SECT. y

. t

both beams can be used for DECT measurements of TBD A data acqutsmon systqm for e

such a photon beam is suggested 1n the followmg SCCthﬂ

*

: 2 2 Alternatlve Detectors and Data AcqulSlhOﬂ {System :
] : \/

| The key toa. detector system capable of htgh count rates at good detecuon efﬁcrency

S ;-_rs a scmullatron matenal wh1ch has low ﬂuoresceﬂce deqay t1me and a h1gh lmear o f‘

' ;f;attenuatton coefﬁcrent at the desued ph0ton energles In the X CT scanner the counts Tates

s are hrmted both by the relauvely large decay ttme of NaI(Tl) crystal (250nSec) and by the

| N 'pre ampltfier reponse If the electromc cucuxts do not mtroduce 51gnal delay, then the

i detector system can count up to the theoretrcal hrmt of 4 rmlhon counts per second set by

' }the crystal Therefore, fast pne-amphﬁers axe bemg tested to mcrease the count rate The e

-rmpulse response of a pre- phﬂer curnently bemg tested hasnse nme of 2nSec and a

i : : decay txme constant of 40nSec [Rel-labs] Thts c1rcu1’ should be able to mcrease thek:ount

e rates up to more than a tmlhon counts per second However, vcry hlgh count rates can be

s plasttc sctntlllators A 4mm Iength of htgh-punty germamum crys ]

: achteved wrth suchn ctrcutt only 1f NaI(’I'l) crystal are replaced by etther genmmurn or

’ an oﬂ'ér good photon




. absorpuon efﬁcrencres at 43ch and 100keV [Stebler et al,, 1985] However, a stgntfigant !

135

o operanonal drfﬁculty anses wrth the use of germamum smce 1t 1s requtred to keep the >

k&.l

detectors. at ltqurd mtrogen tempratures

Another alternative for high speed X-ray photon countmg is offeted by plastlc

: scmnllators which are lead doped polyvmtoluene compounds These scmtlllators are bemg

';'?13.‘

E tested in our lab with a faster pmrampltﬁer cmcutt. One ma]or problem w1th the plastxc

scmttllator is its lower attenuatlon coefﬁcrent than an NaI(Tl) crystal However after proper

&,

N dopmg w1 lead these detectors can work ata countmg efﬁcrency more than 50% of

NaI(Tl) and a small decay t1me constant of 2 5nSec [ NE data manual] If the absorptton ‘

;fﬁcrency of plastlc scmttllators is mcreased they can be used w1th a dual beam -

| | ’arrangement usmg a. gadollmum filter for smgle and dual energy CT apphcatrons G

A gadohmum ﬁltered dual beam along w1th hrgh speed germamum or pldSth , ‘l{ |

' scmtlllators requrres a new data acqutsmon syyem The pre amphﬁer circuit for these

detectors must not 1htroduce addmonal delays whlch are in terms of rise and fall umes of

- N voltage pulses larger than the dgcay ttme of the scmttllator A wmdow type dtscnmmator '
S w1th programmable lower: and hlgher dlscnmmator levels can be desr gned usmg

- comparators and d1g1tal loglc c1rcu1ts A set of two scaler (counters) channcls are requrred'

) .of photon energles of dual energy beam Altemattvely, a set of two exrstln g

scr.lmu)ators and scalers arrangement can be used one to collect the hi gher energy

- 'photfm 'and‘another for collectmg photons in entlre beam However the wmdow type

K
o d1smmmator wouldprowde ease@f spectrum matchin g both at 43keV and 100keV.

'I'hese* developments of phq,ton detectron systems would help to reduce the scan '

b s

.ttmes to the order oﬁ10-20 seconds w,rth better or at least the same precnston and accuracy -

. of the present TBD measurements Such a system would produce a tremendous

unprovement DEC‘T by decreasmg the scan time and hence errors in dual energy results V
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