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In thia paprer, experiments and related theoretical deductions on coherent/Compton scattering of
59.5-keV Am*' gamma line by bonelike materials are described. Lo particular, we demonstrate

" that a photon scatiering mineralometer (PSM) can attain the best working conditions when it
operates in a backseatterlng geometry mode. In fact, the large scattering angle we chose, & = 135%,
allowed s to assemble a very compact source—detector device. Further, the relative sensitivity at
135" turna out tobe =1.7 and =6 times bigger than at 30° and 45°, respectively, The performances -
of the & = 135 PSM we assembled were experimentally investigated; i.e., in a measuring time of
10% 5, & =5%, statistical precision for bonelike materials, such as K,HPO —watar solutions, was
obtaingd. The large-angle PEM device seems therefore to be very promising for trebecular bone
mineral density measuremnents in vive in peripheral anatomic sites.

I. INTRODUCTION

Accurate measurements of bone mineral content {BMC)
vire are requested for many diagnostic purposes. In order to
evaluate the bone mineral weight fraction, whichis related to
the trabecolar bone mineral density (TBMD), the ratic
B =TI /I canbemeasured, where I, and I are, respective-
iy, the clastic Rayleigh, and inelastic Compton, scattered
intensities.* ¢ The R ratio turns out to be very sensitive to
TBMD through the physical parameter Z g, i.e., the bone
tissue effective atomic number.*’ TBMD meusurements iz
vitra can be performed with an accuracy within a few per-
cent, requiring counting times in the order of (0°-10F 5.2
Therefore the applications i vive could be very promising
when refatad to particular bone sites.

The fact that the B ratio falls, as & ~*-, due to the rapld
decrease of the elastic intensity with scattering angle, has led
many authors to oparate at small {(F<907) scattering angles.
Low scattering angle peometry, however, can give rise to
some disadvantages, such as an increase of instrumental ar-
ror, due to purtial overlapping of scattering peak areas and to
diract radiation background. Moreover, some troubles aris-
ing from the scattering volume shape can accur.®

Kerr 2t i have shown that, in coherent scattering experi-
ments, the more appropriate excitatlon energy falls in the
range of 60—80 keV, as a compromise between the coherent
scattering cross section, the self-absorption efect, and the
detecior efficiency.

Further, Leichter ef o/.* pointed out that relative sensitiv-
ity muat be taken into account in order to find optimal 4~ray
ENErEy.

Karellas ef af.,* operating in the scattering angle range
M« 598" stated that TEMD senaitivity én vites increases
with the scattering anple.

In the present work, a large-angle (# = 135%) photon scat-
terinig mineralometer (PSM) is described, The device oper-
ates with 59.5-ke¥V  line, and is characterized by a very
compaci source—detector meaauring head. The relutive sen-
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gitivity, precision, 2nd related results are piven. Further, the
statistical error and accuracy in dealing with a backscatter-
ing geometry are discussed.

IL THEQRY
Referring to Fig. 1, let us consider a well-collimated pho-
ton beam of energy K, intersecting the detector axis at &

point inside a piece of matter of atomic number Z and den-
sity . Then we can write for the B ratio at scattering angle &

_ _dog/dft FUEWS)  (p/d)nz "
dogy/d SE?)  /d)es

where dorp/df} = differential Thomson cross secton,

Ao /dl} = Klein-Nishina  diffsventlal cross  ssction,

F.[Epi? ) = atomic form factar for coherent scattering,®
5,18, ) = incoherent scattering fonction,! A4 = atomic
weight, lp/d), z =ldep/d2 ) x(F1/4), and (u/d)c.
= leherge s £ )RS, 74 ).

For a multiclemental target we can write

R WA -

Zip/d)e, W,

where the #75 ure the weight fractions and & is a correcting -
function dealing with absorption and seff-absorption sffects
of interposed tissues. Asis well known,** Eq. {2 shows that
the sensitivity dapends mainly on £, and . Furthermore,

Fog. L Sketeh of the varishle angle scartering davice for angulsr dependence
avaluatiane; 5 = saurce, D = detector.

& 1886 Am. Asacc, Phyes. Mad. a
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the & ratio allows one to disregard some important param-’

eters, such o5 cfficiencies, primary photon intensity, and
density. '

As fur a3 low-Z materials are concerned, the primary pho-
ton energy E, can be fixed at 60 keV,**

Ia Fig. 2, curves of R versus Z in the range 6<Z<20 at
three different scattering angles are reporied. The In-In ap-
Prokimation in the same Z range gives the following results;

R=A{E, 3)Z", - i3}
where 7 = 1.4 for & = 45°, 3.2 for &= ¥, and 4.2 for
Fam 135 _

These resulis clearly show that, for Z«20, the relative
variation {dR /4Z /R improves, increasing the Scattering an-
sle“ .

Further, the following simplifiad relation:

R=T3; W, R, (4
allows one to calculate the R ratio for any compound of Z,,
£3, ... elements, with 2 good approximation.”

By combining Eqs. (3] and {4), we can introducs an efee-
five atomic number for a given compound, .

Loy = (Z; W, Z7)'™, 3)

From Eqgs. (3) and {5), it follows that Z.r increases with the
seattering angle,

A ysefu] simpiification of Eq. {2) applies when the samyple
to be analyzed can be repressnted by a binary mixture, ag
ocenrs for soft tissue {st) and bane mineral {bin) in the trabe-
cular bone. In these cases we can write

R = Wi/ d gt Woew + f18/d Inm ¥,

Wrd o pm Wom + (u/d e Wy
R Wi + R, W, )G. (a}

The linear approximation in Eq. (6} holds becanse
W:"ﬂ' ]C‘.bm wad PC.:: . '

According to Eqg. {6), the sensitivity can be written, taking
a1, ay

&

dR /AW, =R, —R.. {7
. "
P N )
1% 5 sree
wo .
1D‘E[‘ ) . .
135° ©
16% .
) 1 2 1 1 1 3 L L 5 z
T8 w T

Fic. 2, In-in plot of the caletlatad coferent/Compéon. Tatie R ¥4 atomic
numnber Z gt three different scattering anglcs.
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From Egs. {3), {5, and {7), it turns out that the relative
sensilivity (4R /@, ., |/R increases with thescattering angle
(mee Sex, IV A, '

Finally, the caleulated statistical error in the measure.
menis of #y,, in a 17 approximation can be written as

AW, =R} 1 R __
Rhm _"Rﬂ ‘Iffr [qu'n "_‘Rit]
where o{R | ~R AfT .

Eguation (8) shows that, for a given J,, AW, improves
with #, due to the relative sensgitivity increass. :

(8]

IN.MATERIALS AND METHODS

Two different experimental devices were employed. The
first one is & variable angls spectrometer, schematically de-
picted in'Fig, 1. A 7.4-GBq (200 mCi) Am®* point SGUTCH,
housed in a suitable lead collimator, was mounted On a rotat-
ing table of an x-ray spectrometer, An x-tay hyperpure Ge
detector and multichannel analyzer complsted the device.
Cylindrical boxes [32-mm diametsr % 35-mm height} con-
taining Ca,(PO,); suspensions In glycerine wiTe used as
bonzlike materiai,

The working conditicns were kept constant at different
scaltering angles (measuring time = 400 5}, while the Comp-
ton-peak integration limits were changed for sach angleata

_ constant channe! interval

The second device is the ad soc designed mineralometer,
referred to as PSM, operating at a fixed large angle ¢ = 135",
The P3M device, expressly developed for feasibility studies
on peripheral trabecular bone sites, is schematically depieted
in Fig. 3. Two 1.67-GBq (45 mCi) Am®*! point sources, a
hyperpure Ge x-ray detsctor, an analogic electronic chain,
and & mieropracessor were employed. Sources and detector
are assembled to form a compaet unit, the measuring haad,
which can be moved along the counter azis according to
displacements as small as 1 mm,

The PSM was calibrated by using X HPO,~water solu-
tions in the 09%-60% concentration range, in 20-mm-thick
containers. In Fig. 4, a typical spectrum, as sbserved with .
the PSM device, is shawn, . _

The interposed soft-tissue effects were simulated with a 5-

mm-thick Plexigias sheot.

A cadmium strip was used in order to verify the scattering
volums (SV) profile along the A axis.

e e e m-—— '1
A Hauc
o :I
T ;
|
|
|

Fio. 3. Sehematic reprasentation of the # = 135* phaton scftaring miner-
lomcter [PSM): 5, end 5, are Am®*t point sources, bpClk = hyparpuse G
dedeotor; MH = measuring bead, 4P m microcomputer, FD - foppy dek,
Pr = printer. : .
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F1G. 4. The sectrum of scattered 59.5-keV. Am®'t  rays at & m 135", a5
recotded by the PSM described in the taxT, |

Tn order to meagure the response fanction & vs 8V thick-
ness, A oylindrical container provided with a tnovable piston
and filled with 2 4095 K, HPO,~water solution was used,
The 8V thickness was varied by means of the movable piston.
The background correction concerning the coherent peak
has been evaluated by using a steaight line approximation.

All of the measurements carried out with the PSM lasted
1000 s,

IV. RESULTS
A. Anguiar depandence of the response function

The variable angle device was primarily used to find the
best working conditions required for designing the secomd
device, i.e., the bone-dedicated PSM. To this aim, the rela-

45

1wy = e

U LI L SFUR I

Fia. 5. In-lo plots of experimantyl cohesent/Compton ratic R va C:,[PG;],
ooncentration in glyeerine solutions, at thres differant angles.
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TanLE I Meagursd and coloulnted sensitivities 5, and measered und calen-
lated reiative asnsitivities [F /R, I deduosd from kast-mean-squarcs Bls,

- Scatrering

S=dR /dW 8/R,,
angle Theoretical Eaperimentel Theoretical Experimental®
45 0,12 317 21 1.9
o 0.04 V1Y O LR
135" T 0.022 Fi 10

*Without background subtrection an cohersnt peak arca.

tive sensitivily versus scaftering angle was measured for
alycerine—Ca,(PO,); mixtures. In Fig. 3, the experimental
behavior of R versus W is given in a In—In representation at
three different angles. _

The measured sensitivities 5, as deduced from least-mean-
squares fits, are reported in Table L, together with the caleu-
lated ones.

The measured and calculated relative sensitivities S/
R, ), 1aking glycerine (R, ) as reference, are also reparted.

It i5 fo be noted that the statistical errer, Eq. (8], does not
significantly improve by increasing & because the cohereait
seattering counting rate strongly decreases. For example,
operating at constant counting time {4001 5), the measured
statistical errers deduced for a 30% Ca,(PO.); mixture ate
1.29% at 45", 1,1% at WY, and 1.1% at 135",

The ahove atated results showed the opportunity of oper-
ating at large scattering angles, i.e, F = 135%, provided that a
compact source—detector assembly is employed which is
characterized by {1) small overall dimensions, so that it can
easily be pointed in any desired direction and it can get near
to any part of a sample; (2) very short source—sarnple and
sample-detector lengths, in order to obtain the highest count
rate; und (3} uge of twa or more 3-Iay SOUrCES surrounding
the detector, in order to attain the geometrical and response
advantages to be discussed in Sec. IV C.

We therefare constructed a PSM having the above-men-
tionad characteristics, to be emplayed for measurements /=
vHro,

B. Calibration of PSM device

The PSM was calibrated using K. HPD,—water solutions.
The lepst-squares fit of calibration points jcurve a ln Fig. &)
gave the followlng results:

R == 00006 wt.% + 0.00224; »=0.999, 9

The measoring time was 10° & and the statistical error,
AW = 5%, at B = 30%. : '

It is to be noted that the statistical error that could be
attained for measurements & diva is expected to wWOrssn a
tittle due 1o absorption effects introduced by cortical bone
and soft tissue.

€. Assessment of scattering voluma

The seattering volume is defined as the intersection region
between the two primary pheton beams and the cone defined
by the detector coliimation (Fig. 7). The coatribution to the
detected spectrum from each polnt in SV can be caleulated
by congidering the solid angles subtended by the sources and

detector,
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FIG. b. Experimental £ ratio vy K HFO, congenirulion in water solutions
mensured with PEM (2 = 1339 in oJiffcrent exparimenty! conditians [a)
KHED, salotions placcd inside 5 jonly seli-absomtion i considered); h)
R cohancement due bo intorposition of a Plexiglas sheet, 5 mm thick,

between Ihe detoctor and SV (both, self-abearprion and phsorpton srs tobe

considerad): {o] reduction of curve slope due to the presener of & 5-mm
Plexiglns sheet inkdde the SV,

The idea of using two [or more) collimated sources (Flg. Tl
placed around the detector, turns out to be very useful be-
cause the 5Y shape can be easlly varicd. In Figs. 8 and 9, the
prafiles, i.e, tha scattered relative intensities due to s sample
moving along the x and & axes, are reported for the two-
sourges measuring head.

The calculated profiles make it possible to evaluate the
effective 5V dimensions along principal axes by eonsidering,
for example, the ane-tenth maximum value of profile curves.
For our two-sources measuring system, these values corre-
zpond to lengths of 36 and 26 mm of # and x axes, respective-
Iy. '

Fi1a. 7. Schematic drawing of the two-sources—deteciar geomgiTy. Source
(51:8;) Imad collinators: 10 mm desq, § mim wigde, Detector (5 Tead collims-
tor; T mm deep, & mm wide,
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FIG. §, The calenlated seattered perny relative intensity along the o prin-
elpal paes o and A. Thass “pooflles” allow one to sstimate the acattering
volume alze {see (ent).

D. Statistical arror and accuracy

Many factors could affect the precision and the accuracy
of the coherent/Compton technique when applied to mea-
surements in vivn, as pointed gut by Ling e of.*

In the preseat work, statistical errors and correcting fac-
$ors concerning the main sources of error have been theorsti-
eally and experimentally evaivated for phantoms only, The
overail precision was not reported because it was not signifi-
cant for our phentoms. .

Correcting methods for ebsovption and seli-baorption
can be introduced for a backscattering geometry by using a
simplified model in which refiecting layers {trabecular bone)
and absorbing layers (soft tissue and cortical bone) are con-
sidered. Let us introduce thicknesses Koo Hy,and T, dual.
ing with soft tissue, cortical bons, and trabecular bone, re-
spsctively. Then the & function in Eq. (2) can be written in
the following approximated form (see Appendix):

refative intensity
w
i

i

T T -
0 1 30 43 B0  hemm:

Fia. §. Caloulated profle along b axis. For comparison som exparimental
points, i.e., Campton-scaticrod relative intensities, are reported.
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Jo = [ fo0sip) + 2, ]
Sao = [pen foosle) + 114, ],
Jon = [fta FOOSI) + 1, 1
where sy, 4., and g, ars the linear attennation cocfiicients

atensigy Eo ul,, i, and uf, are the linear attenuation coef. -

ficients at the Compton energy; ¢ and <. are the efficiencies
at the sbove-mentioned energics; and = 180" — 4.
The scattered intensities can then be written

I.=0c J[Eﬁifd]m H':']

Xexpl iy + Tty Hy LR KL TH

X
{Al]
f,=Iye d [Zua/d),, W] :
xﬂp[}ﬂ Hu L Jch Hr*} [1 -_ ﬂxpé"— Kﬂ: T]] .
(A2

The ratio betwesn Eqs. [A2] and (A1) brings us to Eq. (2],
where  is defined in Eq. (1), and

Kll. =J4 _Ju
arnd
ch =";|:'Ir '_Jnh'
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