
.....
\'1! 

]4 Kon. 

·~,,,,,,,,,_""7 

E19-86-40S 

ofila.DAMHU HHlei R 
IRCTMTtT 
IA8pHblX 

ICCIBAOl8HMI 

AfiNa 
Ilf \. 
, :,t 
I~
'. 

IJ 

11 

!i B.Filipiak 

.k 

,~ 
~~ 

CONTINUOUS METHOD 

OF BONE MINERAL DENSITY 

MEASUREMENT "IN VIVO" 

~ 

PeA8KTOp :3. B • HBamKeBH'll • Ma KeT P • .u •t1l0MHHOH • 

I 

I 

I, 
-I 

l-
I 

Submitted to "The Scand l nav l an 
Journa1 of C11'nica1 Laboratory 
I nves ti ga ti on" 

,.,.... 
nOAnHc8HO B neuar s 30.06.86.
 

~OPM8T 60x90/16. O~ceTH8" neuar s , Y4.-M3A.llHCTOB 0,95., J.i

THpa* 290. 38K8S 37875.
 ~~"'-----HSA8TellbcKHH OTAell 06~eAHHeHHoro HHCTHTYTa "Ae~H~X HcclleAbB8HHH. 

• f 1986 
Ay6Ha MoCKOBCKOH 0611aCTH. 



1.	 INTRODUCTION 
In recent years, methoda of bone mineral component control in 

human	 "in vivo" have been quickly developing. An opportunity to de­
3 2termine the denaity of bones (g.cm- ) or surface mass (g.cm ) is a 

very impórtant faetor in diagnosis and treatment of bone-wasting di­
seases 71-4,6/. Changes of bone mineral eontent are observed in: 

- oateoporoaes:
 
- drugs (steroids, hormons and others)
 
- paat monopause
 
- normal aging
 

- eondition of hipok1nezia
 
- vitamin D-dafieiency
 
- renal osteodystrophy
 

intestinal malabsorption 
- vascular diseases and others. 

Bone mineral component ie practically hydroxy-apatite ­
Ca10 (P04)6(bH)2' it ia valid to establish especially the total value 
of Ca and P. Soma methods permit determining the leveI of bone mine­
ral content "in vivo": 

- radiography (especially for spine) 
- densitometric gamma measurement 
- particle radiation interaction on the human body or parta of 

the body (X-ray emiasion and nuclear reactions). 
By th1s time, osteopOrOS!8 has been olassified by meansof radiography. 
According to Colbert /3 I the routine radiologic skeleton survey 
techniques for Bssessment of bone changes do not always permit satis­
fectory and statistically valid correlative studies. At least 
30% of a bone are lost before changea in the concellous bone of 
the sp1no can be recogn1aed radiologically in the relation to the 
densitometric bone mineral methoda of component /3,5,6/. Basing on 
Horsman and Mazess /8,9/ it was assumed for adult that Changes of 
mineral component in radius and ulna reflect changes in the whole 
skeleton. It was shoW-n that the densitometric meaaurement Df mineral 
componant of foreerm banes Can be referred to a skeleton weight in­
dex (total mass divided by total volume) and can be used as an indi­
cator for themean values of density. Tha method of bone mineral 
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content (EMC) "in vivo" waa introduced 
in scientifio and clinicaI practice .byw-~ 
Comeron and Sorenson /7/. 

This method allows mea~uring bone 
mineral content (EMC) of radiua and 
ulna (g.cm-1),and the width (W) of a 
bone (em) and the value of BMC/W 
(g.cm-2) can be determined. 

At some international conferences, 
papers with the methoda elaborated inFig. 1. Scheme of measure­
other laboratories.were presented asment well/2 , 8 , 15/ . 

Methods based on particle radiation interaction on the human 
body are also interesting, as they give an opportunity to determine 
the leveI of Ca and P.and their ratio (Ca/P) in the bones. Unfortu­
nately, now the minimum absorbe dose for a patient is approximate 
10 mGy and the radiation aource ia a large stable arrangement. 

Muon-rentgen-technique developed in tbe Laboratory of Nuclear 
Problema in JINR gives considerably lower absorbed dose against 
others (order 0.1) /17,18/. Combining this method with the densi­
tometric measurement of bone mineral densi ty (BMD) "in vivo" and 
"in vitro" is of great interest. 

In this paper, the continuous method of BMD measurement "in 

vivo" for radius and ulna ia preaented. This technique allowa deter­
mining the density and width of the investigated bones. 

2. ME'rHOD OF MEASUREMENT· 

Geometry of measurement the bones of radius and ulna ia present­
ed in Fig. 1. The patients hand is fixed perpendicular to a gamma 
radiation beam (6 cm from distaI). Thicknesa of soft tissue is com­
pensated to the determined constant size using a water cuff. The 
source with the detector ia moving with a constant speed. The count­
ing r~te is recorded (scanning). When the probe with the detector 
reaches the end position, the automatic control system changes the 
direction and meaaurement can be continued. The number of photona in 

the detector area will be determined: x
N=NoS 

1
e-,Ilmw'~w[H-h(x)l-Ank~kh(X)dx '	 (1) 

where ,u~Q. masa abaorption coefficient, 9- denaity, H - thicknesa 
of total shielding, h- thickness of bone, w- water, k -bone, V ­
speed of the detector movement, t- time of meaaurement, N - number 
of photons with the phantom, No- number of pbotoris without the phan­
tom, x- width or bone, f - calibration aample. 
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Taking into consideration: - t N 
x= 1J·t; h=J hlt ldt , B=-t 

O
and diatribution of exponential value on the row, the aolution 
will be: 

~ k = P-mw'p w B/Bo- ~ (2)
}J.mw P-mk h 

where BIBo - measurement values. 
On the baaãa of Mazesa and Cameron measurements /21/ it is poss1ble 
to assume for adult: 

h::: const 
and under calibration conditions the aimple algorithm can be 
obtained: 

~k:: A-C.!::!.. ,t	 (3) 

where A, C - constant values.
 
According to the 'constant rolation between thickness and width of
 
radiua and ulna in the datermined cross oection, it can be assumed in
 
general case:
 

h=ol·t. 

And taking into account (eq. 2), one can ~btain bane mineral density 
(BMD) of radiua and ulna: 

C1 N
Pk = A1 + -t-+ °1t2 

where 
" D - conatant valuea.A1, C1 , 1 

Thie algorithm can also be used for thoae, whose anatomic Btructt~e 

oonsiderably differs from the standard man /13/, e.g. ch11dren. Accor­
ding to Mechanik /22/, Tablo 1 presente some results of measurementa 
"in vitro" of percentage ratio the volume of individual bones to the 
total volume of skeleton, against age. A constant value of this ratio 
for the forearm banes, during grawth of children ia an important 
factor. This allowB a conclusion, that the mess of forearm banee is 
proportional to the total skeleton mass of children, too. 

3. INSTRUMFllTATIONS 

3.1.	 Meaeuring faoility 
Tha facility is achematically drawn in Fig. 2. It is divided 

into two parts: 
A.	 Table for investigation 

- mecr~nical arrangement 
- control ayatem 
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TablL-

Volume at various ages (years)Body	 Banes in body
region	 region 

Head	 Cranium, 
mandible 

Trunk	 Vertebrae, 
sternium ribs, 
scapulae,
clavicles, os 
coxae 

Upper legs	 Femora 

Lower lega	 Tibiae, 
fibulae, 
patellae 

Feet	 Ankle and 
foot bonefiJ 

Upper arma	 Humeri 

Forearma	 Ulnae and 
radii 

Hands	 Wrist and 
hand bones 

O 1 5 10 15 ~O 

28 25.2 15.7 10.5 7.7 7.2 

49.5 50.6 52.3 51. O 53.0 52.7 

6.3 7.0 12.2 16.2 16.4 16.9 

4.8 5.6 7.8 8.8 9.4 9.4 

2.4 2.6 3.0 3.5 2.9 2.9 

4.70 4.69 4.66 4.70 6.17 6.37 

2.85 2.90 2.94 2.95 3.12 3.32 

1.45 1.41 1.40 1.84 1.30 1.20 

- radiation source
 
- collimators.
 

Bo ApparatuB
 
- counter systom
 
- registration system
 
- scintillation proba
 
- supplier.
 

302. Technical characteristics 

241 Radiation source Am95
 
A I: 1.1 GBq
 

Clt 458 yr.T1/2
Ef 59.54 ± 0 0015 keV 'VI = 36%li: 

Speed u = 805 010-4 mos-1
 
Time of measurement:
 

hand
 - 40 s
 
finge r
 - 11 a
 
total period -120 s
 
Abaorbed doae D "" 6 0 10- 6 Gy
 
Distance Bource-detector 10-2 -=- 2010-1 m
 

NaJ(Tl) detector eff1ciency E - 98%
 
Detector resolution
 R.;. 6 keV 
Integration constant t - 2 s
 
Detection limit*
 Q - 40 ppm 
Instrumental constant** C a 1.25 kev1/2.mGy-1/2imp.min-10 

*	 Q=2'iN6
 
N6 - counting rate for background
 

** Acoording to /14/ for this type. arrangement the follow1ng
 
dependenoo	 exista:
 

Q SI C(R/ E: D)1/2
 

4.	 CALIBRATION AND DISCUSSION 

Experimentators present the resulta of measurement of the bone 
mineral component, in different units: 

- linear masa (gocm- 1) 

- surlaoa maos (g.cm-2) 

- density (g.cm-3). 

These units oan be reoounted. However, comparison of these reBulta 
will depend on the cond1tiona of the apparatus calibration and the 
method ofmeasurem&nt. Different standarda aro used in ~aboratories 
for calih~àt1on e.qo natural parta of bones~ presaed bone aeh phan­, 
tom w1th Ca compound or Al. From that po1nt of view comparison of 
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Where: DET - detector , 
PRE - preamplifier 

HV - high voltage
 

supply
 

OIS - drs cr i rnino tor
 

Fig. 2. 

CON - control unit 

RE C - recorder 

INT - in te qrc tor 

and amplifier 

Schemo of facility. 
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Table 2. Weight and volume of the parta of cartial bones Table 4. Densitometric measurements on the distaI third of 
the radius and ulna shaft in adult'rnales and femeles 

Freah bone Dried bone	 * by half decadeBSymbol Sexof bone Weight Volume Density Weight Volume Density
3 Mean Standard Coe!!. Stand.g mrn g.em3 g mm3. g·cm3	 Age group N density deviation of variat.	 deviat.of 

mean value
1 F1 7.5114 4975 1.51 5.440 4800 1.13 CV(%) ()
 
2 F1 7.4047 4800 1.54 4.923 4800 1.0)
 

MALES3 F2 6.8023 4125 1.60 5.606 395.0 1.42 JI
 
4 F2 6.7023 3950 1.69 5.542 3875 1.43	 20 24 10 '2.09 0.122 5.8 0.040
 

25 29 9 2.09 0.1)0 6.2 0.043
5 F 7.5402 5060 1.49 6.181 4800 1.29
 
6 F

3 
7.7886 5120 1.52 30 34 9 2.1) 0.156 7.) 0.052
6.394 5023 1.273 35 .. )9 9 2.14 0.150 7.0 0.0507 F4 7.3750 4800 1.53 5.367 4750 1.12
 

8 40 .. 44 9 2.12 0.156 7.) 0.052
F4 7.3650 4725 1.56 5.556 4600 1.21 
45 ... 49 9 2.09 0.112 5.) 0.0)79 F 5.2650 3580 1.48 3.971 3850 1.03 

10 F
5	 50 .. 54 9 1.98 0.104 5.2 0.0)55.2690 3525 1.49 4.166 3400 1.22 

11 
5 

5.3710 3350 1.60 55 59 9 2.00 0.116 5.7 0.038F6 3.905 3850 1.01 
60 64 5 1.92 0.166 8.6 0.07512 F6 5.3640 3200 1.67 3.741 3050 1.2) 

13 65 .. 69 3 1.8"'( 0.156 8.3 0.091F7 7.412 5120 1.44 6.248 5150 1.21 
14 F7 7.295 5190 1.41 5.810 5150 1.1 ) PEMALES 

19 .. 24 9 1.91 . 0.118 6.1 0.039 
•	 Drying: time 1 month and temperature 400 C • 25 ... 29 8 1.90 0.146 7.6 0.052 

)0 .. )4 9 1.94 0.098 5.1 0.033 
35 ... )9· 9 1.91 0.119 6.2 0.040

Table 3 40 .. 44 9 1.91 0.109 5.7 0.0)6 
45 ... 49 9 1.88 0.120 6.4 0.040

Kin.,d of bone Weight Volume Mean densi ty' 50 .. 54 9 1.81 0.087 4.8 0.029 
g em3 g.em-J % 

55 59 9 1.76 0.080 4.6 0.026 
radius 9.150 60 70 8 1.66 0.096 5.8 0.0344.5 2.03 J 
ulna	 70 74 3 1.60 0.051 ).2 0.02910.450 4.6 2.25 3 

density of the bones was determined by measuring the weight and 
the absolute values obtained in other laboratories ought to be 

volume of each part~ The reaults are	 presented in Table 3. 
taken into cons1deration together with the calibration eonditions. ,In Table 5 some measurements, Which determine precision of our 
Using the same natural parts of bones, in the longer time for calib­ method, are shown. Repeated measurements o! the bone mineral dens1ty
ration can be source of an error. Table 2 shows as an exemple, the 

)'
 
(BMD) of radiu8 and ulna, for a certain patient give an opportunity


weight and volume of the parts of eardial bones as a funetion of to investigate kinetica of the changes in th~ bonéS.
the ·time of drying /11/. 

During two years BMD for the forearm	 banes of approximately
Calibration of our arrangement was conducted using the middle 200 normal adult Polish persona has been measured. The maximum and 

p~ts of radius and ulna bones in water area (man - ap. 30 yr.). 11,' minimum values of each group were neglected. The resulta o! thia 
Earlier bones were dried at the temperature )OoC for 60 days. The 

meastirements and counted errora for each group of age and sex of 
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Table 5. Characteristic of precision ' 

NUlIlberSubjects -- Density Standard
of deviation
meaSur, 

11 (r.u.) .. 
Standard Fe 41 1.148 0.0105 
Standard 8 3080 33.8bone 
I. S. 8 2336 21.4 
R.M. 9 2351 34.3 
B.F.* 10 2.04 0.0896 

*	 From JlliR, llubna. 

Coeff. Stand. 
cr variat. deviat.of 

mean valueCV(%) ( ) 

0.91% 0.0016 
1.09% 11.9 ·11 
1.2% 9.7 
1.5% 11 ..4 r 
4.4% 0.029 

persons, are pres~nted, in Table 4. The standard curve for males 
and females (SAl) - tbe mean densi ty for the f orearm bones against 
the age or peraom on the baeda or these data (Fig. 3) was derived. 
In	 this figure the data from other laboratories are presented toa. 
Theae data were normalized to our curve in the point of 25 year 
old	 man, SAD Can be used for diagnostic purposes aaaumíng as an 
sdge cri terion of normal subject tha bone density deviationa from 
the	 mean value of BMD by more than 2SD. However it is necesBary to 
notice the follow1ng c í.r-cuma tances r 

j
- if the anatomic structure at tho subject ia very different (1'rom a a tandarâ man /13/, tbe calculation based on algorithm (2) can 

s:tve resulta With the error greater tban ±10%; 

~ -3.. 
g·cm] ~ -3. 

[g.cm]I 
2.5 

WOMAN

2,5' 

__o 
2.0 

.~ 

MAN 
x-x 

1,5,	 ............ lANEll H.IUm. Dl Chicagol-197D 

'-. MAZESS ~ a. C4MERON j R IUni. 
I1.0 oI Winc'~_191\ 

1.0	 I. 
0---0	 MAZIERE a IOr..,y. Francel -1978
 

FIlIPIAK a ISwi!rk. Polandl-198D
 
o,~ 0.5 

Age Age 
20 30 40	 50 60 70 20 30 40 50 60aqyr.l	 70 ao[yr.] 

Fig. 3. Standard curve of BMD. 
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- for the poople of 60+80 years old, it ia very difficult to 
determine the or:tter10n of "good health". 
Between forearm bano mineral density and results of the total body 
calcium measuremant there ia good oorrelation /19,20/. The results 
of the inv8stigation /21/ of the total body caloium content in nor­
mal peoplo (9 meles and 5 femelas) and our curve SAD taking to con­
sideration, the following algorithm was obtained: 

MCa=A.H.\fvV'.p , 
where MCa - predicted total body 
W- the weight (kg), P- density
 

It was determined:
 
for males Ã = 34 SD =
 
for. femeles A = 35 SD =
 

Cs (g), H - the height (m), 
or f orearm bones , 

1.99 CV = 5.8% n • 9 
2.01 CV = 5.9% n a 5 

In Table 6 the total body calcium (TECa) measured in osteo­
porotic subjects /20/ 1s compared with that ~aiculated on the besia 
of our algorithm. Cohn's results were obtained uaing the total body 
neutron aotivation analysis (TENAA). Density of bones was dete~mined 

from the surface m6SS (BMC/W) using tbe normelizatio~ of Cohn's 
data to our SAG (0.841 g.cm-2 + 2.09 g.cm-3) . 

It can° be concluded. from thia comparison, that this algorithm 
allows one to establish approximately TBCa for all cases. 

5.	 CONCLUSIONS 

The densitometrio continuous method of BMD presents some ad­
vantages over other elaborated methods: 

- opportunity to repear many times measurements tor eaoh 
person (very low absorbed dose) 

- opportunity to carry out measurements under any oond1t1ons, 
e.g.,in hospital. 
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Total-body calcium and radial bone mineral 
content of osteoporotic subjecta measured and 
calculated 

Number Age Weight Height Surface Total Total Denaity 
masa body Ca body Ca 
BMC/W meaaur. calculo 

(yr) (kg) (em) (g.cm-2) (g) (g) (goom- 3) 

OSTEOPOROTIC MALES 

1. 76 64 166 0.583 832 650 1.44
 
2. 65 62 162 0.506 658 541 1.24
 
3. 46 67
 169 0.653 788 757 1.61
 
4. 58 94 178 0.757 904 1091 1.86
 

OSTEOPOROTIC FEMALES 

1. 81 • 57 148 0.600 636 581
 1.48 
2. 50 43 154 0.526 606
 461 1.30
 
.3. 63 70 152 0.622
 524 683 1.53
 
4. 78 63 152 0.317 590 331 0.782
 
5. 53 48 153 b.486 564 447 1.20
 
6. 70
 70 154 0.588 632
 656 1.45
 
70 73 75 156 0.,484 691 562 1.19
 
8. 55 61 156 0.653 674 686 1.61
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C1lWIHm'1K B. EI9-86-40S 
He'npepbIDHbla MeTOA H3MepeHHH MHHepaJIhHOrO 
ICOMnonOHTa KOCTH xenoaex a "in vivo" 

PaCCMaTpHBaeTCH MeTOA H3MepeHHH nnOTHOCTH MHHepaJlbHOrO 
I<OMnoHeHTa KOCTH (BMD) 't!e.JIOBeKa "in vivo". OIlHcaHO YCTPOH­
CTBO AnH H3MepeHHH BMD JlOKTeBOH H JlytleBoH KOCTH H ero Tex­
HHtleCKHe napaMeTp~. üõcyxgaroTcH ycnOBHH K8JlHÕpOBKH H CTaH­
AapTH3~HH. llpHBeACHbI nepBwe pe3ynpTaTw H3MepeHHH. TInOTHOCT 
KOCTH npeAnnetIHH Y My.K't!HH H"xeHmHH npeACTaBneHa KaK ~YHK~HH 

B03paCTa. B paõore Bb~BeAeHa TalOKe Q;lOpMyna AJlH onpenerreaaa 
cOAep~aHHH KaJlb~HH BO BceM CKeneTe qenOBeKa. 

PaÕOT8 BwnonHeHa B naõopaTopHH HAepHb~ npOÕJleM üHHH. 

npempmlT O&bO.lXHlIeUlloro HHcn1T}'T8 JI,llepHMX HccnenoBaHHií. ny6Ha 1986 

Filipiak n. EI9-86-4üS 
Continuous Method of Bone Mineral Density 
Meaaul'ement "in vivo" 

The mothod of densitometric continuous meaSUl'ement of 
bone mineral denaity (BMD) "in vivo" ia presented. A facili ­
ty for BMD in radius and ulna is described. The technical 
charBcteristics are discussed. Special consideration ia give 
to calibration and standQrdization. Preliminary measurements 
involving pat ents and vo l unteera are preaented as well. BMDí 

of forearm bones for normal males and females are plotted 
against age. The report also diacusses an algorithm, which 
allows establishing the total body calcium (TBCa). 

The investigation has been performed at the Laboratory 
of Nuclear Problema, JINR. 
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