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Figure 1 (see J Nuci Med 25: 1136, 1984) shows the
distributions of cortical and trabecular bone along the

radius. Frequently used sites on the radius are distal
portion (10% of the total length from styloid process of
the ulna), distal third of radius, and mid radius. Mea
surements on ulna and radius together at the distal end
of the radius are also used by some investigators (45).
The very distal end of the radius is predominantly tra
becular bone (46) but is difficult to reposition, and this

site may be influenced by changes in the joint such as

synovitis. The very distal end of the radius is attractive
as a measuring site because its cortical-to-trabecular

bone ratio is similar to that of the spine, but for the above
reasons it has not been used to predict spinal bone mm

eral.
Instrumentation. The typical measuring device used

for SPA consists of a Na(Tl) scintillation detector and
a 200-mCi 1-125 source, held rigidly in parallel opposed
geometry and is motor-driven in a direction across the
longitudinal axis of the radius.

Figure 4 is a schematic drawing of the complete sys
tern. Several different instruments of good quality are
available from commercial sources.

Principleof measurements.The thicknessof bone
mineral (Tb) in the path of the photon beam is given by
the following equation:

Tb Eln(Io*/I]/Ozbpb @sPs)

By convention I@is the beam intensity in air and I@ is
the intensity after passage through tissue. I is the beam
intensity after passage through bone and tissue. The

DIAGNOSTIC PROCEDURES TO ASSESS BONE MASS
(CONTINUED)

Single photon absorptiometry. Single photon absorp

tiometry (SPA) was first described by Cameron and
Sorensen in 1963 (44) and was developed in an attempt
to circumvent some of the problems inherent in the use
of film and radiographs in radiogrammetry and radi
ometry methods. Like radiogrammetry, SPA is appli
cable only to appendicular bones because tissue corn
position surrounding the bone has to be uniform and

minimal. As in radiornetric techniques (and in contrast
to radiogrammetry), cortical and trabecular bone
components are not separated, and the entire bone at a
cross-section is assayed. Information as to whether bone
loss occurs on the endosteal or periosteal bone envelope
is not available from this method. Changes in the Hay

ersian envelope (porosity), however, are reflected in this
measurementbut cannotbe recognizedas such.The unit
of measurement, Bone mineral content (BMC), is
grams ofashed bone per centimeter ofaxial length (Fig.
3). Initially bones of the hands were measured, or the
humerus, femur, tibia, mandible, and calcaneus, but the
greatest experience has been collected with the forearm
bones as scanning sites. Because of easy access to the
forearm, better reproducibility is achievable there than
at most other sites. The method is also used in veterinary
practice.
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FIG.3. Left panel:unit of measurementIs
gram of ashed bone per I cm of axIal
length.Rl@itpanel:Logaithmof countrate
Is plottedon graphpaperby analogre
corder. Area of logarIthmIc plot is proper
tional to bone mineral content In scanning
path. This can be expressed Incomputer
units or converted to bone mineral content
(g/cm) by an experimentally obtained
fact@. Calciiation of bone mineral content
and bone diameter can be performed
graphically wIth plaflimeter or by pro
grammed small desk computer. All corn
mercIal Instruments have automatic
readoutdevice that relieves Investigatorof
all calculations.See text forexplanationof
terms.
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mass absorption coefficients of bone mineral and tissue
are I@band@ and the densities of bone mineral and tis
sue are Pb and Ps, respectively. These values are constants
and do not change in bone disease. A plot of I as a func
tion of position across the bones gives a profile through
the radius, as shown in Fig. 3. The integration of this
curve between the limits defined by I and corrected for
edge effect, as shown in Fig. 3, yields a value proportional
to the cross-sectional area of the radius and to the
amount of bone mineral in the section of the radius
scanned. The factor 0.85 corrects for an edge effect when
the beam passes from tissue to bone, and d@pends on
beam size and photon energy. The mineral content is
determined from a calibration of the system with 1 cm
thick ashed pieces of human radius with known bone
mineral content, surrounded by tissue-equivalent ma
terial. Details of the calibration procedure and descrip
tion of a typical instrument are in Ref. 47.

Instrument performance. The precision in clinical
studies with the instrument as originally designed (one

path through radius) is about 5%, even when ashed bones
are scanned under water (48,49). The greatest problem
in improving reproducibility is the difficulty of accurate
repositioning of the bone site for repeated measurements.
Five percent precision is not sufficient for clinical or
research applications, particularly when a treatment
effect is under investigation. To improve this reproduc
ibility, modifications on the original design have beenâ€¢
introduced in different instruments, such as multiple
paths about 1 mm apart, with data averaging; a light or
laser beam and a water bath (instead of a plastic tissue
equivalent material) for better positioning of the scan

ning beam; or an automated positioning algorithm based
on the distance between radius and ulna. These modifi
cations have resulted in a CV of 1 or 2% in the study of
subjects. This is achievable with most commercial in
struments under strictly controlled conditions.

Clinical relevance. Accuracy can be considered at
threedifferent levels.First, accuracyof measuringbone
mineral at the scanning site can be determined by

FIG 4. Schematicof single-photonab
sorptlometry Instrument for forearm
meastrements. Typical instrument can be
used for several measuring sites along
forearm and bones of hand. If humerus,
femur, or tibia are used, an americium
entree should be used instead of 1-125.
Water-filledbag, plastic tissue-equivalent
materiel, or waterbath we used to surround
extremity to simulate constant thickness
in soft tissue. FromRiggsBL,JowseyJ,
Kelly PJ, Wahner MW:Med Clin North Am
54: 1061, 1970. By permission of W. B.
Saunders Co.
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TABLE 4. COEFFICIENTSOF CORRELATiONBETWEENTOTALWEIGHTOF SKELETONAND BONE
MINERALCONTENT(BMC), MEASUREDIN 23 NORMALSKELETONS

Radius (distal part)
Radius (proximal part)
Ulna(distalpart)
Ulna(proximalpart)
Femur (distal part)
Femur (proximalpart)
Humerus (distal part)
Humerus (proximal part)
Tibia(distalpart)
Tibia (proximal part)
Calcaneus
Radius + ulna (distal parts)
Radius + ulna (proximal parts)

0.86
0.76
0.78
0.84

0.90
0.89
0.82
0.88
0.82
0.84

12.6
16.2

15.7

13.7

10.7
11.6
14.5
12.0
14.5
13.8

0.59 20.3

0.85
0.87

13.1
12.6

. Mean standard error of estimate (s.e.e.). From thristiansen C, Rodbro P: Estimation of total body calcium from the bone mineral

content of the forearm. ScandJ CIInLab Invest 35:425â€”431,1975.

scanning excised radius bones and relating the results to
the ashed bone weight of the piece actually scanned (Fig.
4). Second, accuracy is measured in predicting bone
mineral at different skeletal sites. For this, bone-mineral
results from the scanning site are correlated with the ash
weights of different parts of the skeleton, such as other
long bones or the vertebrae. Third, accuracy in predicting
total bodycalciumisdeterminedbycorrelationof BMC
with results from total-body neutron activation analysis.
The mostcriticalfactoraffectingaccuracyistissuefat
which, because of its absorption properties, will indicate
too little bone mineral.

A number ofstudies performed on excised bones and
in vivo have shown that in the normal population bone
mineral measurements made at the radius are highly
correlated (r â€¢=0.9) with BMC at sites in other long
bones and with the total skeletal weight or total body
calcium (50-54). This would be expected, since 80% of
the skeleton is cortical bone. Prediction of total skeletal
calcium from the BMC of the distal radius in a single
patient incurs a minimum error of about Â±200g Ca
(55). A list of several appendicular bone sites, with the
correlations between their BMCs and total skeletal
weight in a normal population, is given in Table 4.
Normalized radius measurements also correlate highly
(r = 0.95) with the density ofsamples from the iliac crest
(56). Correlations between BMC at long-bone sites and
the femoral neck are lower (15% s.e.c., Ref. 57), and are
worse for the spine, with 20% to 25% error (58,59).

Clinical application. As in radiogrammetry, the value
of BMC measurements is greatly enhanced by studying
well-defined samples from more than one subject. The
study oftreatment effect on loss of bone mineral usually
requires measurements every 4 to 6 mo over a period of

2 yr when individuals or small numbers of patients are
being used. The method has been used successfully to
demonstrate reduction of total skeletal calcium in pa
tients taking drugs known to reduce bone mineral, to
show that total skeletal calcium can be increased with
small doses ofvitamin D, and has been applied to various
metabolic bone diseases. If appendicular skeletal sites
are measured in cases of preferential trabecular bone
loss, such as in osteoporosis, this leads to an overesti
mation of total skeletal calcium and spinal bone mass.
The chronically poor performance of bone-mineral
measurements on the forearm for detection of osteopo
rosis can thus be explained. Localized cortical and tra

becular bone loss at the distal radius in patients under
steroid treatment for rheumatoid arthritis has led to
underestimation of total body calcium and spinal bone
mass (59). If the radius is used for screening, it should
be realized that low radius bone mineral indicates a high
probability for concomitant low total skeletal calcium
and low spinal bone mineral, but a normal value does not
exclude spinal osteoporosis. Radius BMC may be of
more value in predicting bone loss at the hip than in the
spine. It seems doubtful whether forearm BMC can be
used reliably enough to diagnose and quantify early bone

loss in osteoporosis or most of the other metabolic bone
diseases.

Well-defined normal ranges for the two radius sites
have been reported for different populations. Qualita
tively, all appendicular bone sites measured have be
haved in a similar manner, but the magnitudes of the
changesvarywiththe specificbonesiteand are probably
influenced by the contribution of trabecular bone to the
total measurement (60). Bone mineral, measured as
BMC, increases with age in infancy, and there is no sex
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FIG. 5. NormalBMCat distaltenthof ra
dius length and at mid radius, in women at
varyingages, from cross-sectional study
performed in our laboratory. Data are ex
pressed as g/cm (BMC)and normalized
(g/cm@).

difference. With puberty a marked increase of BMC can
be recognized in males. For both sexes the maximum
BMC is reached about 30 to 35 yr of age, with males
having a higher bone mineral content. After that age
BMC declines gradually in males, but more rapidly in
females. The highest rate of loss occurs around the
menopause, with lesser loss after about 65 years of age.
This bone loss is slightly more pronounced at the distal
radius site where there is more trabecular bone. From
age 5 1 to 65 yr bone mineral diminishes at rates of
0.01 18 and 0.0108 g/cm per year, respectively, at the
distal and mid-radius sites. The age-related bone loss at
old age from maximal values in young adult life is about
30% for the mid radius and 39% for the distal radius. In
men, where the decline in BMC with age is linear, the
annual loss is 0.0032 g/cm per year for the distal radius,

and is insignificant for the mid radius (61). Data for bone
loss of similar magnitude have been obtained in other
studies. Attempts to reduce this variation by normali
zation based on height, weight, surface area, body po
tassium, or creatinine excretion, have not been satis
factory (62). A normalization based on the width of the
radius at the measuring site (BMC/width, g/cm2) is
probably the best approach to correct for differences in
skeletal size. In longitudinal studies on the same patient
or in the study of large populations, such a correction is
not necessary. Results from a typical population study
are given in Fig. 5. Dosimetry measurements were con
ducted to measure patient radiation dose from single
photon absorptiometry of the radius utilizing 1-125 and
four passes I mm apart. In this study, the dosimetry was
determined with LiF thermoLuminescent chips

BMC - Distal radius BMC - Mid radius

1.60
I 4r

951.1.6OI@. . ..@ ast.
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FIG.6. NormalBMCat distaltenth of
radius length and at mid radius for
men. SeeFig. 5formoredetails.
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FIG. 7. Schematic of typical instrument for dual-photon absorptlometry. PHA puIse-hei@t analyzers. (From Dunn, W. L, Wahner,
H.W.,andRiggs,B.L: Measurementofbonemineralcontentinhumanvertebraeandhipbydual-photonabsorp@ornetry.Radiology136:485,
1980).BypermIssionof theRadiologicalSOCIetYofNorthAmerica.

(TDL- 100) and read with a Harshaw model 2000-A
analyzer. Peak skin dose with background measured at
both eye and gonad sites was 13 mrad.

Dual-photon absorptiomefry (DPA). This technique,
developedby Reed(63), Roos(64,65),and Mazess(66),
was adapted for total body calcium and lumbar spine
measurements by Wilsonand Madsen (67), and Mad
sen, Peppler, and Mazess (61), and for the hip by Dunn,
Wahner, and Riggs (69). Its principal effectiveness is
to eliminate the effect of soft tissue on the absorption
measurements, and its main application has been to
measurebonemineralin lumbarspineand hip,and total
skeletal calcium. From total skeletal measurements,
specific regions of interest can be defined for any desired
part of the skeleton.

Instrumentation. A typical dual-photon bone-mineral
analyzer consists of a whole-body scanner frame, a
1.5-CiGadolinium-153source,anda NaI(Tl) detector.
The systemis interfacedto a computer.Severalsuch
instruments are available commercially. A block di
agram of the instrument constructed in our laboratory
is given in Fig. 7 (69). Pulses from the NaI(Tl) scintil
lation detector are amplified and conveyed to two
pulse-height analyzers, one set for 44 keV and the other
for 100 keV. En route to the computer the output of each
analyzer passes through a digital counter that accumu
lates the number of transmitted photons detected in each
second of scanning. This number is recorded on disk for
subsequent calculation of a point M@ value. Corrections
are made for resolving time (2.3 @sec)and for spillover

from the 100-keY channel to the 44-keV channel (5%).
In the one second during which data for a point Mbm
value are obtained, a distance of â€˜-â€˜@-â€˜l.2 mm is scanned.
Because of high counting rates in air and pulse pile-up
problems, the Io values are extrapolated from mea
surements made in water.

The mechanicalscanningsystemwas constructed
from a dual-probe scanner. The current device includes
only the table, yoke assembly, and drive mechanism of
the original system. The lower detector was removed and
replaced with a shielded holder for the gadolinium-l53
source. This holder includes the collimator and a beam
shutter that can be activated by hand or by computer.
The upperdetectorwasreplacedwith a collimated2.5
cm diam X 1 mm thick NaI(Tl) detector. The
source-detector separation is 40 cm. The bores of the
source and detector collimators are both 6 mm in di
ameter.

A constant-speed stepping motor controls the ceph
locaudad movement (y direction) of both the source and
the detector. The lateral motion (x direction) of the as
semblyiscontrolledbya variable-speedsteppingmotor.
Both motors are driven by computer-generated signals
during the scan. High-resolution potentiometers are
linked mechanically to each motor, and provide x and y
positional information to the computer. The desired
scanning speed in the x direction is entered into the
computer and stored in the x speed register. The digitized
x speed is converted to an analog voltage signal by a
digital-to-analog converter, and this signal is directed
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FiG. 8. Dual-photon absorptiometry. Posteroanterior (sagittal) direction of photon beam is indicated. Values are expressed as g per cm2
area of bone scanned projected onto anterior surface. Records for each of two energies, for one pass across vertebra, are shown at
lower left, with thick line representing calculated bone mineral for each point. At lower right is character plot for final bone-mineral
data.

to the variable-speed control unit in order to set the de
sired x speed. Because the accuracy and reproducibility
of the bone-mineral measurement depend on the con
stancy of the scanning speed, it is necessary to monitor
the speed continuously. The output of the x-position
potentiometer is fed through an analog-to-digital con
verter to the x-position register. This digitized positional
information is compared with the elapsed time and the
desired x speed, to determine whether the true scanning
speed is in error. If the scanning speed is not correct, an
â€œerrorâ€•message is printed at the computer keyboard.
The step between scanning lines is adjustable. For the
studies reported here this was fixed at 4.5 mm.

The 44-keV channel output is directed to a logarithmic
amplifier and displayed on a cathode-ray tube (CRT)
with storage capability. This display of the 44-keV count
rate is helpful in positioning the patient, locating bone
edges, and identifying technical artifacts during scan
ning.

The data on bone-mineral content acquired during
scanning can be displayed either as a numerical printout
with a character plot, or as an intensity-modulated image
(Fig.8).

Principle of measurements.The method is basedon
measurements of the transmission of two separate photon
energies through a medium consisting primarily of two

materials, bone and soft tissue. With a Na(Tl) detector,
the gadolinium- 153 energy spectrum has photoelectric
peaks at approximately 44 and 100 keV (europium K
x-rays, 42 and 48 keV; gammas at 97 and 103 keV, Fig.
9).

Equations I and 2 describe the transmission of each

photon energy through a medium composed of bone and
soft tissue.

144x,y I@exp[â€”(@/p)@-@ â€”(@.t/p)@- Mbm]

(1)

PÂ°Â°x,y= I@ooexp[â€”(jz/p)@Â°-@ â€”(,u/p)@. Mbm]

(2)

I@,yand I@ refer to the transmitted radiation intensity
at a point x,y for 44 keV x-rays and 100 keV gamma

photon energies, respectively. I@ and I@Â°Â°are the unat
tenuated photon intensities. The mass attenuation

coefficients for soft tissue (st) and bone mineral (brn) at
energy A are represented by (,u/p)st and (1u/p)bm, re

1246 THE JOURNAL OF NUCLEAR MEDICINE

PHOTONABSORPT1OMETRY



ADJUNCTIVE MEDICAL KNOWLEDGE

io@

102

iOl

If bone-edge detection is not effective, intensites oh
tamed within the bone may erroneously affect the cal
culated RST. For this reason it is necessary to have an
effective routine for bone-edge detection. The bone's
surface area and edge limits are defined by an edge
detection routine based on the change in the magnitude
of Mbm.

Instrument performance. Long-term stability of in
struments for DPA has been established. In our labo
ratory repeated measurements on standard phantoms
performed over 9 mo show a coefficient of variation of
1.8%. Precision of measurements tested on patients or
volunteers is about 2-3% (CV) in different laboratories,
for both spine and hip. Studies on accuracy of DPA for
total body calcium have been performed with total-body
neutron activation analysis (69), and showed a coeffi
cient of variation of 0.99%. A standard error of 3% has
been reported for studies imaging DPA of excised lum
bar spine vertebrae and measuring their ash weight
(67).

The instruments are available from several commer
cial vendors with similar specifications. The capabilities
of these instruments range from measurements of total
skeletal calcium by DPA, to instruments for spine and
hip, to instruments for spine alone.

Clinical applications. DPA of the spine or hip can be
performedwithout specificpreparation on any patient
able to remain supine for about 30 mm. There are
a few relative contraindications that need special at
tention during data interpretation. There are patients
with severe deformities, prior spinal surgery, severe
spinal degenerative disease, or focal spinal disease such
as Paget's or metastasis and in these patients the spinal
bone mineral is a reflection of their local disease, and
general statements regarding normality and fracture risk
are not applicable. Metallic orthopedic devices or me
tallic objects on clothing my result in uninterpretable
scans. This is generally quite apparent from the scan
pattern. Recent barium contrast radiographs of the
gastrointestional tract or radionuclide tests may interfere

with the study.
Patterns of bone loss in the axial skeleton (spine and

hip) with aging and in osteoporosis have been studied and
comparedwith that of cortical bone in the radius (61).
In normal women mineral loss from the vertebrae begins
at about 30 to 35 yr, and is linear. When examined in
cross-sectionalstudies,however,a slightincreasein rate
of loss at the time of menopause has been found by sev
eral investigators and by us in a longitudinal study.
Overall bone diminution throughout life was 47% for the
lumbar vertebrae (Fig. 10). In normal men, age-linked
bone diminution in the spine was minimal. Similar oh
servations have been made for the hips (Fig. 11). In
women, overall decrease during life was 58% in the
femoral neck, 53% in the intertrochanteric region. For
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FIG. 9. Pulse-height spectra for gadolinium-153 in air. Above: With

Ge(U) detector, and below with Nal(Tl).

spectively. The masses per unit area (g/cm2) for tissue
and bone mineral are indicated by M5@and M@. Solving
these two equations simultaneously yields the following
equation for bone mineral:

ki â€”RST(ln I'Â°Â°x,y/101Â°Â°â€” (ln I@x,y/I@)

â€œbm 44 100
(IL/P)bm â€”RST(@L/P)bm

(3)
where RST =@ (For explanation see
later in text.)

In the measurement of bone mineral, the anatomic
region of interest is scanned, and a point-by-point de
termination of bone mineral is made. The total bone
mass is determined by summing the individual Mbm
point values. The RST value is averaged over all of the
extraosseous area scanned, and the average RST is used
to calculate Mbm.

The actual absorption coefficients for soft tissue do
not need to be determined. The RST is calculated from
the measured radiation intensities, as shown here:

I@x,y = I@exp[â€”(i/p)@.M@@]1 I@ 1
100 100 100 1 n tissue on y

I x,y = I@ exp[â€”O@/p)2@.M2@]j

1n(I@/I@x,y) =

ln(I@Â°Â°/VÂ°Â°x,y)=

@/p)@4/(j.L/p)@ = ln(I@/I'â€•x,y)/1n(I@Â°Â°/VÂ°Â°x,y) RST
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forcomparison.DatafrompopulationpublishedinRef.(61).

normal men the age regression was also linear, but the
decrease during life was only two thirds of that in women
(70).

Studies of patients with osteoporosis have shown a
significantly better separation of these patients from the
normal range by lumbar spine than by radius bone
mineral. This has been alluded to i@ithe preceding section
on single-photon absorptiometry.

The studies also allow definition of a threshold for
spinal compression fractures. The 90th percentile for
vertebral bone mineral of all patients studied who had
nontraumatic compression fractures was 0.98 g/cm2. We
have chosen this value as the point below which the risk
for compression fractures significantly increases. Thus
data on spinal bone mineral should be expressed (a)
relative to the normal range and corrected for age and
sex, and (b) in terms of relationship to the fracture
threshold as an index for fracture risk, and if it is a re
peated measurement (c) in terms of rate of bone loss per
year. Bone mineral measurements with dual-photon
absorptiometry techniques in different endocrine dys
functions have been reported (60). In hypoparathy
roidism several studies have shown significant bone loss
at sites of predominantly trabecular bone, whereas sites
of predominantly cortical bone (measured by SPA)
showed less changes. These observations are supported
by increased occurrence of vertebral fractures in hy
perparathyroidism, particularly in postmenopausal
women. In contrast, patients with secondary hyper
parathyroidism complicating renal failure do not show
this decrease in trabecular bone and the cortical bone

sites vary: normal, increased or decreased values have
been reported. Hypercortisolism causes severe and
disproportinate loss of trabecular bone, with little or no
loss of cortical bone. Increase in trabecular bone mineral
of the spine has been shown in acromegaly and surgical
hypoparathyroidism. Our data show that bone mineral
content of the axial and appendicularskeletonchanges
differentially in response to endocrine function and that
induced alterations in BMC are both site and disease
specific. In fluoride-treated patients bone mineral of the
spine increases whereas no change or even a decrease in
cortical bone has been reported (71 ). Decrease in rate
of trabecular bone loss in patients with osteoporosis
under treatment with calcium, estrogen, and vitamin D
supplements have been recorded with SPA and are now
beginning to appear in the literature for DPA (71).
Exercise-induced increase in BMC of the spine has been
observed in normal subjects (72). A seasonal change in
bone mineral of the spine with increase in summer has
been reported for a normal population from Denmark
(73). We could not find such a difference for a popula
tion in Minnesota.. There is little information on chil
dren.

Dosimetry measurements performed in our laboratory
showed that a dual-photon scan of the lumbar spine
1.5Ci'53Gd source and performed on the Mayo instru
ment gave a peak skin dose 18 mrad with scatter dose to
theeyesof 5mradandtogonadsof 8mrad.In thisstudy
the dosimetry was determined with LiF thermoLumi
nescent chips (TDL-lOO) and read with a Harshaw
model 2000-A analyzer.
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Neufronactivationanalysis.This techniqueis cur
rently restricted to a few specialized laboratories mainly
because of the equipment requirements and technical
expertiseneededfor low-levelcountingofCa-49 and the
manipulation of the neutron source. There are available
a number of different techniques that use different
neutron sources and are applicable to different portions
of the skeleton, or designed for total-body calcium
measurements. The financial investment ranges from
relatively inexpensive (hand counter) to very expensive
(total skeletal calcium).

The techniques best adapted to clinical applications
include measurement of total calcium in the hand
(74,75), forearm (76), the lower spine (76,77), torso
(78), and seven techniques for the measurement of total
body calcium (79).

The first biological study that used a controlled dose
of neutron radiation to measure total body calcium and
sodium dates back to 1964 (80). To date, absolute values

of Ca, Na, Cl, and P can be determined in the living or
ganism. Since 99% of the total body calcium is in the
bone, measurement of total body calcium constitutes a
direct measurement of bone mineral. The technique is
an analytical one, based on nuclear reactions rather than
chemical reaction. Briefly, a neutron source supplies the
neutron flux (thermal energy range) to which the total
skeleton or bones are exposed. Neutron bombardment
converts the Ca-48, one of the stable isotopes of natural
calcium (abundance 0. 18 percent) into radioactive Ca
49, andsodium,chlorine,andphosphorusintoNa-24,
Cl-38, and P-32, respectively. The beta emitter P-32 is
not recognizable due to soft-tissue absorption; the other
three are short-lived gamma emitters. The gamma en
ergy spectrum is then analyzed and the Ca-49 quanti
tated. A weak neutron flux is adequate to induce mea
surable amounts of radioactivity, about 5 @iCiin the
trunk measurements. This should be compared with
about 100 @Ciof natural K-40 in the body. Data are

Volume 25, Number 11 1249
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TABLE 5. PRECISIONAND ACCURACYOF NEUTRONACTIVATIONANALYSISIN DIFFERENT
MEASURING TECHNIQUES.

Hand 2.4% 2.4â€”5% 3.2% 9â€”14%

2.6%Forearm 12%

Spine 3â€”5% 2â€”4%

Torso 6.4% 4.8% 10â€”13%

2% 1â€”3.5% 5.2% 4â€”4.5% 6.5â€”7%Total body

S Adapted from Ref. (79).

Precision or reproducibility is expressed as the coefficient of variation (CV) of repeated measurements. Accuracy is the difference

between actual and measured calcium expressed as a coefficient of variation. Values are given for in vivo studies on patients

or cadaversandforstudiesonexcisedbonesor boneequivalentphantoms.

expressedin grams of calcium normalized to parameters
of body size. The efforts to find appropriate parameters
for normalization have been extensive. For the hand
technique the volume of the hand is used, whereas
measurements in the forearm, torso, and total skeletal
calcium use the height cubed as a normalization factor.
Because of the necessity to normalize the Ca values oh
tamed for accuracy measurements, the spread in the
normal range (coefficient of variation after normaliza
lion) is an important parameter to consider. This and
other quality-control data are given in Table 5 for the
most commonly used methods.

The technique of neutron activation analysis has been
used in normal populations and in patients with meta
bolic bone disease. Precision and accuracy are equal to
the best procedures previously discussed. Total-body
calcium measurements are used as reference standards
for other techniques such as dual-photon absorptiometry
of the total skeleton. From the preceding discussion,
however, it is questionable whether a total-body calcium
measurement, for example, is the most specific approach
to osteoporosis, since only 20% of the total skeleton is
trabecular bone. Measurements of the trunk include the
spine and hip, which may have different rates ofbone loss
in osteoporosis (70). The hand and forearm as sampling
sites do not seem to offer much above and beyond the
methods previously discussed. For total body calcium the
dual absorptiometry procedure is a serious alterna
tive.

For an in-depth review of this method, the reader is

referred to Refs. (79) and (81). The radiation dose from
these techniques is given in Table 6.

Quantitative computed tomography. Considerable
effort has been expended in the last years on developing
the potential for quantitative computed tomography
(CT). Bone mineral measurementswith CT have
been of particular interest and are the most advanced in
thisfieldat present.Theoutputfromsuchmeasurements
is a cross-sectionalslice;the quantitativedata reflect
attenuation coefficients. Thus the technique permits both

display of anatomy and determination of bone mineral
at any location in the transverse section. The method has
been applied mostly to trabecular bone mineral at the
distal radius and lumbar spine, but total vertebral bone
mineral and trabecular bone of the femoral neck have
alsobeenmeasured.

The techniquehasbeendevelopedfor bonemineral

TABLE 6. RADIATION ABSORBED DOSE
FROMNEUTRONACTIVATIONTECHNIQUES.

Hand
Forearm
Spine
Total body

2â€”15rem (hand)
6 rem (skin) 1.7 rem (bone)

6 rem (skin) 0.7 rem (bone)

0.3â€”2.1rem

. Adapted from Ref. (75).
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along three different concepts. A specially constructed
CTinstrumentforforearmtrabecularbonemeasure
ments was devised by Ruegsegger et al., (82), It uses a
1-125 source and a computer-assisted reconstruction
algorithm. Long-term precision of 0.6% (CV) has been
reported for trabecular bone measurements of the distal
radius. There is also a good correlation (r 0.9) of tra
becular bone from the radius sites with vertebral bone
mass obtained from ashed specimens. Clinical studies
have been performed with this method in patients with
metabolic bone disease, including osteoporosis, and in
studying fracture healing and immobilization. Separa
tion between normal and osteoporotic populations ap
pears to be superior to that performed with single photon

absorptiometry of the radius, but studies on the same
population are not available. Since only trabecular bone
is measured, it is conceivable that CT of the radius is

a more sensitive test for the early detection of osteopo
rosis than single-photon absorptiometry, which measures
cortical and trabecular bone.

The second principal approach is the adaptation of a
commercial CT head scanner for quantification of bone
mineral (83). This is an attractive concept. Quality
control requirements are significantly more strict, par
ticularly with respect to short- and long-term stability
of the instruments. Initial problems with absolute stan
dardization have been improved and special phantoms
have been developed. Exact repositioning (to 1-mm ac
curacy) for repeated measurements is very critical. The
mid portion ofthe second or third lumbar vertebrae are
generally selected as optimal measuring sites for spinal
bone mineral. Repositioning has further been improved
by using volume reconstruction of the vertebra of interest
from multiple axial slices (83).

The third approach uses dual-energy CT technology,
directed particularly to reduce the effects of tissue and
intraosseous fat on the measurements (84). This is par
ticularly important, since the mid portion of the vertebral
body experiences significant changes in fat content with
age, as previously described. Early studies have shown
that acceptable accuracy but less acceptable precision
can be achieved with this approach. The method has not
been applied to a routine clinical test.

SUMMARY

A number of different techniques are available to
study bone mineral. Those based on radiographs are
helpful as an initial approach to the symptomatic patient
with advanced disease, but they do not have the sensi
tivity to detect early bone loss, to assist in the estimation
of fracture risk, or to monitor effects of treatment in
controlled drug studies. A radiograph of the spine and
hip, however, should be the first step before other tests
are ordered.

Photon absorptiometry methods or CT-based tests

are currently most attractive as second-line approaches.
Of these,photonabsorptiometryis morewidelytested
clinically and allows studies of predominantly cortical
or trabecular bone sites and total skeletal calcium. Al
though all of this cannot be done reliably with one in
strument under routine laboratory conditions at present,
it may well become possible in the near future. Of the
CT-based procedures, the forearm scanner is very at
tractive because of its high precision and accuracy and
the fact that it allows measurement of trabecular bone
only. The technique is restricted to the forearm and may
not be versatile enough for modern clinical requirements.
A similar comment may be applicable to neutron-acti
vation techniques of the hand, forearm, or spine. Low
level counting and the handling of neutron sources are
not widely known techniques in many laboratories, and
this will restrict their use in clinical practice.

At this time there is no optimal technique available
for mass screening for early osteoporosis. Dual-photon
absorptiometry of the spine has been in use in our insti
tution as the method of choice in selected patients for
early detection of osteoporosis. However, for screening
purposes the radius is still a very attractive bone to
measure. At the currently used measuring sites, however,

it doesnothavethesensitivityrequiredto indicatespinal
bone loss. Perhaps measurements closer to the distal end,
where the trabecular-to-cortical bone ratios approach
that in the spine, could be more sensitive. The difficulty
of relocating the arm for photon absorptiometry can
perhaps be solved for photon absorptiometry, or may be
resolved by CT of the forearm. Correlation of the ex
treme distal radius with the spine is necessary to answer
this question.

Cliiiical relevance.In general there is little specific
information on the cause of bone loss obtainable from
bone mineral measurements. Clinical examination,
laboratory tests, radiographs, and biopsy are the tools
for making the specific diagnosis of metabolic bone
disease. Other than that, important clinically useful in
formation can be obtained from single and from repeated
measurements of bone mineral. If possible, the data
should be expressed relative to the normal range (cor
rected for age and sex) and in terms of fracture risk and
in case of repeated measurements in terms ofrate of bone
loss. Each of these approaches has its own merit.

Data from single measurements compared with the
normal range reflect whether mineral content of the total
skeleton, or of a particular portion pf it, is normal or low.
If low, this could be part of the patient's present disease
or the result of one or more previous insults to the skel
eton from which the patient has not completely recov
ered. In the latter case there may be no relationship of
the osteopenia to the patient's present disease. When the
same is expressed in terms of fracture risk, however, a
single measurement helps to define the severity of the
osteopenia with respect to risk of complications. With
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62. CHRISTENSEN MS. CHRISTIANSEN C, NAESTOFT, J, et
al: Normalization of bone mineral content to height, weight
and lean body mass: Implications for clinical use. Ca/c Tiss
mt 33:5â€”8,1981

63. REEDGW: The assessment of bone mineralization from the
relative transmision of 241Amand â€˜37Csradiations. Phys Med
Bio!11:174,1966

64. Roos B, ROSENGREN B, SKOLDBORN H: Determination
of bone mineral content in lumbar vertebrae by a double
gamma-ray technique. In Proceedings ofBone Measurement
Conftrence (Conf. 700515), Cameron, J.R., Ed. U.S. Atomic
Energy Commission, 1970, pp. 243â€”253

65. Roos B: Dual PhotonAbsorptiometryin Lumbar Vertebrae.
Thesis, University of Gothenburg, Sweden, 1974

66. MAZESSRB,ORTM,JUDYP,etal: Absorptiometricbone
mineral determination using â€˜53Gd. In Proceedings of Bone
Measurements Conference, Cameron JR. ed., (Conf. 700515)
U.S. Atomic Energy Commission, 1970,pp. 308-3 12

67. WILsoNCR,MADSENM: Dichromaticabsorptiometryof
vertebral bone mineral content. Invest Radio! 12:180â€”184,
1977

68. MADSENM, PEPPLERW, MAZESS RB: Vertebraland total
body bone mineral content by dual photon absorptiometry.
Ca/cTissRes 2 (Suppl.)361â€”364,1976

69. DUNNWL,WAHNERHW, RIGGSBL: Measurementof
bone mineral content in human vertebrae and hip by dual
photon absorptiometry. Radiology 136:485-487, 1980

70. RIGGS BL, WAHNER HW, SEEMAN E, et al: Changes in
bone mineral density of the proximal femur and spine with
aging. Differences between the postmenopausal and senile
osteoporosissyndromes. J C/in Invest 70:716â€”723,1982

71. HANSSON T, Ross B: Osteoporosis: Effect of combined
therapy with sodium fluoride, calcium and Vitamin D on the
lumbar spine in osteoporosis. Am J Roentgeno! 126:1294-
1297, 1976
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as prophylaxis against involutional vertebral bone loss: a
controlled trial. C/in Sd 64:541â€”546,1983
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this information it is possible to weigh the benefit-to
risk ratio of a given treatment regimen against the
fracture risk of the patient.

Repeated measurements give information on rate of
bone loss in the total skeleton or portion of it, and allow
assessment of the activity of the disease or the effects of
a treatment regimen.

Not all of this information is available from most any
one of the methods described. Particularly with re
spect to fracture threshold and fracture risk data and
estimation of rate of bone loss, the greatest clinical ex
perience is with dual-photon absorptiometry of the spine.
Similar data for the hip should be available in the near
future.

FOOTNOTE

a Bicron model IXMO4O/2B x-ray detector, Bicron Corp., New

bury, OH.
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