Quantitative Bone Mineral Analysis Using
Dual Energy Computed Tomography

This preliminary evaluation indicates that CT scanning per-
mits measurement of cancellous, cortical or integral bone.
With the single energy technique, precision is high and with
the dual energy technique, accuracy is high, In the total body
mede, CT scanning may prove an important tool for assessing
the axial skeleton in osteoporotic conditions.
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URRENTLY available in vivo techniques for quan-
C tifying skeletal mass are generally restricted to
measurements of the peripheral tubular bones and re-
flect primarily cortex. A technique capable of sepa-
rately quantifying cancellous bone may be a more
sensitive determinant of metabolic bone disease. To
this end, we have assessed the potential of computed
tomography for bone mineral determination.

Materials and Methods

For preliminary evaluation of the EMI head unit was used,
and phantoms were constructed to simulate mineral, soft
tissue and fat, either separately or in composite. Dipotas-
sium hydrogen phosphate (K-HPO,) solution was chosen
since it has absorption properties* similar to calcium hydrox-
yapatite (Ca;o (PO,)s (OH),).? Water was used to simulate
lean soft tissue, and ethyl alcohol (C,H;0H) to simulate
fat.>2%% Single chamber cylinders (16 mm diameter) were
filled with combinations of these solutions. Coaxial dual
chamber cylinders were constructed with the outer cir-

cumferential chamber (42 or 33 mm diameters) containing
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high concentrations of phosphate solution and the inner
chamber (31 or 22 mm diameters) containing lower concen-
trations to simulate cancellous bone. Variable amounts of
alcohol were added to the central chamber to simulate mar-
row fat. Monitor displays of single and coaxial phantoms,
and the corresponding digital print-outs were used for quan-
titation.

The manner of converting EMI number to fractional min-
eral content is given by the following formulas. First, the
relationship between EMI number and linear attenuation
coefficient is defined by the formula given by McCullough?+:

N = ML — MLHgo
.0038

where N is EMI number, w.is mean linear attention coeffi-
cient, and pinyois attenuation coefficient of water. This rela-
tionship between EMI number and the linear attenuation
coefficient is linear for any given energy such as 80 kVp and
140 kVp. If we next assume a dual component system con-
sisting of bone and lean soft tissue, ignoring fat for the mo-
ment, then the following applies: u. = Xpwe + (1 —-X) pur
where X is the unknown fractional component of mineral,
pn and pr the known linear attentuation coefficients of
mineral and lean soft tissue or water, respectively, 24 28.30

We examined the CT number of our tissue-equivalant sub-
stances as a function of the tube operating kilovoltage, and
evaluated the effect of beam hardening. We then determined
the accuracy of CT for measuring mineral content in known
standards of potassium phosphate in water. This was ac-
complished by a summation of CT numbers for the entire
slice of solid cylinder and reflects the total bone mass (bone
integral) in a volume defined by the cross sectional area and
the slice thickness.

We compared these CT results on known standards with
those obtained by means of the widely used Norland-
Cameron device® which measures, by iodine-125 photon ab-
sorption, an integral of bone in a 1 cm wide path of the
radius, We further explored the unique capability of CT for
determining separately, cortical and cancellous bone, as well
as, integral bone. The digital print-out of a coaxial phantom
with delineation of the cortex and cancellous core was the

manner in which separate calculation of CT numbers was
accomplished.
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EMI SCANNER CALIBRATION
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Fig. 1. Linear relationship between the EMI number and the

linear attenuation coefficient for 80 kVp and 140 kVp. Water is
calibrated 0 at both energies.

In vivo determination of cancellous bone, however, mea-
sures mineral in the presence of soft tissue with variable
amounts of fat which, if uncorrected, can introduce substan-
tial errors.%” The dual energy beam technique may correct
these inaccuracies using the following formulas:

p(E) = Xpw (B + Y pur (Ey)

pr(Es) = Xuw (Ey) + Y pur (Ey)
Solution:

X = <[ (B) — b jus (E9)]

Where:
a = pun (E,) — buws (Es)
b = uur (Ey) / pur (Ey) = pungo (Eg) / pingo (Ey)

Thus, the mean linear attenuation coefficient is deter-
mined at two divergent energies such as 80 and 140 kVp. The
X factor, representing the fractional mineral component, can
then be determined by simultaneous solution of the two
equations. The Y parameter which describes the equivalent
density of the soft tissue fat component may be solved for in
a similar fashion. The use of simple algebraic formulas is
made possible by the linear relationship between EMI
number and the linear attenuation coefficient (Fig. 1).

Results

The EMI numbers for our tissue equivalent sub-
stances as a function of tube operating kilovoltages are
shown in Figure 2. Of importance with the EMI head
scanner, the CT number of water is O at all energies,
which is accomplished by internal calibration. The CT
number of potassium phosphate is considerably higher
than water due to its high Z and high density. The
number changes greatly with energy, ie, 1100 EMI
units at 80 kVp and 650 EMI units at 140 kVp for a 100
gm% solution. The CT number of 100% ethyl alcohol is
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approximately minus 100, and changes slightly with
operating kVp. Thus, it is apparent that unknown
amounts of fat mixed with soft tissue can affect the
determination for bone mineral.

In Figure 3 the measured integral CT number is plot-
ted against the mineral content calculated on the basis
of the known concentration and size of phantoms. The
correlation coefficient is high and the scatter of points
about the regression line low, giving an accuracy of
1.9%.

A similar plot of the Norland-Cameron densitomet-
ric determination versus the calculated mineral con-
tent for the same known standards is shown in Figure
4. The correlation is again high, but the scatter or
standard error is slightly greater with this determina-
tion, approximately 4%. Thus, the Norland-Cameron
measurement and the integral CT determination show
similar close correlations against known standards,
and as seen in Figure 5, show a close correlation one
measurement to the other. Additionally, the two pa-
tients measured with both methods show close agree-
ment with the phantom measurements.

Figure 6 shows a plot of the mean CT numbers ver-
sus the fraction or percent potassium phosphate so-
lutions for the coaxial phantom simulating cortical and
cancellous bone. The high correlation previously
shown for integral bone is likewise shown here for
cancellous determination and for cortical determina-
tion done separately. This separate determination can-
not be done with the Norland-Cameron technique.
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Fig. 2. CT number versus tube operating kilovoltage plotted
for our tissue equivalent substances. Ethy!l alcohol has a value of
approximately minus 100 EMI units. The value for dipotassium
hydrogen phosphate changes greatly with energy.
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INTEGRAL CT NUMBER VS CALCULATED
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Fig. 3. Summation of integral of CT number (140 kVp) for a
slice of solid cylinder plotted against the known standards of
dipotassium hydrogen phosphate expressed as centimeters
squared of 100 gm% K HPO, equivalent.

Figure 7 demonstrates the basis for the dual deter-

mination. It is made possible by the large change in.

linear attenuation coefficient for the mineral compo-
nent as a function of kVp. The fat (C,H;OH) and soft
tissue (H,O) components show a smaller, predictable
and paralleling change in linear attenuation coeffi-
cient. Thus, if we know the change in CT number for
an unknown mixture, the mineral fraction can be de-
rived independent of fat and water.

This is shown graphically in Figure 8 where the CT
number of K,HPO ~C,H ;O0H-H,0O mixtures obtained
at 140 kVp are plotted against the CT number obtained
at 80 kVp. The determined fractional component, X,
for mineral concentrations are shown by the diagonal
lines in steps of 20 gm% each. For example, The CT
number for a mixture containing 100 gm% potassium
phosphate, will fall somewhere along the lowest
diagonal line depending upon the relative amounts of
fat and soft tissue.

The accuracy and precision of the dual and single
energy techniques are shown in Figure 9. Here we
have used a series of phantoms with a constant 5 gm%
potassium phosphate concentration but with the vari-
ous mixtures of alcohol ranging from 0-40% by volume
and plotted on the axis. The measured value for min-
eral content should be 5% for all determinations. With
the single energy techniques, however, the measured
value becomes progressively lower with increasing al-
cohol content such that at 40% added alcohol, one
obtains a result of approximately 2 gm% for the 80 to
140 kVp techniques. The error is greater than 50%.
The precision, however, is very high as indicated by

the very small standard deviation bars, approximately
1-2%.
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With the dual energy technique the error is greatly
reduced; we obtain values close to the correct S gm%
value. In other words, the accuracy of this determina-
tion relative to the single energy mode is considerably
improved although its magnitude was not determined
by multiple measurements. The precision, however, is
poorer as evidenced by the standard deviation of ap-
proximately 10%. Thus, the dual energy technique re-
duces the inaccuracy resulting from unknown amounts
of fat at the sacrifice of precision.

It would appear that for serial determinations in a
given patient, the single energy technique will be most
useful since precision is high. For a diagnostic deter-
mination, however, to separate a patient from a normal
population, accuracy is required, and thus the dual
energy technique must be used.

The precision or coefficient of variation, as a func-
tion of the mineral content or fractional K,HPO,, is
plotted .in Figure 10. The higher precision of single
compared to dual energy determination is demon-
strated as well as the relatively higher precision for
determining high rather than low fractions of mineral.

The potential effect of beam hardening?* on accu-
racy is demonstrated in Figure 11 which shows a
‘‘cross sectional’’ plot of a coaxial phantom simulating
the radius. It can be seen that for this relatively thin-
walled cortical equivalent, the inaccuracy from beam
hardening for determining the inner cancellous equiva-
lent core is negligible with the EMI head scanner. For
thicker and denser cortical equivalents, however,
beam hardening error can be considerable as shown in
Figure 12. Here the CT number at the center of a cyl-
inder of 16 mm diameter is plotted as a function of
mineral fraction at two energies indicating nonlinearity
in the system.
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Fig. 4. Norland-Cameron determination versus the same
known standards as in Fig. 3.



548 INVESTIGATIVE RADIOLOGY
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Fig. 5. Norland-Cameron determination versus integral CT
number for the known standards. Both phantom and 2-patient
measurements fall close to the regression line.

Discussion

~ Potential advantages of the computed tomographic
technique*®-13:29:33 gver other modalities for bone
mineral determination include: 1) transaxial display of
data which permits identification of anatomy and sepa-
rate determination of cortical, cancellous or integral
bone; 2) capability of determining linear absorption
coefficient for a readily defined volume of bone; and 3)
in the dual energy mode, the ability to determine min-
eral content in the presence of variable fat and soft
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Fig. 6. Mean CT numbers versus the fraction K.HPO, for
co-axial phantoms simulating cortical and canceilous bone.
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Fig. 7. Linear attenuation coefficient versus kVp for the tis-
sue equivalent substances. The large change in linear attenua-
tion coefficient for the mineral component is demonstrated.
Water and ethy! alcoho! show a smaller and paralleling change
with tube operating potential.

tissue. Other procedures available for determining
bone mineral content in the peripheral skeleton include
the following:

First, there is the simple measurement of cortical
thickness which is easy to perform, reproducible and is
backed by a large body of normative data,!l:12.27.40
This technique may lack sensitivity in assessing many
metabolic bone disorders since only endosteal bone
resorption is reflected by this measurement. Intracor-
tical resorption (cortical porosity) and trabecular bone
resorption which are important determinants of high
bone turnover states are not measured.? 14-16,26.36.38
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Fig. 8. The fraction K;HPO, (X) is plotted on the diagonal in
20 gm% steps. These values are determined by obtaining the
EMI number at 140 and 80 kVp.
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ACCURACY FOR MINERAL DETERMINATION

MEASURED K2HPO4FRACTION (5 GM %) VS ALCOHOL ADMIXTURES (0—40%)
FOR DUALENERGY AND SINGLE ENERGY TECHNIQUES
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Second, photodensitometry?:821-26 j5 g technique
using an x-ray source, radiographic film, and a known
standard wedge which has proved reproducible in ex-
perienced hands and is possibly more sensitive than
simple cortical measurement. Complicated technical
requirements have limited the clinical scope of this
technique, however.

Third, a more widely used, easier and more precise
technique is photon absorptiometry using an iodine-
125 source interfaced with a sodium iodine scintillation
detector.!%-2%:3¢ Many such devices have been used
but the most widely accepted is the Norland-Cameron®
which measures the radial shaft (although other tubu-
lar bones can be examined). Considerable normative
data are available and many clinical studies have sup-
ported its usefulness.!”3¢ A reproducibility of 2% and
an accuracy of approximately 6% have been demon-
strated.® The measurement is primarily an integral of
cortical bone since the diaphysis, where measurements
are generally made, contains little cancellous bone,
and the metaphysis, which contains proportionally
more trabecular bone (up to 25-40% of total integral
bone),? is more difficult to measure due to reposition-
ing errors and, consequently, precision may be poor.
The impetus for measuring cancellous bone is that this
bone tissue has a greater surface-to-volume ratio than
cortical bone and shows alteration earlier and more
dramatically in many metabolic disorders,!!16:17.31,38 ¢
is for this reason that the quantizied cross sectional
display of CT may prove particularly valuable, Addi-

COEFFICIENT of VARIATION Sx/x (%)
[o 3

tionally, a technique such as CT, capable of measuring
various sites in the skeleton, may be advantage-
0us_ll,l2,42

A study recently reported by Reich?? utilized a Delta
CT scanner and correlated the results with those ob-
tained using the Norland-Cameron densitometer, both
techniques measuring an integral of bone in the radial
shaft, A fairly high correlation was obtained: r = 0.72.
Additionally, accuracy was determined by measuring
tubular bones devoid of soft tissue and placed in a
water bath. The CT results correlated well with sub-
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Fig. 10. The precision for single and dual energy mineral
determination (coefficient of variation) plotted as a function of
fraction K.HPO,.
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Fig. 11. Cross-sectional view of a co-axial phantom with the

outer cortex containing 50 gm% solution K;HPO, and a central
core containing water. We do not see falsely low CT numbers for
the central portion to indicate beam hardening error.

sequent calcium determination in specimens (r = 0.97)
indicating a high accuracy achievable in vitro. Preci-
sion was not determined and there was no attempt to
separately determine the mineral content of cortical
and cancellous bone, or the mineral in the presence
of variable soft tissue components.

A specially devised CT technique for bone mineral
analysis was recently reported by Ruegsegger?? which
used an iodine-125 source and computer assisted re-
construction. It showed excellent capability for sepa-
rate determination of cortical and cancellous bone in
the radius and provided approximately 2% precision.
Accuracy was not determined. However, it should be
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Fig. 12. Theoretical and measured values for CT number
versus K,HPO, concentration for determinations made at the
center of a 16 mm diameter cylinder. The wide discrepancies
seen at values greater than 60 gm% are due to non-linearity and
precipitation of potassium phosphate from solution.
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noted that the error due to unknown fat will depend
greatly upon the beam energy as well as the relative
amount of fat.3” Thus with a low energy source such as
iodine-125 (mean energy 27 keV) the attenuation by
mineral is accentuated relative to fat and soft tissue
due to the Z3 dependence of the photoelectric attenua-
tion process which dominates at low photon energy.
At this low energy the error in determining bone min-
eral content due to variable fat in the marrow space of
the radius has been estimated at less than 3%.18
Moreover, beam hardening error which can be consid-
erable with a low energy polychromatic source is
eliminated by the nearly monochromatic 23] photon
spectrum. It is apparent then that this technique of CT
reconstruction using an iodine-125 source may be
superior to that achievable with commercially availa-
ble CT scanners for peripheral small bones.

The current study addressed the problems of sepa-
rate mineral quantitation of cortical and cancellous
bone in the presence of variable fat complicated by
beam hardening of the polychromatic photon beam.
The EMI head scanner was used at 80 and 140 kVp to
measure coaxial phantoms containing solutions of di-
potassium hydrogen phosphate, water and ethyl al-
cohol which simulate variable bone, soft tissue and fat.
The results indicated that the CT technique at a single
energy can readily and accurately determine mineral
content for cortical, cancellous or integral bone in a
two component system containing mineral and soft tis-
sue. It can do this in dual component phantoms with
accuracy matching or surpassing the Norland-
Cameron technique which can only measure integral
bone. Additionally, in the dual energy mode,?* mineral
content of a three component system containing min-
eral, soft tissue and fat can be relatively accurately
determined at a considerable sacrifice of precision.
Furthermore, for the small tubular bones such as the
radius, the hardening of the polychromatic beam at the
relatively high energy levels used is rather minimal.
Thus, the CT technique discussed here shows consid-
erable promise for quantitating mineral in the
peripheral skeleton although it may not compare
favorably with the low-energy, monochromatic CT
technique of Riegsegger.?

For analysis of tne axial skeleton, however, particu-
larly the spine where complications of bone loss fre-
quently become manifest,!®38 the dual energy CT
technique discussed herein may prove particularly
valuable. Since higher energies must be used for statis-
tical and dosimetric reasons, the relative error due to
marrow fat may be considerable (up to 30%).4-18:37 This
indicates the necessity for dual energy technique for
the thicker body parts. The beam hardening effects for
a polychromatic source, however, will necessarily be
greater and repositioning errors may be large. Further
analysis of computed tomography for spinal mineral
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quantitation will be necessary to determine the poten-
tial of this technique in comparison with other mod-
alities currently under investigation, i.e., single projec-
tion dual-energy photonabsorptiometry and Xx-ray
spectrophotometry,10:18:19:30 tota] or partial body neu-
tron activation,>?*2 and Compton scattering.4!

19.

20.
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