Journal of
Orthopaedic

(L 1
i Research
Journal of Orthopaedic Research 20 (2002) 633-641

ELSEVIER

www.elsevier.com/locate/orthres

The X-ray attenuation characteristics and density of human calcaneal
marrow do not change significantly during adulthood

C.M. Les ®*, R.T. Whalen ®, G.S. Beaupré ¢, C.H. Yan ®!, T.M. Cleck ?, J.S. Wills *2

& Musculoskeletal Biomechanics Laboratory, NASA Ames Research Center, Moffett Field, CA, USA
® Lucas MRS Imaging Center, Stanford University, Stanford, CA, USA
¢ Rehabilitation Research and Development Center, VA Palo Alto Health Care System, Palo Alto, CA, USA

Received 17 August 2001; accepted 18 September 2001

Abstract

Changes in the material characteristics of bone marrow with aging can be a significant source of error in measurements of bone
density when using X-ray and ultrasound imaging modalities. In the context of computed tomography, dual-energy computed
techniques have been used to correct for changes in marrow composition. However, dual-energy quantitative computed tomography
(DE-QCT) protocols, while increasing the accuracy of the measurement, reduce the precision and increase the radiation dose to the
patient in comparison to single-energy quantitative computed tomography (SE-QCT) protocols. If the attenuation properties of the
marrow for a particular bone can be shown to be relatively constant with age, it should be possible to use single-energy techniques
without experiencing errors caused by unknown marrow composition.

Marrow was extracted by centrifugation from 10 mm thick frontal sections of 34 adult cadaver calcanei (28 males, 6 females, ages
17-65 years). The density and energy-dependent linear X-ray attenuation coefficient of each marrow sample were determined. For
purposes of comparing our results, we then computed an effective CT number at two GE CT/i scan voltages (80 and 120 kVp) for
each specimen. The coefficients of variation for the density, CT number at 80 kVp and CT number at 120 kVp were each less than
1%, and the parameters did not change significantly with age (p > 0.2, #*> < 0.02, power > 0.8 where the minimum acceptable
r? = 0.216). We could demonstrate no significant gender-associated differences in these relationships. These data suggest that
calcaneal bone marrow X-ray attenuation properties and marrow density are essentially constant from the third through sixth

decades of life. © 2002 Orthopaedic Research Society. Published by Elsevier Science Ltd. All rights reserved.
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Introduction

The measurements of X-ray attenuation and ultra-
sound propagation are currently the two most widely
used techniques in bone densitometry studies [6,29,30].
However, accurate interpretation of these measurements
in cancellous bone requires a thorough characterization
of the bone marrow at the particular anatomic site of
interest. For instance, the accuracy and long-term pre-
cision of single-energy quantitative computed tomogra-
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phy (SE-QCT) in measuring bone density are dependent
in part upon uncertainties in the linear X-ray attenua-
tion characteristics of the marrow [18,20,22-24,26,35,
41,61]. If the density and X-ray attenuation character-
istics of bone marrow at a particular site were known to
change predictably with age, or better yet, to be constant
with age in the adult, then precise long-term bone den-
sitometry studies would be improved by the knowledge
that changes in X-ray attenuation or ultrasound prop-
agation could be reasonably ascribed solely to material
or structural changes in the mineral component.

The change in marrow composition with age from
hematopoietic to adipose tissue can result in an under-
estimation in cancellous bone mineral density of up to
15% [20,41]. Dual-energy quantitative computed to-
mography (DE-QCT) can correct for unknown relative
contributions of yellow and red marrow when measur-
ing bone density in normal and osteoporotic subjects
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[1,2,9,19,23,28,34,46,55,57,58], and can also be used to
evaluate changes in marrow fat content with disecase
[40,48,49]. Most of these techniques are based upon
post-processing calibration procedures; an alternative
approach suggested by Alvarez and Macovski [2] is
based instead on a characterization of the physics of the
X-ray beam itself.

However, DE-QCT achieves this improved accuracy
at the cost of reduced precision and at a higher radiation
dose to the patient or subject [9]. In addition, most
clinical CT scanners are not equipped for simultaneous
DE-QCT.

It is known that the constituents of marrow change
dramatically between birth and old age, as a function of
the change from hematopoietic to adipose marrow
[12,14,16,20,31,43,47,50,73]. The sequence, pattern, and
timing of this change is characteristic for the specific
bone. If the X-ray attenuation of marrow changes sig-
nificantly and systematically with age, as is the case in
the vertebrae, then accurate and precise long-term
evaluation of bone density requires that the change be
thoroughly characterized so that adequate correction
may be made in reconstruction algorithms. If, on the
other hand, the X-ray attenuation characteristics of
marrow for select bones are known and do not change
within a given age range, then bone density can be
measured at these sites with SE-QCT within this age
range without experiencing errors caused by changes in
marrow composition.

The calcaneus (os calcis) has several features that
make it a useful site for bone densitometry. Calcaneal
architecture and local mechanical conditions have been
well-characterized in humans and other animals [27,32,
33,37,51-53,71], and changes in bone properties at this
site have been associated with material, architectural, or
mechanical changes at other, more clinically-important
but difficult-to-assess sites such as the spine or hip [3,6,
13,38,44,54,59,66]. The calcaneus is a peripheral bone
surrounded by a thin layer of soft tissue. The radiation
dose involved with multiple, serial examinations would
not expose vital internal organs or areas of high hemato-
poietic activity, and the signal-to-noise ratio would be
high.

In addition to this use as a sentinel bone for changes
at other sites, the calcaneus has immense potential in
and of itself as a site for evaluating the effects of changes
in mechanical forces on bone tissue, architecture, and
structure. For several years, we have been developing a
model of skeletal adaptation using QCT of the calca-
neus, mathematical modeling of adaptation [4,5,10,11,
36,56,62], and estimates of daily skeletal (specifically,
calcaneal) loading obtained from a custom-designed
ground reaction force monitoring system [7,8,63].
Clearly, an improvement in accuracy and precision in
non-invasively evaluating bone density in vivo at this
site would dramatically improve our ability to test these

theories, and to discern small changes to the structure in
response to changes in loading conditions, nutritional
alterations, or pharmaceutical interventions.

In a study based largely on data from other primary
sources, Christy [12] showed that there was essentially
no hematopoeitic marrow in the ankle and foot bones
after age 10. No specific mention was made of the cal-
caneus, and the study did not address changes in at-
tenuation properties or physical density in adulthood.

The objective of this study was to determine the
physical density and energy-dependent linear X-ray at-
tenuation coefficients of marrow extracted from adult
calcanei, and to evaluate the relationship between these
parameters and the age of the donor. Our hypothesis
was that there would be no significant change in these
parameters with age in adults.

Methods

After obtaining institutional review board approval, 34 pairs of
human calcanei were acquired from a local tissue bank. Only the left
calcanei were used in this study. Gender and age data were recorded
(Table 1; 28 males, 6 females, mean age 44.2 years, SD 12.2 years,
range 17-65 years) and the calcanei were stored at —80 °C.

Marrow extraction

Calcanei were removed from the —80 °C freezer and positioned in a
custom holding fixture. A 10 mm thick frontal-plane section was cut on
a low-speed saw under ice water irrigation (Isomet Plus, Buehler, Lake
Bluff, IL, USA), centered at a point 15 mm posterior to the talar ar-
ticulation. Cancellous bone and marrow was removed from the section
with a rongeur, warmed to 60 °C in a water bath, and centrifuged at
1835g for 10 min through a 300 pum stainless-steel mesh (Spectra/Mesh
145 821, Spectrum, Laguna Hills, CA, USA; Fig. 1) into a 20 cc sy-
ringe, separating marrow from bone. Extracted marrow volumes
ranged from approximately 1 to 6 cc. The syringe containing the
marrow was uncapped, air was expelled, and the cap was replaced
before storage at —80 °C.

Density

A 0.5 cc aliquot of each sample was measured at 37 °C and weighed
to calculate marrow density (p).

CT imaging

At the time of imaging, the syringe was warmed to 37 °C, gently
agitated in a vortex mixer, and scanned (CT/i,General Electric, Mil-
waukee, WI, USA) with the syringe inserted into the bore of a 9.21 cm
diameter cylindrical acrylic holder. For each sample, 15 images were
obtained at 80 kVp, 190 mA, 1 s, with a display field of view of 15 cm,
and a slice thickness of 3 mm. The voxel size was approximately
0.30 x 0.30 x 3.00 mm. These images were averaged to reduce quan-
tum noise. The procedure was then repeated at 120 kVp, 190 mA, 1 s.

Attenuation coefficients

The mean energy-dependent linear attenuation coefficient,
Umarrow (E), Was determined for each marrow specimen using a new
dual-energy CT technique [70]. Using the GE CT/i X-ray beam spectra
(S(E)) for 80 kVp and 120 kVp, determined experimentally [69], we
computed two constants ‘a’ and ‘b’ at each voxel that determine the X-
ray attenuation characteristics of the material within the voxel. Mean
values, @ and b, were computed from the voxels contained within the
syringe. With this approach, the mean linear attenuation coefficient of
the marrow sample is expressed as a linear combination of known
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Table 1
Donor summary

Age (years) Gender Height (cm) Mass (kg) Cause of death

19 Female 173 52 Trauma, motor vehicle accident
23 Female 170 91 Trauma, motor vehicle accident
35 Female 157 52 Cerebrovascular accident

38 Female 152 52 Trauma, motor vehicle accident
49 Female 160 80 Myocardial infarction

52 Female 152 50 Cerebrovascular accident

17 Male 178 68 Trauma, motor vehicle accident
30 Male 183 86 Trauma, motor vehicle accident
30 Male 170 91 Trauma, gunshot wound, head
30 Male 178 80 Aortic valve disorder

32 Male 183 108 Trauma, asphyxiation

33 Male 178 68 Asphyxiation

38 Male 165 102 Trauma, gunshot wound, head
38 Male 180 70 Myocardial infarction

40 Male 180 93 Myocardial infarction

42 Male 178 80 Trauma, head

44 Male 170 68 Cerebrovascular accident

45 Male 183 98 Trauma, gunshot wound, head
45 Male 183 82 Myocardial infarction

46 Male 168 85 Trauma, motor vehicle accident
47 Male 191 80 Myocardial infarction

51 Male 180 86 Intracranial hemorrhage

52 Male 180 77 Apparent myocardial infarction
54 Male 175 86 Myocardial infarction

54 Male 185 84 Myocardial infarction

54 Male 178 85 Apparent myocardial infarction
55 Male 178 73 Myocardial infarction

55 Male 180 68 Trauma, motor vehicle accident
56 Male 178 86 Apparent myocardial infarction
58 Male 180 77 Apparent myocardial infarction
58 Male 183 77 Subdural hematoma

59 Male 170 68 Athlerosclerotic heart disease
60 Male 178 73 Apparent myocardial infarction
65 Male 173 86 Cerebrovascular accident

water and aluminum attenuation functions (http://physics.nist.gov)
Hmal‘l’OW (E) = EHWE!CI’ (E) + Bludl (E)'

For the purpose of comparing our results, we calculated an effective
linear attenuation coefficient and an effective CT number [42], desig-
nated CT(80) and CT(120), for each specimen at each scan energy:

CT# = 1000 Hmarrow effective — Hwater effective

k)
luwater,effecti\'e

where

s flective = Wﬂ
‘marrow effective ./‘I: S(E) B

and

s = s (E)S(E) dE
water effective fE S(E) dE

Validation procedures

We evaluated the accuracy of our analytical technique by scanning
a syringe filled with distilled water at 37 °C inserted into the acrylic
holder. The water scan was processed along with the marrow samples.
The linear attenuation coefficient functions for the water and acrylic
holder were determined following the procedures described previously
[70] and compared to known X-ray attenuation values for water
and acrylic obtained from the National Institute of Standards and
Technology (http://physics.nist.gov/lab.html). For each beam spec-

trum, effective linear attenuation coefficients were computed for the
measured and known functions (u(E)) of each material and compared.
Finally, to ensure CT scan conditions did not change throughout the
scan session, we compared the effective linear attenuation coefficients
(at 80 and 120 kVp) of acrylic from the first and last marrow scans.

Statistics

Gender-associated differences in age, height, weight, body mass
index (BMI =mass/height®), p, CT(80), or CT(120) were evaluated
using z-tests. Linear regression analyses were performed using p and
age as the independent variables, and p (where appropriate), CT(80),
and CT(120) as dependent variables. Stepwise multiple linear regres-
sions were performed using p, CT(80), and CT(120) as dependent
variables, and allowing p (where appropriate), age, height, weight, and
BMI as the independent variables. Analyses were performed for all
subjects, and then were divided by gender.

Wherever p > 0.05, the power and minimum sample size required
to achieve a power of 0.8 were calculated. For linear regressions, the
minimum acceptable 72 values required to achieve a power of 0.8 were
also calculated (SigmaStat 2.0 for Windows, SPSS Science, Chicago,
IL, USA).

Results

The measured and known energy-dependent linear
attenuation coefficient functions for water and acrylic



636 C.M. Les et al. | Journal of Orthopaedic Research 20 (2002) 633641

Bone & marrow pieces

Modified
12cc syringe

300 Um stainless
steel mesh

&
| &
; 20cc syringe
w/ Luer-lock tip
&

Luer-lock cap

45cc centrifuge tube

Fig. 1. Marrow extraction apparatus, schematic.

are shown in Fig. 2. The measured effective attenuation
coefficients of water and acrylic for the 80 kVp beam
spectrum were within 3.8% of the value computed from
NIST data, and within 0.8% for the 120 kVp beam
spectrum. Effective attenuation coefficients for the 80
and 120 kVp spectra were within 1.0% between the first
and last marrow scan.

For the population of marrow samples, the coefficient
of variation (CV) was (< 1%) for p, CT(80), CT(120)
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Fig. 2. Energy-dependent linear attenuation coefficients for water,
polymethylmethacrylate, and adipose tissue from the NIST standards
(lines), and as determined experimentally (circles and crosses) for
water, polymethylmethacrylate, and bone marrow.

and parameter ‘a’, and less than 3% for parameter ‘b’
(Table 2). The regression slope for p, CT(80), and
CT(120) as a function of age was not significantly dif-
ferent from zero (Table 3, Figs. 3 and 4). There was no
demonstrable correlation between p and CT(80), or
between p and CT(120) (Table 3, Fig. 5). Regressions
were not significantly improved through the use of
stepwise multiple linear analyses. The variation in en-
ergy-dependent linear attenuation coefficients was re-
markably small for these specimens (Figs. 5 and 6).

Statistical power was less than 0.5 for all linear re-
gression analyses (Table 3). For n = 34 and o = 0.05, a
minimum 72 value of 0.216 is necessary to achieve a
power of 0.8 [72]. For these data, p > 0.24, and > < 0.01
(Table 3, Figs. 3,4,6). The minimum sample size for the
power to exceed 0.8 at the calculated »* values ranged
from 178 to 1647 (Table 3).

There were significant differences between genders in
height (p < 0.001, mean female height=1.61 m, mean
male height =1.78 m), and weight (p = 0.001, mean fe-
male weight = 63 kg, mean male weight = 82 kg), but not
necessarily for age, BMI, p, CT(80), or CT(120) (p >
0.15, power < 0.32). There were no significant correla-
tions between p and CT(80) or CT(120), or between age
and p, CT(80), or CT(120) when the data were separated
by gender (p > 0.12, power < 0.32).

Discussion

The calcaneus has become an increasingly important
bone site for monitoring skeletal changes with age and
activity level. Changes in calcaneal bone mineral content
have been used as sentinel values, as statistical surro-
gates, for use in following the process of bone loss at
other, more clinically relevant sites such as the hip or
spine [3,6,13,38,44,54,59,66]. As an anatomical site, the
calcaneus has the advantage of being peripheral, and of
being surrounded by a smaller and more consistent
amount of soft tissue than these other sites. Our results
suggest another advantage of this site, that of a con-
stancy of marrow constituents not seen at the spine or
hip. Such a feature would improve remarkably the long-
term precision of such screening protocols.

The results of this study have important implications
beyond computed tomography as well. Clearly, the as-
sumption that calcaneal marrow density may be con-
sidered as constant may also be used in studies that
utilize X-ray absorptiometry or ultrasound propagation
as a means of examining bone mineral density. Any
measured changes in X-ray attenuation or ultrasound
propagation at this site with time could be assumed to
be a result of changes in bone density or structure, but
not to changes in marrow.

While a number of factors contribute to the accuracy
and precision of repeated measurements, our objective
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Table 2
Summary data
Parameter Mean Standard deviation Coefficient of variation Range
p (gm/cc) 0.922 0.007 0.007 0.911 to 0.940
CT(80) 782.5 5.6 0.007 766.7 to 795.6
CT(120) 852.3 4.3 0.005 836.7 to 859.7
Parameter ‘a’ 1.002 0.004 0.004 0.986 to 1.009
Parameter ‘b’ —-0.036 0.001 0.029 —0.038 to —0.033
Table 3
Linear regression data
Variables Slope (standard error) ”? D Power Minimum sample size
Independent Dependent
Age P —9.8 x 107° (9.9 x 1075) < 0.01 0.32 0.16 261
CT(80 kV) —0.094 (0.078) 0.01 0.24 0.43 178
CT(120 kV) —0.058 (0.061) < 0.01 0.35 0.15 287
P CT(80 kV) —67.6 (140.2) < 0.01 0.63 0.07 1647
CT(120 kV) —72.1 (108.4) < 0.01 0.51 0.10 572

Minimum sample size is that required at the calculated * to achieve a power of 0.8. Alternatively, with n = 34, & = 0.05, an * of at least 0.216 is

required to achieve a power of 0.8. See Figs. 3-5.
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Fig. 3. Calcaneal marrow density, as a function of donor age. Line
indicates linear regression and 95% confidence interval. No significant
change in marrow density with age could be demonstrated with these
samples.

with this study was to determine those material prop-
erties of bone marrow, the dominant non-bone constit-
uent comprising the calcaneus, that significantly impact
interpretation of results obtained from different imaging
modalities. If marrow properties are constant, or if
changes are systematic with age, then a potential source
of error affecting long-term measurement precision has
been eliminated. Another objective was to obtain accu-
rate estimates of material properties that could then be
used to further enhance the accuracy and precision of
bone density and ultrasound measurements.

Our concern over the possibility of age-related
changes in composition of adult calcaneal marrow, with
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Fig. 4. Calcaneal marrow attenuation, Hounsfield units, at 80 and 120
kVp, as a function of donor age. Lines indicate linear regressions and
95% confidence intervals. No significant change in attenuation with
age could be demonstrated with these samples.

concomitant changes in material properties, arose from
trends that have been documented in the marrow of
vertebral bodies, where the conversion of marrow from
hematopoietic to adipose tissue can continue through-
out adult life [18,21,60,61]. In general, the conversion of
marrow from hematopoietic to adipose occurs first in
the periphery of the appendicular skeleton, moves to-
wards the axial skeleton, and is essentially complete in
these peripheral sites by the end of the second decade
[12,14,31,43,47,50,73]. A second concern was whether
the additional vascular network and blood volume
within the calcaneus would significantly affect the vari-
ability in measured properties among specimens.
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v

g 10 .

= Aluminum

2

Q

=

(O]

o

[&]

c 1

.8

© N

=)

2 Water

2

g

= Sample range

Q 0.1

3 0 20 40 60 80 100 120
Energy, KeV

Fig. 6. Energy-dependent linear attenuation coefficients for aluminum,
water, and the marrow samples. The variation in attenuation coeffi-
cient at a given energy level for the 34 specimens was quite small.

It appears from our results that neither was a source
of significant variation in the data, at least not in the 10
mm mid-frontal slab from which we extracted marrow.
Because the marrow extraction process homogenized
our marrow sample, there may be regional intra-sample
variations that we could not detect. From a practical
standpoint, however, it is clear that calcaneal marrow
density and calcaneal marrow X-ray attenuation charac-
teristics may be considered as a constant throughout
adulthood. The low power and prohibitively high min-
imum sample sizes of the statistical analyses preclude us
from stating definitively at the observed 7 value that
there is no relationship between age and marrow density,
or between age and X-ray attenuation characteristics. If,
however, we are willing to accept 0.216 as a minimum
acceptable 7> value in regression analyses, then our

sample size is indeed sufficient to establish an hypothesis
of no correlation. Moreover, the low coefficients of
variation, high p values, low 7 values, and low slopes
strongly suggest that there is no significant, systematic
change in these parameters with age in adults.

We also found a lack of a demonstrable correlation
between marrow sample mass density and CT attenua-
tion. Theoretically, we should have been able to dem-
onstrate a positive correlation between these parameters
[42]. Given the very short range of the independent
variable in our sample (mass density 0.91-0.94 gm/cc), it
should not be entirely surprising that we were not able
to establish a positive correlation, and indeed, the 95%
confidence interval for the calculated slopes (Fig. 5,
Table 3) did include positive as well as negative slopes. It
is possible that the accumulation of experimental errors
in the density and X-ray attenuation measurements,
combined with this very small range of values, may have
obscured the expected significant correlation. For in-
stance, any air introduced during the pre-scanning
vortexing of the sample could have contributed to error
in the CT attenuation measurement; if such an error was
systematically skewed towards either high- or low-den-
sity marrow, this might explain the lack of a significant
correlation between density and attenuation (Fig. 5).
Since air was expelled manually from the syringe before
vortexing, such error was probably minimal. Vacuuming
the sample before scanning might have also helped to
remove any residual gas, but would have allowed en-
ough time between mixing and scanning so that the
sample might not have been entirely homogeneous. Er-
rors in the mass density measurement may also have
contributed to this lack of significant correlation be-
tween density and attenuation. Alternative means of
measuring tissue density include pycnometry [15,17] and
the use of a density gradient [39]. The former technique
works best in situations in which the sample is either a
solid or has a density greater than that of the reference
fluid, and in which the sample is not miscible with the
reference fluid. None of these criteria were met with our
specimens. The accuracy and precision of the latter
technique depends strongly on details of gradient prep-
aration and maintenance, as well as on considerations
given to the protein and lipid constituents of the speci-
men (which were not determined in our specimens).
With proper equipment and training, both of these al-
ternative techniques can give a precision that is an or-
der of magnitude greater than that of the technique that
we used, with smaller samples. Our technique was es-
sentially that of the pycnometer, in which the refer-
ence fluid was air. The technique was tested with
distilled water and found to be accurate to within 0.006
gm/cc.

Our CT validation procedures provide us with a
measure of the accuracy and reliability of our data.
The technique of Yan et al. [70] computes the energy-
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dependent linear attenuation coefficient function of the
material contained within each voxel in the scan field of
view. Accuracy is difficult to assess without a compari-
son to an appropriate “gold standard”. We used the
computed linear attenuation coefficients of the known
materials, water and acrylic, in the scan image to obtain
an estimate of the accuracy of the linear attenuation
function of the marrow sample. We also used the com-
puted effective attenuation coefficient of the acrylic in
the holder as a measure of the stability of the beam
spectra.

We have plotted the marrow mean linear X-ray at-
tenuation coefficient function in Fig. 2 along with water
and acrylic. Adipose tissue (dotted line, http://phys-
ics.nist.gov/lab.html), also plotted, is slightly offset from
and higher than our experimentally-derived value. While
there may be differences in composition between our
marrow and adipose tissue, some of the difference in
attenuation can be attributed to a difference in marrow
density. We measured a mean density of 0.92 gm/cc,
whereas IRCU reports a density of 0.95 gm/cc for adi-
pose tissue [25] (http://physics.nist.gov/PhysRefData/
XrayMassCoef/tab2.html). Interestingly, NIST also re-
ports an adipose tissue density of 0.92 gm/cc (http://
physics.nist.gov/cgi-bin/Star/compos.pl?refer=ap&mat-
no=103). Woodard and White [65] report a mean den-
sity of 0.950 + 0.020 (SD) gm/cc for adipose tissue, 1.030
gm/cc for red marrow, and 0.980 gm/cc for yellow
marrow, all of which are higher than our measured
values. Fat, the major constituent of adipose tissue, was
measured at 0.92 gm/cc by White [64], which suggests
that our specimens may consist largely of that material.
Obviously, these differences could be the result of al-
ternative measuring techniques, or of real variation in
material properties between tissues at different anatomic
sites. They do, however, emphasize the importance of
measuring critical properties directly.

Of course, in order to fully take advantage of these
findings in long-term, longitudinal studies using single-
energy CT, other issues must be addressed. The problem
of beam hardening can be important when measuring
bone density [19,42]. In addition, great care must be
taken during longitudinal densitometry studies to achieve
repeatable positioning between CT sessions, in order to
be sure of comparing the same anatomic site from study
to study. The development of image registration tech-
niques to address this issue is an area of active research
[45,67,68].

In conclusion, our data suggest that the physical
density and X-ray attenuation properties of bone mar-
row in the adult calcaneus do not change significantly
between the third and sixth decades in life. In this
system, therefore, we propose that single rather than
DE-QCT can be accurately used for quantitative deter-
mination of bone density, thereby increasing precision
and decreasing subject radiation exposure.

Acknowledgements

This work was supported by the National Research
Council, NASA grant 199026-12-35, the NASA Ames
Astrobiology Academy, NASA Cooperative Agreement
NCC2-5088, and VA Merit Review B802-RA. Calcanei
were provided by the Northern California Transplant
Bank.

References

[1] Adams JE, Chen SZ, Adams PH, Isherwood I. Measurement of
trabecular bone mineral by dual energy computed tomography.
J Comput Assist Tomogr 1982;6:601-7.

[2] Alvarez RE, Macovski RE. Energy-selective reconstructions in
X-ray computerized tomography. Phys Med Biol 1976;21:733-44.

[3] Amling M, Herden S, Posl M, Hahn M, Ritzel H, Delling G.
Heterogeneity of the skeleton: comparison of the trabecular
microarchitecture of the spine, the iliac crest, the femur, and the
calcaneus. J Bone Miner Res 1996;11:36-45.

[4] Beaupre GS, Orr TE, Carter DR. An approach for time-
dependent bone modeling and remodeling-application: a prelim-
inary remodeling simulation. J Orthop Res 1990;8:662-70.

[5] Beaupre GS, Orr TE, Carter DR. An approach for time-
dependent bone modeling and remodeling-theoretical develop-
ment. J Orthop Res 1990;8:651-61.

[6] Bouxsein ML, Courtney AC, Hayes WC. Ultrasound and densi-
tometry of the calcaneus correlate with the failure loads of
cadaveric femurs. Calcif Tissue Int 1995;56:99-103.

[7] Bowley SM, Breit GA, Whalen RT. Objective measurement of
daily human activity (abstract). Proc Am Soc Bone Miner Res
1998;23(5):S309.

[8] Breit GA, Whalen RT. Prediction of human gait parameters from
temporal measures of foot-ground contact. Med Sci Sports Exerc
1997;29:540-7.

[9] Cann CE. Quantitative CT for determination of bone mineral
density: a review. Radiology 1988;166:509-22.

[10] Carter D, Fyhrie D, Whalen R. Trabecular bone density and load-
ing history: regulation of connective tissue biology by mechanical
energy. J Biomech 1987;20:785-94.

[11] Carter DR, Van der Meulen MCH, Beaupre’ GS. Mechanical
factors in bone growth. Bone 1996;18:55-10S.

[12] Christy M. Active bone marrow distribution as a function of age
in humans. Phys Med Biol 1981;26:389-400.

[13] Cummings SR, Black DM, Nevitt MC, Browner W, Cauley J,
Ensrud K, et al. Bone density at various sites for prediction of hip
fractures. Lancet 1993;341:72-5.

[14] Custer R. Studies on the structure and function of bone marrow.
I. Variability of the hemopoietic pattern and consideration of
method for examination. J Lab Clin Med 1932;17:951-60.

[15] DiResta GR, Lee JB, Arbit E. Measurement of brain tissue specific
gravity using pycnometry. J Neurosci Methods 1991;39:245-51.

[16] Dunnill MS, Anderson JA, Whitehead R. Quantitative histolog-
ical studies on age changes in bone. J Pathol Bact 1967;94:275-91.

[17] Erdmann WS, Gos T. Density of trunk tissues of young and
medium age people. J Biomech 1990;23:945-7.

[18] Gluer C-C, Genant HK. Impact of marrow fat on accuracy of
quantitative CT. J Comput Assist Tomogr 1989;13:1023-35.

[19] Goodsitt MM. Beam hardening errors in post-processing dual
energy quantitative computed tomography. Med Phys 1995;22:
1039-47.

[20] Goodsitt MM, Hoover P, Veldee MS, Hsueh SL. The composi-
tion of bone marrow for a dual-energy quantitative computed



640 C.M. Les et al. | Journal of Orthopaedic Research 20 (2002) 633641

tomography technique: a cadaver and computer simulation study.

Invest Radiol 1994;29:695-704.

Goodsitt MM, Kilcoyne RF, Gutcheck RA, Richardson ML,

Rosenthal DI. Effect of collagen on bone mineral analysis with

CT. Radiology 1988;167:787-91.

Goodsitt MM, Rosenthal DI. Quantitative computed tomography

scanning for measurement of bone and bone marrow fat content:

a comparison of single- and dual-energy techniques using a solid

synthetic phantom. Invest Radiol 1987;22:799-810.

Goodsitt MM, Rosenthal DI, Reinus WR, Coumas J. Two

postprocessing CT techniques for determining the composition of

trabecular bone. Invest Radiol 1987;22:209-15.

[24] Guttmann GD, Goodsitt MM. The effect of fat on the coherent-
to-compton scattering ratio in the calcaneus: a computational
analysis. Med Phys 1995;22:1229-34.

[25] IRCU Tissue Substitutes in Radiation Dosimetry and Mea-
surement, 44. Bethesda: International Commission on Radiation
Units and Measurements; 1989.

[26] Ito M, Hayashi K, Uetani M, Kawahara Y, Ohki M, Yamada M,
et al. Bone mineral and other bone components in vertebrae
evaluated by QCT and MRI. Skeletal Radiol 1993;22:109-13.

[27] Jensen NC, Madsen LP, Linde F. Topographical distribution of
trabecular bone strength in the human os calcanei. J Biomech
1991;24:49-55.

[28] Kalender WA, Suess C. A new calibration phantom for quanti-
tative computed tomography. Med Phys 1987;14:863-6.

[29] Kannus P, Sievanen H, Vuori 1. Editorial: physical loading,
exercise, and bone. Bone 1996;18:1S-3S.

[30] Karlsson MK, Obrant KJ, Nilsson BE, Johnell O. Bone mineral
density assessed by quantitative ultrasound and dual-energy X-ray
absorptiometry: normative data in Malmo, Sweden. Acta Orthop
Scand 1998;69:189-93.

[31] Kricun ME. Red—yellow marrow conversion: its effect on the loca-
tion of some solitary bone lesions. Skeletal Radiol 1985;14:10-19.

[32] Lanyon LE. Analysis of surface bone strain in the calcaneus of
sheep during normal locomotion: strain analysis of the calcaneus.
J Biomech 1973;6:41-9.

[33] Lanyon LE. Experimental support for the trajectorial theory of
bone structure. J Bone Joint Surg B 1974;56:160-6.

[34] Laval-Jeantet AM, Cann CE, Roger B, Dallant P. A postpro-
cessing dual energy technique for vertebral CT densitometry.
J Comput Assist Tomogr 1984;8:1164-7.

[35] Laval-Jeantet AM, Roger B, Bouysse S, Bergot C, Mazess RB.
Influence of vertebral fat content on quantitative CT density.
Radiology 1986;159:463-6.

[36] Levenston ME, Beaupre GS, Jacobs CR, Carter DR. The role of
loading memory in bone adaptation simulations. Bone 1994;
15:177-86.

[37] Li J, Mori S, Mashiba T, Kaji Y, Taki M, Komatsubara S, et al.

Preadministration of incadronate disodium can prevent bone loss

in rat proximal tibial metaphysis when induced by hindlimb

immobilization by bandage. Bone 1998;23:459-63.

Lochmuller E-M, Eckstein F, Kaiser D, Zeller JB, Landgraf J,

Putz R, et al. Prediction of vertebral failure loads from spinal and

femoral dual-energy X-ray absorptiometery, and calcaneal ultra-

sound: an in situ analysis with intact soft tissues. Bone
1998;23:417-24.

[39] Marmarou A, Poll W, Shulman K, Bhagavan H. A simple

gravimetric technique for measurement of cerebral edema. J

Neurosurg 1978;49:530-7.

Mayo-Smith W, Rosenthal DI, Goodsitt MM, Klibanski A.

Intravertebral fat measurement with quantitative CT in patients

with Cushing disease and anorexia nervosa. Radiology 1989;170:

835-8.

Mazess RB. Errors in measuring trabecular bone by computed

tomography due to marrow and bone composition. Calcif Tissue

Int 1983;35:148-52.

21

[22

[23

[38

[40

[41

[42] McCullough EC. Photon attenuation in computed tomography.
Med Phys 1975;2:307-20.

[43] Mirowitz SA. Hematopoietic bone marrow within the proximal
humeral epiphysis in normal adults: investigation with MR
imaging. Radiology 1993;188:689-93.

[44] Need AG, Nordin BEC. Which bone to measure?. Osteoporos Int
1990;1:3-6.

[45] Neu CP, McGovern RD, Crisco JJ. Kinematic accuracy of three
surface registration methods in a three-dimensional wrist bone
study. J Biomech Eng 2000;122:528-33.

[46] Nickoloff EL, Feldman F, Atherton JV. Bone mineral assessment:
new dual-energy CT approach. Radiology 1988;168:223-8.

[47] Piney A. The anatomy of the bone marrow. Br Med J 1922;2:
792-5.

[48] Rosenthal DI, Hayes CW, Rosen B, Mayo-Smith W, Goodsitt
MM. Fatty replacement of spinal bone marrow due to radiation:
demonstration by dual energy quantitative CT and MR imaging.
J Comput Assist Tomogr 1989;13:463-5.

[49] Rosenthal DI, Mayo-Smith W, Goodsitt MM, Doppelt S, Mankin
HJ. Bone and bone marrow changes in Gaucher disease: evalu-
ation with quantitative CT. Radiology 1989;170:143-6.

[50] Schrooder U, Tougaard L. Age changes in the quantity of
hematopoietic tissue. Acta Pathol Microbiol Scand [A] 1977;
85:559-60.

[51] Shukla SS, Leu MY, Tighe T, Krutoff B, Craven JD, Greenfield
MA. A study of the homogeneity of the trabecular bone mineral
density in the calcaneus. Med Phys 1987;14:689-90.

[52] Skedros JG, Bloebaum RD, Mason MW, Bramble DM. Analysis
of a tension/compression skeletal system: possible strain-specific
differences in the hierarchiacal organization of bone. Anat Rec
1994;239:396-404.

[53] Skedros JG, Mason MW, Bloebaum RD. Differences in osteonal
micromorphology between tensile and compressive cortices of a
bending skeletal system: indications of potential strain-specific
differences in bone microstructure. Anat Rec 1994;239:405-13.

[54] Sone T, Imai Y, Tomomitsu T, Fukunaga M. Calcaneus as a site
for the assessment of bone mass. Bone 1998;22:155S-7S.

[55] Tanno M, Horiuchi T, Ogihara M, Kishino T, Mashima Y,

Endoh K, et al. Comparative study of bone mineral density

estimated by various methods of single- and dual-energy quanti-

tative computed tomography: the capability of the four-equation
four-unknown method. Bone 1996;18:239-47.

Van Der Meulen MCH, Beaupre GS, Carter DR. Mechanobio-

logic influences in long bone cross-sectional growth. Bone

1993;14:635-42.

van Kuijk C, Grashuis JL, Steenbeek JCM, Schutte HE, Trou-

erbach WT. Evaluation of postprocessing dual-energy methods in

quantitative computed tomography: Part 1. Theoretical consider-
ations. Invest Radiol 1990;25:876-81.

van Kuijk C, Grashuis JL, Steenbeek JCM, Schutte HE, Trou-

erbach WT. Evaluation of postprocessing dual-energy methods in

quantitative computed tomography: Part 2. Practical aspects.

Invest Radiol 1990;25:882-9.

[59] Vogel JM, Wasnich RD, Ross PD. The clinical relevance of
calcaneus bone mineral measurements: a review. Bone Miner
1998;5:35-58.

[60] Vogler IIT JB. Bone Marrow Imaging. Radiology 1988;168:679—
93.

[61] Webber CE. The effect of fat on bone mineral measurements in
normal subjects with recommended values of bone, muscle, and
fat attenuation coefficients. Clin Phys Physiol Meas 1987;8:143—
58.

[62] Whalen RT, Carter DR, Steele CR. Influence of physical activity
on the regulation of bone density. J Biomech 1988;21:825-37.

[63] Whalen RT, Quntana JM, Emery JL. A system for monitoring
and recording ground reaction forces during daily activity. ASME
Adv Bioeng 1993;26:635-8.

[56

[57

[58



C.M. Les et al. | Journal of Orthopaedic Research 20 (2002) 633641 641

[64] White DR. Tissue substitutes in experimental radiation physics.
Med Phys 1978;5:467-79.

[65] Woodard HQ, White DR. The composition of body tissues. Br J
Radiol 1986;59:1209-19.

[66] Yamada M, Ito M, Hayashi K, Ohki M, Nakamura T. Dual
energy X-ray absorptiometry of the calcaneus: comparison with
other techniques to assess bone density and value in predicting risk
of spine fracture. Am J Radiol 1994;163:1435-40.

[67] Yan CH, Beaupre GS, Whalen RT, Napel S. Registration of serial
skeletal images for accurately measuring changes in bone density
(abstract). Proc Orthop Res Soc 1997;22:206.

[68] Yan CH, Whalen RT, Beaupre GS, Sumanaweera TS, Yen SY,
Napel S. A new frame-based registration algorithm. Med Phys
1998;25:121-8.

[69] Yan CH, Whalen RT, Beaupre GS, Yen SY, Napel S. Modeling of
polychromatic attenuation using computed tomography recon-
structed images. Med Phys 1999;26:631-42.

[70] Yan CH, Whalen RT, Beaupre GS, Yen SY, Napel S. Recon-
struction algorithm for polychromatic CT imaging: application to
beam hardening correction. IEEE Transfus Med Imaging
2000;19:1-12.

[71] Yettram AL, Camilleri NN. The forces acting on the human
calcaneus. J Biomed Eng 1993;15:46-50.

[72] Zar JH. Power and sample size in regression. In: Biostatistical
analysis. Upper Saddle River, NJ: Prentice-Hall; 1996. p. 343-4.

[73] Zawin JK, Jaramillo D. Conversion of bone marrow in the
humerus, sternum, and clavicle: changes with age on MR images.
Radiology 1993;188:159-64.



