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A B S T R A C T

Objective: Quantitative computed tomography (QCT) measurements of volumetric bone mineral density (vBMD)
are subject to errors due to variations in the amount of bone marrow adipose tissue (BMAT). The purpose of our
study was to describe and validate a novel method to correct lumbar spine trabecular vBMD measurements for
BMAT using chemical shift-encoded magnetic resonance imaging (CSE-MRI).
Methods: CSE-MRI measurements of proton density fat fraction (PDFF) were used to correct QCT spine vBMD
measurements for BMAT based on the H2O and K2HPO4 basis set equivalent densities of bone, red and yellow
bone marrow. BMAT corrected and uncorrected vBMD measurements of the L1 vertebra were compared with
dual-energy QCT (DEQCT) measurements in 18 subjects (mean age: 68 y, range 60 to 93 y). A further 400
subjects (mean age: 53 y, range 21 to 82 y) had 120 kVp single-energy QCT and CES-MRI scans of L2–L4 and the
data used to simplify the adipose tissue correction by deriving a linear equation between the CSE-MRI vBMD
correction and fractional BMAT content.
Results: Application of the CSE-MRI derived vBMD correction changed the bias (95% limits of agreement)
compared with DEQCT from 26.7 (11.0 to 42.4) mg/cm3 to 2.2 (−9.5 to 13.9) mg/cm3 at 80 kVp, and from 22.4
(3.3 to 41.6) mg/cm3 to 2.9 (−12.6 to 18.4) mg/cm3 at 120 kVp. Data for the 400 subjects gave the following
relationship valid at 120 kVp: vBMD correction (mg/cm3)=−12.96+ 75.76×BMAT.
Conclusion: CSE-MRI measurements of PDFF can be used to correct for BMAT content and improve the accuracy
of lumbar spine QCT vBMD measurements calibrated using a K2HPO4 phantom.

1. Introduction

Measurement of volumetric bone mineral density (vBMD) using
quantitative computed tomography (QCT) plays an important role in
the evaluation of patients with osteoporosis and is deemed the gold
standard for vBMD assessment [1,2]. However, the accuracy of QCT in
assessing vBMD is decreased due to differences in the amount of bone
marrow adipose tissue (BMAT) [3,4]. Studies using dual energy QCT
(DEQCT) have been performed to assess the influence of BMAT on
vBMD measurements [5,6]. However, DEQCT is associated with in-
creased radiation dose and no studies have validated equations for
BMAT correction.

Magnetic resonance imaging (MRI) measurements using proton

magnetic resonance spectroscopy (1H-MRS) [7,8] or chemical shift-
encoded MRI (CSE-MRI) [8,9] are sensitive and accurate non-invasive
methods of evaluating BMAT content [10,11]. The purpose of our study
was to use CSE-MRI measurements of BMAT to correct the errors in
single-energy QCT (SEQCT) lumbar spine trabecular vBMD due to
BMAT content and to validate the method in subjects who had DEQCT,
SEQCT and CSE-MRI to compare BMAT-corrected vBMD with DEQCT
vBMD.
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2. Methods

2.1. vBMD measurements and the equivalent densities plot

We assume that the region of interest (ROI) drawn to measure
vBMD in vertebral trabecular bone contains three types of tissue, bone,
yellow marrow (YM) and red marrow (RM). Let X, Y and Z be the
fractional volume of bone, YM and RM respectively. Since only these
three tissues are present, X+ Y+ Z=1. Let FYM represent the frac-
tional volume of YM in bone marrow (BM) [FYM= Y/(Y+ Z)].

Measurements of CT numbers made in Hounsfield units (HU) are
often interpreted by representing the X-ray attenuation properties of
tissue in terms of the basis set equivalent densities of water (H2O) and
dipotassium hydrogen phosphate (K2HPO4) [12]. We write the basis set
equivalent densities of the tissue in the vertebral body trabecular ROI as
[A(H2O), B(K2HPO4)], where A(H2O) is the equivalent density of the
H2O component and B(K2HPO4) the K2HPO4 component, both in units
of mg/cm3. The equivalent densities of bone, YM and RM are listed in
Table 1, and an explanation of how these numbers were calculated is
given in the Appendix A. The values of A(H2O) and B(K2HPO4) are
related to the fractional volumes X, Y and Z by the equations:

= + +A H O X Y Z( ) 727.9 969.5 1037.12 (1a)

= − −B K HPO X Y Z( ) 1250.0 36.6 12.22 4 (1b)

The effect of differences in BM composition on the H2O and K2HPO4

equivalent densities is shown schematically in Fig. 1. The point T re-
presenting the tissue composition in the vertebral body ROI lies within
the triangle PQR whose vertices represent bone, YM and RM respec-
tively. The line FP drawn through T represents the line of constant
marrow composition FYM as X varies from 0 to 1.0.

2.2. CT numbers in the equivalent densities plot

In Fig. 1 the CT number at T is related to the equivalent densities
[A(H2O), B(K2HPO4)] by the following equation [14]:

= + −CT mH A H O mK B K HPO( ) ( ) 10002 2 4 (2)

where mH and mK are scaling factors (units HU mg−1 cm3) for the H2O
and K2HPO4 equivalent densities and 1000 is subtracted to ensure the
CT number for water is zero. Given that the density of water is close to
1000mg/cm3 and the definition of Hounsfield units in terms of the X-
ray attenuation of air and water, then the value of mH is close to 1.0,
and for present purposes we assume it is exactly unity. The value of mK
varies with changes in the X-ray spectrum and is determined from the
vBMD calibration slope derived by scanning a QCT phantom with
known standards of K2HPO4 [15]:

= +mK vBMD calibration slope 0.2174 (3)

where 0.2174 HUmg−1 cm3 reflects the amount of water displaced
when K2HPO4 is added to a given volume of water in such a manner
that the original sample volume is maintained [14]. Once mH and mK in

Eq. (2) are known the mean CT number in the vertebral body ROI is
represented in Fig. 1 by the straight line H1H2. In SEQCT the value of
vBMD is uncertain because the tissue composition could lie anywhere
along the line H1H2 depending on the BM composition. However, if FYM
can be determined from a MRI measurement then the point F in Fig. 1 is
known and X is found from the intersection of FP and H1H2 at T.

2.3. The calculation of MRI corrected vBMD using CT numbers

Given the linear relationship between CT numbers and equivalent
densities in Eq. (2), the value of X at the point T in Fig. 1 can be derived
by estimating the CT numbers at F and P and scaling the CT number at T
relative to these points:
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where CTROI is the mean CT number measured in the vertebral body
ROI, CTX=0 the estimated CT number at F (at F the values of X,Y,Z are
0,FYM,1-FYM) and CTX=1 the estimated CT number at P (at P the values
of X,Y,Z are 1,0,0). For pure BM with a YM fractional volume FYM the
values of A(H2O) and B(K2HPO4) in Eqs. (1a) and (1b) become:

= + −A H O F F( ) 969.5 1037.1 (1 )BM 2 YM YM (5a)

= − − −B K HPO F F( ) 36.6 12.2 (1 )BM 2 4 YM YM (5b)

and the value of CTX=0 at F is found by substituting these equivalent
densities in Eq. (2). Similarly the value of CTX=1 at P is found by

Table 1
Basis set decomposition of bone, red marrow and yellow marrow into equiva-
lent densities of H2O and K2HPO4. The results were derived by one of the au-
thors (JKB) using tissue composition data from ICRU Report 46 [13], typical
spectral data for CT scanners, and the National Institute of Standards and
Technology (NIST) X-ray attenuation tables [30]. A description of how the
equivalent densities were calculated is given in the Appendix.

Tissue Density (mg/
cm3)

H2O equivalent
density (mg/cm3)

K2HPO4 equivalent
density (mg/cm3)

Bone 1250a 727.85 1250.00
Red marrow 1030 1037.15 −12.24
Yellow marrow 930 969.46 −36.57

a Density of bone refers to the vBMD of pure cortical bone.

Fig. 1. Schematic explanation of the correction of QCT vBMD measurements for
variations in BMAT based on a plot of vertebral body ROI composition re-
presented as H2O and K2HPO4 basis set equivalent densities. The vertices of the
triangle PQR represent bone, pure YM and pure RM respectively, and X, Y and Z
are the fractional volumes of bone, YM and RM at any point within the triangle.
H1H2 is the line of constant CT number in the equivalent densities plot based on
the QCT measurement in the vertebral body ROI. In the absence of any in-
formation about BM composition, the true composition in the vertebral body
ROI can lie anywhere between H1 and H2. The MRI corrected vBMD measure-
ment is made at T, the point of intersection of H1H2 with the line FP, where F is
determined by the marrow composition found from a MRI measurement of
PDFF. The line FP is a line of constant marrow composition as X varies from 0 to
1.0. The correct value of X is found using F (X=0) and P (X=1) as reference
points and scaling the point T along the line FP. Once X is known the value of
vBMD is found by multiplying by 1250mg/cm3, the nominal vBMD of pure
bone (Table 1).
QCT: quantitative computed tomography; vBMD: volumetric bone mineral
density; BMAT: bone marrow adipose tissue; ROI: region of interest; H2O:
water; K2HPO4: dipotassium hydrogen phosphate; YM: yellow marrow; RM: red
marrow; MRI: magnetic resonance imaging; PDFF: proton density fat fraction.
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substituting the equivalent densities of pure bone from Table 1 into Eq.
(2). Once X is found using Eq. (4) the MRI corrected vBMD value is
found by multiplying X by 1250mg/cm3 (Table 1).

2.4. Estimation of the fractional volume of yellow marrow from a PDFF
measurement

CSE-MRI scans give a fat measurement referred to as the proton
density fat fraction (PDFF) [16], which we denote by FPDFF. A study
reported by Goodsitt showed that typically around 95% of marrow fat is
located in YM [17]. Studies of phantoms containing fat, water and
trabecular bone have reported that PDFF measurements provide an
accurate measurement of the fat content of bone marrow [18,19], and
other studies suggest a close relationship with the fractional volume of
YM [5,20].

Bredella compared 1H-MRS measurements of PDFF in lumbar ver-
tebrae with DEQCT measurements of FYM obtained by projecting the
H2O and K2HPO4 equivalent densities onto the BM composition axis QR
in Fig. 1 [5]. They found good agreement between FYM and FPDFF with a
mean difference of −0.02, 95% limits of agreement (LOA) of −0.24 to
+0.20, and a correlation coefficient r=0.91 (P < 0.001). This sug-
gests that to sufficient approximation measurements of PDFF can be
substituted for FYM in Eqs. (5a) & (5b) to estimate the H2O and K2HPO4

equivalent densities of BM.
This conclusion is supported by a study of goose liver fat published

by our group [21]. CSE-MRI measurements of PDFF using the same
commercial MRI application (mDIXON-Quant, Philips Healthcare, Best,
Netherlands) as that used in the clinical study described in the present
paper were made in the livers of geese overfed with corn for periods
between 0 and 28 days and compared with Soxhlet extraction mea-
surements of triglyceride content. Linear regression analysis gave the
following relationship between the fractional mass of chemically ex-
tracted triglyceride and PDFF:

= − + ×Chemically extracted fat fraction 0.018 0.773 PDFF (6)

The small intercept and the slope consistent with the fractional fat
content of adipose tissue recommended by the Task Group on Reference
Man [22] suggests that the mDIXON-Quant PDFF measurements in this
study were a good approximation to the adipose tissue fraction in liver.
For measurements of bone marrow the BMAT fraction approximates to
the YM fraction (Table 2).

2.5. Comparison of MRI corrected vBMD with DEQCT vBMD

The reliability of using PDFF measurements to correct SEQCT vBMD
measurements for BMAT was evaluated in a DEQCT study. A sample
size calculation showed that a study with 18 subjects would have 90%
power to verify a statistically significant correlation between the MRI
and DEQCT derived vBMD corrections with a Type-1 error of P= 0.05.
The subjects were recruited from communities living near the Beijing
Jishuitan Hospital enrolled as healthy controls in the China Action on
Spine and Hip Status (CASH) study [23]. The DEQCT study was ap-
proved by the hospital's IRB and all subjects gave written informed
consent.

Scans at 80 and 120 kVp of the L1 lumbar vertebra were performed
using a Toshiba CT scanner (Aquilion PRIME ESX-302A, Toshiba
Medical Systems Corporation, Ōtawara, Japan) with the subject in a
supine position. Subjects were scanned with a Mindways solid

calibration phantom (Mindways Software Inc., Austin, TX, USA) cali-
brated to aqueous K2HPO4 vBMD. Mindways QCT Pro analysis software
was used to measure SEQCT vBMD values for the 80 and 120 kVp scans
in a 9mm thick elliptical ROI in trabecular bone in the middle plane of
the L1 vertebral body (Fig. 2A). DEQCT vBMD measurements were
calculated from the intersection of the lines of constant CT number at
80 and 120 kVp in Fig. 1. DEQCT measurements of marrow adipose
tissue were calculated by projecting a line drawn through P and the
point of intersection of the DEQCT measurements onto the line QR in
Fig. 1.

On the same day the subjects also underwent a lumbar spine CSE-
MRI mDIXON-Quant study on a 3.0 T scanner (Ingenia, Philips
Healthcare, Best, Netherlands). The mDIXON sequence is a 3D-FFE
sequence, and uses multiple acquired echoes to generate water, fat,
T2*, R2*, and in-phase and opposed-phase images synthesized from the
water-fat images [24]. The scan parameters of the single breath-hold
mDIXON-Quant were as follows: repetition time (TR)=9.1ms; first
echo time (TE1)= 1.33ms; 6 echoes with TE shift (ΔTE)= 1.3ms; field
of view=180×140×90mm3; flip angle= 3°; voxel
size= 2.5× 2.5×3.0mm3; sensitivity encoding=2; number of signal
averages= 2; and scan time= 12.5 s. After acquisition the images were
transferred to an ISP V7 workstation (Philips Healthcare, Best, Neth-
erlands) and the fat content of L1 measured in an identical ROI to the
DEQCT study (Fig. 2B). The scans were analysed by an experienced
radiologist (ZG). MRI corrected values of vBMD were calculated using
Eqs. (2) to (5b) with the approximation FYM≈ FPDFF.

2.6. Development of a simple equation to correct vBMD for BMAT

To examine more closely the relationship between the vBMD cor-
rection and BMAT we studied subjects enrolled in two on going ob-
servational studies at our institution. Two hundred and fifty three
subjects (156 women, 97 men) aged between 43 and 82 y were enrolled
as part of the international Prospective Urban Rural Epidemiology
(PURE) Study and were scanned at their 9-year visit. Recruitment cri-
teria of PURE study subjects in China were published previously [25].
Inclusion criteria were that participants should be aged over 40 y old
and able to give informed consent. Exclusion criteria were pregnant
women, individuals with metal implants in the lumbar spine, and use of
medications or the existence of any disease or condition known to in-
fluence bone density. Another 147 subjects (77 women, 70 men) aged
between 21 and 52 y were enrolled in a population study to investigate
the sex- and age-stratified normative vBMD values of the cervical ver-
tebrae by QCT and determine correlations with the lumbar vertebrae
[26]. Inclusion criteria were healthy adults aged 20–65 y and resident
in Beijing for> 5 years. Exclusion criteria were any disease that may
influence bone metabolism, including trauma and tumour, and those
taking bone metabolism regulating drugs.

The additional QCT and MRI scans were approved by the hospital's
IRB and all subjects gave written informed consent. QCT scans of the
lumbar vertebra L2–L4 at 120 kVp and CSE-MRI scans of the same
vertebrae (Fig. 2A,B) were acquired and analysed as described above
for the DEQCT study and the MRI corrected vBMD values for each
vertebra calculated using Eq. 4. Finally, the BMAT measurements in the
three individual vertebrae were averaged to give the mean BMAT for
L2–L4, and similarly the mean uncorrected vBMD at 120 kVp and the
mean MRI corrected vBMD, Uncorrected vBMD was subtracted from the
MRI corrected vBMD to give the mean vBMD correction in each subject.

2.7. Statistical analysis

For the 18 subjects in the DEQCT study, scatter and Bland-Altman
(BA) [27] plots were drawn examining the relationships between: (1)
uncorrected SEQCT vBMD measurements at 80 and 120 kVp plotted
against the corresponding DEQCT vBMD measurement; (2) MRI cor-
rected SEQCT vBMD measurements at 80 and 120 kVp plotted against

Table 2
Composition of red and yellow bone marrow [17].

Tissue Fat Water Protein Minerals

Red marrow 3%–6% 82%–86% 6%–8% 0.5%–1.0%
Yellow marrow 71%–92% 7%–26% 1%–2% 0.2%–0.4%
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the DEQCT vBMD measurement. The correlation coefficients of the
scatter plots and the bias and 95% LOA of the BA plots were evaluated.

For the 400 subjects in the 120 kVp QCT study the mean vBMD
correction in L2–L4 was plotted against the mean BMAT in the same
vertebrae and the data analysed by linear regression to derive the best
straight line fit.

A P-value of< 0.05 was taken to be statistically significant.

3. Results

DEQCT and CSE-MRI scans were performed in 18 individuals (11 F,
7M) with a mean age of 68 years (range 60–93 years). Mean PDFF was
0.51 (range 0.39–0.65) compared with a mean fractional volume of YM

in BM of 0.48 (range 0.23–0.63) measured by DEQCT. The PDFF and
DEQCT measurements of marrow adipose tissue were significantly
correlated (r=0.66; P=0.0014). BA analysis showed a bias (95%
LOA) of 0.03 (−0.14 to 0.19).

Plots of the uncorrected vBMD measurements at 80 and 120 kVp

against the DEQCT measurement were highly correlated, although both
regression lines departed substantially from the line of identity (Fig. 3).
Plots of the MRI corrected vBMD measurements at 80 and 120 kVp

against the DEQCT measurement were similarly correlated and both
sets of points lay close to the line of identity (Fig. 4A,B), while the 95%
LOA in the BA plots (Fig. 4C,D) were narrower than those in Fig. 3.

For 400 subjects in the 120 kVp QCT study (233 F, 167M) with a
mean age of 53 y (range 21 to 82 y) the plot of the L2–L4 vBMD

Fig. 2. (A) QCT scan of L2–L4 showing placement of the regions of interest.
(B) CSE-MRI scans of L2–L4 in the same subject showing placement of matching regions of interest.
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correction against the BMAT fraction showed a close fit to a straight
line (Fig. 5) with the following linear regression fit:

= − + ×vBMD correction (mg/cm3) 12.96 75.76 BMAT (7)

4. Discussion

Measurements of BMAT using CSE-MRI can be used to correct QCT
vBMD for differences in BMAT as long as PDFF is a valid measure of the
YM fractional volume. Bredella compared 1H-MRS PDFF with DEQCT
measurements in vertebral trabecular bone in 12 subjects and demon-
strated that, within the 95% LOA of approximately± 0.2, PDFF was a
good approximation to the YM fractional volume measured by DEQCT
[5]. Our own DEQCT study in 18 subjects reported here gave similar
findings.

A comparison of Figs. 3 and 4 shows that our MRI corrected vBMD
measurements are in substantially better agreement with the DEQCT

measurements than the uncorrected SEQCT measurements at 80 and
120 kVp. The close linear relationship between the MRI derived vBMD
correction and BMAT measurements demonstrated in Fig. 5 provides a
straightforward way of applying the correction to the L2–L4 vertebrae
for QCT scans acquired at 120 kVp and calibrated with the Mindways
K2HPO4 phantom.

Although the effects of BMAT content can be corrected using
DEQCT [5,6], in the past this technique has never achieved a significant
clinical role due to the increased radiation dose, reduced reproduci-
bility and the lack of any necessity to correct vBMD measurements for
marrow fat content in the routine clinical use of QCT to diagnose os-
teoporosis. More recently, dual-energy CT scanners have been in-
troduced and shown to have advantages over conventional CT imaging
in numerous clinical applications, including bone densitometry
[28,29]. Magnetic resonance scanning is also a sensitive and accurate
method of measuring the fat content of tissue, and the 1H-MRS tech-
nique [7,8] has been widely applied to determine BMAT content in the

Fig. 3. (A) Scatter plot of the uncorrected SEQCT vBMD measurements at 80 kVp against the DEQCT vBMD measurements. The continuous line is the linear
regression fit. The dashed line is the line of identity.
(B) The same plot for the 120 kVp vBMD measurements.
(C) The data points in (A) shown as a Bland-Altman plot.
(D) The data points in (B) shown as a Bland-Altman plot.
SEQCT: single-energy quantitative computed tomography; vBMD: vBMD: volumetric bone mineral density. DEQCT: dual-energy quantitative computed tomography.
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spine. However, 1H-MRS is time-consuming, and now with a newer
technique, CSE-MRI, the fat content of human tissue can be assessed
quickly and accurately at sites that include the liver and spine with scan
times of< 10min, including patient setup [9,10,21].

For clinical QCT scans for the diagnosis of osteoporosis there is
general agreement that it is safe to ignore the errors in vBMD mea-
surements caused by variations in marrow composition [4]. It is not our
intention in this paper to challenge this consensus. Our interest in
correcting single-energy QCT vBMD measurements using CSE-MRI
measurements of marrow composition is to use this technique as a re-
search tool to improve understanding of the relationship between true
vBMD and marrow adipose tissue content using data from a large epi-
demiological study.

Two important considerations for any application of the vBMD
correction proposed here are how accurate is the assumption that MRI
measurements of PDFF can be equated to the adipose tissue fraction in

bone marrow and what consequences do errors in this assumption have
in terms of residual errors in the corrected vBMD results? In the Bland-
Altman plot between MRI measurements of PDFF and DEQCT mea-
surements of FYM in 12 subjects reported by Bredella et al. [5] the bias
(MRI - QCT) was −0.02 with 95% LOA of± 0.22 about the mean. Our
own findings in the 18 subjects reported here were similar, with a bias
of +0.03 and 95% LOA of± 0.17. From the slope of the vBMD cor-
rection equation reported here (Fig. 5) the 95% LOA of around± 0.20
in the Bland-Altman plots cited above results in a ± 1.96 SD error in
the vBMD correction of± 15mg/cm3. This is the error when the cor-
rection is applied to results in individual patients and is a maximum
value for the error, since some of the scatter in the Bland-Altman plot
will be due to random errors in the MRI and DEQCT measurements of
marrow adipose tissue. As emphasised above, it is not our intention to
challenge the established consensus that when making the diagnosis of
osteoporosis in individual patients the errors in vBMD measurements

Fig. 4. (A) Scatter plot of the MRI corrected SEQCT vBMD measurements at 80 kVp against the DEQCT vBMD measurements. The continuous line is the linear
regression fit. The dashed line is the line of identity.
(B) The same plot for the 120 kVp vBMD measurements.
(C) The data points in (A) shown as a Bland-Altman plot.
(D) The data points in (B) shown as a Bland-Altman plot.
MRI: magnetic resonance imaging; SEQCT: single-energy quantitative computed tomography; vBMD: volumetric bone mineral density; DEQCT: dual-energy
quantitative computed tomography.
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caused by variations in marrow composition can be ignored [4]. Rather
we wish to provide a tool for correcting epidemiological data in large
groups of subjects. In this case the relevant consideration is not the 95%
LOA in the Bland-Altman plots, but the standard error of the mean in
the bias. With the numbers of subjects in the Bland-Altman plot [5] this
gives a ± 1.96 SEM of around±5mg/cm3.

An important limitation of the present study is that the equivalent
densities of bone, YM and RM listed in Table 1 and used in Eqs. (1a)

through (5b) apply only to QCT scans calibrated with the Mindways
K2HPO4 phantom. In addition, the simplified correction equation pre-
sented in Fig. 5 applies only to QCT scans acquired at 120 kV. At other
X-ray tube voltages, scans calibrated with the Mindways phantom can
still be corrected using Eqs. (1a)–(5b). For QCT scans calibrated with
alternative phantoms, for example those containing hydroxyapatite, the
technique illustrated in Fig. 1 may still be used, but the equivalent
densities listed in Table 1 and plotted as the vertices of the triangle PQR
in Fig. 1 require recalculation for the atomic composition of the re-
levant bone standard. Other limitations include the small number of
subjects in the DEQCT study. Our subjects were older (63 to 93 years)
than the subjects in the Bredella study (24 to 60 years) and the range of
PDFF values were narrower (0.39 to 0.65 compared to 0.26 to 1.04)
[5]. Finally, our method of generating the correction is based on the
equivalent densities estimated from the YM and RM tissue composition
data in ICRU Report 46 [14], and ignores differences in YM and RM
composition that may exist between different individuals.

In conclusion, we have described and validated a method of using
CSE-MRI measurements to correct spine vBMD measurements for dif-
ferences in BMAT. When applied to epidemiological datasets it will
provide a more reliable understanding of the relationship between
BMAT and vBMD and a new tool for the fundamental study of the re-
lationship between bone marrow composition and bone mass.
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Appendix A

This appendix describes the calculation of the H2O and K2HPO4 equivalent densities of cortical bone, red marrow and yellow marrow listed in
Table 1. We start with the data on the elemental composition of body tissues listed in ICRU Report 46 [13]. For example, for yellow marrow the
elemental composition by mass is given as: H 11.5%; C 64.4%; N 0.7%; O 23.1%; Na 0.1%; S 0.1%; Cl 0.1%. From these numbers and the density of
yellow marrow (930mg/cm3), the contribution of each element to the total density can be calculated. For example, for carbon this is
0.644× 930=599mg/cm3. The next item of information required is the listing by photon energy of the X-ray mass attenuation coefficients (μm
units cm2/g) of the elements in the National Institute of Standards and Technology (NIST) database [30]. CT scan measurements in Hounsfield units
represent the X-ray linear attenuation coefficient (μL units cm−1) of body tissues. By multiplying the mass attenuation coefficient of carbon at each
photon energy by the density of the element in the tissue we derive the contribution of carbon to the linear attenuation coefficient, and by summing
over all the elements in the tissue we obtain the total linear attenuation coefficient as a function of X-ray energy. To evaluate the equivalent densities
listed in Table 1 we also need to know the mass attenuation coefficients of H2O [μm(H2O)] and K2HPO4 [μm(K2HPO4)]. The mass attenuation
coefficient of H2O is listed in the NIST database [30], and that of K2HPO4 can be calculated by summing the mass attenuation coefficients of the
individual elements after multiplying by their fractional contribution to the molecular weight of the compound. With this information, the H2O
equivalent density (A) and the K2HPO4 equivalent density (B) in Table 1 can be found by using least squares regression to fit values of A and B to the
equation:

= +A Bμ (body tissue) μ (H O) μ (K HPO )L m 2 m 2 4 (A1)

taking values of μL(body tissue), μm(H2O) and μm(K2HPO4) at multiple photon energies over an appropriate range (say 30 to 150 keV). Because of the
principle of basis set decomposition, the values of A and B are insensitive to the exact choice of energies.
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