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The magnetic field induced in the pores of trabecular bone as
result of the susceptibility difference between bone and bone
arrow was computed with the aid of magnetic surface charge
odels generated from images of trabecular bone specimens

cquired at 78 and 63 mm resolution. The predicted field was
ompared with the values derived from 2D and 3D field maps
btained by echo-offset imaging techniques and excellent agree-
ent was found between the two methods. Finally, from the

lopes of regression between the experimental and computed
elds, the absolute susceptibility of bone was nondestructively
etermined as 211.0 3 1026 (MKS), which is in close agreement
ith a reported value of 211.3 3 1026 obtained with powdered
one by means of a spectroscopic susceptibility matching tech-
ique (J. A. Hopkins and F. W. Wehrli, Magn. Reson. Med. 37,
94 –500 (1997)). © 1999 Academic Press

Key Words: trabecular bone; magnetic susceptibility; induced
agnetic field; magnetic field computation; magnetic field
easurement.

INTRODUCTION

Osteoporosis is a disease characterized by a loss of
ass. As a result, bone density has been the chief crit

or noninvasively assessing bone quality. Although
one density increases the risk of fracture (1– 4), there is
vidence that inclusion of parameters quantifying trabec
rchitecture significantly improves predictability. F
xample, Kleerekoperet al. (5) and Reckeret al. (6) have
hown by histomorphometry of biopsies that in subj
atched for bone density, those with vertebral deform
ad significant differences in trabecular architecture, inc

ng lower trabecular plate density, increased trabecular
ration, and increased trabecular thickness. However,
iopsies are invasive and therefore impractical for repe
onitoring of osteoporotic subjects. The limitations of c

ent methods have spurred the investigation of altern
eans by which MRI can be applied to noninvasively as

rabecular architecture. The direct strategy relies on
cquisition of high-resolution images of trabecular b

ollowed by image analysis in a manner analogous to tr
adc
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ional histomorphometry (7, 8). The potential of this metho
as recently been demonstrated with structural param
erived from MR images acquiredin vivo showing sig
ificant correlation with the presence of vertebral defor

ies (9).
However, MR images of sufficient resolution for dir

nalysis can only be obtained at a peripheral site, such a
adius or calcaneus. MRI offers another means by which
ecular structure can be quantified at any anatomic loc
ithout the need to resolve individual trabeculae. This se
ethod is based on measuring the field inhomogeneities w

esult from the different magnetic susceptibilities of bone
arrow (10, 11). The discontinuity in the magnetic propert

nduces magnetic field perturbations, which increase the ra
MR relaxation. Since the degree of field inhomogen
epends upon the geometry of the bone/marrow surface
elaxation rate provides an indirect measure of trabecula
hitecture.
For the purpose of investigating the effect of structure on

usceptibility-induced field, several investigators resorte
odel lattices mimicking, for example, the airways in the lu

12, 13) or the trabeculae in bone (14). Applying a statistica
pproach to treat trabeculae as a continuum of infinitely
riented rods, a theoretical relationship between the N
ignal and geometrical parameters was established (15) and
xperimentally verified (16, 17). In a very different approac
imed at investigating the effects of realistic structures on

nduced field, the present authors invoked a surface ch
ethod for calculating the susceptibility-induced magn

eld on the basis of surfaces generated from high-resol
D MR images (18).
The purpose of the current work was to evaluate

ccuracy of the surface models derived from MR image
rabecular bone specimens by comparing the compute
uced field with measured values determined by 2D an
R phase mapping techniques. A byproduct of the ana

s a means of nondestructively measuring the mag
usceptibility of trabecular bone and other materials form

omplex structures.
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36 HWANG AND WEHRLI
METHODS

D Imaging

A cylindrical specimen (9-mm diameter and length) of
ecular bone from the human distal radius was harvested
frozen cadaver (Fig. 1). An additional specimen was obta

rom the distal femur of a rabbit (Fig. 2). The two specim
ere chosen for their sharply contrasting structures. The

rabeculae of the rabbit specimen are packed closely tog
hile the human specimen is characterized by slender tr
lae which are widely spaced. The bone marrow was rem
y immersing the cores in an ultrasonic bath of trichloro
lene for 4 h, followed by rinsing with a water pick. T
ptimize the signal-to-noise ratio, the human and rabbit s

mens were suspended in water doped with 1.0 and 1.2
d-DTPA, respectively, to increase the longitudinal relaxa

ate to;3 s21. The magnetic field inhomogeneities result
rom the susceptibility discontinuity at the air/sample interf
ere minimized by imaging the rabbit specimen in a Shig

ube (8-mm outer diameter, Shigemi, Inc., Tokyo, Japan
hich the specimen was enclosed above and below by lay
lass that were susceptibility-matched to water. The hu
pecimen was imaged in a typical flat-bottom glass test
ince a Shigemi tube of sufficient diameter was not availa
3D MR images of the human specimen (783 78 3 78 mm3

oxels) and the rabbit specimen (633 63 3 63 mm3 voxels)
ere obtained with a Bruker AM-400 9.4 T 89-mm-b
pectrometer/microimaging system. The cores were im
sing commercial RF coil inserts and the RASEE partial
ngle spin-echo pulse sequence (19). Matrix size was 1283
28 3 128 and pulse repetition time and echo time were
nd 6 ms, respectively. Both specimens were imaged with
natomic axes parallel to the direction of the applied mag
eld (Figs. 1 and 2). The rabbit specimen was also imaged
ts axis perpendicular to the field.

FIG. 1. Cross sectional and projection images of the 3D MR da
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As in previous work investigating the induced field dis
ution in trabecular bone of the human lumbar spine (20), the
odified spin-echo pulse sequence (21, 22) diagrammed in
ig. 3 was applied to spatially map the magnetic field in a c
ection of the radius specimen. Since a Shigemi tube wa
vailable, data were collected near the center of the spec

n order to avoid the strongest background gradients. In a
ion, data for the phase maps were collected at twice the v
ize (783 78 3 156mm3) as that of the 3D image in order
mprove the signal-to-noise ratio.

In a spin-echo pulse sequence, the gradient and radiofreq
RF) echoes are usually coincident (Trf 5 Tge) so that all iso
hromats are completely rephased. However, it is well known
f the 180° RF pulse is applied at a time offsett . 0 earlier, the

agnetization rephases at timeTge 2 2t and accumulates an ex
hase shiftf 5 2gBz

rott which, in the absence of other fie
ffsets, is proportional to the susceptibility-induced local
ensityBz

rot in the rotating frame of reference. The phase can
e spatially mapped in the resulting image as the complex
ent of the signal in each voxel:

f@r # 5 tan21~I @r #/R@r #!, [1]

hereI andR represent the imaginary and real componen
he complex magnetization, andr is the voxel’s spatial loca
ion. The field in each voxel is then computed asBz

rot[ r ] 5
[ r ]/(2gt). In practice,Bz

rot is calculated from the phas
easured for two different 180° pulse offsets,t1 and t2, to

ancel out systematic phase errors:

Df@r # 5 f~t2, @r #! 2 f~t1, @r #! 5 gBz
rot@r #2Dt [2]

Bz
rot@r # 5 Df@r #/~g2Dt!. [3]

set (783 78 3 78 mm3 voxels) acquired from the human bone specimen.
ta
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37COMPUTING INDUCED MAGNETIC FIELD IN TRABECULAR BONE
or the cross section of the human specimen, the fieldBz
rot[r ] in

ach voxel was calculated from phase maps obtained witht1 5
ms andt2 5 0.5 ms.
For purposes of mapping the field within the entire volu

f the rabbit bone, a 3D version (23) of the RASEE partia
ip-angle spin-echo technique (24) was also made phase-s
itive by allowing the 180° RF pulse to be offset. RAS
epresents the spin-echo counterpart of the partial-flip a
radient echo in that addition of a phase-reversal RF p

FIG. 2. A cross sectional slice (A, 633 63 3 63 mm3 voxels) and 3D
rojection image (B) of the rabbit specimen used for 3D validation of the
omputations. Phase maps were generated with the anatomic axis parallB0,\)
nd perpendicular (B0,') to the applied fieldB0.
ulp
e

le
se

emands that the flip anglea of the excitation pulse be r
laced by its 180° complement. Since selective pulses of
utation angle are difficult to achieve, RASEE uses a com

te pulse consisting of a nonselective 180° pulse followed
lice-selectivea pulse. The pulse sequence uses rewi
radients ony and z (Fig. 4). Data were collected with th
natomic axis of the specimen parallel and then perpend

FIG. 4. Phase-sensitive 3D RASEE pulse sequence as described
ext. The pulse sequence is identical to the one described by Jaraet al. (23)
xcept that the location of the phase-reversal pulse was made varia
roduce a phase shift from which field maps can be constructed.

d

FIG. 3. 2D spin-echo pulse sequence used for acquiring phase maps
uman specimen.
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38 HWANG AND WEHRLI
o the applied fieldB0 (Fig. 2). For each spatial orientation, t
pecimen was imaged twice (1283 128 3 128 voxel3 reso-
ution, 633 633 63mm3 voxel size) witht1 5 0 ms andt2 5
.5 ms. The anatomic image shown in Fig. 2 is from an im
cquired witht1 5 0 ms and with the specimen in the para
rientation. The field,Bz

rot[r ], was spatially mapped on th
asis of each pair of images.

omputing the Induced Field

The field was computed by the surface charge method o
asis of the 3D images. The calculations were performed
oshiba Satellite 225CDS laptop computer (133 MHz P

ium). Surface models of trabecular bone were generated b
riangulation algorithm described previously (18). Prior to sur-
ace triangulation, a 33 3 median filter was applied to ea
lice of the rabbit images to reduce noise. Since the trabe
f the rabbit specimen were thick in comparison to voxel s

he histogram of voxel intensities exhibited distinct bone

FIG. 5. Maps of the measured (B) and predicted (C) induced field v
uman radius trabecular bone. In (B), the voxels with$50% bone are display

s more negative. Note that the field is more perturbed in regions near
an
e
l

he
a
-
he

lae
,

d

arrow peaks. Therefore, the intensity threshold for clas
ng voxels as bone or marrow in the triangulation algori
as set to the average of the two peak locations in the h
ram. Since the trabeculae in the human specimen were
lender with respect to voxel size, the maximum-likelih
one volume fraction was computed in each voxel to minim
isclassification errors (25). Voxels that were$50% bone
ere classified as bone for the purpose of generating a su
odel. For both specimens, false trabeculae resulting
oise-induced misclassification errors were removed by a

ng a depth-first search algorithm (26) to find all the “islands
f bone. Under the assumption that isolated islands do
xist, the voxels of any island that were not connected to
uter limits of the volume of interest were reclassified as
arrow. The surface model for the human specimen cons
f 179,340 triangles while those generated from the imag

he rabbit specimen with the anatomic axis parallel and
endicular to the applied field were composed of 150,010
46,512 triangles, respectively.

s for each voxel (783 78 3 156 mm3) shown in the magnitude image (A) of t
in white. Dark intensities in (B) and (C) indicate regions where the induc
eculae.
alue
ed

trab
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39COMPUTING INDUCED MAGNETIC FIELD IN TRABECULAR BONE
After generating a surface model, a normalized sur
harge density,s̃, was computed for each triangle:

s̃ 5
s

H0Dx
< m0 cos~a!, [4]

heres is the charge density,H 0 is the magnitude of the sta
eld intensity, Dx is the susceptibility differencexbone 2

Gd-DTPA, and a is the angle between the static field and
urface normal pointing from the bone surface into marrow
ntegrating over the surface,S9, a dimensionless normaliz
nduced field intensity,h induced, was subsequently calculated

h induced5
H induced

H0Dx
5

1

4pm0
R
S9

s̃~r *!
~r 2 r *!

ur 2 r *u 3 dA9. [5]

ather than merely summing the field contribution from e
riangle, the surface integral for the induced field was
iently estimated by a multipole-accelerated algorithm w
eplaces large numbers of triangles with a multipole expan
f only 10 terms (18, 27).
The total field intensity is the sum of the applied st

eld intensity,H 0 5 B0/m0, and the induced field intensit
induced:

H ~r ! 5 H 0 1 H induced~r !. [6]

he flux density is then given by

B~r ! 5 m~H 0 1 H induced~r !!

5 m0~1 1 x~r !!~H 0 1 H induced~r !!

5 ~1 1 x~r !!B0 1 m0~1 1 x~r !!H induced~r !, [7]

herex is the susceptibility of the medium, i.e., the fluid in
arrow spaces.
The local field was computed by assuming the “sp

f Lorentz” approximation (28, 29) and then substituting wit
q. [7]:

B loc < B 2
2m0M

3
5 B 2

2m0xH
3

5 B 2
2xB

3~1 1 x!
5 S1 2

2x

3~1 1 x!DB [8]

B loc 5 B0 1
x

3
B0 1 m0S1 1

x

3DH induced. [9]

inally, the local flux density in the rotating frame
iven by
 x
e

y

h
-
h
n

e

B rot 5 B loc 2 B0 5
x

3
B0 1 m0S1 1

x

3DH induced

5
x

3
B0 1 m0S1 1

x

3DH0Dxh induced

5
x

3
B0 1 B0S1 1

x

3DDxh induced. [10]

agnetic Susceptibilities of Gadolinium-Doped Water an
Bone

The susceptibility and susceptibility difference must
nown in order to computeBrot using Eq. [10]. The suscep
ility of bone has recently been reported asxbone5 24p0.903
026 5 211.33 1026 (MKS) (30). The MKS volume suscep

ibility of 1.2 mM Gd-DTPA was estimated as a weighted s
f susceptibilities (29),

x 5 4p O
k

ckxM,k, [11]

hereck is the concentration of speciesk in mol/mL, andxM,k

s the CGS molar susceptibility of speciesk in mL/mol. The
tandard value for the molar susceptibility of water is 12.93
026 mL/mol (CGS) (31). Since the concentration of G
TPA was very small, the concentration of water was e
ated from its molecular mass and density (32), i.e., (1.000
/mL)/(18.02 g/mol)5 0.05549 mol/mL. For the current stud
value of 0.02563 1026 mL/mol (33) was used for the mola

usceptibility of Gd-DTPA. This value is in close agreem
ith other values found in the literature (34, 35). The volume
usceptibility for 1.2 mM Gd-DTPA was then computed a

x1.2 mM Gd-DTPA5 4pH0.05549
mol H2O

mL

3 S212.973 1026
mL

mol H2O
D

1 1.2 3 1026
mol Gd-DTPA

mL

3 S0.0256
mL

mol Gd-DTPADJ ,

5 24p 3 0.6893 1026 [12]

hich provides a susceptibility difference ofDx 5 xbone 2

1.2 mM Gd-DTPA5 22.73 1026. Similarly, for 1.0 mM Gd-DTPA
1.0 mM Gd-DTPA 5 24p 3 0.694 3 1026 and Dx 5 xbone 2

5 22.6 3 1026.
1.0 mM Gd-DTPA
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40 HWANG AND WEHRLI
valuation of the Surface Charge Method and
Nondestructive Determination of Susceptibility

The measured field was compared to the field predicte
he effective surface charge method. Thez component of th
ormalized fieldh induced,z[ r ] was computed at spatial loc

ions corresponding to the centers of marrow voxels in
easured field maps. Regression was then performe

ween the measured field,Bz
rot[r ], and the predicted field

induced,r [ r ]. According to Eq. [10], the apparent suscepti
ty difference may be computed from the slope,m, of the
egression as

Dx 5 m/~B0~1 1 xGd-DTPA/3!! < m/B0. [13]

he surface charge method, together with MR phase map
hus provides a nondestructive means of measuring the su
ibility of trabecular bone and other materials forming comp
tructures. In contrast, the previously reported value for
usceptibility of bone (30) was determined by a susceptibili
atching technique, which required the specimen to be gr

nto powder.
Since only short-range fields induced by trabecular b
ere computed by the surface charge method, additional t
[ r ], were included in the regression models to accoun
ackground gradients (e.g., those caused by the suscep
ifference between the sample and surrounding air):

Bz
rot@r # 5 mhinduced,z@r # 1 g@r # 1 K, [14]

FIG. 6. The measured field in the human specimen was signific
orrelated with thex coordinate, indicating the presence of large-scale b
round gradients. Regression was performed with a second-order func
: Bz

rot[ x] 5 a 1 bx 1 cx2.
fi

y

e
e-

g,
ep-
x
e

nd

e
s,
r
lity

hereK represents a spatially uniform field offset. In regar
he rabbit specimen, for example, a first-order model
inear background gradients was expressed by

g@r # 5 Gxx 1 Gyy 1 Gzz, [15]

hereGx, Gy, andGz were fitted parameters in addition to
oefficientm and offsetK. Likewise, the second-order mod
or the human specimen was given by

g@r # 5 Gxx 1 Gxxx
2 1 Gyy 1 Gyyy

2. [16]

ly
-
of

FIG. 7. The measured field versus the field predicted by a regre
odel with no terms (A) and with up to second-order terms (B) for backgr

eld gradients.
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41COMPUTING INDUCED MAGNETIC FIELD IN TRABECULAR BONE
he regression models for the human specimen were
unctions ofx andy since the field was evaluated in one cr
ection only.

RESULTS AND DISCUSSION

uman Specimen

The measured and predicted field maps for the human
men are shown in Fig. 5. As described previously, the
as only measured in one cross section near the center
pecimen in order to avoid the strongest background grad
he phase maps were also generated from data acquire

FIG. 8. (A) The severe phase distortions in the phase map of a spe
etween air and the sample and the finite length of the cylinder. (B) The

he rabbit femur since, as shown in (C), the specimen was sandwiched
hus sufficiently removed from field perturbations caused by the susce
ocations in bone, where the NMR signal is negligible.

TAB
Determination of Dx by Regression between the Measure

Order of
background terms R2 p

0 0.25 ,0.0001
1 0.90 ,0.0001
2 0.97 ,0.0001
3 0.97 ,0.0001
ly
s

c-
d
the
ts.
ith

oxel size larger than the images used for surface triangul
o improve the signal-to-noise ratio. In spite of these meas
he measured field was more highly correlated with thx
oordinate than with the computed field (Figs. 6 and 7A), s
he strongest background gradients were approximately i
direction (Fig. 5B). Nevertheless, the measured and pred
eld maps look qualitatively similar (Fig. 5). Furthermore,
hown by the results in Table 1 and Fig. 7B, a combinatio
he computed field and a second-order model for the b
round gradients resulted in an excellent fit (R2 5 0.97). To
void unnecessary terms, an increase in the order of th
ression model was rejected if it did not significantly impr

en in a normal glass flat-bottom test tube result from the susceptibilit
ortions are not evident in a longitudinal cross section of a phase map meed from
tween two layers of glass matched to the susceptibility of water. The ss
ility difference between glass and air. The phase map appears as rane at

1
nd Predicted Field (n 5 1701) for the Human Specimen

Dx

95% Confidence interval forDx

Lower Higher

2.733 1026 2.503 1026 2.963 1026

2.143 1026 2.053 1026 2.233 1026

2.173 1026 2.123 1026 2.223 1026

2.143 1026 2.093 1026 2.203 1026
cim
dist
be

ptib
LE
d a
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42 HWANG AND WEHRLI
he R2 correlation coefficient of the fit. Therefore, the susc
ibility difference Dx 5 22.2 3 1026, computed from th
econd-order fit, was applied to derive the susceptibilit
one asxbone 5 Dx 1 xGd-DTPA 5 210.9 3 1026, which is in
ood agreement with the value of211.3 3 1026 reported
reviously for bovine bone measured by a susceptibility ma

ng technique (30).

abbit Specimen

Although the long-range goal of the current work was
rovide a means of investigating the field distribution in hum

FIG. 9. Cross sections of the measured and predicted field maps with
n (C) and (D) are approximately in the same plane relative to the spec
here the induced field was more negative. The gray scale was invert
istinct. Trabeculae in adjacent slices caused the inhomogeneities since
B). Note that the field is more homogeneous at the locations indicated b
o the applied field, which is directed toward the right side of the page.
am
-

f

h-

n

one, the surface charge method was also evaluated wi
abbit specimen since the high bone volume fraction (0.60
hick trabeculae are in sharp contrast to the structure of hu
adius trabecular bone, which is characterized by relatively
one volume fraction (0.16 in the present specimen) and
er trabeculae with large intertrabecular spacing. In add

he rabbit trabeculae, which are thick with respect to voxel
acilitated the generation of accurate surface models fo
eld computations. Errors in the measured field map resu
rom large-scale gradients were also minimized by resortin

sample arrangement involving a container of susceptib
atched glass as described under Methods (Fig. 8).

e specimen parallel (A, B) and perpendicular (C, D) to the applied field. T
n as those in (A) and (B). In contrast to Fig. 5, brighter intensities indicegions
o make the field perturbations, indicated by the white arrows in (A) an
ey were perpendicular to the applied field, which is directed into the page for (A) and
rows in (C) and (D) since the trabeculae were rotated to an orientation ny parallel
th
ime
ed t

th
y ar



cro
s bo
s s
F be
u ta
s th
i C a
9 ate
m fiel

ma
s e
s l
o ra
e d 3
H how
b e
m sh
b ma
s 8
( b
t ris
t

ack
g atia
o n
T oun
t
2

d ted,
t the
s ig. 9,
w The
s cep-
t e for
x
1

rately
p eld
m nces.
F y of
t een
t nique
c epti-
b le-
a face
c For
e men
c trast,
t inute
u ere-
f val-
u MR
l t is

43COMPUTING INDUCED MAGNETIC FIELD IN TRABECULAR BONE
By inspection, there is good agreement between the
ections of the measured and predicted field maps for
patial orientations of the specimen (Figs. 9). The arrow
igs. 9A and 9B point to field perturbations caused by tra
lae in adjacent slices. When the trabeculae become ro
uch that they are nearly parallel to the applied field,
nduced field becomes much more homogeneous (Figs. 9
D). The surface charge method is thus shown to accur
odel the effect of trabecular architecture on the induced
Since data collection was more optimal than for the hu

pecimen, the computed field was a good predictor of m
ured values (R2 5 0.73, p , 0.0001) for both spatia
rientations of the specimen even when no background g
nt terms were included in the regression (Tables 2 an
owever, background gradients were still detectable, as s
y the significant correlation between thez coordinate and th
easured field (Fig. 10). In contrast to the strong relation
etween thex coordinate and the measured field in the hu
pecimen (Fig. 6), theR2 correlation coefficient was only 0.2
p , 0.0001)since the short-range field gradients induced
he thick, closely spaced trabeculae were larger in compa
o the background gradient.

Inclusion of the terms representing linear (first-order) b
round gradients resulted in excellent fits for both sp
rientations of the specimen (Tables 2 and 3). As show
ables 2 and 3, incorporation of second-order backgr

erms did not significantly improve the fits. Therefore,Dx 5
2.33 1026 andxbone 5 Dx 1 xGd-DTPA 5 211.03 1026 were

TAB
Determination of Dx by Regression between the Measured

with the Anatomic Axis P

Order of
background terms R2 p

0 0.73 ,0.0001
1 0.90 ,0.0001
2 0.91 ,0.0001

TAB
Determination of Dx by Regression between the Measured

with the Anatomic Axis Perp

Order of
background terms R2 p

0 0.73 ,0.0001
1 0.86 ,0.0001
2 0.89 ,0.0001
ss
th
in
c-
ted
e
nd
ly

d.
n
a-

di-
).
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etermined from the results of the first-order fits. As expec
he measured susceptibility was not affected by rotating
pecimen even though the induced field, as shown in F
as dependent on the spatial orientation of the bone.
imilar results for the two orientations suggest that the sus
ibility measurements are precise. Further, the derived valu

bone is also in excellent agreement with the value of211.33
026 reported previously for powdered bovine bone (30).

CONCLUSIONS

The surface charge method has been shown to accu
redict the induced magnetic field in comparison with fi
aps measured by asymmetric spin-echo pulse seque
urther, the method was able to predict the susceptibilit

rabecular bone from the coefficient of the regression betw
he computed and measured field values. The same tech
ould be applied to nondestructively determine the susc
ility of other materials in complex structures. The multipo
ccelerated algorithm for computing the field from the sur
harge density was also shown to be highly efficient.
xample, the surface model of the rabbit femur speci
onsisted of 150,010 triangular surface elements. In con
he field was computed at 5819 spatial locations per m
sing a low-end laptop computer (133 MHz Pentium). Th

ore, the results indicate the algorithm to be suitable for e
ating the relationship between trabecular structure and N

ine broadening. A goal of particular interest in this contex

2
nd Predicted Field (n 5 12,540) for the Rabbit Specimen
llel to the Applied Field

Dx

95% Confidence interval forDx

Lower Higher

2.453 1026 22.423 1026 22.483 1026

2.293 1026 22.273 1026 22.313 1026

2.323 1026 22.303 1026 22.333 1026
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nd Predicted Field (n 5 14,374) for the Rabbit Specimen
dicular to the Applied Field

Dx

95% Confidence interval forDx
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2.263 1026 2.243 1026 2.283 1026
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o advance the understanding of structural changes res
rom disease processes such as osteoporosis and from re
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