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The magnetic field induced in the pores of trabecular bone as
a result of the susceptibility difference between bone and bone
marrow was computed with the aid of magnetic surface charge
models generated from images of trabecular bone specimens
acquired at 78 and 63 pum resolution. The predicted field was
compared with the values derived from 2D and 3D field maps
obtained by echo-offset imaging techniques and excellent agree-
ment was found between the two methods. Finally, from the
slopes of regression between the experimental and computed
fields, the absolute susceptibility of bone was nondestructively
determined as —11.0 x 10~° (MKS), which is in close agreement
with a reported value of —11.3 x 10~° obtained with powdered
bone by means of a spectroscopic susceptibility matching tech-
nique (J. A. Hopkins and F. W. Wehrli, Magn. Reson. Med. 37,
494-500 (1997)). © 1999 Academic Press

Key Words: trabecular bone; magnetic susceptibility; induced
magnetic field; magnetic field computation; magnetic field
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INTRODUCTION

Osteoporosis is a disease characterized by a loss of b

mass. As a result, bone density has been the chief criter
for noninvasively assessing bone quality. Although lof

bone density increases the risk of fractude-4), there is

evidence that inclusion of parameters quantifying trabeculﬁi ) o )
improves predictability. FofXperimentally verified 16, 17. In a very different approach

architecture significantly
example, Kleerekopeet al. (5) and Reckert al. (6) have

tional histomorphometry7, 8). The potential of this method
has recently been demonstrated with structural paramete
derived from MR images acquireth vivo showing sig-
nificant correlation with the presence of vertebral deformi
ties Q).

However, MR images of sufficient resolution for direct
analysis can only be obtained at a peripheral site, such as t
radius or calcaneus. MRI offers another means by which tr:
becular structure can be quantified at any anatomic locatic
without the need to resolve individual trabeculae. This secor
method is based on measuring the field inhomogeneities whi
result from the different magnetic susceptibilities of bone an
marrow (L0, 17). The discontinuity in the magnetic properties
induces magnetic field perturbations, which increase the rate
NMR relaxation. Since the degree of field inhomogeneit)
depends upon the geometry of the bone/marrow surface, t
relaxation rate provides an indirect measure of trabecular &
chitecture.

For the purpose of investigating the effect of structure on th
susceptibility-induced field, several investigators resorted t
madel lattices mimicking, for example, the airways in the lung

K)n’ 13 or the trabeculae in bond4). Applying a statistical

pproach to treat trabeculae as a continuum of infinitely lon
oriented rods, a theoretical relationship between the NMI
gnal and geometrical parameters was establisiéyl gnd

aimed at investigating the effects of realistic structures on th

shown by histomorphometry of biopsies that in subjec@d“ced field, the present authors invoked a surface char

matched for bone density, those with vertebral deformi

had significant differences in trabecular architecture, inclu

ggethod for calculating the susceptibility-induced magneti

eld on the basis of surfaces generated from high-resolutic

ing lower trabecular plate density, increased trabecular sef2 MR images 18).

aration, and increased trabecular thickness. However, bond he purpose of the current work was to evaluate th
biopsies are invasive and therefore impractical for repeatagcuracy of the surface models derived from MR images ¢
monitoring of osteoporotic subjects. The limitations of curtrabecular bone specimens by comparing the computed i
rent methods have spurred the investigation of alternatideiced field with measured values determined by 2D and 3
means by which MRI can be applied to noninvasively asseiR phase mapping techniques. A byproduct of the analys
trabecular architecture. The direct strategy relies on tie a means of nondestructively measuring the magnet
acquisition of high-resolution images of trabecular bongusceptibility of trabecular bone and other materials formin
followed by image analysis in a manner analogous to tradiemplex structures.
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FIG. 1. Cross sectional and projection images of the 3D MR data se(78 X 78 um® voxels) acquired from the human bone specimen.

METHODS Phase Mapping

3D Imaging As in previous work investigating the induced field distri-
bution in trabecular bone of the human lumbar spi2@,(the

A cylindrical specimen (9-mm diameter and length) of framodified spin-echo pulse sequencl,(22 diagrammed in
becular bone from the human distal radius was harvested fredigy. 3 was applied to spatially map the magnetic field in a cros
a frozen cadaver (Fig. 1). An additional specimen was obtainggction of the radius specimen. Since a Shigemi tube was r
from the distal femur of a rabbit (Fig. 2). The two specimengvailable, data were collected near the center of the specim
were chosen for their sharply contrasting structures. The thigkorder to avoid the strongest background gradients. In adc
trabeculae of the rabbit specimen are packed closely togetigh, data for the phase maps were collected at twice the vox
while the human specimen is characterized by slender trabgge (78x 78 x 156 um®) as that of the 3D image in order to
ulae which are widely spaced. The bone marrow was removiggprove the signal-to-noise ratio.
by immersing the cores in an ultrasonic bath of trichloroeth- |5 3 spin-echo pulse sequence, the gradient and radiofrequer
ylene for 4 h, followed by rinsing with a water pick. TO(RF) echoes are usually coincideft;(= T, so that all iso-
optimize the signal-to-noise ratio, the human and rabbit Spegromats are completely rephased. However, it is well known th
imens were suspended in water doped with 1.0 and 1.2 mMhe 180° RF pulse is applied at a time offset- 0 earlier, the
Gd-DTPA, respectively, to increase the longitudinal relaxatiqagnetization rephases at tiffig — 2 and accumulates an extra
rate to~3 s '. The magnetic field inhomogeneities resultinghase shift¢ = 2yBr which, in the absence of other field
from the susceptibility discontinuity at the air/sample interfactsets, is proportional to the susceptibility-induced local flux
were minimized by imaging the rabbit specimen in a ShigerjiansityB™ in the rotating frame of reference. The phase can the

tube (8-mm outer diameter, Shigemi, Inc., Tokyo, Japan) B spatially mapped in the resulting image as the complex arg
which the specimen was enclosed above and below by layergi@fnt of the signal in each voxel:

glass that were susceptibility-matched to water. The human

specimen was imaged in a typical flat-bottom glass test tube

since a Shigemi tube of sufficient diameter was not available.
3D MR images of the human specimen (%878 X 78 um?®

voxels) and the rabbit specimen (6363 X 63 um® voxels) Wherel andR represent the imaginary and real components c

were obtained with a Bruker AM-400 9.4 T 89-mm-boréhe complex magnetization, amdis the voxel's spatial loca-

spectrometer/microimaging system. The cores were imagéen. The field in each voxel is then computed BE[r] =

using commercial RF coil inserts and the RASEE partial flipp[r]/(2y7). In practice,B;" is calculated from the phases

angle spin-echo pulse sequend®)( Matrix size was 128< measured for two different 180° pulse offsets,and 7,, to

128 X 128 and pulse repetition time and echo time were 1@@&ncel out systematic phase errors:

and 6 ms, respectively. Both specimens were imaged with their

anatomic axes parallel to the direction of the applied magnetic = — — ~B™Y

field (Figs. 1 and 2). The rabbit specimen was also imaged with Adlr] = ¢(ra [r) = ¢(m, [r]) = 7BZ1r]2A7 [

its axis perpendicular to the field. BX{r] = Ad¢[r]/(v2A7). (3]

o[r] = tan"*(I[r /RIr]), (1]
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FIG. 3. 2D spin-echo pulse sequence used for acquiring phase maps in t
human specimen.

demands that the flip angle of the excitation pulse be re-

placed by its 180° complement. Since selective pulses of lare
nutation angle are difficult to achieve, RASEE uses a compo
ite pulse consisting of a nonselective 180° pulse followed by
slice-selectivea pulse. The pulse sequence uses rewinde
gradients ony and z (Fig. 4). Data were collected with the

anatomic axis of the specimen parallel and then perpendicul
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FIG. 2. A cross sectional slice (A, 6% 63 X 63 um® voxels) and 3D
projection image (B) of the rabbit specimen used for 3D validation of the fieI&:‘x
computations. Phase maps were generated with the anatomic axis p&g)lel (
and perpendicularg; ) to the applied field,.

Gy

For the cross section of the human specimen, the B&Ift] in

each voxel was calculated from phase maps obtainedwyith

0 ms andr, = 0.5 ms. G,

For purposes of mapping the field within the entire volume

of the rabbit bone, a 3D versioi23) of the RASEE patrtial

flip-angle spin-echo techniqu@4) was also made phase-sen- o Lo
L . o FIG. 4. Phase-sensitive 3D RASEE pulse sequence as described in t

sitive by aIIowmg the 180° RF pUIse to be offset. RASE"?ext. The pulse sequence is identical to the one described byetlata(23)

reprgsents the_Spin'EChO ppunterpart of the partial-flip angl@ept that the location of the phase-reversal pulse was made variable
gradient echo in that addition of a phase-reversal RF pulgeduce a phase shift from which field maps can be constructed.
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FIG. 5. Maps of the measured (B) and predicted (C) induced field values for each voxgl {B3x 156 um? shown in the magnitude image (A) of the
human radius trabecular bone. In (B), the voxels witb0% bone are displayed in white. Dark intensities in (B) and (C) indicate regions where the induced f
is more negative. Note that the field is more perturbed in regions near trabeculae.

to the applied fieldB, (Fig. 2). For each spatial orientation, themarrow peaks. Therefore, the intensity threshold for classify
specimen was imaged twice (128 128 X 128 voxef reso- ing voxels as bone or marrow in the triangulation algorithn
lution, 63 < 63 X 63 um® voxel size) withr, = 0 ms andr, = was set to the average of the two peak locations in the hist
0.5 ms. The anatomic image shown in Fig. 2 is from an imaggam. Since the trabeculae in the human specimen were mc
acquired withr; = 0 ms and with the specimen in the paralleslender with respect to voxel size, the maximum-likelihooc
orientation. The fieldB;*[r], was spatially mapped on thebone volume fraction was computed in each voxel to minimiz
basis of each pair of images. misclassification errors2f). Voxels that were=50% bone
were classified as bone for the purpose of generating a surfz
model. For both specimens, false trabeculae resulting fro
noise-induced misclassification errors were removed by appl

The field was computed by the surface charge method on ihg a depth-first search algorithr26) to find all the “islands”
basis of the 3D images. The calculations were performed o®fabone. Under the assumption that isolated islands do n
Toshiba Satellite 225CDS laptop computer (133 MHz Peexist, the voxels of any island that were not connected to t
tium). Surface models of trabecular bone were generated by thder limits of the volume of interest were reclassified as pur
triangulation algorithm described previouslygj. Prior to sur- marrow. The surface model for the human specimen consist
face triangulation, a 3< 3 median filter was applied to eachof 179,340 triangles while those generated from the images
slice of the rabbit images to reduce noise. Since the trabecullae rabbit specimen with the anatomic axis parallel and pe
of the rabbit specimen were thick in comparison to voxel sizpendicular to the applied field were composed of 150,010 ar
the histogram of voxel intensities exhibited distinct bone ari16,512 triangles, respectively.

Computing the Induced Field
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After generating a surface model, a normalized surface o X X
charge densityg, was computed for each triangle: B™ = Bic = Bo =3 Bo* to| 1 + 3| Hinduces
o X X
o= m = o COiO[), [4] = § Bo + IJ'O( 1+ 3) HOAXhinduced
[}
wherec is the charge densityy, is the magnitude of the static = % B, + Bo( 1+ g) A XNinguced [10]
field intensity, Ay is the susceptibility differenceyyone —

Xcsoren @Nd « is the angle between the static field and thgragnetic Susceptibilities of Gadolinium-Doped Water and
surface normal pointing from the bone surface into marrow. By ggne

integrating over the surfac&’, a dimensionless normalized
induced field intensityh;.4...s Was subsequently calculated: ~ The susceptibility and susceptibility difference must be
known in order to comput8™ using Eq. [10]. The suscepti-

H 1 (r —r") bility of bone has recently been reported\@s,. = —4m70.90X
Riduce= oot~ % (') o3 dA’. [5] 10°= —11.3x 10°(MKS) (30). The MKS volume suscep-

HoAx 4w, r—=rl tibility of 1.2 mM Gd-DTPA was estimated as a weighted sun
s of susceptibilities Z9),
Rather than merely summing the field contribution from each
triangle, the surface integral for the induced field was effi- X =47 2, Ctmo [11]
ciently estimated by a multipole-accelerated algorithm which k
replaces large numbers of triangles with a multipole expansion
of only 10 terms 18, 27). wherec, is the concentration of speciksn mol/mL, andy

The total field intensity is the sum of the applied statigs the CGS molar susceptibility of speciksn mL/mol. The
field intensity,H, = Bo/uo, and the induced field intensity, standard value for the molar susceptibility of water is 1297
Hinguced 10°® mL/mol (CGS) B1). Since the concentration of Gd-

DTPA was very small, the concentration of water was est
H(r) = Ho + Hingueed 1) [6] mated from its molecular mass and densB@)( i.e., (1.000
g/mL)/(18.02 g/mol)= 0.05549 mol/mL. For the current study,
The flux density is then given by a value of 0.0256< 10~° mL/mol (33) was used for the molar
susceptibility of Gd-DTPA. This value is in close agreemen
w(Ho + HingucedT)) with other values found in the literatur84, 35. The volume
susceptibility for 1.2 mM Gd-DTPA was then computed as
ro(1 + x(r))(Ho + Hingueed )

(1 + X(r))BO + M‘O(l + X(r))Hinducec(r)v [7]

B(r)

mol H,O
. o . . Lo X1.2 mmaaotea= 411 0.05549 mL
wherey is the susceptibility of the medium, i.e., the fluid in the
marrow spaces. mL
The local field was computed by assuming the “sphere X (—12.97>< 10‘6|HO>
of Lorentz” approximation48, 29 and then substituting with motHy
Eq. [7]: mol Gd-DTPA
+1.2x10°————
2uoM 2moxH mk
Mo 0
B@;%B—T:B— 3 002567“_
%\ 9-9990 01 Ga-DTPA |
_po B (1 °X >B 8
- 31+ x) 31+ x) (8] = —47 X 0.689%x 10°° [12]
Buo = Bo + X By + <1+X>H- [9]
e ™ Bo T g Fo T Mo 3 induced which provides a susceptibility difference &fy = xoone —

X12mucdaorea = —2.7 X 107°. Similarly, for 1.0 mM Gd-DTPA
Finally, the local flux density in the rotating frame iSy,omucaores = —47 X 0.694 X 107° and Ax = Xuone —
given by X1omuvedorea = —2.6 X 107°,
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0.08 whereK represents a spatially uniform field offset. In regard tc
' R2=0.77 the rabbit specimen, for example, a first-order model witl
0.06 — p<0.0001 linear background gradients was expressed by
% s . n=1701
& 0.04 4 glr] = Gx + Gy + Gz, [15]
g
8’0.02 = whereG,, G,, andG, were fitted parameters in addition to the
3 coefficientm and offsetK. Likewise, the second-order model
2 0.00 - for the human specimen was given by
<
L
p=
-0.02 4 glr] = Gx + Gux? + Gy + G,y°. [16]
-0.04 L} T T I LI T I 1 LI I LI O] I T T ¥ I L}
0 10 20 30 40 50 0.08
x coordinate (voxels) R2 =025 o
FIG. 6. The measured field in the human specimen was significantly 0.06 - p<0.0001 .
correlated with thex coordinate, indicating the presence of large-scale back- o> n=1701 L
ground gradients. Regression was performed with a second-order function of 4 _". .
x: BP[x] = a + bx + cx%. 8 0.04 - _1-'r".' .
o Ol =
8 L Wme /e
570.02 Py .
Evaluation of the Surface Charge Method and 3 SOt .
Nondestructive Determination of Susceptibility 2 0.00 - A 'i
) o 40 L *
The measured field was compared to the field predicted by 2_0_02 - /& T
the effective surface charge method. Theomponent of the _=_f:-‘-_ e
normalized fieldh,q.c.e.[F] Was computed at spatial loca- I
. . : -0.04
tions corresponding to the centers of marrow voxels in the oda 002 obo od2 004 006 008

measured field maps. Regression was then performed be-
tween the measured field[r], and the predicted field,

hiawceac [T]- According to Eq. [10], the apparent susceptibil-

ity difference may be computed from the slope, of the

regression as 0.08

Predicted B Zrot (Gauss)

R2=0.97
p<0.0001

Ax = m/(Bo(1 + xgapred3)) = M/B,. [13] 0.06 - n=1701

auss)

The surface charge method, together with MR phase mapping S, 0.04 .- g
thus provides a nondestructive means of measuring the suscefg =
tibility of trabecular bone and other materials forming complex ' 0.02 -
structures. In contrast, the previously reported value for theg 5 $ -
susceptibility of bone30) was determined by a susceptibility- 2 0.00 4 = gl
matching technique, which required the specimen to be ground 8

into powder.

Since only short-range fields induced by trabecular bone
were computed by the surface charge method, additional terms, 0.04 - B
g[r], were mclud_ed in the regression models to account_ fp_r 2004 _0_62 O.bO o‘bz O.b4 0.b6 0.08
background gradients (e.g., those caused by the susceptibility Predicted Bzrot (Gauss)
difference between the sample and surrounding air):

-0.02 + . T

FIG. 7. The measured field versus the field predicted by a regressic

ot model with no terms (A) and with up to second-order terms (B) for backgroun
BY1r] = mhnacead 1 + 9lr] + K, [14]  field gradients.



COMPUTING INDUCED MAGNETIC FIELD IN TRABECULAR BONE 41

TABLE 1
Determination of Ay by Regression between the Measured and Predicted Field (n = 1701) for the Human Specimen

95% Confidence interval foky

Order of
background terms R? p Ay Lower Higher
0 0.25 <0.0001 2.73x 10°° 2.50x 10°° 2.96x 10°°
1 0.90 <0.0001 2.14¢< 10°° 2.05x 10°° 2.23%x10°°
2 0.97 <0.0001 217 10°° 2.12x10°¢ 2.22%x10°
3 0.97 <0.0001 2.14< 10°° 2.09x 10°° 2.20x 10°°

The regression models for the human specimen were onlyxel size larger than the images used for surface triangulatic
functions ofx andy since the field was evaluated in one crost® improve the signal-to-noise ratio. In spite of these measure

section

Human

The measured and predicted field maps for the human sp8gown by the results in Table 1 and Fig. 7B, a combination ¢
imen are shown in Fig. 5. As described previously, the fielle computed field and a second-order model for the bac

was on

specimen in order to avoid the strongest background gradiertgoid unnecessary terms, an increase in the order of the |
The phase maps were also generated from data acquired wjitbssion model was rejected if it did not significantly improve

FIG. 8.

between

locations

only. the measured field was more highly correlated with the
coordinate than with the computed field (Figs. 6 and 7A), sinc
RESULTS AND DISCUSSION the strongest background gradients were approximately in tl
. x direction (Fig. 5B). Nevertheless, the measured and predict:
Specimen field maps look qualitatively similar (Fig. 5). Furthermore, as

ly measured in one cross section near the center of gieund gradients resulted in an excellent R (= 0.97). To

plastic

susceptibility-
matched glass

susceptibility-
matched glass

in bone, where the NMR signal is negligible.

(A) The severe phase distortions in the phase map of a specimen in a normal glass flat-bottom test tube result from the susceptibility dif
air and the sample and the finite length of the cylinder. (B) The distortions are not evident in a longitudinal cross section of a phase edgfpameast
the rabbit femur since, as shown in (C), the specimen was sandwiched between two layers of glass matched to the susceptibility of water. The spec
thus sufficiently removed from field perturbations caused by the susceptibility difference between glass and air. The phase map appears aserandon
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Measured Predicted

FIG. 9. Cross sections of the measured and predicted field maps with the specimen parallel (A, B) and perpendicular (C, D) to the applied field. The
in (C) and (D) are approximately in the same plane relative to the specimen as those in (A) and (B). In contrast to Fig. 5, brighter intensitiesgiutisate
where the induced field was more negative. The gray scale was inverted to make the field perturbations, indicated by the white arrows in (A) and (E
distinct. Trabeculae in adjacent slices caused the inhomogeneities since they were perpendicular to the applied field, which is directeddriar {#¢ pad
(B). Note that the field is more homogeneous at the locations indicated by arrows in (C) and (D) since the trabeculae were rotated to an orientzeiatielear!
to the applied field, which is directed toward the right side of the page.

the R? correlation coefficient of the fit. Therefore, the suscepone, the surface charge method was also evaluated with t
tibility difference Ay = —2.2 X 10°°, computed from the rabbit specimen since the high bone volume fraction (0.60) ar
second-order fit, was applied to derive the susceptibility diiick trabeculae are in sharp contrast to the structure of hum:
bone asxpoe = Ax + Xoaorea = —10.9 X 107°%, which is in radius trabecular bone, which is characterized by relatively loy
good agreement with the value ef11.3 X 10°° reported bone volume fraction (0.16 in the present specimen) and sle
previously for bovine bone measured by a susceptibility matctier trabeculae with large intertrabecular spacing. In additiol
ing technique 30). the rabbit trabeculae, which are thick with respect to voxel siz
facilitated the generation of accurate surface models for tt
field computations. Errors in the measured field map resultin
from large-scale gradients were also minimized by resorting 1
Although the long-range goal of the current work was ta sample arrangement involving a container of susceptibility
provide a means of investigating the field distribution in humamatched glass as described under Methods (Fig. 8).

Rabbit Specimen
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TABLE 2
Determination of Ay by Regression between the Measured and Predicted Field (n = 12,540) for the Rabbit Specimen
with the Anatomic Axis Parallel to the Applied Field

95% Confidence interval fohy

Order of
background terms R? p Ay Lower Higher
0 0.73 <0.0001 —2.45%x10° —2.42x10° —2.48%x10°
1 0.90 <0.0001 —2.29x 10°® —2.27%X10°° —2.31x10°
2 0.91 <0.0001 -2.32x10°° —2.30x 10°° -2.33x10°°

By inspection, there is good agreement between the craktermined from the results of the first-order fits. As expecte
sections of the measured and predicted field maps for baltle measured susceptibility was not affected by rotating tk
spatial orientations of the specimen (Figs. 9). The arrows $pecimen even though the induced field, as shown in Fig.
Figs. 9A and 9B point to field perturbations caused by trabesas dependent on the spatial orientation of the bone. Tl
ulae in adjacent slices. When the trabeculae become rotas@dilar results for the two orientations suggest that the susce
such that they are nearly parallel to the applied field, thibility measurements are precise. Further, the derived value f
induced field becomes much more homogeneous (Figs. 9C angl. is also in excellent agreement with the value-af1.3 X
9D). The surface charge method is thus shown to accuratély ® reported previously for powdered bovine boRg)(
model the effect of trabecular architecture on the induced field.

Since data collection was more optimal than for the human CONCLUSIONS
specimen, the computed field was a good predictor of mea-
sured values R = 0.73, p < 0.0001) forboth spatial  The surface charge method has been shown to accurat
orientations of the specimen even when no background gragliedict the induced magnetic field in comparison with fielc
ent terms were included in the regression (Tables 2 and B)aps measured by asymmetric spin-echo pulse sequenc
However, background gradients were still detectable, as sholumrther, the method was able to predict the susceptibility c
by the significant correlation between theoordinate and the trabecular bone from the coefficient of the regression betwe
measured field (Fig. 10). In contrast to the strong relationshipe computed and measured field values. The same technic
between the coordinate and the measured field in the humarould be applied to nondestructively determine the suscep
specimen (Fig. 6), thR® correlation coefficient was only 0.28bility of other materials in complex structures. The multipole-
(p < 0.0001)since the short-range field gradients induced gccelerated algorithm for computing the field from the surfac
the thick, closely spaced trabeculae were larger in comparisdrarge density was also shown to be highly efficient. Fc
to the background gradient. example, the surface model of the rabbit femur specime

Inclusion of the terms representing linear (first-order) backonsisted of 150,010 triangular surface elements. In contra
ground gradients resulted in excellent fits for both spatitie field was computed at 5819 spatial locations per minu
orientations of the specimen (Tables 2 and 3). As shown uising a low-end laptop computer (133 MHz Pentium). There
Tables 2 and 3, incorporation of second-order backgroufate, the results indicate the algorithm to be suitable for eva
terms did not significantly improve the fits. Therefodey = uating the relationship between trabecular structure and NM
—2.3X 10° andypone = Ax + Xeaorea = —11.0X 10" ° were line broadening. A goal of particular interest in this context i

TABLE 3
Determination of Ay by Regression between the Measured and Predicted Field (n = 14,374) for the Rabbit Specimen
with the Anatomic Axis Perpendicular to the Applied Field

95% Confidence interval foky

Order of
background terms R? p Ay Lower Higher
0 0.73 <0.0001 2.48<10°° 2.46x 10° 2.51%x10°
1 0.86 <0.0001 2.28< 10°° 2.26x10° 230X 10°°

2 0.89 <0.0001 2.26x 10°° 2.24%x10° 2.28%x 10°
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