KSNA

Radiology

RADIOLOGY.RSNA.ORG
OCTOBER 2010

VOLUME 257 NUMBER 1
RADLAX 257 (1) 1-302

Von Mises Stress (MPa)

0 150

3A This Month in Radiology

1 Communications

4 Reviews and Commentary
40 Original Research

288 Diagnosis Please




Radiology

Note: Thiscopy isfor your personal, non-commercial useonly. To order presentation-ready copies for
distribution to your colleaguesor clients, contact us at www.rsna.org/rsnarights.

Women with Anorexia Nervosa:
Hinite Element and Trabecular
Structure Analysis by Using
Fat-Panel Volume CT'

Conor J. Walsh, PhD
Catherine M. Phan, MD
Madhusmita Misra, MD
Miriam A. Bredella, MD
Karen K. Miller, MD
Pouneh K. Fazeli, MD
Harun H. Bayraktar, PhD
Anne Klibanski, MD

Purpose:

Materials and

Rajiv Gupta, MD, PhD Methods:
Results:

| =
Conclusion:

1From the Department of Mechanical Engineering, Mas-
sachusetts Institute of Technology, 77 Massachusetts Ave,
Room 3-470, Cambridge, MA 02139 (C.J.W.); Department
of Radiology (C.M.P, M.A.B., R.G.) and Neuroendocrine
Unit, Department of Medicine (M.M., KK.M., PK.F,, AK.),
Massachusetts General Hospital, Boston, Mass; and Das-
sault Systemes Simulia, Providence, RI (H.H.B.). Received
January 28, 2010; revision requested March 17; revision
received April 23; accepted April 30; final version accepted
May 17. Address correspondence to C.J.W. (e-mail:
walshcj@alm.mit.edu).

©RSNA, 2010

To use finite element modeling based on flat-panel vol-
ume computed tomography (CT) and bone mineral den-
sity (BMD) provided by dual-energy x-ray absorptiometry
(DXA) to compare bone failure load, stiffness, and trabe-
cular structure in women with anorexia nervosa (AN) and
age-matched normal-weight control subjects.

The study was approved by the institutional review board
and complied with HIPAA guidelines. Informed consent
was obtained. Fourteen women, eight with AN (mean
age, 26.6 years) and six control subjects (mean age, 26.3
years), underwent flat-panel volume CT of the distal ra-
dius to determine apparent trabecular bone volume frac-
tion (BV/TV), apparent trabecular number (TbN), appar-
ent trabecular thickness (ThTh), and apparent trabecular
separation (ThSp). Bone strength and stiffness were cal-
culated from uniaxial compression tests by using finite ele-
ment models created from flat-panel volume CT. DXA was
used to determine BMD of the radius, lumbar spine, and
hip. Means = standard deviations of all variables were
calculated for both groups and compared (Student ¢t test).
Univariate regression analysis and stepwise regression
modeling were performed.

Patients with AN had lower values for stiffness (284.77
kN/mm = 76.14 vs 389.97 kN/mm = 84.90, P = .04),
failure load (4.98 kN = 1.23 vs 7.01 kN = 1.52, P = .02),
BV/TV (0.32% = 0.09 vs 0.44% = 0.02, P = .007), and
TbhN (1.15 mm™3 = 0.20 vs 1.43 mm—?® = 0.13, P = .008)
and higher values for ThSp (0.62 mm = 0.20 vs 0.40 mm *
0.04, P = .02) compared with normal-weight control sub-
jects. ThTh was lower in women with AN (P = .1). BMD
measurements were significantly lower for the AN group.
BMD measurements and trabecular parameters (except
ThTh) correlated with stiffness and failure load (r = 0.58
to 0.83).

Failure load and stiffness are abnormal in women with
AN compared with those in normal-weight control subjects

and correlate with BMD and trabecular parameters.

©RSNA, 2010
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norexia nervosa (AN) is a preva-

lent eating disorder among women

in the United States (1,2) and is
associated with substantial bone loss
(3,4) and low bone mineral density
(BMD) (5). Bone strength is not only
determined by BMD but also by the
spatial arrangement of the trabeculae
and the mechanical properties of bone
(6). Trabecular structure parameters
have been shown to better distinguish
healthy from diseased bone than BMD
alone (7,8). However, these measures
do not include information about bone
mechanical properties or tissue level
strain.

Finite element analysis is a method
that can be used to evaluate stiffness
and strength of bone in vivo. It offers
the ability to directly evaluate bone
mechanical properties and to predict
failure load (7) and fracture risk (8).
Finite element models of the distal ra-
dius have been created from in vivo
three-dimensional peripheral quantita-
tive computed tomographic (CT) im-
ages (9-11) and more recently from
high-resolution peripheral quantitative
CT images (12,13) with spatial resolu-
tions of 165 and 82 wm, respectively.
These models have primarily been con-
structed by segmenting out cortical and
trabecular bone from the surrounding
tissues with a thresholding technique
based on attenuation so that bone tra-
becular architecture is directly incorpo-
rated. By using these models, good cor-
relations have been obtained between
predicted stiffness and failure load and

Advances in Knowledge

B Flat-panel volume CT images of
the distal radius at 150-pm reso-
lution allow the creation of finite
element models that include tra-
becular architecture.

B Bone failure load and stiffness are
reduced for women with anorexia
nervosa (AN) compared with nor-
mal-weight control subjects.

B Bone mineral density and trabe-
cular structure parameters, apart
from trabecular bone thickness,
correlate with bone failure load
and stiffness.

those obtained from experiments on ca-
daveric forearms (9,12).

Despite extensive literature demon-
strating low BMD in patients with AN,
data regarding bone structural changes
are sparse. Flat-panel volume CT has
been previously introduced and validated
as a noninvasive technique for the eval-
uation of trabecular bone structure in
adolescent girls with AN (8). It is an
imaging modality that combines the
advances in CT with digital flat-panel
detector technology and is capable of
high-resolution (150 X 150 X 150 pm)
in vivo imaging (13). However, its use
for the creation of finite element mod-
els of bone trabecular architecture
has not yet been examined.

By using finite element modeling
based on flat-panel volume CT and BMD
provided by dual-energy x-ray absorpti-
ometry (DXA), the purpose of our study
was to compare bone failure load, stiff-
ness, and trabecular structure in women
with AN and age-matched normal-weight
healthy control subjects.

Materials and Methods

Study Design

The study was approved by our insti-
tutional review board at Massachusetts
General Hospital and complied with
Health Insurance Portability and Ac-
countability Act guidelines. Written
informed consent was obtained from
all subjects. Between June 2008 and
December 2008, 14 women aged 20-41
years, including eight women with AN
(mean age, 26.6 years; age range, 20-41
years) and six normal-weight healthy
control subjects of similar age (mean
age, 26.3 years; age range, 20-39 years),
were studied. All women with AN ful-
filled Diagnostic and Statistical Manual
of Mental Disorders, fourth edition,

Implication for Patient Care

B Flat-panel volume CT imaging
could potentially be used as a
noninvasive technique for esti-
mating bone failure load and
stiffness from finite element
models in women with AN.

criteria for AN (14). Exclusion criteria
included pregnancy; diabetes mellitus;
thyroid, cardiac, liver, or renal disease; or
medications known to affect bone me-
tabolism. The normal weight for healthy
control subjects was defined as 90%-
100% of ideal body weight for age. In
addition, exclusion criteria for healthy
control subjects included history of an
eating disorder or amenorrhea. All sub-
jects were examined during one study
visit at our clinical research center.

Flat-Panel Volume CT Image Acquisition

Flat-panel volume CT (Siemens, Forch-
heim, Germany) was performed to ob-
tain 150-pm? resolution CT images of the
nondominant distal radius, unless there
was a history of fracture at that site, in
which case the nonfractured radius was
scanned. Design and use of the flat-panel
volume CT scanner has been described
previously (8,13). The flat-panel volume
CT scanner was utilized in the 1 X 1 bin-
ning mode, providing an effective field of
view of 25 X 25 X 4.5 em and the highest
resolution of 150 pm achievable with the

Published online before print
10.1148/radiol. 10100222

Radiology 2010; 257:167-174

Abbreviations:

AN = anorexia nervosa

BMD = bone mineral density

BV/TV = apparent trabecular bone volume fraction
DXA = dual-energy x-ray absorptiometry

TbN = apparent trabecular number

TbSp = apparent trabecular separation

TbTh = apparent trabecular thickness

Author contributions:

Guarantors of integrity of entire study, C.J.W., C.M.P., M.M.,
M.A.B., R.G.; study concepts/study design or data acquisi-
tion or data analysis/interpretation, all authors; manuscript
drafting or manuscript revision for important intellectual
content, all authors; manuscript final version approval, all
authors; literature research, C.J.W., C.M.P., M.M., M.AB.,
H.H.B., AK;; clinical studies, C.J.W., C.M.P, M.A.B., KKM.,
PK.F.,AK., R.G.; experimental studies, M.M., H.H.B., AK.,
R.G.; statistical analysis, C.J.W., C.M.P, M.M., M.A.B.; and
manuscript editing, all authors

Funding:

This work was supported by National Institutes of Health
grants (nos. R01 DK052625, M01 RR01066, and ULI
RR0257801).

Authors stated no financial relationship to disclose.

168

radiology.rsna.org = Radiology: \olume 257: Number 1—October 2010



>
i

S
=

S
s

MUSCULOSKELETAL IMAGING: CT Analysis in Women with Anorexia Nervosa

Walsh et al

scanner. Tube voltage and tube current
setting were 100 kV and 30 mA, respec-
tively, which led to a delivered radiation
dose of 0.027 mSv. A modified Feldkamp
algorithm was used for cone-beam recon-
struction (13).

The wrist of the subject was im-
mobilized during the examination by
strapping it to a foam cushion. For each
case, 100 CT sections were obtained,
delivering a three-dimensional repre-
sentation of approximately 20 mm in
the axial direction. All measurements
were performed 10 mm proximal from
the articular surface, corresponding to
the DXA measurement of the ultradis-
tal radius.

Measurement of Trabecular Structure

Trabecular structure parameters were
calculated by using software (MicroView;
GE Healthcare, Waukesha, Wis). For
each distal radius, a three-dimensional
oval region of interest was defined within
the distal radius to cover a maximum
area of trabecular bone without includ-
ing any cortical bone. The observer
(C.M.P., 8 years of experience in ra-
diology) was blinded to patient status
(patient with AN vs control subject).
Trabecular bone was segmented from
marrow, with the individual threshold
level defined by the automatic threshold
level function of the software (15-17).
The function provides automated seg-
mentation by generating the attenua-
tion histogram of the volume of inter-
est and fitting the data by using the
Otsu algorithm (18). By using standard
methods from histomorphometry (19),
the following measures of trabecular
structure were calculated: apparent
trabecular bone volume fraction (BV/TV)
as a percentage, apparent trabecular
number (ThN) in 1/millimeters, ap-
parent trabecular thickness (TbTh) in
millimeters, and apparent trabecular
separation (ThSp) in millimeters.

BMD and Body GComposition

We used DXA (QDR 4500; Hologic,
Waltham, Mass) to measure BMD and
body composition. BMD (in grams per
square centimeter) was assessed at the
ultradistal radius, radius, lumbar spine,
hip, femoral neck, and total body. T and

z scores were calculated. We used DXA
to obtain measurements of fat mass (in
kilograms), lean mass (in kilograms),
and percentage of body fat.

Three-dimensional Finite Element
Modeling

Each subject was scanned with a cali-
bration phantom to standardize gray-
scale values and maintain consistency.
This custom-designed calibration phan-
tom consisting of three test tubes em-
bedded within the foam cushion at-
tached to a hand splint was used for
stabilizing the wrist joint. The first test
tube contained normal saline to provide
calibration for O HU. The other two test
tubes contained calibrated solutions of
Ca*(HPO,)? that measured 130 and 200
HU with a conventional multidetector
CT (8). Before processing, CT images
were supersampled by a factor of two
by using bilinear interpolation, and a
contrast enhancement filter was applied
for better differentiation of the fine tra-
becular bone from the surrounding tis-
sue. Threshold-based segmentation of
the cortical and trabecular structure
was performed with software (MIMICS;
Materialise, Leuven, Belgium) to obtain
S5-mm axial sections of the distal radius.
Region growing was applied to the seg-
mented structure to remove any float-
ing portions. Three-dimensional models
were created by using a matrix reduc-
tion setting of 1 X 1 and the advanced
edge triangle reduction method. This
model was remeshed by using software
(MIMICS) to ensure that the triangular
element size, shape, and quality were
high and that trabecular plates and rods
had at least four elements across them.
This surface finite element model was
then converted to a three-dimensional
solid mesh with linear tetrahedral ele-
ments in Abaqus CAE (SIMULIA, Provi-
dence, RI), resulting in approximately
2-8 million first-order tetrahedral ele-
ments (Fig 1).

Finite Element Analysis

A 0.1% axial strain was prescribed to
the top face of the 5-mm section of the
distal radius, and axial displacements
at the bottom face were constrained,
simulating a zero-friction compression

test (Fig 2). Equal linear elastic mate-
rial properties were applied to the cor-
tical and trabecular bone (Young modu-
lus, 17 GPa [20]; Poisson ratio, 0.3).
The finite element models were solved
by using Abaqus with 32 cores on a
Linux cluster with E5462 processors
(Intel, Santa Clara, Calif). Each com-
puter node has a total of eight cores
and 32 GB of memory. The sum of the
reaction forces of the displaced nodes
was recorded. The apparent stiffness of
each bone segment was calculated by
dividing the reaction force by the ap-
plied displacement. The element vol-
umes, stresses, and strain energy density
were also exported from Abaqus. An ef-
fective strain, &, for each element was
calculated from the strain energy den-
sity, U, and the elastic modulus of the
material, E, as follows:

2U

E

Er =

The estimated failure load for the bone
specimen was computed on the basis
of a failure criterion from Pistoia et al
(9), where failure was assumed to occur
when 2% of the bone tissue was strained
beyond a critical limit of 0.7%.

Statistical Analysis

Software (JMP Statistical Database,
version 4; SAS Institute, Cary, NC) was
used for statistical analysis. Results
are reported as means * standard de-
viations. A P value less than .05 was
considered to indicate a statistically sig-
nificant difference. Variables were com-
pared by using the Student ¢ test.
Univariate regression analysis was
performed to determine associations of
mechanical properties (stiffness, failure
load) with trabecular structure mea-
surements, BMD, lean mass, and body
mass index. Variables were tested for
normality of distribution by using the
Shapiro-Wilk test. We used Pearson
correlation when data were normally
distributed and Spearman correlation
when data were not normally distributed.
Univariate regression analysis was per-
formed to determine the correlation
between stiffness and strength.
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Figure 1

C.

Figure 1:  Axial flat-panel volume CT images of distal radius in (@) control subject and (b) woman with AN. Masks (green) created by
segmenting out the cortical and trabecular bone structure with a thresholding technique are overlaid on the flat-panel volume CT images.
Corresponding three-dimensional models for (c) control subject and (d) woman with AN were created with software (MIMICS) by compiling
the masks of 5-mm sectional flat-panel volume CT images. Flat-panel volume CT images and three-dimensional models clearly demonstrate
rarefaction of trabeculae and thinning of the cortical shell of the distal radius in AN compared with that in control subject.

Stepwise regression modeling was
performed to determine predictors of
stiffness and failure load for the whole
cohort. Potential predictors that were en-
tered into the model included ThN, ThTh,
and BV/TV. We did not include ThSp in
the model because this was strongly cor-
related with ThN. We also used stepwise
regression to determine whether bone
structural parameters remained signifi-
cant predictors of stiffness and failure
load after controlling for body mass in-
dex, fat mass, or diagnostic category.

Clinical characteristics of the cohort are
summarized in Table 1. As expected,
women with AN had lower body mass

top surface moves Figure 2: lllustration of the
down compressing simulated compression test
bone segment performed with software

(Abaqus). The top face (thick
arrow) is assigned 0.1% strain,
while the bottom face is con-
strained in the vertical direction.

5 mm

bottom surface
cannot move in
vertical direction

index, fat mass, and percentage of body Trabecular Structure
fat than control subjects. The two groups  Trabecular structure parameters (BV/TV,
did not differ in age or lean mass. TbN, and TbSp) were significantly
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Table 1

Clinical Characteristics of AN and Control Groups

Variable AN Group (n = 8) Control Group (n = 6) PValue
Age (y) 26.6 = 7.1 26.3 + 6.9 .94
Body mass index (kg/m?) 174 +14 244 +25 .0005
Weight (kg) 477 7.7 66.3 + 7.04 .001
Fat mass (kg) 76+22 217 £5.3 .001
Lean mass (kg) 383 +32 422 + 4.1 .86
Percentage of body fat 159 = 41 326 5.7 .0002
Age of onset (y) 194 £ 4.4
Duration of disease (y) 72+79
Duration of amenorrhea (mo) 16.2 +17.7

Note.—Data are means = standard deviations.

Table 2

Trabecular and Mechanical Parameters of AN and Control Groups

Parameter AN Group (n = 8) Control Group (1= 6) Percentage Difference* P Value
BV/TV (%) 0.32 = 0.09 0.44 = 0.02 27 .007
TbTh (mm) 0.28 + 0.04 0.31 = 0.03 -10 A
ToN (mm~3) 1.15 = 0.20 1.43 = 0.13 —-20 .008
TbSp (mm) 0.62 = 0.20 0.40 = 0.04 55 .02
Stiffness (kN/mm) 284.77 £76.14  389.97 = 84.90 —27 .04
Failure load (kN) 498 +1.23 7.01 = 1.52 -29 .02

Note.—Unless otherwise indicated, data are means =+ standard deviations.
* Percentage difference between women with AN and control subjects was calculated for trabecular parameters and mechanical

parameters.

different between AN and control groups
(P < .03). Subjects with AN had lower
BV/TV and TbN and higher ThSp.
ThTh was lower in women with AN
(P =.1) (Table 2).

Finite Element Analysis

Stiffness and estimated failure load were
significantly lower (—27% and —29%,
respectively) in the AN group than in
the control group (Table 2). Failure
load was found to correlate highly with
stiffness (r = 0.99). A plot of the von
Mises stress distribution for a sample
AN model is illustrated in Figure 3.
The stress distribution corresponds to
an axial strain of 0.34% which, for that
case, corresponded to failure (ie, 2% of
the bone volume exceeding 0.7% strain).
The illustration highlights the high local
stresses (in red on Figure 3) in the tra-
becular structure.

DXA Results

There were significant differences in
BMD measurements at all sites between
AN and control groups (P = .001 to .02)
(Table 3). The percentage difference in
bone density between the two groups
was the greatest at the lumbar spine
and femoral neck.

Correlation between DXA, Structural
Parameters, and Mechanical Properties
All trabecular parameters (except ThTh)
showed significant correlations with the
two mechanical parameters, stiffness
and failure load (Table 4). BMD mea-
surements and z and T scores at the ana-
tomic sites also demonstrated significant
correlations with stiffness and failure
load (r = 0.38 to 0.83). The strongest
correlations between DXA measure-
ments and mechanical properties were
observed for BMD of the radius and

the ultradistal radius. These were in the
same range as correlations of BV/TV,
TbN, and ThSp with the mechanical pa-
rameters. All correlations were greater
for failure load than for stiffness.

Multivariate Analyses

For stepwise regression analysis, with
TbN and ThTh entered into the model,
TbN accounted for 57% of the variabil-
ity in stiffness and failure load (Table 5).
The results did not change when BV/TV
was added to the model. Similarly,
after controlling for body mass index, fat
mass, or categorization of the groups
as AN or control, TbN was an indepen-
dent and positive predictor of stiffness
and failure load (P = .002 for both).
In a stepwise regression model with
the same parameters entered into the
model one at a time, ThN accounted for
57% of the variability of both stiffness
and failure load.

Decreased bone mass and increased
risk of fracture has been demonstrated
in AN (21-23). In a previous study (8),
abnormal bone structure in adolescents
with AN was demonstrated by using
flat-panel volume CT. In the current
study, we calculated mechanical prop-
erties (failure load and stiffness) by us-
ing finite element analysis on models
created by using flat-panel volume CT
images of the distal radius in addition
to trabecular structure analysis and
BMD measurements in adult women
with AN and healthy control subjects
of comparable age. Our data indicated
significant reductions in stiffness and
failure load, BMD, BV/TV, and TbN, as
well as a significant increase in ThSp in
the AN group. Although ThTh was also
reduced in the AN group, the result was
not statistically significant.

Recently, Boutroy et al (24), using
high-resolution peripheral quantitative
CT with a spatial resolution of 82 pwm,
compared volumetric bone density, tra-
becular structure measurements, and
mechanical properties at the radius
between postmenopausal women with
a history of osteoporotic wrist frac-
tures and age-matched control subjects

Radiology: \/olume 257: Number 1—October 2010 = radiology.rsna.org
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without a history of such fractures.
Significant reductions in stiffness and
strength were found between the two
groups. While the isotropic resolution
of 150 pm available from flat-panel
volume CT is not as high as that from
high-resolution peripheral quantitative
CT, our images showed that flat-panel
volume CT is sufficient for the visualiza-
tion of the trabecular network at the
distal radius (Fig 1). It is possible that
some of the finer trabeculae were not
included in the model; however, Pistoia
et al (25) demonstrated that the results
of finite element models created from
micro-CT (22 pm) correlated strongly
with those obtained from models based
on 165-pm images by using three-
dimensional peripheral quantitative CT.
Our results support this finding and
demonstrate that images from flat-panel
volume CT can be used to create finite
element models capable of distinguish-
ing healthy from diseased bone.

In our study, we simulated an axial
compression test on an axial section of
the distal radius. The failure criteria we
used were proposed and validated by
Pistoia et al (9) and have been demon-
strated to differentiate between the dis-
tal radius in healthy and osteoporotic
subjects (24). A recent study by MacNeil
and Boyd (12) showed that linear finite
element analysis can be used to deter-
mine bone strength with a strong linear
relation between stiffness and strength.
Thus, linear finite element analysis
is a useful approach when comparing
relative bone strengths. Our strong
correlation between stiffness and fail-
ure load is thus not unexpected and
explains the similar correlations with
the morphologic parameters and DXA
measurements.

The fact that our analysis was lim-
ited to a 5-mm section is likely the rea-
son for the higher stiffness and failure
load values we obtained compared with
previous studies. Other reasons for our
calculated higher values may have been
the choice of the threshold level for the
bone segmentation (results of finite ele-
ment analysis models are highly sensi-
tive to this value [26]), the higher value
used for the Young modulus, or the use
of tetrahedral versus brick elements

Table 3

BMD Parameters Measured with DXA in AN and Control Groups

Control Group Percentage
Variable AN Group (n= 8) (n=06) Difference* PValue
Ultradistal radius
BMD (g/cm?) 0.41 = 0.03 0.52 = 0.06 -21 .004
zScore —0.51 = 0.50 1.33 = 1.01 .005
T score —0.58 + 0.58 1.28 +1.02 .004
Distal radius .02
BMD (g/cm?) 0.55 * 0.02 0.62 = 0.05 -1 .02
zScore —0.38 = 0.38 0.90 = 0.90 .02
T score —0.48 = 0.44 0.83 = 0.92
Anteroposterior lumbar spine .001
BMD (g/cm?) 0.84 = 0.11 113 £ 0.1 —26 .006
zScore —1.78 = 1.01 0.33 =1.21 .001
T score —-1.91 +£0.99 0.52 = 0.99
Lateral lumbar spine
BMD (g/cm?) 0.66 = 0.09 0.85 = 0.11 —-22 .007
zScore —1.74 = 1.08 0.55 = 1.42 .001
T score -1.90 = 1.07 0.38 +1.36 .008
Hip
BMD (g/cm?) 0.82 = 0.14 1.10 £ 017 -25 .007
zScore —1.00 = 1.11 1.02 £1.25 .01
T score -1.04 £1.15 1.32 =137 .007
Femoral neck
BMD (g/cm?) 0.72 = 0.13 1.01 £0.2 -29 01
zScore —-1.13 £ 1.10 1.02 = 1.35 .01
T score -1.20 = 1.17 142 =174 .01

Note.—Unless otherwise indicated, data are means =+ standard deviations.

* Percentage difference between women with AN and control subjects was calculated for the BMD variable at the anatomic

sites.

Von Mises Stress (MPa)

0

150

Figure 3:  Colored representation of the von Mises stress distribution resulting
from the finite element analysis for a woman with AN. This illustration is for
0.34% axial strain, which corresponds to simulated failure of the bone (ie, 2%
of bone volume exceeding the elastic strain limit).

for the finite element mesh. However,
while these factors would result in dif-
ferent absolute values for the stiffness
and failure load, when comparing with

previous studies, our method suffices
for comparing relative bone mechanical
properties between the two cohorts in
this study.

172

radiology.rsna.org = Radiology: \olume 257: Number 1—October 2010



>
i

S
=

S
s

MUSCULOSKELETAL IMAGING: CT Analysis in Women with Anorexia Nervosa

Walsh et al

Table 4

Correlation between Morphologic Parameters, DXA Measurements, and Mechanical

Parameters Presented as the Whole Cohort

Stiffness Failure Load
Parameter rValue PValue rValue P Value

BV/TV 0.72 .004 0.74 .003
ThTh 0.44 11 0.48 .08
TbN 0.75 .002 0.76 .002
ThSp* —0.73 .003 —0.78 .001
Radius

BMD 0.78 .002 0.82 .001

zScore 0.75 .003 0.80 .001

T score 0.77 .002 0.82 .001
Ultradistal radius

BMD 0.78 .002 0.83 .0005

zScore 0.77 .002 0.82 .0005

T score 0.78 .002 0.83 .0004
Anteroposterior lumbar spine

BMD (g/cm?) 0.67 .093 0.71 .005

zScore 0.58 .028 0.61 .02

T score 0.67 .009 0.71 .005
Lateral lumbar spine

BMD (g/cm?) 0.64 .014 0.69 .006

zScore 0.60 .024 0.65 .01

T score 0.64 .014 0.69 .007
Hip

BMD (g/cm?) 0.70 .005 0.76 .002

zScore 0.65 .011 0.70 .005

T score 0.70 .005 0.75 .002
Femoral neck

BMD (g/cm?) 0.74 .003 0.79 .001

zScore 0.71 .005 0.76 .002

T score 0.73 .003 0.78 .001

*The nonparametric Spearman rho test was used for ToSp, because this parameter is not normally distributed.

Table 5

Regression Model with Radius ThN

Mechanical ~ Parameter
Parameter ~ Estimate FRatio PValue R?
Failure load

Intercept  —1.404 ..
TbN 5701 16.1 .002 0.57
Stiffness

Intercept —75.86
TbN 318.67 157 .002 0.57

Our data demonstrated significant
correlations between all BMD measure-
ments and trabecular structure mea-
surements (except ThTh) and stiffness
and failure load. The strongest correla-
tions with stiffness and strength were

for the ultradistal radius followed by
the radius. The inclusion of the corti-
cal shell in the measurements of BMD
is a possible reason that these correla-
tions with mechanical parameters were
slightly higher than those observed for
the trabecular architectural indexes.
Previous studies have shown that a
high percentage of the load is borne
by the distal cortex (24). The lack of
a significant correlation with ThTh has
previously been found by Pistoia et al
(9) where a similar resolution was used
(165 pwm). This may be due to the ex-
clusion of smaller trabeculae because of
limitations in spatial resolution. MacNeil
and Boyd (12) compared trabecular
structure measurements obtained from
human radius specimens (age range,

55-93 years) by using high-resolution
peripheral quantitative CT (82 pm)
with those obtained by using micro-CT
(19 pm) and found that ThTh was most
affected by the reduced resolution.

The primary site of interest in this
study was the distal radius, although
BMD measurements were also obtained
for the femoral neck, hip, and spine.
The advantage of analyzing trabecular
structure and mechanical properties of
the distal radius is that its peripheral lo-
cation allows CT images to be obtained
quickly and without direct or indirect
exposure of reproductive organs in our
young population. Furthermore, struc-
ture parameters of the distal radius had
been proved to be valuable in predic-
tion of vertebral fractures (27).

There were several limitations to
this study. First, the number of patients
with AN and control subjects included
in this study was relatively small; a larger
study would allow to adjust for multi-
ple comparison analysis. However, even
with this small data set, all parameters
except ThTh showed significant differ-
ences between the two groups. Second,
simplified models and boundary condi-
tions used for finite element analysis
meant that it was not possible to simu-
late perfectly physiologic loading condi-
tions. However, while this method does
not realistically simulate the boundary
conditions during a fall, it has been well
correlated to mechanical testing (9).
Third, the weakest point of bone or po-
tential fracture site may lie outside of
the examined region and thus may not
represent actual failure load. Fourth, we
only assessed structure and mechanical
properties of trabecular bone. Further
studies evaluating the role of cortical
bone are needed. Finally, because this
study was cross-sectional in nature, the
lack of follow-up did not allow true frac-
ture risk to be confirmed. However, on
the basis of similar degradation in corti-
cal and trabecular bone found in studies
in osteoporotic patients with a history
of fractures (7), our data suggest that
altered bone microarchitecture in these
women with AN may also indicate an
increased risk of fractures.

In conclusion, we have shown re-
duced calculated stiffness and failure
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load of the distal radius in women with
AN compared with age-matched healthy
control subjects by using finite element
models created from 150-pwm resolution
flat-panel volume CT; reductions in BV/TV,
TbN, and BMD and an increase in ThSp
were observed in the AN group.
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