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Purpose: To examine trabecular microarchitecture with high-reso-
lution flat-panel volume computed tomography (CT) and
bone mineral density (BMD) with dual-energy x-ray ab-
sorptiometry (DXA) in adolescent girls with anorexia ner-
vosa (AN) and to compare these results with those in
normal-weight control subjects.

Materials and
Methods:

The study was approved by the institutional review board
and complied with HIPAA guidelines. Informed consent
was obtained. Twenty adolescent girls, 10 with mild AN
(mean age, 15.9 years; range, 13–18 years) and 10 age-
and sex-matched normal-weight control subjects (mean
age, 15.9 years; range, 12–18 years) underwent flat-panel
volume CT of distal radius to determine apparent trabecu-
lar bone volume fraction (BV/TV), apparent trabecular
number (TbN), apparent trabecular thickness (TbTh), and
apparent trabecular separation (TbSp). All subjects under-
went DXA of spine, hip, and whole body to determine
BMD and body composition. The means and standard
deviations (SDs) of structure parameters were calculated
for AN and control groups. Groups were compared (Stu-
dent t test). Linear regression analysis was performed.

Results: AN subjects compared with control subjects, respectively,
showed significantly lower mean values for BV/TV (0.37% �
0.05 [SD] vs 0.46% � 0.03, P � .0002) and TbTh (0.31
mm � 0.03 vs 0.39 mm � 0.03, P � .0001) and higher
mean values for TbSp (0.54 mm � 0.13 vs 0.44 mm �
0.04, P � .02). TbN was lower in AN subjects than in
control subjects, but the difference was not significant (1.17
mm�3 � 0.15 vs 1.22 mm�3 � 0.07, P � .43). There was
no significant difference in BMD between AN and control
subjects. BMD parameters showed positive correlation
with BV/TV and TbTh in the control group (r � 0.55–0.84,
P � .05–.01) but not in AN patients.

Conclusion: Flat-panel volume CT is effective in evaluation of trabecu-
lar structure in adolescent girls with AN and demonstrates
that bone structure is abnormal in these patients com-
pared with that in normal-weight control subjects despite
normal BMD.
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Low bone mineral density (BMD) is
a serious complication of anorexia
nervosa (AN) in adults and adoles-

cents (1,2). Decreased bone mass oc-
curs in multiple skeletal sites and is as-
sociated with a sevenfold increased
fracture risk that may persist despite
recovery (3,4). The onset of AN during
the adolescent years is of particular con-
cern because this is a crucial time for
bone mass accrual toward achievement
of peak bone mass. Deficits in the nor-
mal rate of bone mass accrual during
this period can result in low peak bone
mass and an increased risk of fractures
in adult life (2,5). Dual-energy x-ray ab-
sorptiometry (DXA) is commonly used
for the assessment of BMD; however, it
is highly influenced by body size (6),
which provides a diagnostic challenge in
children with AN, because prolonged
undernutrition can potentially affect
statural growth, which in turn leads to
smaller bones. Strength is determined
not only by BMD but also bone struc-
ture. Quantitative ultrasonography (US)
has been used in patients with AN (7,8).
However, quantitative US generates
global measures of bone density and
cannot provide information on bone ar-
chitecture. Quantitative computed to-
mography (CT) allows direct measure-
ment of “true” volumetric BMD, which
is advantageous in children because of
the growth-related variations in bone
size (9); however, quantitative CT does
not provide information on bone archi-
tecture.

Researchers in several studies have
suggested that alterations in bone archi-

tecture could explain bone fragility and
fracture risk independent of BMD (10–
16) and that assessment of trabecular
bone microarchitecture may improve
the prediction of fracture risk and the
capability to monitor the response to
therapeutic intervention (17,18). Evalu-
ating bone mass with only BMD by
using DXA, quantitative US, or quan-
titative CT, therefore, may be insuffi-
cient to fully assess biomechanical
strength of trabecular bone or frac-
ture risk (19,20).

The literature about trabecular mi-
croarchitectural changes in AN is
sparse (21–23), and, to our knowledge,
no prior study has been performed
about trabecular microarchitecture in
adolescents with AN. In the present
study, we introduce the use of high-
resolution flat-panel volume CT for the
evaluation of trabecular bone structure
in adolescent girls with AN and com-
pare the results with those in normal-
weight control subjects.

Flat-panel volume CT is an imaging
modality that combines the advances in
CT with digital flat-panel–detector tech-
nology and is capable of high-resolution
(150 � 150 � 150-�m) in vivo imaging
(24–26). There are other high-resolu-
tion CT scanners, such as the high-
resolution peripheral quantitative CT
scanner, with a spatial resolution of
approximately 80 �m (16,27), and the
micro-CT scanner, used for in vitro or
small-animal imaging, with a spatial
resolution of approximately 10–20 �m
(17,27). In contrast, the resolution of
a conventional multidetector CT scan-
ner is approximately 500 � 500 �m in
plane and 500–1000 �m along the z-
axis (28).

Given the importance of the accrual
of peak bone mass during adolescence,
the purpose of our study was to pro-
spectively examine trabecular microar-
chitecture by using flat-panel volume CT
and to evaluate BMD by using DXA in

adolescent girls with AN and to com-
pare these results with those in age-
and sex-matched normal-weight control
subjects. We hypothesized that param-
eters of bone microarchitecture would
be adversely affected in AN patients re-
gardless of BMD findings, as assessed
by using DXA.

Materials and Methods

Patients
The study was approved by our institu-
tional review board and complied with
Health Insurance Portability and Ac-
countability Act guidelines. Written in-
formed consent was obtained from all
subjects and their parents after the na-
ture of the procedure had been fully
explained.

Between May and December of
2007, we examined a total of 20 girls
aged 12–18 years, with a mean age of
15.9 years � 1.8 standard deviation
(SD) and an age range of 12.6–18.6
years. These subjects included 10 ad-
olescent girls with AN (mean age, 15.9
years � 1.6; range 13.8–18.2 years)
and 10 normal-weight age- and sex-
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TbTh � apparent trabecular thickness
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Advances in Knowledge

� Flat-panel volume CT allows eval-
uation of trabecular structure in
adolescents with anorexia ner-
vosa (AN).

� Bone structure is abnormal in ad-
olescents with AN compared with
normal-weight control subjects
despite normal bone mineral den-
sity (BMD).

� Trabecular structure parameters
correlate with BMD in normal-
weight control subjects but not in
patients with AN.

Implication for Patient Care

� Flat-panel volume CT can be used
as a noninvasive technique for
evaluation of trabecular structure
in adolescents with AN.
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matched healthy control subjects
(mean age, 15.9 years � 2.1; range,
12.6–18.2 years). The diagnosis of AN
was confirmed by the study psychia-
trist on the basis of Diagnostic and
Statistical Manual of Mental Disor-
ders, fourth edition, criteria. These
criteria include (a) refusal to maintain
body weight at or above a minimally
normal weight for age and height;
(b) intense fear of gaining weight or
becoming fat, even though under-
weight; (c) disturbance in the way in
which one’s body weight or shape is
experienced, undue influence of body
weight or shape on self-evaluation, or
denial of the seriousness of the cur-
rent low body weight; and (d) in post-
menarcheal female subjects, amenor-
rhea (ie, the absence of at least three
consecutive menstrual cycles). AN
subjects had mild illness in that, al-
though all met the criteria for diagno-
sis, they were more than 80% ideal
body weight for age. The age- and sex-
matched healthy control subjects had
a body mass index (BMI) that was be-
tween the 5th and 95th percentiles,
and all had more than 90% ideal body
weight for age. Disease duration
ranged from 0.5 to 22 months (mean,
13.8 months � 11.8). AN subjects were
referred to the study by eating disorder
providers in the area, and healthy con-
trol subjects were recruited through
mass mailings to pediatricians and ad-
olescent medicine physicians and
through advertisements within our
health care system. AN subjects and
healthy control subjects were exam-
ined during one study visit at our Gen-
eral Clinical Research Center. BMI
was calculated by using the formula
BMI � W/H, where W is weight in
kilograms and H is height in square
meters. A complete history was re-
corded and a physical examination
was performed. All subjects under-
went anteroposterior radiography of
the left hand for determination of skel-
etal age, according to the standards
determined by Greulich and Pyle (29).

Exclusion criteria for the two groups
included pregnancy, presence of chronic
disease (other than AN) known to affect
bone density, and abnormal thyroid-stimu-

lating hormone level (reference range, 0.4–
5.0 �U/mL) or a high follicle-stimulating
hormone level (�10 U/L). No control sub-
ject had a history of an eating disorder or
had an eating disorder at the time of the
study. Two subjects in the AN group
and none of the subjects in the control
group were receiving oral contracep-
tives. Four subjects in the AN and
three subjects in the control group
were receiving calcium supplements,
and eight subjects in the AN and two
subjects in the control group received
multivitamins. None of the subjects
smoked cigarettes at time of the study.

High-Resolution Flat-Panel Volume CT
To determine differences in bone mi-
croarchitecture between adolescent
girls with AN and healthy control sub-
jects, CT of the distal radius was per-
formed by using flat-panel volume CT.

The flat-panel volume CT proto-
type (Siemens, Forchheim, Germany)
consists of a CT gantry with a bore
diameter of 40 cm integrated with a
modified x-ray tube and a two-dimen-
sional digital flat-panel detector sys-
tem. The digital flat-panel detector
employs a thin film of scintillator crys-
tals, grown on a matrix of photograph
detectors fabricated on an amorphous
silicon wafer, to convert incident x-ray
energy to light. There are 2048 � 1536
elements in the matrix of photograph
detectors, each measuring 194 � 194
�m2. A total of 580 projection images
were acquired over a 360° angular
span, with tube voltage ranging from
80 to 120 kV and tube current ranging
from 10 to 50 mA. The scanner can be
operated in a 1 � 1 binning mode,
where individual detectors are used at
their highest native resolution. In 2 �
2 binning mode, four neighboring de-
tectors are averaged to boost the sig-
nal-to-noise ratio at the expense of
spatial resolution. The flat-panel vol-
ume CT scanner provides an effective
field of view of 25 � 25 � 4.5 cm in the
1 � 1 binning mode and 25 � 25 � 18
cm in the 2 � 2 binning mode. The
highest resolution achievable by using
the system is 150 �m in the 1 � 1
binning mode and approximately 200
�m in the 2 � 2 binning mode. A mod-

ified Feldkamp algorithm is used for
cone-beam reconstruction (26).

Flat-panel volume CT of the non-
dominant distal radius was performed
in all subjects. None of the subjects had
a history of fracture of the distal radius.
During the examination, the wrist of the
subject was immobilized in a foam cush-
ion, and the subject was scanned in the
standing position, with only the wrist
positioned in the scanner. The hand was
positioned by aligning it with the laser
lights built into the scanner, such that
the wrist joint was approximately
aligned with the isocenter. The distal
radius, including the growth plate, was
scanned, and 100 CT sections were ob-
tained and reformatted, starting 1 cm
proximal to the most proximal portion
of the articular surface of the distal ra-
dius, close to the distal radioulnar joint,
delivering a three-dimensional repre-
sentation of approximately 20 mm in
the axial direction. The imaging was
conducted at 100 kV and 30 mA, with a
pulsed x-ray source in the 2 � 2 binning
mode (voxel size, 0.2 � 0.2 � 0.2 mm3).
A 50% x-ray duty cycle was used. Scan
time was 20 seconds. The radiation
dose for a flat-panel volume CT scan of
the distal radius was 0.027 mSv. Each
subject was scanned with a calibration
phantom to standardize gray-scale val-
ues and maintain consistency. A cus-
tom-designed calibration phantom con-
sisting of three test tubes embedded in a
foam cushion attached to a hand splint
was used for stabilizing the wrist joint.
The patient’s hand was placed directly on
the foam to ensure that the calibration
tubes were as close to the distal radius as
possible. The first test tube contained
normal saline to provide calibration for 0
HU. The other two test tubes contained
calibrated solutions of Ca2(HPO4)

3 that
measured 130 and 200 HU with a conven-
tional multidetector CT unit.

Measurement of Bone Microarchitecture
Trabecular structure parameters were
calculated by using software (Micro-
View; GE Healthcare, Waukesha, Wis).
For each distal radius, a three-dimen-
sional oval region of interest was de-
fined within the distal radius to cover a
maximum area of trabecular bone with-
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out including any cortical bone within
the region of interest. Regions of inter-
est were customized to the cross-sec-
tional area for each scan. To improve
reproducibility, all regions of interest
were placed by one observer (M.A.B.,
with more than 10 years of musculoskel-
etal radiology experience). The ob-
server was blinded to the patient status
(AN vs control subject). Trabecular
bone was then segmented from mar-
row, with the individual threshold level
defined by the automatic threshold level
function of the software. The automatic
threshold level function provides auto-
mated segmentation by generating the
attenuation histogram of the volume of
interest and fitting the data by using the
Otsu algorithm (30).

By using standard methods from his-
tomorphometry (31), the following ap-
parent measures of trabecular structure
were calculated: apparent trabecular
bone volume fraction (BV/TV) as a per-
centage, apparent trabecular number
(TbN) in cubic millimeters, apparent tra-
becular thickness (TbTh) in millimeters,
and apparent trabecular separation
(TbSp) in millimeters. These parameters
are defined as “apparent” because the
spatial resolution is lower than that re-
quired for standard bone histomorphom-
etry.

To establish stability of the mea-
sured structural bone parameters
from one scan to the next (interscan
variability), a set of five ex vivo cadav-

eric knee specimens was repeatedly
scanned. To determine inter- and in-
traobserver variability, the structural
parameters were measured in the
proximal tibia by three readers (I.M.,
A.S., and A.C., each with 2 years of
radiology experience) three times on 3
separate days. Interscan variability,
which requires repeated scanning of
the same anatomic structure, cannot
be estimated in our adolescent popu-
lation because of radiation concerns.
To obtain inter- and intraobserver vari-
ability for the distal radius, structural pa-
rameters from 10 subjects were mea-
sured twice on 2 separate days by two
readers (M.A.B. and A.C.).

DXA Assessment
We used DXA (QDR 4500; Hologic,
Waltham, Mass) to measure BMD and
body composition. The following pa-
rameters were obtained: BMD of the
spine (L1–L4), BMD of the hip and
femoral neck, total body BMD, total
bone mineral content, bone mineral
content adjusted for height, fat mass
(in kilograms), lean mass (in kilo-
grams), and percentage of body fat.
The z scores were calculated for the
spine, hip, and total body by using a
normative age- and sex-based data-
base for children supplied by the man-
ufacturer of the scanner. This database
is based on chronologic age. The z scores
that were less than �2.0 were classified
as “below expected range for age.” BMD

measurements of the distal radius were
not performed because of the lack of nor-
mative data in children. Because DXA
measures areal rather than volumetric
bone density, it leads to an overestimate
of bone density in tall children and an
underestimate of bone density in short
children. To correct for height, we used
measures of bone mineral apparent den-
sity for the spine, calculated by using the
formula described by Carter et al (6) and
Katzman et al (32), and also obtained
measures of whole-body bone mineral
content divided by height. Coefficients of
variation of DXA have been reported as
less than 1% for bone (33), 4.1% for body
fat mass, and 1.0% for lean body mass
(34,35).

Statistical Analysis
Statistical analysis was performed by
using software (JMP; SAS Institute,
Cary, NC). The means and SDs of struc-
ture parameters were calculated for the
AN and control groups. Groups were
compared by using the Student t test.

Linear regression analysis between
trabecular structure parameters and
BMD measurements at the different
sites and between structure parameters
and body composition parameters was
performed. The slopes of the regression
lines were compared between the
groups to determine significant differ-
ences. Because this was a preliminary
study with a small patient population,
we did not adjust for multiple compari-
sons in the regression analysis model. It
was more important to show the differ-
ence between the two groups rather
than to show a significant nonzero cor-
relation in each group.

The Bland-Altman analysis was
used to assess interscan, interob-
server, and intraobserver agreement
for each trabecular structure parame-
ter. Values are expressed as a per-
centage of the mean � SD.

Results

Clinical Characteristics
Adolescent girls with AN did not differ
from healthy control subjects in chro-

Table 1

Clinical Characteristics of AN and Control Groups

Variable AN Group (n � 10)* Control Group (n � 10)* P Value

Chronologic age (y) 15.9 � 1.6 15.9 � 2.1 .96
Bone age (y) 15.9 � 1.01 16.1 � 2.1 .8
Age at menarche (y) 12.5 � 1.3 12 � 1.5 .45
BMI (kg/m2) 18.4 � 0.95 20.5 � 2.6 .03†

Weight (kg) 50.9 � 4.1 54.9 � 10.6 .27
Height (cm) 165.8 � 7.8 163 � 7.7 .43
Tanner stage 4.8 � 0.4 4.5 � 0.7 .44
Duration of disease (mo) 13.8 � 11.8 . . . . . .
Fat mass (kg) 10.53 � 1.6 14.74 � 5.34 .02†

Lean mass (kg) 39.3 � 4.15 39.1 � 6.45 .91
Percentage of body fat 20.39 � 3.14 25.89 � 5.02 .009†

* Data are the mean � SD.
† Significant difference.
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nologic age, bone age, or Tanner stage
(Table 1). Adolescent girls with AN
had lower BMI, fat mass, and percent-
age of body fat compared with control
subjects, as expected, whereas there
was no significant difference in lean
mass between the two groups.

Interscan, Interobserver, and
Intraobserver Variability
Interscan, interobserver, and intraob-
server variability values for each trabec-
ular structure parameter were low and
are shown in Table 2.

Trabecular Structure
Flat-panel volume CT delineated trabec-
ular structure of the distal radius in AN
and control subjects (Fig 1). Trabecular
structure measurements were signifi-
cantly different between AN and control
groups. Subjects with AN showed signif-
icantly lower values in BV/TV (0.37% �
0.05 vs 0.46% � 0.03, P � .0002) and
TbTh (0.31 mm � 0.03 vs 0.39 mm �
0.03, P � .0001) and higher values in
TbSp (0.54 mm � 0.13 vs 0.44 mm �
0.04, P � .02) compared with control
subjects. TbN was lower in the AN
group, but the difference was not signif-
icant (Table 3).

BMD Measurements
There was no significant difference in
BMD measurements of the spine and
hip between subjects with AN and
control subjects (Table 4).

Relationship between Body Composition
and Trabecular Structure Parameters
In the control group, there was a positive
correlation between BMI and BV/TV (r �
0.64, P � .04), between BMI and TbTh
(r � 0.79, P � .006), between fat mass
and BV/TV (r � 0.72, P � .01), and
between percentage of body fat and
BV/TV (r � 0.7, P � .02) (Table E1
[http://radiology.rsnajnls.org/cgi/content
/full/249/3/938/DC1]).

In the AN group, there was a positive
correlation between fat mass and TbN (r �
0.72, P � .01) and between percentage of
body fat and TbN (r � 0.61, P � .05).
There was no significant correlation among
BMI, fat mass, and percentage of body fat

and the remaining trabecular structure pa-
rameters. There was no significant correla-
tion between trabecular structure parame-
ters and lean mass in the AN and control
groups.

Relationship between BMD and
Trabecular Structure Parameters
In the control group, there was a signif-
icant positive correlation between the
trabecular structure parameters BV/TV

Figure 1

Figure 1: (a) High-resolution flat-panel volume CT scan of distal radius in 15-year-old adolescent girl with AN
(bone age, 16 years; BMI, 19.6 kg/m2) demonstrates rarefaction of trabeculae of distal radius and ulna. Note lack of
subcutaneous and deep fat. BV/TV was 0.25%; TbTh, 0.31 mm; TbN, 0.8/mm�3; and TbSp, 0.9 mm. Total BMD
was 1.156 g/cm2; z score, 1.399. (b) High-resolution flat-panel volume CT scan of distal radius in 16-year-old
normal-weight control subject (bone age, 17 years; BMI, 24.2 kg/m2) demonstrates normal mineralization of distal
radius and ulna. An increase was observed in trabeculae compared with trabeculae in AN subject in a. BV/TV was
0.54%; TbTh, 0.43 mm; TbN, 1.3/mm�3; and TbSp, 0.37 mm. Total BMD was 1.106 g/cm2; z score, 1.228.

Table 2

Bland-Altman Analysis for Variability of Studies

Study and Variability BV/TV TbTh TbN TbSp

Knee study
Interscan 0 � 6.9 0 � 2.9 0 � 4.8 0 � 8.4
Interobserver 1.5 � 6.0 0.9 � 3.1 1.2 � 5.0 1.4 � 8.5
Intraobserver 0.8 � 6.0 0.9 � 3.1 1.2 � 5.0 1.4 � 8.5

Distal radius study
Interobserver 2.5 � 6.1 0.3 � 3.8 2.0 � 4.2 4.0 � 9.7
Intraobserver 0.1 � 6.1 3.1 � 4.6 0.6 � 5.8 2.8 � 8.6

Note.—Studies in the knee were ex vivo, and those in the distal radius were in vivo. Data are percentages of the mean � SD.

Table 3

Trabecular Structure Parameters in AN and Control Groups

Variable AN Group (n � 10)* Control Group (n � 10)* P Value

BV/TV (%) 0.37 � 0.05 0.46 � 0.03 .0002†

TbTh (mm) 0.31 � 0.03 0.39 � 0.03 �.0001†

TbN (mm�3) 1.17 � 0.15 1.22 � 0.07 .43
TbSp (mm) 0.54 � 0.13 0.44 � 0.04 .02†

* Data are the mean � SD.
† Significant difference.
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and TbTh with multiple BMD parame-
ters. No significant correlation was ob-
served between BV/TV or TbTh and hip
BMD, hip z score, total BMD z score,
and total bone mineral content divided
by height. In addition, there was no sig-
nificant correlation between TbN or
TbSp and any of the BMD parameters.
In the AN group, however, there was no
significant correlation between any of
the trabecular structure parameters
and BMD parameters (Table E2 [http:
//radiology.rsnajnls.org/cgi/content/full
/249/3/938/DC1]) Figure 2 shows re-
gression analysis of AN and control
groups for anteroposterior BMD lum-
bar spine and lateral lumbar spine
BMD, with BV/TV and TbTh.

Discussion

Adolescence is the most critical period
across the life span for the accrual of
peak bone mass. The onset of AN dur-
ing adolescence interferes with this pro-
cess, and suboptimal peak bone mass
will impair bone health later in life. Sev-
eral studies have indicated that onset of
AN in adolescence results in greater
deficits in bone mass than disease onset
during adulthood (36,37). However,
bone mass measurements do not neces-

sarily translate into fracture risk, which
is better predicted by using measures of
bone structure (10–16), and it is not
known whether bone structural changes
precede changes in bone density.
Therefore, assessment of trabecular
bone architecture is of particular con-
cern during this period when the body is
actively accruing bone mass. In this
study, we compared bone structure pa-
rameters in adolescent girls with AN
without extreme weight loss versus
healthy age- and sex-matched normal-
weight control subjects who did not
differ with regard to BMD measures,
as assessed by using DXA. We ob-
served significant reductions in BV/TV
and TbTh and increases in TbSp in the
AN group. Our data indicate signifi-
cant deleterious effects on bone
micorarchitectural parameters in pa-
tients with AN even before changes in
BMD are evident.

Most studies about patients with AN
have used DXA to evaluate BMD. How-
ever, using DXA to measure BMD in
children with AN has several limita-
tions. Areal BMD leads to underesti-
mates of BMD in short children and
overestimates of BMD in tall children
(6). This can be problematic in adoles-
cents going through puberty at different

times, because the timing of the growth
spurt of puberty in these teenagers is
variable. This is of particular impor-
tance in girls with AN in whom puberty
is stalled or delayed and also because
prolonged undernutrition can poten-
tially lead to impaired statural growth.

Researchers in several studies have
used CT and magnetic resonance imag-
ing to assess and analyze trabecular
structure in vivo (10,16,20,38–41). Use
of the distal radius for structure analysis
has proved valuable in the prediction of
vertebral fractures (20). The trabecular
bone content of the distal radius makes
it a suitable choice for measurements of
trabecular microstructure parameters
with CT. The peripheral location of the
distal radius allows a CT scan to be ob-
tained quickly and easily. The distal ra-
dius also is relatively radioinsensitive,
and no other organ receives direct or
scattered radiation during scanning.
These features allow a relatively low-
dose CT scan to be obtained, a factor
that is especially important in adoles-
cents. We used the flat-panel volume
CT prototype as a technique for evalu-
ating trabecular structure. Flat-panel
volume CT allows the examination of a
volume of bone at high resolution (150–
200 �m) with relatively low radiation
exposure, making it a suitable technique
for the evaluation of trabecular struc-
ture in adolescent patients. As demon-
strated by our validation study, inter-
scan, intraobserver, and interobserver
variability parameters are low, thus
making flat-panel volume CT a reliable
technique for trabecular structure anal-
ysis.

Our results show that trabecular
structure parameters of the distal ra-
dius, measured by using flat-panel vol-
ume CT, provide markers that can be
used to differentiate between adoles-
cents with AN and normal-weight con-
trol subjects. These markers are rela-
tively easy to measure, have negligible
radiation exposure as compared with
background radiation, and show signif-
icant differences even in a setting of
mild and early disease. The BMD mea-
surements obtained by using DXA do
not meet these criteria.

In our study, there was no signifi-

Table 4

BMD Parameters Measured with DXA in AN and Control Groups

Variable AN Group (n � 10)* Control Group (n � 10)* P Value

Anteroposterior lumbar spine
BMD (g/cm2) 0.91 � 0.08 0.9 � 0.17 .8
BMD z score �0.5 � 0.99 �0.61 � 1.13 .82
Bone mineral apparent density (g/cm3) 0.14 � 0.02 0.14 � 0.03 .97
Bone mineral apparent density z score �0.96 � 0.95 �0.96 � 1.19 .99

Lateral lumbar spine BMD (g/cm2) 0.76 � 0.07 0.77 � 0.13 .89
Hip

BMD (g/cm2) 0.91 � 0.08 0.88 � 9.17 .61
z Score �0.22 � 0.64 �0.51 � 1.32 .54

Femoral neck
BMD (g/cm2) 0.82 � 0.08 0.79 � 0.17 .56
z Score �0.56 � 0.74 �0.69 � 1.31 .8

Whole body
BMD (g/cm2) 1.04 � 0.05 1.0 � 0.09 .48
BMD z score 0.09 � 0.71 �0.32 � 0.86 .25
Bone mineral content divided by height (g/cm) 11.9 � 0.99 10.25 � 3.91 .93
Bone mineral content divided by height z score �0.3 � 0.41 �0.2 � 3.7 .93

* Data are the mean � SD.
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cant difference in BMD between the AN
and normal-weight control groups. Sev-
eral studies in adolescents with AN have
shown deceased BMD compared with
normal-weight control subjects (5,21,
22,42). In these studies, patients with
AN had more severe disease, as mani-
fested by low BMI compared with our
population (mean BMI, 15–16 vs 18 kg/
m2). This indicates that even in early or
mild forms of AN, trabecular structure
is already abnormal, whereas BMD re-
mains within normal limits. These data
are of great concern and suggest that
reassuring values of BMD obtained by
using DXA may not reflect the true sta-
tus of bone structure in this undernour-
ished population and that alterations in
bone structure may occur well before
significant decreases in BMD become
evident, especially when dealing with
early or mild disease.

In addition, the adolescent years are
characterized by an increase in TbTh
(43–45). The approximately 20% lower
TbTh value in our subjects with AN
compared with healthy control subjects
(0.31 vs 0.39 mm, P � .0001) demon-
strates an inability of the AN group to
achieve pubertal norms for this param-
eter. This has potential consequences
for bone strength in adult life.

Most of the studies on bone micro-
structure have been performed in adult
patients with osteoporosis and com-
pression fractures, and only a few stud-
ies have been performed in AN patients
with analysis of bone microstructure
(21–23). Milos et al (22) found signifi-
cant differences in BV/TV, TbN, and
TbSp but not TbTh in adults with AN
compared with normal-weight control
subjects. The lower TbTh in our adoles-
cent population, as opposed to no

change in TbTh in adults with AN, prob-
ably reflects an impairment of the nor-
mal increase in TbTh that is character-
istic of the pubertal years. Galusca et al
(21) showed differences in structure pa-
rameters of the distal radius and tibia in
adult patients with AN, as compared
with normal-weight control subjects,
only when there was a long-standing
history of AN. Our study focused on
adolescents with AN with relatively mild
disease and a short duration of disease.

In our study, none of the BMD pa-
rameters showed significant correlation
in the AN group, whereas there was a
positive correlation between trabecular
structure parameters, especially BV/TV
and TbTh with several BMD parameters
in the control group. This suggests that
BMD adequately measures bone health
in the healthy control population, but
this association breaks down as a statis-

Figure 2

Figure 2: Regression analysis between lumbar spine BMD and trabecular structure parameters. Positive correlation was observed between (a) anteroposterior (AP)
lumbar spine BMD and BV/TV, (b) anteroposterior lumbar spine BMD and TbTh, (c) lateral lumbar spine BMD and BV/TV, and (d) lateral lumbar spine and TbTh in nor-
mal-weight control subjects but not in AN patients. � � significant.
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tically valid parameter in AN patients,
even when the disease is mild. Our data
also indicate that the alterations of tra-
becular microarchitecture in patients
with AN follow an unpredictable course.

Our study had several limitations.
First, this was a relatively small group of
subjects. However, even with 10 sub-
jects in each group, we were able to see
a significant difference in structure pa-
rameters between AN adolescents and
normal-weight control subjects. Sec-
ond, our study design was cross sec-
tional, and the lack of follow-up did not
allow evaluation of true fracture risk.
Larger longitudinal studies are neces-
sary to confirm that alterations in tra-
becular structure parameters in adoles-
cents with AN lead to an increased risk
of fractures in this population. How-
ever, investigators in several studies
have demonstrated that trabecular
bone structure in patients with osteopo-
rosis can be used to strongly predict
fracture risk (14,16). It can, therefore,
be inferred that similar alterations in
the trabecular structure induced by AN
would lead to similarly increased frac-
ture risk. Third, our data about inter-
scan variability were obtained at a dif-
ferent site (proximal tibia) and not at
the distal radius. Fourth, the trabecular
diameter ranges normally from 100–
200 �m, and the spatial resolution of
flat-panel volume CT is insufficient to
resolve smaller trabeculae.

In conclusion, flat-panel volume CT
is a useful technique for the evaluation
of trabecular structure in patients with
AN, even in the setting of mild or early
disease. Even with mild disease, the
bone structure is abnormal in adoles-
cents with AN compared with normal-
weight control subjects despite normal
BMD. Given the increasing prevalence
of AN and its profound consequences on
bone health, these results may have ma-
jor implications in the treatment and
follow-up of patients with AN. It will be
important to determine whether thera-
pies that increase BMD will concomi-
tantly improve bone structure in this
patient population.
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