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ABSTRACT
Anorexia nervosa is associated with bone loss during adulthood, but

may also delay skeletal growth and mineral accrual during growth. We
asked the following questions. 1) Is anorexia nervosa associated with
reduced bone size and reduced volumetric bone mineral density (vBMD)?
2) Is estrogen replacement therapy (ERT) or recovery from anorexia
nervosa associated with normal bone size and vBMD?

Using dual-energy x-ray absorptiometry, we measured bone size
and vBMD of the third lumbar vertebra and femoral neck in a cross-
sectional study of 161 female patients: 77 with untreated anorexia
nervosa, 58 with anorexia nervosa receiving ERT, 26 recovered from
anorexia nervosa, and 205 healthy age-matched controls. Results
were expressed as the SD or z-score (mean 6 SEM).

Deficits in vertebral body and femoral neck width in untreated
women were 21.0 6 0.1 and 20.3 6 0.1 SD (P , 0.001 and P , 0.05,
respectively). Deficits in bone width were less in the ERT-treated
women than in untreated women at the vertebral body (20.6 6 0.1
SD; P , 0.001), but not at the femoral neck (20.4 6 0.2 SD; P , 0.05).

There were no significant deficits in vertebral body and femoral neck
width in recovered women (both 20.3 6 0.2 SD; P 5 NS). In untreated
women, vertebral and femoral neck vBMD were 21.6 6 0.1 and
21.1 6 0.1 SD, respectively (both P , 0.001), less severely reduced in
ERT-treated women (21.2 6 0.2 and 20.6 6 0.2 SD, respectively; both
P , 0.001), and least reduced in recovered women (20.6 6 0.1 and
20.5 6 0.2 SD; P , 0.01 and P , 0.05, respectively). After adjusting
for differences in fat and lean mass, vertebral body and femoral neck
width were no longer reduced in untreated, ERT-treated, and recov-
ered women. Adjustment for body composition had little effect on
group difference in vBMD.

Bone fragility in anorexia nervosa is due to reduced bone size and
reduced vBMD. Although causality cannot be inferred in cross-
sectional studies, the data are consistent with the view that malnu-
trition may contribute to reduced bone size, whereas estrogen
deficiency may reduce vBMD. The use of ERT early in disease is a
reasonable component of management if the chance of recovery
appears remote. (J Clin Endocrinol Metab 85: 3177–3182, 2000)

ANOREXIA NERVOSA is a chronic illness affecting 1% of
adolescent females and is characterized by a fear of

fatness, self-imposed semistarvation, and weight loss (1). The
illness has a high morbidity and is fatal in 6% of cases (2).
Estrogen deficiency is an important risk factor for bone loss and
osteoporosis, whereas malnutrition and low body weight may
also increase the risk for osteoporosis by estrogen-dependent
and nonestrogen-dependent mechanisms (3–10).

Although the reduced bone mass that characterizes the
secondary osteoporosis of anorexia nervosa is commonly
attributed to bone loss, this illness begins during the first 3
decades of life, a period of rapid growth in skeletal size and
mineral accrual, particularly during puberty (11, 12). Con-
sequently, estrogen deficiency and malnutrition during ad-
olescence may result in reduced growth, reduced peak bone
size, and reduced mineral accrual within the periosteal en-
velope of the smaller bone (vBMD).

As bone mineral content (BMC) and areal bone mineral den-

sity (aBMD), the two most commonly used expressions of bone
mass or density in clinical practice, do not fully adjust for bone
size, finding smaller bone size in anorexia nervosa will exag-
gerate the deficit in BMC and aBMD relative to that in controls
(with bigger bones) (13). Likewise, if estrogen replacement ther-
apy (ERT) or spontaneous recovery from anorexia nervosa pro-
duces periosteal growth as well as increased mineral accrual
within the growing bone, the larger bone size will exaggerate
the increase in mineral accrual within the bone relative to that
in women with untreated anorexia nervosa (with smaller
bones) when bone mass is expressed as BMC or aBMD.

We measured the effects of anorexia nervosa, ERT, or spon-
taneous remission from anorexia nervosa on bone size, BMC,
aBMD, and vBMD to test the following hypotheses. 1) Bone size
is reduced in women with untreated active anorexia nervosa.
2) Deficits in bone size exaggerate the deficit in BMC and aBMD
in untreated women with anorexia nervosa relative to that in
controls. 3) Bone size will be more completely restored in re-
covered women than in ERT-treated women. 4) vBMD (a mea-
surement independent of bone size) will be restored in women
receiving ERT and in women recovered from anorexia nervosa.

Subjects and Methods
Subjects

We studied 161 patients: 135 women with active anorexia nervosa [77
women with untreated anorexia nervosa, 58 women with active anorexia
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nervosa treated with ERT for a mean of 4.3 yr (range, 1–16)], 26 women
recovered from anorexia nervosa, and 205 premenopausal healthy fe-
male volunteers with normal menstrual cycles who received no drugs
and suffered no diseases known to affect bone. As most of the effects of
antiresorptive agents such as ERT occur within the first 2 yr of treatment,
among the 58 women with active anorexia nervosa treated with ERT, we
compared the results in the 32 women who received ERT for more than
2 yr (mean, 6.6 yr; range, 2.1–16 yr) and the 26 women who received ERT
for less than 2 yr (mean, 1.4 yr; range, 1–2 yr) to determine whether there
may be an additional benefit beyond 2 yr. Conjugated equine estrogen
(Premarin, 0.3–0.625 mg daily) was used in the majority of patients. Of
the 26 recovered women, 17 received ERT at some time during the
illness. Seven women were still taking ERT for a mean of 6.8 yr (range,
2–11). The diagnosis of anorexia nervosa was based on ICD-10 criteria
(14). Women with recovered anorexia nervosa had body mass index
above 19, regular monthly menstrual cycles for at least 6 months, and
no evidence of bulimia. All subjects gave informed consent. The study
was approved by the ethics committee of the Austin and Repatriation
Medical Center.

Measurements of bone mass and size

Total body and regional bone BMC (grams) and aBMD (BMC/pro-
jected area of the region scanned, grams per cm2) were measured by dual
energy x-ray absorptiometry (DPX-L, version 1.3z, Lunar Corp., Mad-
ison, WI) (15). Coefficients of variation ranged between 1.5–2.4%. The
height and width of the body of the third lumbar (L3) vertebra were
determined from the posteroanterior scan of the lumbar spine. vBMD
(grams per cm3) of L3 was calculated by the method of Carter (BMC/
volume, where volume 5 scanned area3/2) (16). Femoral neck width was
calculated as scanned area/scanning length. Femoral neck vBMD was
calculated as BMC/femoral neck volume (p 3 [femoral neck width/2]2

3 scanning height) (17). The coefficient of variation ranged between
0.9–2.9%. Total body fat (grams) and lean mass (grams) were derived
from the total body scan, with coefficients of variation of 0.6% and 4.1%,
respectively.

Statistical analysis

Bone volume-adjusted BMC and aBMD were derived by regressing
BMC (and aBMD) on bone volume in the controls using BMC 5 C 1 k 3
volume (13). Volume-adjusted BMC was: observed BMC 1 (mean vol-
ume 2 observed volume) 3 k (13, 18, 19). Comparison of the deficits in
unadjusted and volume adjusted BMC to healthy controls apportions
the deficit due to size and that due to reduced vBMD (13). Similar
analyses were performed for aBMD.

Unpaired and paired Student’s t tests were used to compare the same
region between groups and different regions within a group, respec-
tively. Analysis of covariance, adjusting for fat and lean mass, was used
to compare untreated, ERT-treated, and recovered women with controls;
ERT-treated and recovered women with untreated women; and recov-
ered women with ERT-treated women. The z-scores (the number of sd
above or below the age-predicted mean) were derived by linear regres-
sion using data in the controls.

Results

Table 1 shows the results in absolute terms and z-scores
expressed as the mean 6 sem with P values. For the sake of
clarity, only means are reported in the text below, except for
data not shown in the table.

Bone size and BMC unadjusted for bone size

As shown in Table 1 and Fig. 1, vertebral body and femoral
neck width were reduced in untreated women relative to
those in controls (21.0 and 20.3 sd, respectively) and were
less reduced in ERT-treated women at the vertebral body
(20.6 sd), but no different from untreated women at the
femoral neck (20.4 sd). Vertebral body and femoral neck
width were not reduced in the recovered women (both 20.3

sd; P 5 NS). Vertebral body height was not reduced in any
group (Table 1). The 32 women treated with ERT for 6.6 yr
(range, 2.1–16) did not have a more modest deficit in bone
width than the 26 women treated with ERT for 1.4 yr (range,
1–2 yr; vertebral body, both 20.6 6 0.2 sd; femoral neck,
20.3 6 0.2 vs. 20.4 6 0.2 sd; P 5 NS, respectively).

Vertebral and femoral neck BMC were reduced in un-
treated women (both 21.6 sd), less reduced in ERT-treated
women (both 21.1 sd), and least reduced in recovered
women (20.7 and 20.9 sd, respectively). Results expressed
as aBMD were similar (Table 1).

Effect of differences in bone size on differences in BMC

The smaller vertebral body volume in the untreated, ERT-
treated, and recovered women (relative to controls) ac-
counted for 35–44% of the deficit in vertebral BMC (Fig. 2,
shaded regions). Likewise, the larger vertebral body volume in
the ERT and recovered women (relative to untreated women)
accounted for 37–56% of their higher vertebral BMC. The
larger vertebral body volume in the recovered women (rel-
ative to ERT-treated women) accounted for 21% of their
higher vertebral BMC. Differences in femoral neck width
accounted for only 1–16% of between-group differences in
femoral neck BMC.

Volumetric BMD

Vertebral and femoral neck vBMD were reduced in un-
treated women (21.6 and 21.1 sd, respectively), less reduced
in ERT-treated women (21.2 and 0.6 sd, respectively), and
least reduced in recovered women (20.6 and 0.5 sd, respec-
tively; Fig. 1). The 32 women treated with ERT for 6.6 yr
(range, 2.1–16) had half the deficit in vBMD compared with
26 women treated with ERT for 1.4 yr (range, 1–2; vertebra:
20.8 6 0.2 vs. 21.6 6 0.2 sd; P , 0.05, respectively; femoral
neck: 20.4 6 0.2 vs. 20.9 6 0.2 sd; P 5 0.1, respectively).

Effect of fat mass and lean mass

As shown in Table 2, after adjusting for differences in fat
and lean mass, vertebral body and femoral neck width were
no longer reduced in untreated, ERT-treated, and recovered
women relative to those in controls (except for a remaining
deficit in femoral neck width in ERT-treated women; P ,
0.05), whereas vertebral body and femoral neck width were
no longer reduced in ERT-treated women relative to those in
recovered women. Adjustment for body composition had
little effect on group differences in vBMD relative to control
values. Nevertheless, vertebral and femoral neck vBMD were
no longer reduced in ERT-treated women relative to recov-
ered women after adjustment for differences in body
composition.

Discussion

We report that 1) a substantial proportion of the deficit in
bone mass in women with anorexia nervosa relative to con-
trols is due to their smaller bone size; 2) ERT is associated
with higher vBMD and bone size relative to those in un-
treated women; 3) recovery from illness is associated with a
near-normal bone size and vBMD; and 4) incomplete recov-
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ery of lean and fat mass may account for part of the remain-
ing deficits in bone size, not vBMD.

The deficit in BMC in anorexia nervosa relative to that in
controls is attributed to excessive bone loss, reduced peak
mineral accrual, or both. These data suggest that 1) about 50%
of the deficit in vertebral BMC in untreated and ERT-treated
women (relative to controls) was due to reduced vertebral
body width; 2) as femoral neck width was less reduced than
vertebral body width, a smaller proportion of the deficit in
femoral neck BMC (relative to that in healthy controls) was
due to the reduced femoral neck width; and 3) about 50% of
the higher vertebral BMC in ERT-treated and recovered
women (relative to that in women with untreated anorexia
nervosa) was due to their larger bone size. As aBMD (the
most common expression of bone mass or density) is partly

corrected for bone size, a smaller proportion of the deficit in
aBMD at these sites (,30%) was explained by reduced bone
size. The relevance of the observation resides in understand-
ing its pathogenesis, not necessarily in fracture risk predic-
tion, as there is little, if any, compelling evidence that any of
the expressions of bone mass (BMC, aBMD, and vBMD) are
better predictors of fracture (i.e. more sensitive or specific)
than any other (13, 20, 21).

The effect of anorexia nervosa on bone size and the con-
tribution of reduced bone size to the deficit at the spine have
not been reported previously. The failure to recognize the
confounding effect of bone size on the expressions of bone
mass or density will lead to erroneous inferences regarding
the pathogenesis of bone fragility and its restoration after
treatment or remission from illness. For example, the deficit

TABLE 1. Age, height, weight, body mass index (BMI), body composition, age of onset, duration of disease, bone size, bone mineral
content (BMC), areal bone mineral density (BMD), and volumetric BMD at the third lumbar vertebra (L3) and femoral neck in women
with untreated anorexia nervosa, women with anorexia nervosa treated with estrogen replacement therapy (ERT), women recovered from
anorexia nervosa and healthy age-matched controls

Variables
Women with anorexia nervosa Women recovered

from anorexia
nervosa (n 5 26)

Healthy
age-matched

controls (n 5 205)
Untreated
(n 5 77)

ERT treated
(n 5 58)

Age (yr) 25.9 6 0.8 28.4 6 1.0 27.3 6 1.3 27.3 6 0.4
Ht (cm) 164.6 6 0.7 165.5 6 0.9 163.7 6 1.1 165.5 6 0.4
Wt (kg) 42.2 6 0.6a 42.3 6 0.8a 54.4 6 1.3a,b,c 63.1 6 0.8
BMI (kg/m2) 15.6 6 0.2a 15.4 6 0.2a 20.3 6 0.4a,b,c 23.1 6 0.3
Total body fat (kg) 6.2 6 0.3a 4.6 6 0.4a,d 15.4 6 1.3a,b,c 21.7 6 0.7
Total lean body mass (kg) 33.8 6 0.5a 35.3 6 0.7a 38.5 6 0.7e,f 39.3 6 0.3
Lowest BMI (kg/m2) 13.0 6 0.4 12.2 6 0.3 14.4 6 0.3e,g

Age of onset (yr) 19.9 6 0.6 21.8 6 0.9 19.1 6 1.1
Duration of disease (yr) 5.4 6 0.6 4.5 6 0.7 3.5 6 0.6
Bone size (cm)

Vertebral body width 3.69 6 0.04a 3.81 6 0.05a,h 3.90 6 0.05i 4.02 6 0.03
z-Scores 21.0 6 0.1a 20.6 6 0.1a,j 20.3 6 0.2i

Vertebral body ht 3.48 6 0.03 3.53 6 0.06 3.44 6 0.04 3.48 6 0.02
z-Scores 0.1 6 0.1 0.2 6 0.2 20.1 6 0.1

Femoral neck width 3.05 6 0.03k 3.04 6 0.04k 3.05 6 0.04 3.13 6 0.02
z-Scores 20.3 6 0.1k 20.4 6 0.2k 20.3 6 0.2

BMC (g)
L3 vertebra 13.05 6 0.34a 14.54 6 0.47a,d 15.72 6 0.41b,l 17.66 6 0.20

z-Scores 21.6 6 0.1a 21.1 6 0.2a 20.7 6 0.2b,l

Femoral neck 3.84 6 0.10a 4.14 6 0.14a,j 4.31 6 0.15a,i 4.87 6 0.05
z-Scores 21.6 6 0.1a 21.1 6 0.2a 20.9 6 0.2a,i

Areal BMD (g/cm2)
L3 Vertebra 1.01 6 0.02a 1.08 6 0.02a,h 1.17 6 0.02a,b,g 1.26 6 0.01

z-Scores 22.0 6 0.1a 21.4 6 0.2a,h 20.7 6 0.1a,b,g

Femoral neck 0.85 6 0.02a 0.91 6 0.03a,j 0.93 6 0.03a,i 1.04 6 0.01
z-Scores 21.6 6 0.1a 21.0 6 0.2a,j 20.9 6 0.2a,i

Volumetric BMD (g/cm3)
L3 Vertebra 0.29 6 0.01a 0.30 6 0.01a,h 0.31 6 0.01b,g,l 0.34 6 0.01

z-Scores 21.6 6 0.1a 21.2 6 0.2a,j 20.6 6 0.1b,g,l

Femoral neck 0.36 6 0.01a 0.38 6 0.01a,j 0.39 6 0.01i,k 0.43 6 0.01
z-Scores 21.1 6 0.1a 20.6 6 0.2a 20.5 6 0.2i,k

Results were expressed as the mean 6 SEM.
a P , 0.001 vs. age-matched controls.
b P , 0.001 vs. untreated women.
c P , 0.001 vs. ERT-treated women.
d P , 0.01 vs. untreated women.
e P , 0.01 vs. untreated women.
f P , 0.01 vs. ERT-treated women.
g P , 0.05 vs. ERT-treated women.
h P , 0.05 vs. untreated women.
i P , 0.05 vs. untreated women.
j P 5 0.06 vs. untreated women.
k P , 0.05 vs. age-matched controls.
l P , 0.01 vs. age-matched controls.
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in BMC relative to that in controls (with larger bones) will be
exaggerated and attributed to excessive bone loss or reduced
peak bone mass accrual. Similarly, partial or complete re-
versal of the deficit with recovery from anorexia nervosa will
be erroneously attributed to recommencement of mineral
accrual or restoration of the lost bone, rather than being also
due to periosteal bone growth. In addition, the greater deficit
in aBMD at the vertebra than at the femoral neck is probably
due to the greater deficit in vertebral body size.

The deficit in vertebral vBMD is probably largely the result
of estrogen deficiency, as vertebral vBMD in women treated
with ERT for over 2 yr was greater than that in women
treated for 1–2 yr, similar to vBMD in recovered women.
Nevertheless, vertebral vBMD was not normal in the recov-
ered women and those treated with ERT for over 2 yr, per-
haps due to the short duration of recovery, the failure to

administer ERT at diagnosis, or poor compliance. Whether
BMD may be normal if ERT is given at diagnosis and
throughout the illness or when recovery is more prolonged
will require randomized controlled trials.

By contrast, the deficits in vertebral body width may be the
result of both estrogen- and nonestrogen-dependent mech-
anisms, as no difference was found between women with
ERT treatment for less than 2 yr and women with ERT treat-
ment for more than 2 yr. Malnutrition may have contributed
to the deficit in bone size, because the recovered women had
minimal deficits in vertebral body size, whereas any remain-
ing differences in bone size in recovered patients (relative to
controls) disappeared after adjustment for their lower fat
mass. Similarly, adjusting for fat and lean mass reduced the
deficit in bone size in untreated patients relative to that in
controls and ERT-treated women as well as between ERT-
treated and recovered women. By contrast, adjustment for fat
and lean mass had little or no effect on group differences in
vBMD.

There have been several retrospective and prospective
studies reporting the effect of recovery from anorexia ner-
vosa on aBMD. Investigators report increased aBMD in sub-
jects who increased their body weight, had persistent deficits
in aBMD, or continued bone loss despite recovery (4, 22–27).
Hay et al. reported a 14% higher spine aBMD in 21 women
recovered from anorexia nervosa compared to those with
ongoing anorexia nervosa (28); aBMD was 7% lower than
that in healthy controls. These disparate reports may be the
result of methodological problems such as small sample
sizes, variable definitions of recovery, differences in disease
severity before recovery, differences in the duration of dis-
ease and recovery, and, failure to account for differences in
bone size.

As this study was cross-sectional, we cannot exclude the
possibility that women receiving ERT or women recovered

FIG. 1. BMC, bone width, and vBMD at the third lumbar vertebra
(L3) and femoral neck (expressed as z-scores) in women with un-
treated anorexia nervosa (n 5 77), women with anorexia nervosa
receiving ERT (n 5 58), and women recovered from anorexia nervosa
(n 5 26). *, P , 0.05; **, P , 0.01; ***, P , 0.001 (comparing women
with untreated anorexia nervosa, women with anorexia nervosa re-
ceiving ERT, and women recovered from anorexia nervosa with
healthy age-matched women).

FIG. 2. Columns depict the total group differences in BMC at the
third lumbar vertebra (L3) and femoral neck (FN) in women with
untreated anorexia nervosa (A; n 5 77), women with anorexia nervosa
receiving ERT (A; n 5 58), and women recovered from anorexia ner-
vosa (A; n 5 26) relative to healthy controls, ERT-treated and recov-
ered women relative to untreated women (B), and recovered women
relative to ERT-treated women (C). Shaded regions represent the
proportion of the total group differences in BMC explained by the
group differences in bone size.
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from anorexia nervosa had milder disease and more modest
deficits in bone size and vBMD than the untreated patients.
However, deficits in femoral neck width, aBMD, and mini-
mum body weight were similar in the three groups; women
treated with ERT for less than 2 yr had similar deficits in bone
size and vBMD as untreated women, whereas the greater
bone size and vBMD in recovered women was not due to
shorter disease than that in untreated anorexia nervosa
women, as matching recovered patients with women with
untreated anorexia nervosa by duration of illness did not
alter the findings (data not shown).

In summary, the increased risk for fracture associated with
anorexia nervosa is conferred by reduced bone size and
reduced vBMD. Malnutrition may account for reduced bone
size, whereas estrogen deficiency may account for reduced
vBMD. ERT and remission are associated with more modest
deficits in these traits. Randomized, double blind, placebo-
controlled trials are needed to establish whether the more
modest deficits associated with ERT are causally related to
ERT. Prospective studies are needed to establish whether
there is a causal relationship between the more modest def-
icits in recovered patients. However, these trials are difficult
to execute successfully, and recovery is very uncommon. The
work presented here is at least consistent with the view that
improvement in deficits in vBMD may be achieved using
ERT. Given that restoration of normal body weight and nor-
mal menstrual cycles occurs in only 50% of patients, and
fractures occur frequently (4, 5, 7, 9, 22, 28, 29), ERT should
be considered soon after diagnosis. Understanding the bone
fragility in anorexia nervosa requires study of the growth of
axial and appendicular bone size, mineral accrual, as well as
subsequent loss of bone during adulthood.
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