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Abstract: Background: While physiologic estrogen replacement results in increases in areal bone
mineral density (aBMD) in hypoestrogenic adolescent girls and young adult women with AN, data are
lacking regarding its impact on measures of volumetric BMD (vBMD), bone geometry, and structure.
Methods: 23 young women with anorexia nervosa (AN) and 27 normal-weight healthy controls
(HC) between 14–25 years old were followed for 12 months. AN participants received transdermal
17β-estradiol (continuously) with 10 days of cyclic oral progesterone (100 mg daily) every month for
the study duration (AN-E+). DXA was used to measure aBMD and body composition, high resolution
peripheral quantitative CT (HRpQCT) to assess vBMD, bone geometry and structure at the distal
radius and tibia, and microfinite element analysis to estimate strength. Results: Groups did not differ
for age. Median baseline BMI z-scores were −1.13 (−1.58, −0.38) in AN-E+ vs. 0.08 (−0.40, 0.84) in
HC (p < 0.0001). For most HRpQCT parameters and strength estimates, young women with AN
receiving physiologic estrogen replacement demonstrated similar changes over 12 months as did
normoestrogenic HC. Additionally, radial cortical tissue mineral density, cortical vBMD, and failure
load increased (p = 0.01; p = 0.02; p = 0.004 respectively) over 12 months in AN-E+ compared to HC.
Conclusions: With physiologic estrogen replacement, bone accrual improved in AN to approximate
changes observed in normoestrogenic controls followed without any intervention, with additional
benefits observed for cortical tissue mineral density, cortical vBMD, and failure load at the radius
in AN vs. controls. Thus, this strategy for estrogen replacement effectively mimics the effects of
endogenous estrogen on bone structure and estimated strength.

Keywords: estradiol; anorexia nervosa; adolescents; bone density; bone structure

1. Introduction

Anorexia nervosa (AN), an eating disorder characterized by weight loss from persistent
food restriction and body image distortion, is associated with low bone mineral density
(BMD) and reduced bone strength [1,2]. Due to the rapid bone accrual that occurs during
adolescence, this period is critical for optimizing peak bone mass [3]. Reduced bone accrual
rates in adolescents with AN [4,5] raise concerns for long-standing deficits in bone health
and increased fracture risk [6].

Low energy availability states, as seen in AN, often result in hypogonadism due to
suppression of the hypothalamic-pituitary-gonadal axis causing low estrogen levels. Since
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the broadening of the diagnostic criteria for AN in the Diagnostic and Statistical Manual of
Mental Disorders Fifth Edition (DSM-5), amenorrhea is no longer required for the diagnosis
of this condition. However, menstrual irregularities are frequently observed in these young
women. Estrogen is a key regulator of bone metabolism, and hypoestrogenism in AN is an
important determinant of impaired bone accrual, low areal (aBMD), and volumetric BMD
(vBMD), and impaired bone geometry and structure [7–9].

In adolescents with AN, weight gain and menstrual recovery halt further deterioration
of aBMD at the lumbar spine and whole body, as assessed by dual energy X-ray absorp-
tiometry (DXA) [4]. Furthermore, physiologic estrogen replacement (unlike the use of a
combined oral contraceptive pill) in adolescents with AN increases bone accrual at the spine
and hip (assessed using DXA) to approximate accrual rates observed in normal-weight
healthy controls [10]. Data are currently lacking regarding the impact of physiologic estro-
gen replacement in young women with AN on specific bone compartments and measures
of vBMD, bone geometry and structure (key contributors to bone strength) as measured by
high resolution peripheral quantitative computed tomography (HR-pQCT).

Our objective was to compare changes in vBMD, bone geometry, and structure in ado-
lescents and young adult women with AN who received physiologic estrogen replacement
as transdermal 17β-estradiol (17β-E2) in replacement doses (with cyclic oral progesterone)
over 12 months (AN-E+) to changes observed in normoestrogenic healthy controls (HC)
over 12 months. We hypothesized that with physiologic estrogen replacement in AN,
changes in these bone parameters would approximate changes observed in HC, who have
normal endogenous estrogen and are followed without any intervention.

2. Participants and Methods
2.1. Participant Selection

23 adolescent and young adult oligo-amenorrheic women with AN and 27 normal-
weight, normally menstruating, healthy controls (HC) aged 14–25 years, were enrolled.
A bone age assessment of 14 years and above was a prerequisite for participants to be
included in the study. Prior to enrollment, participants with AN/atypical AN met the
DSM-IV or DSM-5 criteria for the diagnosis of this condition (depending on whether
recruitment occurred before or after publication of DSM-5), as confirmed by the study
psychologist. Low weight criteria for those with AN required them to be below 90% for two
of the following three measures based on Centers for Disease Control (CDC) growth charts
for girls [11]: (i) percentage median body mass index (% mBMI) for age, (ii) percentage
median body weight (% mBW) for age, or (iii) percentage median body weight for height
(% mBW-Ht). Participants were encouraged to initiate or abide by treatment for AN and its
concomitant comorbidities as instructed by their eating disorder providers or treatment
team, as the study did not assume clinical care for the AN participants. Exclusion criteria
included standard contraindications to estrogen therapy, a history of medical conditions
that are reported to affect bone metabolism or menstrual status such as Cushing’s syndrome,
diabetes mellitus, pituitary disease, renal failure, untreated thyroid disease (assessed using a
thyroid stimulating hormone (TSH) level), or primary ovarian insufficiency (assessed using
a follicle stimulating hormone (FSH) level), a history of bone fracture in the six months prior
to enrollment in the study (as this may impact reporting of bone outcomes), and current or
previous history of consumption of medications reported to impact bone metabolism (such
as bisphosphonates or long-term steroids). We did not exclude participants with a current or
previous history of usage of oral medications containing estrogen or compounds containing
progestin given the limited impact of these medications on BMD in AN [12]. However, if
usage of such medications was reported by participants at the time of the screening visit,
they were asked to discontinue these medications for a minimum of sixty days prior to the
baseline visit. Further, to minimize risk from study participation, we excluded participants
with a diagnosis of pregnancy, suicidality, substance abuse, psychosis, hematocrit below
30% (indicative of anemia), and potassium below 3.0 mmol/L (suggestive of active purging).
Participants with AN were enrolled in a study (R01 DK062249) evaluating the impact of
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adding recombinant human insulin-like growth factor-1 (rhIGF-1) to physiologic estrogen
replacement with respect to bone outcomes in adolescent and young adult women with
AN [13]. Only participants who received physiological estrogen (and placebo rather
than rhIGF-1) were included in the current analysis. Healthy control participants were
drawn from two studies (R01 DK062249, R0I HD060827), and were required to meet
inclusion/exclusion criteria for the current analysis.

2.2. Study Protocol

The study was approved by the Institutional Review Board of Partners HealthCare and
is Health Insurance Portability and Accountability Act compliant. Informed consent was
obtained from participants ≥18 years. If participants were <18 years old, informed consent
was obtained from the parents and informed assent was obtained from participants. Study
visits were conducted at the Translational and Clinical Research Center of our institution.
The screening visit included a detailed medical history and physical examination, urine
pregnancy test, and fasting blood draw to rule out causes of amenorrhea other than hy-
pothalamic amenorrhea. Weight of participants (in a hospital issued gown) was measured
on an electronic weighing scale to the closest 0.1 kg. A wall-mounted stadiometer was
used to obtain their height to the closest 0.1 cm, and the mean of three measurements was
recorded. Bone age was determined by an X-ray of the left hand and wrist. To prevent
premature epiphyseal fusion in girls who were actively growing, only girls with a bone age
of 14 years and above were included. Following the screening visit, the baseline visit was
scheduled to occur within 60 days. At the baseline visit, participants were asked in detail
about the average hours of physical exercise (weight-bearing and non-weight-bearing) per
week. All participants underwent a fasting blood draw (see Laboratory Measures), a DXA
scan, and an HRpQCT scan at baseline and then at 12-months. All AN participants re-
ceived 17β-E2 at a dose of 0.1 mg/day delivered transdermally twice weekly continuously
(AN-E+), with 100 mg progesterone given for 10 days of each month (to avoid unopposed
estrogen administration causing endometrial hyperplasia).

2.3. Areal Bone Mineral Density (aBMD) and Body Composition Assessments

We used DXA (Dual-energy X-ray Absorptiometry; Hologic 4500 A, Apex software
version 13.3; Hologic Inc., Waltham, MA, USA) to measure aBMD of the femoral neck,
total hip, lumbar spine, and whole body, and total fat and lean mass (measures of body
composition) for each subject. At our institution, the coefficients of variation for aBMD,
fat mass, and lean mass measurements are 0.8% to 1.1%, 2.1%, and 1.0%, respectively. For
participants 18 years and below the standard pediatric database was utilized for calculation
of BMD Z-scores, and for participants 19 years and above the standard adult database
was used [14]. By employing the same database throughout the course of the 12-month
duration of the study, consistency of assessments was maintained

2.4. Volumetric Bone Mineral Denisty (vBMD), Bone Geometry and Structure Assessment

We used HRpQCT imaging (XtremeCT; Scanco Medical AG, Bassersdorf, Switzerland)
to assess vBMD, bone geometry, and structure of the non-dominant distal radius and
tibia. Tissue mineral density (TMD), thickness, and porosity of cortical bone were obtained
by extended cortical analysis (ECA), and micro finite element analysis (µFEA) was used
to obtain strength estimates (stiffness and failure load) [15,16]. As long as there was no
previous history of fracture on the non-dominant side, the scan was obtained on that side;
the non-fractured dominant side was assessed in case of a previous history of fracture
(acute) in the non-dominant side. The slices were measured at 9.5 mm from the radial
endplate and 22.5 mm from tibial end plate by employing 2D scout views as a part of the
scan protocol. All participants had DXA and HRpQCT data at both timepoints except for
two AN participants and one HC who did not have HRpQCT scans for the distal radius
due to motion artifact, which rendered them unusable for determining bone endpoints.
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2.5. Laboratory Measures

Our hospital laboratory assessed FSH, TSH, hematocrit, potassium, and glucose
levels, which comprised the screening labs. For other labs, serum or plasma was stored
at −80 degrees Celsius until the end of the study, when samples were analyzed using
the following assays. Radioimmunoassay was used to assess N-terminal propeptide of
type 1 procollagen (P1NP), a bone formation marker, (Orion Diagnostics, Espoo, Finland;
sensitivity 0.7 µg/L; intraassay coefficient of variation (CV) 3.5–5.3%). N-telopeptide
(NTX), a bone resorption marker, was assessed with an enzyme immunoassay (Alere
Osteomark, Scarborough, ME, USA; sensitivity 5 nM BCE; intraassay CV 4.6%). Calcium
and phosphorus levels were estimated by a colorimetric assay (LabCorp Esoteric Testing,
Burlington, NC, USA; sensitivity 0.8 mg/dL; intraassay CV 0.9–3.0% for calcium, and
sensitivity 6.0 pg/mL; intraassay CV 0.9–3.0% for phosphorus), and 25 hydroxy vitamin
D (25OHD) levels were measured by an immunochemiluminometric assay (LabCorp
Esoteric Testing, Burlington, NC, USA; sensitivity 4.0 ng/mL; intraassay CV 4.8–7.7%). A
chemiluminescent immunoassay was used to assess parathyroid hormone (PTH) levels
(Beckman Coulter, Fullerton, CA, USA; sensitivity 1 pg/mL; intraassay CV 1.6–2.6%).
Liquid chromatography/mass spectrometry (LC/MS) estimated insulin like growth factor-I
(IGF-I) (Quest Diagnostics, Nichols Institute, San Juan Capistrano, CA, USA; sensitivity 15.6
ng/mL; intraassay CV 3.5–15%). Estradiol levels were measured by chemiluminescence
(Beckman Coulter, Fullerton, CA, USA; sensitivity 20 pg/mL; intraassay CV 2.0–4.2%).

2.6. Statistical Analysis

Mean ± SEM for parametric data or median with interquartile range for non-parametric
data were the formats used to report data after assessing for normality using the Shapiro
Wilk test. Student t-test (for parametric data) or Wilcoxon rank sum test (for non-parametric
data) for between group analysis was used based on data distribution. The paired t-test
(parametric data) or Wilcoxon signed-rank test (non-parametric data) was used for within
group changes. For distributions that were right skewed, we performed a log transforma-
tion (cortical vBMD and failure load at the radius). All bone endpoints are reported after
controlling for age and race. Multivariate analysis was used to control for age, race, and
change in weight over the study duration.

3. Results
3.1. Baseline Characteristics and Changes in Clinical Characteristics, and Body Composition over
12 Months

AN-E+ and HC groups were similar for age and bone age. AN-E+ had a mean age of
16.23 ± 0.83 years at the time of AN diagnosis. The mean age of menarche was higher in
AN-E+ compared to HC. AN-E+ had a mean duration of 7.77 ± 2.72 months of amenorrhea.
As expected, AN-E+ had lower weight, BMI, BMI z-scores, percent mBMI, and total and
percent fat mass than HC, while percent lean mass and weight-bearing activity were higher
in AN. Over the course of 12 months, AN-E+ demonstrated greater increases in percent
mBMI, total lean mass and percent fat mass compared with HC. Within the AN-E+ group,
increases were observed in weight, BMI, and total lean mass (Table 1).

Table 1. Baseline characteristics and change in clinical characteristics, anthropometric measures, and
body composition over 12 months for AN-E+ -17β-E2 patch and HC groups.

Baseline Measures p Value Change over 12 Months p-Value
Clinical Characteristics AN-E+

(n = 23)
HC

(n = 27)
AN-E+
(n = 23)

HC
(n = 27)

Age (years) 19.29 ± 0.51 19.40 ± 0.47 0.876 – – –

Age at AN Diagnosis (years) 16.23 ± 0.48 – – – – –

Duration of Amenorrhea since
Last Menses (months) 7.77 ± 2.72 – – – – –
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Table 1. Cont.

Baseline Measures p Value Change over 12 Months p-Value
Clinical Characteristics AN-E+

(n = 23)
HC

(n = 27)
AN-E+
(n = 23)

HC
(n = 27)

Age of Menarche (years) 13.17 ± 0.35 12.51 ± 0.24 0.117 – – –

Race (White/African
American/Others) (%) 21/0/2 45/3/10 0.004 – – –

Height (cm) 165.14 ± 1.28 164.40 ± 1.32 0.830 0.04 ± 0.14 0.37 ± 0.10 * 0.065

Weight (kg) 50.90 ± 1.37 59.35 ± 1.57 0.0002 1.78 ± 0.82 * 0.80 ± 0.42 0.305

BMI (kg/m2)
18.75

(17.53, 19.97)
21.27

(20.20, 24.43) <0.0001 0.48
(−0.49, 1.83) *

0.16
(−0.41, 0.64) 0.066

BMI z-score −1.13
(−1.58, −0.38)

−0.08
(−0.40, 0.84) <0.0001 0.30

(−0.05, 0.80) *
−0.02

(−0.20, 0.05) 0.100

% Median BMI 86.83
(81.97, 94.58)

98.85
(94.04, 115.46) <0.0001 2.26

(−2.19, 8.77) *
−0.22

(−2.36, 1.0) 0.019

Total Weight Bearing Activity
(hours/week)

4.79
(1.64, 7.85)

1.13
(0, 3.18) 0.001 −0.48

(−3.99, 2.71)
0

(−0.56, 0.92) 0.630

Body Composition (by DXA)
Total Lean Mass (kg) 37.69 ± 0.84 40.41 ± 1.06 0.0553 1.32 ± 0.44 * −0.30 ± 0.28 0.003

% Lean Mass 72.90 ± 1.02 66.50 ± 0.91 <0.0001 −1.32 ± 1.11 −1.04 ± 0.48 0.803

Total Fat Mass (kg) 12.42 ± 0.76 18.40 ± 0.87 <0.0001 1.41 ± 0.83 0.84 ± 0.39 0.528

% Fat Mass 23.89 ± 1.03 33.31 ± 1.07 <0.0001 1.12 ± 1.27 −2.26 ± 0.80 * 0.026
Means ± SEM or median (interquartile range); Significant p values are bolded. BMI: body mass index. HC: healthy
controls. * p < 0.05 for within group change over 12 months.

3.2. Baseline Characteristics and 12-Month Change in Biochemical Parameters

Table 2 reports baseline bone parameters and changes over 12-months.

Table 2. Baseline levels and changes in biochemical parameters over 12 months.

Baseline Measures p-Value Change over 12 Months p-Value
Biochemical Parameters AN-E+

(n = 23)
HC

(n = 27)
AN-E+
(n = 23)

HC
(n = 27)

P1NP (ug/L) 100.99 ± 10.28 79.06 ± 7.13 0.068 −10.39 ± 9.47 −12.07 ± 4.45 * 0.983

NTX (nM BCE) 15.69 ± 5.56 16.62 ± 8.82 0.672 −3.40 ±1.43 * −2.43 ± 1.24 0.610

Calcium (mg/dL) 9.44 ± 0.06 9.07 ± 0.09 0.002 −0.16 ± 0.08 * 0.39 ± 0.08 * <0.0001

25OHD (ng/mL) 41.04 ± 3.75 25.93 ± 2.44 0.0002 −9.27 ± 3.42 * 3.53 ± 2.41 0.002

PTH (pg/mL) 21.69 ± 2.13 31.30 ± 2.53 0.006 0.16 ± 2.59 −1.44 ± 3.29 0.725

IGF-1 (ng/mL) 260.0 ± 17.5 286.0 ± 18.8 0.318 −30.2 ± 14.7 −30.1 ± 14.8 0.994

IGF-1 Z-score −0.42 ± 0.24 −0.05 ± 0.12 0.193 −0.08 ± 0.17 −0.09 ± 0.16 0.973
Means ± SEM or Median (interquartile range); Significant p values are bolded. 25OHD: 25-hydroxycholecalciferol;
PTH: Parathyroid hormone; P1NP: N-terminal propeptide of type 1 procollagen; NTX: N-terminal cross-linking
telopeptide; IGF-1: Insulin-like growth factor. * p < 0.05 for within group changes.

Bone turnover markers: P1NP levels were similar in the AN-E+ and HC groups at
baseline. However, HC demonstrated a within group reduction in P1NP at 12 months.
NTX was similar between groups at baseline, but a within group reduction was noted in
AN-E+ at 12 months.

Calcium, 25OHD and PTH: At baseline, AN-E+ had higher levels of calcium and
25OHD, and lower levels of PTH than HC. Over 12 months, we observed a decrease in
calcium and 25OHD levels in AN-E+ and an increase in HC. However, levels of both
remained within the normal clinical range at 12 months.
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IGF-I and Estradiol: For between group comparisons, baseline IGF-I levels (and corre-
sponding Z-scores), and changes in these levels over 12 months did not differ in AN-E+ vs.
HC groups. We did observe a within group decrease in IGF-I levels and IGF-I Z-scores over
12 months in the HC group. At baseline, AN-E+ had a median estradiol level of 45.2 (10.5,
56.6) pg/mL. As expected, with transdermal 17β-E2 supplementation in AN-E+, levels of
estradiol increased at 12 months to 134.0 (69.5, 169.1) pg/mL (p < 0.0001).

3.3. Baseline Characteristics and 12-Month Changes in DXA Measures of Areal BMD

Table 3 reports absolute changes in DXA endpoints over 12 months, while Figure 1
demonstrate percent changes in these endpoints over the study duration.

Table 3. Baseline and 12-month change in areal BMD assessed by DXA.

Baseline Measures p-Value Change over 12 Months

p-Value
Adjusted for
Baseline Age

and Race

p-Value
Adjusted for
Baseline Age,

Race and
Change in

Weight

Areal Bone
Mineral
Density

(by DXA)
AN-E+
(n = 23)

HC
(n = 27)

AN-E+
(n = 23)

HC
(n = 27)

Femoral
Neck BMD
(g/cm2)

0.74 ± 0.02 0.84 ± 0.02 0.0016 † 0.01 ± 0.008 0.003 ± 0.004 0.501 0.417

Femoral
Neck Z-score −1.40 ± 0.23 −0.37 ± 0.18 0.0006 † 0.37 ± 0.09 * 0.09 ± 0.05 0.009 0.017

Total Hip
BMD
(g/cm2)

0.85 ± 0.03 0.96 ± 0.02 0.0005 † 0.020 ± 0.007 * 0.006 ± 0.004 0.072 0.084

Total Hip
Z-score −0.82 ± 0.22 0.004 ± 0.16 0.0030 † 0.15 ± 0.07 * 0.04 ± 0.03 0.081 0.119

Lumbar
BMD
(g/cm2)

0.84 ± 0.03 0.97 ± 0.02 0.0006 † 0.042 ± 0.008 * 0.008 ± 0.005 0.001 0.004

Lumbar
BMD Z-Score −1.60 ± 0.24 −0.53 ± 0.20 0.0013 † 0.28 ± 0.08 * 0.04 ± 0.06 0.023 0.054

Whole Body
BMD
(g/cm2)

0.97 ± 0.01 1.05 ± 0.02 0.0002 † 0.020 ± 0.001 * −0.002 ± 0.004 0.011 0.0003

Whole Body
BMD Z-score −1.57 ± 0.19 −0.64 ± 0.17 0.0006 † 0.12 ± 0.07 −0.11 ± 0.06 0.057 0.004

Means± SEM or Median (interquartile range); Significant p values are bolded. BMD: bone mineral density.
† p < 0.05 after adjusting for age and race. * p < 0.05 for within group changes.

At baseline, AN-E+ group had lower aBMD and aBMD Z-scores at the femoral neck,
total hip, and lumbar spine, and whole body compared to the HC group, which remained
significant after controlling for age and race. With physiologic estrogen replacement
administered as transdermal 17β-E2 over 12 months, AN-E+ demonstrated increases in
aBMD at the lumbar spine and whole body compared to HC (controlled for baseline age
and race) and a trend for an increase was noted at the total hip. After adjusting for age,
race and weight change, increments in lumbar spine aBMD and whole body aBMD were
greater in AN-E+ compared to HC. Within the AN group, increases in aBMD at the total
hip, lumbar spine, and whole body, and increases in aBMD Z-scores at the femoral neck,
total hip, and lumbar spine were noted.
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within group change. (b) Percent change in Tibial HRpQCT parameters in the AN-E+ and healthy
control groups over 12-months, * p < 0.05 for between group comparison after adjusting for age and
race, † p < 0.05 for within group change. TMD: Tissue mineral density. a indicates p < 0.05 for between
group comparisons on log conversion for right skew of data distribution.
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Table 4. Baseline and 12-month change in bone parameters assessed by HRpQCT.

HRpQCT Variables Baseline Measures p Value Change over 12 Months p Value Adjusted for
Baseline Age and Race

p Value Adjusted for
Baseline Age, Race and

Change in Weight

Radius AN-E+ -17β-E2
(n = 21)

HC
(n = 26)

AN-E+ -17β-E2
(n = 21)

HC
(n = 26)

Cortical Area (mm2)
44.10

(35.50, 50.9)
56.45

(47.23, 62.90) 0.012 † 2.25
(−0.25, 7.00) *

1.35
(−0.18, 2.33) * 0.719 0.891

Trabecular area (mm2)
222.6

(199.5, 239.5)
206.8

(171.8, 247.7) 0.634 −2.00
(−3.70, −0.05) *

−1.30
(−2.63, 0.60) * 0.647 0.715

Cortical Thickness (mm) 0.68
(0.54, 0.84)

0.84
(0.71, 0.94) 0.012 † 0.05

(0.00, 0.11) *
0.02

(−0.003, 0.04) * 0.595 0.746

Cortical vBMD (mgHA/cm3)
816.3

(770.9, 842.6)
862.5

(820.3, 881.9) 0.005 16.80
(6.45, 37.85) *

10.40
(3.88, 16.53) * 0.018 a 0.029 a

Cortical TMD (mgHA/cm3)
918.6

(884.6, 949.1)
948.1

(907.4, 974.2) 0.048 19.8
(10.7, 30.4) *

10.2
(6.0, 14.0) * 0.015 0.010

Trabecular vBMD
(mgHA/cm3)

153.7
(124.1, 176.8)

174.1
(145.1, 199.8) 0.047 † 3.20

(−4.45, 4.85)
−0.35

(−1.78, 2.63) 0.904 0.554

Number of Trabeculae (1/mm) 1.90 ± 0.04 2.02 ± 0.05 0.065 −0.04 ± 0.04 −0.02 ± 0.03 0.312 0.399

Trabecular Thickness (mm) 0.06
(0.06, 0.08)

0.07
(0.06, 0.08) 0.130 0.003

(−0.003, 0.006)
0.002

(−0.002, 0.005) 0.564 0.360

Trabecular Separation (mm) 0.46 ± 0.01 0.43 ± 0.01 0.042 0.009 ± 0.011 0.004 ± 0.008 0.302 0.377

Cortical Porosity (%) 1.0
(0.7, 1.3)

0.7
(0.4, 1.3) 0.040 −0.1

(−0.3, 0.1)
0.1

(−0.1, 0.5) 0.122 0.198

Failure Load (kN) 3.32
(2.56, 4.18)

4.05
(3.66, 4.59) 0.011 † 0.14

(−0.05, 0.32) *
0.04

(−0.03, 0.14) * 0.004 a 0.008 a

Tibia AN-E+ -17β-E2
(n = 23)

HC
(n = 27)

AN-E+ -17β-E2
(n = 23)

HC
(n = 27)

Cortical Area (mm2)
102.7

(88.8, 120.1) 125.0 (105.9, 139.1) 0.001 † 0.7
(−0.6, 3.3)

0.5
(0.0, 1.4) * 0.769 0.774

Trabecular Area (mm2)
554.1

(474.7, 585.9)
545.3

(457.4, 583.5) 0.718 0.1
(−1.3, 1.0)

−0.5
(−1.2, 0.3) * 0.728 0.796

Cortical Thickness (mm) 1.06 ± 0.03 1.24 ± 0.04 0.004 † 0.01 ± 0.04 0.00 ± 0.00 0.968 0.980

Cortical vBMD (mgHA/cm3) 859.8 ± 7.2 884.4 ± 7.4 0.023 † 9.6 ± 1.9 * 9.2 ± 2.7 * 0.900 0.985

Cortical TMD (mgHA/cm3)
954.4

(916.4, 983.1)
981.9

(959.1, 1006.2) 0.009 8.1
(3.5, 22.5) *

4.8
(−0.4, 11.2) * 0.120 0.917

Trabecular vBMD
(mgHA/cm3)

174.9
(153.9, 194.7)

184.0
(167.8, 216.4) 0.119 1.0

(−2.1, 2.1)
0.2

(−2.0, 2.2) 0.941 0.940

Number of Trabeculae (1/mm) 1.73
(1.62, 1.84)

1.92
(1.81, 2.12) 0.002 † 0.03

(−0.06, 0.08)
−0.04

(−0.16, 0.04) 0.514 0.975

Trabecular Thickness (mm) 0.08
(0.07, 0.09)

0.08
(0.07, 0.10) 0.601 −0.002

(−0.006, 0.003)
0.001

(−0.003, 0.004) 0.415 0.267

Trabecular Separation (mm) 0.49
(0.46, 0.54)

0.43
(0.40, 0.48) 0.003 † −0.01

(−0.02, 0.02)
0.01

(−0.01, 0.04) 0.485 0.966

Cortical Porosity (%) 2.5
(1.9, 3.4)

1.4
(0.9, 2.6) 0.010 −0.1

(−0.3, 0.2)
0.3

(−0.1, 1.3) * 0.194 0.306

Failure Load (kN) 9.68
(8.74, 11.07)

10.79
(9.80, 12.04) 0.091 −0.03

(−0.23, 0.18)
0.12

(−0.01, 0.25) * 0.177 0.368

Means ± SEM or Median (interquartile range); Significant p values are bolded. vBMD: volumetric bone density;
TMD-tissue mineral density. † p < 0.05 after adjusting for age and race. a p < 0.05 on log conversion for right
skewed data. * p < 0.05 for within group changes.

Radius:

In comparison to the HC group at baseline, AN-E+ had lower cortical area and thick-
ness, cortical vBMD and tissue mineral density (TMD), trabecular vBMD, and failure load,
and higher trabecular separation and cortical porosity. After adjusting for age and race,
differences between groups persisted except for cortical vBMD, cortical TMD, trabecu-
lar separation, and cortical porosity. Following transdermal 17β-E2 replacement over
12 months, TMD, log cortical vBMD and log failure load increased in the AN-E+ group
compared to HC (after controlling for baseline age and race). This increase in TMD, log
cortical vBMD, and log failure load persisted even after adjusting for change in weight.
Both groups showed within group increases in cortical area and thickness, trabecular area,
cortical vBMD and TMD, and failure load over 12 months.

Tibia:

In comparison to the HC group at baseline, the AN-E+ group had lower cortical area
and thickness, cortical vBMD, and trabecular number, and higher trabecular separation
(after controlling for age and race). Following transdermal 17β-E2 replacement over
12 months, changes in cortical and trabecular parameters and bone strength estimates were
similar in AN-E+ compared to HC. Both groups showed a within group increase in cortical
vBMD and TMD. Of note, the within group increase in cortical area, cortical porosity and
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failure load, and decrease in trabecular area observed in HC over 12 months was not
observed in AN-E+.

3.5. Adverse Events

Three participants experienced mild irritation at the site of patch application, which
resolved after changing the site of application, two experienced irregular menses (increased
frequency of menstruation) over a 1.5-month period, which resolved spontaneously, one
participant experienced a mild increase in acne, one reported intermittent headache, one
participant reported headache after taking two progesterone pills (which resolved the next
morning), and three participants reported mild headaches following phlebotomy.

4. Discussion

This is the first study to demonstrate that transdermal physiologic estrogen replace-
ment in adolescent girls and young women with anorexia nervosa results in similar changes
in bone geometry, structure, and strength estimates at the distal radius and distal tibia as
observed in healthy normal-weight normo-estrogenic girls. Further, physiologic estrogen
replacement led to greater increases in aBMD at the lumbar spine, and in whole-body BMD
than observed in HC suggesting some catch-up bone accrual. We have previously reported
changes in aBMD after physiologic estrogen replacement in a younger and different cohort,
however, that did not include assessments of changes in vBMD, bone structure or strength
estimates [10].

Low BMD [2] and decreased bone accrual [4,5] are characteristic of AN during adoles-
cence, when normal estrogen status is critical for achieving peak bone mass. The estrogen
deficiency that often accompanies AN adversely affects both trabecular (lumbar spine) and
cortical (total hip and whole-body) bone sites [17]. Consistent with this, adolescent and
young adult women with anorexia nervosa in this cohort had lower aBMD at the lumbar
spine, total hip, and whole body than HC. Physiologic transdermal estrogen replacement
led to greater bone accrual at the lumbar spine and whole body compared to healthy
normal-weight, normoestrogenic young women, suggesting that some catch-up growth
can occur with estrogen replacement. This finding differs from what we have previously re-
ported in a younger cohort, where physiologic estrogen replacement in girls with anorexia
nervosa led to similar but not incremental bone accrual compared to healthy controls [10].
This may be consequent to the younger age of that AN cohort as compared to our current co-
hort, and/or differential changes in body composition over the duration of each study [10].
Because weight gain is closely associated with increases in BMD in adolescents with AN [5],
we controlled for change in weight in this study, and noted that changes in aBMD at the
lumbar spine and whole body remained significant, suggesting an independent effect of
estrogen replacement beyond weight gain in the anorexia nervosa group.

Importantly, deficits in cortical and trabecular vBMD, structure, and strength at pe-
ripheral skeletal sites, as measured by HRpQCT, contribute to fracture risk independently
of aBMD [18]. Girls with AN with estrogen deficiency have impaired bone area, geometry,
structure, and strength estimates at the distal radius and tibia [7,8], and these changes have
been reported to precede reductions in aBMD [9]. Consistent with this, our AN cohort had
lower vBMD, suboptimal bone structure, and lower strength estimates than HC.

We show for the first time that physiologic estrogen replacement over 12 months
improves cortical vBMD and TMD at the non-weight bearing radius and weight bearing
tibia in adolescent girls and young adult women with anorexia nervosa to exceed or
approximate changes observed in healthy, normal-weight, normoestrogenic controls over
the same duration. Further, changes in radius geometry induced by physiologic estrogen
replacement over 12 months approximate changes observed in controls. Neither group
demonstrated significant changes in bone structure over time. The observed increment
in TMD, cortical vBMD, and failure load at the distal radius (independent of change in
weight) in AN girls compared to HC further underscores the importance of transdermal
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estrogen replacement in optimizing cortical bone mineralization and strength estimates at
this site in AN.

Our study does have some limitations. Our inclusion and exclusion criteria may have
resulted in the enrollment of a sample of adolescent girls and young women with AN that
is not completely representative of the general population with this disorder. However,
these criteria were necessary to ensure that the study design was rigorous and to minimize
risk to study participants. Further, the duration of intervention was only a year and we did
not examine the impact of physiologic estrogen replacement on fracture risk. Future studies
with a larger sample size (including one that is more representative of the AN population)
and a longer duration of follow-up are necessary to determine long-term trajectories of
bone outcomes following transdermal estrogen replacement.

In conclusion, this is the first study evaluating the effect of transdermal physiologic
estrogen replacement over 12 months on measures of vBMD, bone geometry, structure,
and strength estimates in adolescents and young adult women with AN, with our data
indicating that this strategy for estrogen replacement overall mimics or exceeds effects of
endogenous estrogen on bone outcomes, thus improving skeletal health and potentially
reducing fracture risk.
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Abbreviations

AN Anorexia Nervosa
DSM Diagnostic and Statistical manual of Mental Disorders
BMD Bone Mineral Density
vBMD Volumetric Bone Mineral Density
aBMD Areal Bone Mineral Density
HC Healthy Control
17βE2 17-beta Estradiol
BMI Body Mass Index
% mBMI Percentage Median Body Mass Index
% mBW Percentage Median Body Weight
% mBW-Ht Percentage Median Body Weight for Height
FSH Follicle Stimulating Hormone
TSH Thyroid Stimulating Hormone
DXA Dual X-ray Absorptiometry



Nutrients 2022, 14, 2557 11 of 12

HRpQCT High Resolution Peripheral Quantitative Computed Tomography
TMD Tissue Mineral Density
ECA Extended Cortical Analysis
µFEA Micro Finite Element Analysis
SEM Standard Error Mean
25OHD 25-hydroxy Vitamin D
P1NP N-terminal Propeptide of Type 1 Procollagen
NTX N-terminal Cross-linking Telopeptide
PTH Parathyroid Hormone
IGF-1 Insulin-like Growth Factor-1

References
1. Jagielska, G.; Wolanczyk, T.; Komender, J.; Tomaszewicz-Libudzic, C.; Przedlacki, J.; Ostrowski, K. Bone mineral density in

adolescent girls with anorexia nervosa—A cross-sectional study. Eur. Child Adolesc. Psychiatry 2002, 11, 57–62. [CrossRef]
[PubMed]

2. Misra, M.; Aggarwal, A.; Miller, K.K.; Almazan, C.; Worley, M.; Soyka, L.A.; Herzog, D.B.; Klibanski, A. Effects of anorexia
nervosa on clinical, hematologic, biochemical, and bone density parameters in community-dwelling adolescent girls. Pediatrics
2004, 114, 1574–1583. [CrossRef] [PubMed]

3. Bachrach, L.K. Acquisition of optimal bone mass in childhood and adolescence. Trends Endocrinol. Metab. 2001, 12, 22–28.
[CrossRef]

4. Misra, M.; Prabhakaran, R.; Miller, K.K.; Goldstein, M.A.; Mickley, D.; Clauss, L.; Lockhart, P.; Cord, J.; Herzog, D.B.;
Katzman, D.K.; et al. Weight gain and restoration of menses as predictors of bone mineral density change in adolescent girls with
anorexia nervosa-1. J. Clin. Endocrinol. Metab. 2008, 93, 1231–1237. [CrossRef] [PubMed]

5. Soyka, L.A.; Misra, M.; Frenchman, A.; Miller, K.K.; Grinspoon, S.; Schoenfeld, D.A.; Klibanski, A. Abnormal Bone Mineral
Accrual in Adolescent Girls with Anorexia Nervosa. J. Clin. Endocrinol. Metab. 2002, 87, 4177–4185. [CrossRef] [PubMed]

6. Faje, A.T.; Fazeli, P.K.; Miller, K.K.; Katzman, D.K.; Ebrahimi, S.; Lee, H.; Mendes, N.; Snelgrove, D.; Meenaghan, E.; Misra, M.;
et al. Fracture risk and areal bone mineral density in adolescent females with anorexia nervosa. Int. J. Eat. Disord. 2014, 47,
458–466. [CrossRef] [PubMed]

7. Faje, A.T.; Karim, L.; Taylor, A.; Lee, H.; Miller, K.K.; Mendes, N.; Meenaghan, E.; Goldstein, M.A.; Bouxsein, M.L.; Misra, M.;
et al. Adolescent Girls with Anorexia Nervosa Have Impaired Cortical and Trabecular Microarchitecture and Lower Estimated
Bone Strength at the Distal Radius. J. Clin. Endocrinol. Metab. 2013, 98, 1923–1929. [CrossRef] [PubMed]

8. Singhal, V.; Tulsiani, S.; Campoverde, K.J.; Mitchell, D.M.; Slattery, M.; Schorr, M.; Miller, K.K.; Bredella, M.A.; Misra, M.;
Klibanski, A. Impaired Bone Strength Estimates at the Distal Tibia and its Determinants in Adolescents with Anorexia Nervosa.
Bone 2018, 106, 61–68. [CrossRef] [PubMed]

9. Bredella, M.A.; Misra, M.; Miller, K.K.; Madisch, I.; Sarwar, A.; Cheung, A.; Klibanski, A.; Gupta, R. Distal radius in adolescent
girls with anorexia nervosa: Trabecular structure analysis with high-resolution flat-panel volume CT. Radiology 2008, 249, 938–946.
[CrossRef] [PubMed]

10. Misra, M.; Katzman, D.; Miller, K.K.; Mendes, N.; Snelgrove, D.; Russell, M.; Goldstein, M.A.; Ebrahimi, S.; Clauss, L.; Weigel, T.;
et al. Physiologic estrogen replacement increases bone density in adolescent girls with anorexia nervosa. J. Bone Miner. Res. 2011,
26, 2430–2438. [CrossRef] [PubMed]

11. Ogden, C.L.; Kuczmarski, R.J.; Flegal, K.M.; Mei, Z.; Guo, S.; Wei, R.; Grummer-Strawn, L.M.; Curtin, L.R.; Roche, A.F.;
Johnson, C.L. Centers for Disease Control and Prevention 2000 growth charts for the United States: Improvements to the 1977
National Center for Health Statistics version. Pediatrics 2002, 109, 45–60. [CrossRef] [PubMed]

12. Golden, N.H.; Lanzkowsky, L.; Schebendach, J.; Palestro, C.J.; Jacobson, M.S.; Shenker, I.R. The effect of estrogen-progestin
treatment on bone mineral density in anorexia nervosa. J. Pediatr. Adolesc. Gynecol. 2002, 15, 135–143. [CrossRef]

13. Singhal, V.; Bose, A.; Slattery, M.; Haines, M.S.; Goldstein, M.A.; Gupta, N.; Brigham, K.S.; Ebrahimi, S.; Javaras, K.N.; Bouxsein,
M.L.; et al. Effect of Transdermal Estradiol and Insulin-like Growth Factor-1 on Bone Endpoints of Young Women with Anorexia
Nervosa. J. Clin. Endocrinol. Metab. 2021, 106, 2021–2035. [CrossRef] [PubMed]

14. Kalkwarf, H.J.; Zemel, B.S.; Gilsanz, V.; Lappe, J.M.; Horlick, M.; Oberfield, S.; Mahboubi, S.; Fan, B.; Frederick, M.M.; Winer, K.;
et al. The bone mineral density in childhood study: Bone mineral content and density according to age, sex, and race. J. Clin.
Endocrinol. Metab. 2007, 92, 2087–2099. [CrossRef] [PubMed]

15. Pistoia, W.; van Rietbergen, B.; Lochmüller, E.M.; Lill, C.A.; Eckstein, F.; Rüegsegger, P. Estimation of distal radius failure load
with micro-finite element analysis models based on three-dimensional peripheral quantitative computed tomography images.
Bone 2002, 30, 842–848. Available online: https://pubmed.ncbi.nlm.nih.gov/12052451/ (accessed on 19 April 2022). [CrossRef]

16. MacNeil, J.A.; Boyd, S.K. Bone strength at the distal radius can be estimated from high-resolution peripheral quantitative
computed tomography and the finite element method. Bone 2008, 42, 1203–1213. [CrossRef] [PubMed]

http://doi.org/10.1007/s007870200011
http://www.ncbi.nlm.nih.gov/pubmed/12033745
http://doi.org/10.1542/peds.2004-0540
http://www.ncbi.nlm.nih.gov/pubmed/15574617
http://doi.org/10.1016/S1043-2760(00)00336-2
http://doi.org/10.1210/jc.2007-1434
http://www.ncbi.nlm.nih.gov/pubmed/18089702
http://doi.org/10.1210/jc.2001-011889
http://www.ncbi.nlm.nih.gov/pubmed/12213868
http://doi.org/10.1002/eat.22248
http://www.ncbi.nlm.nih.gov/pubmed/24430890
http://doi.org/10.1210/jc.2012-4153
http://www.ncbi.nlm.nih.gov/pubmed/23509107
http://doi.org/10.1016/j.bone.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28694162
http://doi.org/10.1148/radiol.2492080173
http://www.ncbi.nlm.nih.gov/pubmed/19011190
http://doi.org/10.1002/jbmr.447
http://www.ncbi.nlm.nih.gov/pubmed/21698665
http://doi.org/10.1542/peds.109.1.45
http://www.ncbi.nlm.nih.gov/pubmed/11773541
http://doi.org/10.1016/S1083-3188(02)00145-6
http://doi.org/10.1210/clinem/dgab145
http://www.ncbi.nlm.nih.gov/pubmed/33693703
http://doi.org/10.1210/jc.2006-2553
http://www.ncbi.nlm.nih.gov/pubmed/17311856
https://pubmed.ncbi.nlm.nih.gov/12052451/
http://doi.org/10.1016/S8756-3282(02)00736-6
http://doi.org/10.1016/j.bone.2008.01.017
http://www.ncbi.nlm.nih.gov/pubmed/18358799


Nutrients 2022, 14, 2557 12 of 12

17. Misra, M.; Klibanski, A. Anorexia nervosa and bone. J. Endocrinol. 2014, 221, R163–R176. [CrossRef] [PubMed]
18. Samelson, E.J.; Broe, K.E.; Xu, H.; Yang, L.; Boyd, S.; Biver, E.; Szulc, P.; Adachi, J.; Amin, S.; Atkinson, E.; et al. Cortical and

trabecular bone microarchitecture as an independent predictor of incident fracture risk in older women and men in the Bone
Microarchitecture International Consortium (BoMIC): A prospective study. Lancet Diabetes Endocrinol. 2019, 7, 34–43. [CrossRef]

http://doi.org/10.1530/JOE-14-0039
http://www.ncbi.nlm.nih.gov/pubmed/24898127
http://doi.org/10.1016/S2213-8587(18)30308-5

	Introduction 
	Participants and Methods 
	Participant Selection 
	Study Protocol 
	Areal Bone Mineral Density (aBMD) and Body Composition Assessments 
	Volumetric Bone Mineral Denisty (vBMD), Bone Geometry and Structure Assessment 
	Laboratory Measures 
	Statistical Analysis 

	Results 
	Baseline Characteristics and Changes in Clinical Characteristics, and Body Composition over 12 Months 
	Baseline Characteristics and 12-Month Change in Biochemical Parameters 
	Baseline Characteristics and 12-Month Changes in DXA Measures of Areal BMD 
	Baseline Characteristics and 12-Month Change in HRpQCT Bone Parameters 
	Adverse Events 

	Discussion 
	References

