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Abstract
Purpose—Osteoporosis is primarily evident in postmenopausal women, but its roots are
traceable to periods of growth, including during adolescence. Depression, anxiety, and smoking
are associated with lower bone mineral density (BMD) in adults. These associations have not been
studied longitudinally across adolescence when more than 50% of bone accrual occurs.

Methods—To determine the impact of depressive and anxiety symptoms, smoking, and alcohol
use on bone accrual in girls 11–19 years, 262 healthy girls were enrolled in age cohorts of 11, 13,
15, and 17 years. Using a cross-sequential design, girls were seen for 3 annual visits. Outcome
measures included total body bone mineral content (TB BMC) and BMD of the total hip and
lumbar spine using dual energy x-ray absorptiometry. Depressive and anxiety symptoms and
smoking and alcohol use were by self-report.

Results—Higher-frequency smoking was associated with a lower rate of lumbar spine and total
hip BMD accrual from age 11–19. Higher depressive symptoms were associated with lower
lumbar spine BMD across all ages. There was no effect of depressive symptoms on TB BMC, and
there was no effect of alcohol intake on any bone outcome.

Conclusion—Adolescent smokers are at higher risk for less than optimal bone accrual. Even in
the absence of diagnosable depression, depressive symptoms may influence adolescent bone
accrual. These findings have import for prevention of later osteoporosis and fractures.
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Introduction
Osteoporosis is a costly health problem. The National Osteoporosis Foundation (NOF)
estimates that 10 million Americans already have osteoporosis and an additional 34 million
are at risk. Further, there were an estimated 2 million fractures likely resulting from

© 2012 Society for Adolescent Medicine. Published by Elsevier Inc. All rights reserved.

Corresponding Author: Lorah D. Dorn, Ph.D., Cincinnati Children’s Hospital Medical Center, 3333 Burnet Ave. MLC 4000,
Cincinnati, OH 45226, 513-636-7204-office, 513-636-1129-fax, lorah.dorn@cchmc.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Adolesc Health. Author manuscript; available in PMC 2014 April 01.

Published in final edited form as:
J Adolesc Health. 2013 April ; 52(4): 393–399. doi:10.1016/j.jadohealth.2012.10.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



osteoporosis and as a result, $19 billion in costs incurred for 2005. These numbers are
expected to rise to 3 million fractures and $25.3 billion in costs each year by 2025
presenting a significant public health burden (http://www.nof.orgaccessed9/22/11 accessed
9/22/11).1 Osteoporosis is primarily evident in postmenopausal women, but its roots are
traceable to periods of growth, including adolescence. Despite awareness that more than
50% of bone mineral accrual occurs in puberty,2–4 2 there is little effort to identify important
modifiable factors that affect bone health in adolescence beyond exercise and nutrition.
Maximizing adolescent bone accrual ensures fewer deficits in the postmenopausal “bone
bank”,5 and in turn may lower rates of osteoporosis and fracture.

Modifiable factors affecting bone health, beyond exercise and nutrition, have been identified
among adults. Meta-analyses report adult depression is associated with osteoporosis and
lower bone mineral density (BMD), with effect sizes generally moderate.6–8 Smoking also
has a negative impact on bone health, with adult smokers exhibiting lower BMD compared
to non-smokers,9,10 likely increasing lifetime fracture risk by as much as 31%.10,11 For adult
alcohol use, findings are mixed: chronic or high use has a negative impact,12 whereas
moderate use may be advantageous to adult men or postmenopausal women13–15 but not
always.16

There is a dearth of information on whether modifiable factors, such as depressive
symptoms and substance use, affect bone accrual in adolescence. Adolescence is a critical
period when depression and anxiety increase, particularly in girls and affecting nearly 20%
of youth,17 and smoking and alcohol use are initiated.18 Globally, neuropsychiatric disorders
(including depression and alcohol use) are the main cause of disability in 10- to 24-year-
olds, accounting for 45% of disease burden.19 Further, both depression and substance use
often become chronic post-adolescence. Nearly 43% of those with child or adolescent
depression had recurring episodes later in life,20 and nearly 80% of adults addicted to
tobacco began smoking as adolescents.21 Knowing these disorders might become chronic
enhances their potential long-term impact on health, and in turn, their importance for
understanding early roots of chronic disease. To our knowledge, this is the first study to
longitudinally examine the impact of substance use and depressive symptoms on bone health
in pubertal-age girls. We previously reported cross-sectional findings showing higher
depressive symptoms, and in some cases anxiety, were associated with lower total body
bone mineral content (TB BMC). Further, the combination of regular users of both cigarettes
and alcohol showed stronger negative associations between depressive symptoms and TB
BMC compared to nonusers/experimental smokers and regular users of alcohol.22,23 Goals
of the current study were to determine the longitudinal impact of substance use and
depressive and anxiety symptoms on bone accrual in girls aged 11–19 years. We
hypothesized greater substance use (smoking, alcohol) and higher depressive or anxiety
symptoms would negatively predict bone accrual across adolescence.

Method
Study Design and Participants

Two hundred sixty-two healthy girls were recruited from a teen health clinic in a large
Midwestern children’s hospital and its surrounding community and enrolled in 4 age cohorts
(11, 13, 15, and 17 years). They were recruited to represent typically developing adolescents
and not a clinical group. They attended a total of 3 annual on-site visits. Phone interviews
were conducted at 3-month intervals between annual visits; these time-points were used to
assess smoking as described below. Girls were enrolled by five levels of smoking (1=never,
not even a puff, to 5= ≥100 lifetime cigarettes and smoking > 20 of the last 30 days) using a
self-reported questionnaire. Our goal was to have each age cohort reflect the number of
smokers proportional to national statistics (e.g., 17 year cohort had many more smokers than
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11 year cohort). Exclusion criteria were (1) pregnancy or breastfeeding within 6 months, (2)
primary amenorrhea (menarche >16 years), (3) secondary amenorrhea (<6 cycles/year; not
due to hormonal contraception), (4) body mass index <1st percentile or weight greater than
300 pounds (limit for dual energy x-ray absorptiometry [DXA]), (5) medications or medical
disorder influencing bone health, and (6) psychological or developmental disorders
impairing comprehension or compliance. Baseline visits were conducted from December
2003 through October 2007. Retention rates varied; 90% were present for at least twice. The
cross-sequential24 design (i.e., accelerated longitudinal) is characterized by following
multiple age cohorts over time to examine both cross-sectional and longitudinal effects in
development, allowing us to examine broad swaths of development across relatively short
periods of time.

Study Protocol
The study was approved by the Institutional Review Board of the associated children’s
hospital. Parents provided informed consent and adolescents provided assent. Annual visits
were conducted in the Clinical Translational Research Center (CTRC) and included a
battery of questionnaires and interviews, anthropometry, a physical examination,
phlebotomy, and bone density measurements.

Measures
The outcome measures of bone health included total body bone mineral content (TB BMC),
which has been advocated as the appropriate measure to use during growth.25 BMD of the
total hip and lumbar spine also were used because these are common sites of osteoporotic
fractures later in life. TB BMC and BMD were measured annually by DXA using a Hologic
QDR4500 bone densitometer (Hologic, Inc., Bedford, MA) and analyzed using Hologic
software release 12.4. Predictor variables included depressive symptoms determined using
the Children’s Depression Inventory,26 given annually. The Spielberger State-Trait Anxiety
Inventory,27,28 given annually, measured trait anxiety. Smoking was determined by
questionnaire based on Mayhew and collegues,29 during annual and 3-month phone
interviews by asking, “Which of the following best describes your smoking?” and “During
the past 30 days, how many days did you smoke one or more cigarettes?” Responses were
coded as follows: don’t smoke (0); smoke, but not in the last 30 days (1); smoked 1–2 days
(2); smoked 3–5 days (3); smoked 6–9 days (4); smoked 10–19 days (5); smoked 20–29
days (6); or smoked all 30 days (7). Scores were averaged across the 3-month intervals to
characterize typical monthly smoking frequency over the year. This is standard methodology
for measuring adolescent smoking and smoking uptake; “pack years” is not yet relevant, and
number of cigarettes per time period is inconsistent. Lifetime alcohol use was determined
from the Diagnostic Interview Schedule for Children30 and was coded as 0–5 drinks (0) or
≥6 drinks (1).

Covariates reported in the literature as relevant to bone health were included. Such
covariates often account for a significant portion of the variance in bone mass, and an
unequal distribution of these variables across groups of interest could introduce
confounding. Covariates were measured annually and included: race by parent report
(recoded as 1 = black and 0 = non-black); puberty (Tanner breast stages I-V)31 by
examination by a clinician trained in the procedures; height using a wall-mounted
stadiometer (Holtain Ltd., Crosswell, United Kingdom); weight by digital scale (Scaletronix,
Carol Stream, IL); age at menarche (year,months); lifetime duration of hormonal
contraceptive use by clinician interview (separating effects of depo-medroxyprogesterone
[DMPA] versus other contraceptive methods containing estradiol and progestin); weight-
bearing physical activity using the Physical Activity Questionnaire for Older Children
(PAQ-C),32 whereby participants recalled performance of moderate to vigorous physical
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activities within the last 7 days (1 [low; did not do] to 5 [high; 7+ times] with weight-
bearing activities specifically being used; and calcium intake by a modified food frequency
questionnaire (FFQ),33 where girls reported the frequency of consuming calcium-rich foods
in the last month. Vitamin D status was assessed by measurement of serum 25-hydroxy
Vitamin D [25(OH)D] at baseline by a radioimmunoassay. Inter- and intra-assay coefficients
of variation ranged from 3.5%– 4.4% and 11.1%–16.9%, respectively.

Statistical Analyses
Analyses were conducted using PROC MIXED in SAS, version 9.2 (SAS Institute, Cary,
NC) using 2-tailed tests of significance (P <.05). Theoretically relevant covariates [race,
puberty, height, weight, hormonal contraceptives, activity, calcium intake, and serum 25
(OH)D] were evaluated in all analyses. Due to the correlation between smoking and
depressive symptoms (r = 0.25; P <.01), smoking could be a confounder in the assessment of
the effects of depressive symptoms (and the reverse). To address this issue, the average level
of smoking was used as a covariate in models in which depressive symptoms were examined
as a predictor of bone accrual; similarly, average level of depressive symptoms was used as
a covariate in models in which smoking was examined. Race, lifetime hormonal
contraceptive exposure, age at menarche, and serum 25 (OH)D were time-invariant
covariates. All other covariates were time-varying and with the exception of smoking, were
used annually.

Hierarchical linear modeling (HLM)34 was used to estimate BMC and BMD trajectories
over the ages of 11–19 years. The degree to which independent predictor variables
(smoking, alcohol use, depressive and anxiety symptoms) could account for variation in
trajectories of bone measures, were then evaluated. HLM and its maximum likelihood
estimation methods accommodate missing data, thereby making use of all available data to
estimate the entire age trajectory. Using Bayes’ estimation, individuals with more data as
well as ages that are more highly represented are given more weight in calculation of
parameter estimates. Thus, HLM is ideal for cross-sequential designs in which individuals
represent differing portions of the developmental curve and all individuals are not
necessarily tested contiguously at every age represented. Restricted maximum likelihood
estimation with an estimated degrees of freedom procedure35 was used to arrive at valid
parameter estimates under the assumption of ignorable missing data.36

Results
Mean age of the sample was 14.4 years. The majority were black (32%) or white (62%) with
6% of mixed or other races. For the purpose of analysis, the 6% were placed in a non-black
category to be congruent with descriptive findings of racial differences in bone.2 See Table
1.

Descriptive Trajectories
Bone accrual trajectories from ages 11–19 were estimated for TB BMC and lumbar spine
and total hip BMD. For TB BMC, a random linear slope coefficient (B = 214.87; P <.01)
and fixed quadratic slope coefficient (B = –16.05; P <.01) were identified, indicating that
gains in TB BMC with age were best characterized by positive linear accrual with a
significant tapering off in later adolescence. Lumbar spine and total hip BMD were best
characterized by a positive linear slope from ages 11–19 without a significant quadratic
coefficient. For lumbar spine BMD, a significant linear slope coefficient (B = 0.087; P <.01)
was modeled. A quadratic slope coefficient was estimated and found non-significant (B = –
0.001; P = .10). Similarly, for total hip BMD a significant linear slope coefficient (B =
0.066; P <.01) was modeled. A quadratic slope coefficient was estimated and was not
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significant (B= –0.006; P = .06). For total hip and lumbar spine BMD, non-significant
quadratic terms were excluded in subsequent analyses. Independent variables (e.g., smoking,
alcohol, depressive or anxiety symptoms with covariates) were then added to each of these
HLM models. For depressive symptoms and smoking, interactions with the linear slope
effect were also included to examine whether smoking and depressive symptoms predict the
intercept and linear slope of TB BMC and BMD of the total hip and lumbar spine.

Effects of Smoking
Figure 1a–1c and Table 2 depict how the frequency of smoking impinges on bone accrual.
There was little smoking in this cohort prior to age 13, so the analyses were limited to
participants ages 13–19. For TB BMC, no significant main effect of smoking or smoking ×
age effect was detected.

For lumbar spine BMD, there was no significant main effect of smoking. However, a
significant smoking × age effect was identified whereby as smoking increased, the rate of
accrual decreased as girls got older (see Figure 1b). Similarly, for total hip BMD there was a
significant smoking-by- age effect whereby as smoking increased, the rate of accrual
decreased as girls got older (see Figure 1c). Thus smokers entered adolescence with
equivalent levels of lumbar spine and total hip BMD (intercept effects) but that overall
BMD accrual across adolescence was significantly lower as smoking frequency increased.
Importantly, these findings are based on multivariate models controlling for race, Tanner
stage, height, weight, and exposure to hormone contraceptives. Age at menarche, physical
activity, calcium intake, and exposure to serum 25(OH)D were tested as potential covariates
and found to be non-significant predictors (P > .05). For parsimony these items were
excluded from the analyses.

Depressive Symptoms Effects
Figure 2a–2c and Table 3 depict how levels of depressive symptoms impinge on bone
accrual. For TB BMC, there was no main effect of depressive symptoms or a significant
interaction with age (see Figure 2a). For lumbar spine BMD, there was a significant main
effect of depressive symptoms: higher depressive symptoms were related to lower BMD, but
there was no interaction between depressive symptoms and age (see Figure 2b). Thus, lower
spine BMD persists across ages 11–19 for those with higher depressive symptoms. Finally,
for total hip BMD, there was no main effect of depressive symptoms, and no interaction
between depressive symptoms and age (see Figure 2c). As with the model for smoking,
depressive symptoms findings were based on multivariate models controlling for race,
Tanner stage, height, weight, and exposure to hormone contraceptives. Age at menarche,
physical activity, calcium intake, and exposure to serum 25(OH)D were tested as potential
covariates and found to be non-significant predictors (P > .05). For parsimony these items
were excluded from the analyses.

Alcohol and Trait Anxiety
There was no effect of alcohol use or anxiety symptoms or their interactions with age on any
bone measure.

Summary
These novel longitudinal findings support our hypotheses regarding both smoking and
depressive symptoms as negatively influencing bone accrual in adolescent girls. We found
effects on BMD of the lumbar spine and total hip, which are common sites of osteoporotic
fractures later in life, but not for TB BMC, which is an aggregate measure of bone health
throughout the skeleton. To our knowledge, our longitudinal findings are the first delineated
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in the adolescent population. Specifically, higher-frequency smokers entered adolescence
with the same total hip and lumbar spine BMD as lower-rate smokers (or non-smokers), yet
a higher frequency of smoking was associated with a lower rate of bone accrual across
adolescence. For example, at age 19, the clinical relevance of the difference in the lumbar
spine BMD of a non-smoker versus a daily smoker approximates the amount an adolescent
gains in BMD in 1 year. With continued smoking behavior, one could surmise that lumbar
spine BMD could become dramatically lower throughout adulthood. Smoking uptake across
time was typical of adolescents in which levels of smoking are generally low and highly
variable across 30 day periods, and pack years cannot be ascertained. However, it is
concerning that even relatively low levels of smoking have a negative impact on bone
accrual. Alternatively, smoking may be a marker for other unmeasured behaviors that
negatively impact bone. Further research is needed to confirm findings in girls with higher
rates of smoking.

The associations between depressive symptoms and bone were somewhat different. Lower
lumbar spine BMD persisted across ages 11–19 for those with higher compared to lower
depressive symptoms, and there was no interaction with age. An increase of 1 SD (10
points) in depressive symptoms was associated with lower BMD of the lumbar spine; similar
to what a girl might typically gain in BMD in 1 year2. Importantly, in a nonclinical sample
(i.e., not depressed), it is worrisome that effects in bone accrual were evident even at these
lower levels of depressive symptoms. The magnitude of effects of diagnosable depression on
bone accrual may be even greater.

In addition to its novelty, the attention to a wide range of potential covariates that may have
confounded previous adult studies, was another strength of our study. Few studies have
accounted for this array of relevant covariates. Importantly, even after accounting for
significant covariates, the two key predictors—depressive symptoms and smoking— still
played a role in lower bone accrual.

In spite of the strengths of the study, future research is essential and limitations should be
addressed. First, further exploration should focus on whether anxiety and alcohol play a role
in accrual of bone as reported in animal models and adult human studies. Anxiety is
common in pubertal-age girls37 and often is comorbid with and precedes depression; thus,
we hypothesized that anxiety might have a similar impact on bone accrual as did depressive
symptoms. Our prior cross-sectional findings revealed negative associations with anxiety
and bone.22,23 Second, alcohol might not have been significant in this study because of low
use, particularly in the younger cohorts, but also because alcohol was not the focus of the
study and its measurement was limited. Third, the study may not be generalizable to all
adolescent girls; it may only represent the sample at hand. However, characteristics of our
sample with respect to BMI, calcium intake, physical activity, serum 25 (OH)D, and bone
health are similar to published studies on those measures. Notably, our sample fell below
recommended guidelines for calcium intake and physical activity, and findings may not
generalize to girls meeting those national standards. Importantly, future studies should
expand to other geographical regions and include other races beyond black and white girls.

In sum, adolescence is a crucial period of development that lays the foundation for women’s
health across the lifespan. To our knowledge, our study is the first to test and demonstrate
that smoking behavior and depressive symptoms in girls have a negative impact on bone
accrual in adolescence. For several decades, such studies have been conducted in adults but
not in adolescents, in whom nearly 50% of bone is accrued. Importantly, as much bone is
accrued in the 2 years surrounding menarche as is lost in the last 4 decades of life.3,38 Thus,
adolescence is paramount when considering factors that interfere with optimum accrual. In
addition to the reported gender difference in osteoporosis in adults,39 reproductive-age
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women generally exhibit higher rates of depression than men40 and differing outcomes of
substance use. Because depression and substance use often become chronic, their deleterious
effects on bone might result in long-term and costly public health problems. Based on our
study, it may be premature to advocate DXA screening for BMD in adolescents with
depressive symptoms or those who smoke. Our study should be replicated to determine
whether greater vigilance in monitoring bone mineral status is necessary in those with
smoking behavior and higher depressive symptoms. While adolescent depressive symptoms
already signal a red flag for future adult depressive episodes, they also may become a red
flag for a future constrained by low bone mass or osteoporosis and higher fracture rates in
postmenopausal years.

Panel: Research in Context
Systematic Review

Systematic review and meta analyses reveal that depression or its symptoms have a negative
association with bone density in adults. Fewer studies have been conducted regarding the
impact of smoking. No such longitudinal studies have been reported in adolescence; a time
when nearly 50% of bone is accrued.

Interpretation
Higher-frequency smokers entered adolescence with the same total hip and lumbar spine
BMD as lower-rate smokers, yet a higher frequency of smoking was associated with a lower
rate of bone accrual across adolescence. Also lower lumbar spine BMD persisted across
ages 11–19 for those with higher compared to lower depressive symptoms. It is worrisome
that effects in bone accrual were evident even at these lower levels of smoking and
depressive symptoms.
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Figure 1.
Data portrayal for effect of smoking frequency on bone accrual at three categories of
smoking: not smoking, smoking an average of 6–9 days in the past 30 days over the past
year, and smoking an average of 30 days in the past 30 days over the past year (See Table 2
for corresponding statistical values). Smoking × intercept effects are all non-significant (P
≥ .05), indicating that there are no differences in BMC or BMD by smoking status at age 13.
Smoking × slope effects for total hip and lumbar spine were significant. A. Trajectories of
Total Body BMC. B. Trajectories of Lumbar Spine BMD. C. Trajectories of Total Hip
BMD. All effects are controlling for relevant covariates (see Table 2).
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Figure 2.
Data portrayal for the effect of depressive symptoms on bone accrual (see Table 3 for
corresponding statistical values). Average depressive sx = 50, low and high represent 1 SD
below and above the mean (40 and 60, respectively). Depressive symptoms × intercept
effects significant for lumbar spine BMD only. All depressive symptoms × slope effects
were non-significant (P ≥ .05). A. Trajectories of Total Body BMC. B. Trajectories of
Lumbar Spine BMD. C. Trajectories of Total Hip BMD. All effects are controlling for
relevant covariates (see Table 3).
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Table 1

Descriptive characteristics of study sample at Time 1 in 262 adolescent girls

Variable Mean (SD) % (N)

Age (yr) 14.35 (2.16)

Black race 31.8% (83)

Calcium intake (mg/day) 736 (433)

Serum 25(OH)D (g/mL) 20.44 (9.21)

Physical activity* 2.04 (0.49)

Height (m) 1.60 (0.08)

Weight (kg) 62.15 (18.20)

BMI z-score 0.73 (1.00) 16.0% (42) overweight

16.4% (43) obese

Tanner Breast stage

     I 1.5% (4)

     II 1.9% (5)

     III 10.3% (27)

     IV 14.9% (39)

     V 71.4% (187)

DMPA exposure** 0.88 (1.96) 79.0% (207) never exposed

OCP exposure** 1.92 (2.59) 53.8% (141) never exposed

Depressive Sx (T score) 46.27 (10.77)

Trait Anxiety (T score) 46.37 (10.64)

Smoking*** 1.69 (2.72) 65.3% (171) not smokers

14.9% (39) smoke daily in past 30 days

Lifetime alcohol intake 91.2% (239) ≤ 5 drinks

Total body BMC (g) 1912 (416)

Total hip BMD (g/cm2) 0.960 (0.156)

Lumbar spine BMD (g/cm2) 0.974 (0.170)

NOTE:

- 25 Hydroxy Vitamin D [25(OH)D]

- * Weight-bearing physical activity assessed by Physical Activity Questionnaire32 where scores are 1 (did not do in last 7 days) to 5
(did 7+ times in last 7 days)

- Depo-medroxyprogesterone (DMPA)

- **Oral contraceptive pills (OCPs) (total exposure for DMPA and OCPs range from 0 = no exposure [79% DMPA/54% OCP], 3 =
exposure for 6–9 months [2% DMPA/3% OCP], 7 = consistent exposure for last 6y [3% DMPA/11% OCP]

- T-scores use a mean of 50 and SD of 10; clinical cutoff is 65.

- ***Smoking (0 = Don’t smoke [65%], 3 = 3–5 days in the last 30 days [2%], 7 = all 30 days in last 30 [15%])

- Lifetime Alcohol (0–5 drinks vs. ≥ 6)

- Bone mineral content (BMC)

- Bone mineral density (BMD).
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