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Abstract

Background: An inverse relationship between major depressive disorder (MDD) and bone mineral density (BMD) has been
suggested, but prospective evaluation in premenopausal women is lacking.

Methods: Participants of this prospective study were 21 to 45 year-old premenopausal women with MDD (n = 92) and
healthy controls (n = 44). We measured BMD at the anteroposterior lumbar spine, femoral neck, total hip, mid-distal radius,
trochanter, and Ward’s triangle, as well as serum intact parathyroid hormone (iPTH), ionized calcium, plasma
adrenocorticotropic hormone (ACTH), serum cortisol, and 24-hour urinary-free cortisol levels at 0, 6, 12, 24, and 36
months. 25-hydroxyvitamin D was measured at baseline.

Results: At baseline, BMD tended to be lower in women with MDD compared to controls and BMD remained stable over
time in both groups. At baseline, 6, 12, and 24 months intact PTH levels were significantly higher in women with MDD vs.
controls. At baseline, ionized calcium and 25-hydroxyvitamin D levels were significantly lower in women with MDD
compared to controls. At baseline and 12 months, bone-specific alkaline phosphatase, a marker of bone formation, was
significantly higher in women with MDD vs. controls. Plasma ACTH was also higher in women with MDD at baseline and 6
months. Serum osteocalcin, urinary N-telopeptide, serum cortisol, and urinary free cortisol levels were not different between
the two groups throughout the study.

Conclusion: Women with MDD tended to have lower BMD than controls over time. Larger and longer studies are necessary
to extend these observations with the possibility of prophylactic therapy for osteoporosis.
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Introduction

Major Depressive Disorder (MDD) is a common condition

affecting 98.7 million people globally [1] and nearly 35 million

adults in the United States [2]. This chronic condition, charac-

terized by depressed mood and/or anhedonia that interfere with

activities of daily living, is a major cause of disability worldwide. By

the year 2020, MDD will become second only to ischemic heart

disease in the amount of disability experienced by sufferers of all

ages according to the World Health Organization Global Burden

of Disease Survey. The economic impact of depression is estimated

in the tens of billions of dollars: depression cost employers over $40

billion dollars annually in lost productive work time [3]. MDD,

once considered a disease only of the psyche, is now known to be

associated with a number of medical conditions including

cardiovascular disease [4–8], immune alterations [9–12], insulin

resistance [13–16], diabetes mellitus [17–20], and obesity [21–24].

We and others have shown that depression is also associated with

osteoporosis [25–42], yet depression is rarely listed as a risk factor

for osteoporosis.

Unlike most physical illnesses observed in conjunction with

MDD, osteoporosis is primarily asymptomatic and often remains
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undiagnosed until patients sustain pathologic fractures later in

their lives. Due to the insidious presentation of osteoporosis, any

concomitant mood change is unlikely to be reactive in nature.

Although a few cross-sectional and cohort studies examining the

relationship between depression and low bone mineral density

(BMD) have been reported in pre- and post-menopausal women,

there has been no prospective evaluation in premenopausal

women [30]. Therefore, to investigate over time the association

between BMD and depression in this population, we conducted a

three-year prospective study by monitoring BMD over time in

premenopausal women with MDD and healthy controls.

Materials and Methods

Participants
Participants of the Premenopausal, Osteoporosis, Women,

Alendronate, Depression (POWER) study were 21- to 45-year-

old premenopausal women with current or recent MDD (n = 92)

and healthy control women (n = 44). Recruitment took place from

July 1, 2001, to February 28, 2003, in the Washington, DC,

metropolitan area by newspaper and radio. Internet and flyer

advertisement [27]. Women with MDD were enrolled if they met

the Diagnostic and Statistical Manual of Mental Disorders, 4th.

Edition (DSM-IV) criteria for MDD and experienced a depressive

episode in the preceding three years; a limit chosen to minimize

recall bias associated with more remote depressive episodes.

Exclusion criteria for women with MDD included eating

disorders, bipolar disorders, schizophrenia, schizoaffective disor-

der, and suicidal risk. Patients with anxiety disorders or a history of

drug or alcohol dependence in remission for at least five years were

eligible. Subjects were allowed to continue their antidepressant

treatments under the care of their physician. Hyperthyroidism,

vitamin D deficiency and other conditions and treatments that

affect bone turnover were additional exclusion criteria. Exclusion

criteria for controls were a T-score equal to or lower than 21.5 at

the anterior-posterior (AP) lumbar spine, femoral neck or total hip

and a history of any DSM-IV diagnosis apart from prior alcohol

abuse. Pregnancy and menopause were additional exclusion

criteria [27].

The health status of each subject was evaluated by medical

history and physical examination. Screening electrocardiogram,

serum pregnancy test, complete metabolic panel, complete blood

count, 25-hydroxyvitamin D, intact parathyroid hormone (iPTH),

thyrotropin, and free thyroxine and urine toxicology screen were

obtained. Figure 1 describes the number of individuals screened

and the reasons for exclusion. Of note, none of the control subject

screened had a T-score equal to or lower than 21.5 at the

anterior-posterior (AP) lumbar spine, femoral neck or total hip.

The National Institute of Mental Health’s Institutional Review

Board and the Scientific Review Board approved the original 12

month study and its subsequent extension to 36 month. In

addition, all subjects provided written informed consent. The trial

was registered in ClinicalTrials.gov, NCT 00006180.

Study design
The POWER Study was designed as a 12-month investigation

consisting of: 1) a longitudinal follow-up comparison of BMD in

women with MDD and controls (Natural History Arm) and; 2) a

randomized, double-blind, placebo-controlled, 12- month trial of

alendronate in women with MDD with moderate osteopenia

(Clinical Trial Arm). Further details on study design have been

previously reported [27]. In the Clinical Trial Arm women with

MDD, who at baseline had a T-score equal to or lower than 21.5

at the anterior-posterior (AP) lumbar spine, femoral neck or total

hip (n = 14), were randomized to 70 mg of alendronate (n = 7) or

matching placebo tablets (n = 7) orally once a week (Merck & Co.,

Inc., Rahway, NJ). In addition, both groups in the Clinical Trial

Arm received 500 mg daily of elemental calcium and 400 IU of

vitamin D.

We subsequently extended the study to a total of 36 months

(Figure 1). At the end of the 12-month main study, subjects from

the Natural History Arm and those subjects in the Clinical Trial

Arm that were randomized to placebo were offered continued

participation in an additional 24-month study extension to assess

bone mineral density and biochemical markers of bone turnover at

yearly intervals (‘‘Extended Natural History Arm’’).

Procedures
BMD, biochemical markers of bone turnover, and

hormonal measurements. BMD was measured by dual-

energy x-ray absorptiometry (DXA QDR 4500 machine; Hologic

Inc., Bedford, MA) at the following sites: anteroposterior lumbar

(L1–L4) spine, total hip, femoral neck, trochanter, Ward’s triangle,

and mid-distal radius. The coefficient of variation was ,0.4% at

each site. DXAs were analyzed by the study radiologist, J.R.,

blinded to group allocation. Two markers of bone formation,

serum bone-specific alkaline phosphatase and 8:00 AM osteocal-

cin, and a marker of bone resorption, urinary N-telopeptide, were

assessed. 8:00 AM plasma adrenocorticotropic hormone (ACTH),

8:00 AM serum cortisol, 24-hour urinary-free cortisol, serum

iPTH, plasma 25-hydroxyvitamin D and ionized serum calcium

were also obtained. These measurements were obtained at 0, 6,

12, 24 and 36 month. 25-Hydroxyvitamin D plasma levels were

only measured at baseline.

Psychiatric evaluation. We administered the structured

clinical interview (SCID) for DSM-IV Axis I disorders and

enrolled subjects if they met DSM-IV criteria for MDD and had

an episode of major depression in the past three years (SCID). The

Hamilton Depression Scale (HAM-D) and Hamilton Anxiety

Scales (HAM-A) were used to determine the severity of depression

and anxiety in study participants at baseline, 12, 24 and 36

months.

Life style risk factors for osteoporosis. Calcium from

food and supplements, caffeine, and alcohol intake were assessed

using a food frequency questionnaire. A nutritionist informed the

subjects of their calcium intake and recommended to consume

1000 mg/day of calcium [27]. Cigarette smoking history and oral

contraceptive use were also recorded. The Cooper test (12-minute

walk/run test) was administered as an indirect index of physical

fitness, and was measured in meters traversed within 12-minutes

on a standardized treadmill [27].

Anthropometric measurements. As previously described,

height was measured to the nearest 0.1 cm using a stadiometer

and weight to the nearest 0.1 kg using a digital scale [27]. BMI

was calculated as kg/m2.

Statistical analyses
Data are reported as mean (SD) or by frequencies and percents,

unless otherwise indicated. Differences between groups (MDD and

control subjects, or between the clinical trial treatment arms) were

tested by the t-test (or non-parametric parallel, as necessary) and

Fisher exact test, as appropriate. Paired data between time

intervals utilized the paired t-test (or non-parametric parallel, as

necessary) for continuous variables or McNemar test for categor-

ical ones. The relationship between depression and BMD was

assessed by analysis of covariance, adjusting for BMI. In women

with MDD, the association of BMD with clinical parameters of

depression and anxiety was assessed by linear regression.
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Repeated-measures analysis of variance (ANOVA) using mixed

modeling was used to compare changes in BMD over time, and

was adjusted for BMI. All analyses were done using SAS v9.2 (SAS

Institute Inc, Cary, NC), and all tests were 2-sided with a

significance level of 0.05.

Results

Clinical characteristics of study participants over time
Participant retention rate over the course of the main study was

not significantly different between groups (women with MDD

78%; control women 68%; P = 0.211). The subjects who elected to

enroll in the study extension did not differ in demographic

characteristics from those who did not (data not shown). Of note,

only 2 of the 18 women with depression participating in the

Clinical Trial Arm were lost to follow-up.

Our sample was composed of mostly white, college-educated

women (Table 1). Demographic characteristics were not different

between women with MDD and controls at any of the study

follow-up phases, but women with MDD tended to have a higher

BMI and tended to be less often married than control women.

Women with MDD reached menarche one year earlier than

controls but had a similar number of pregnancies and a similar

current use of OCP than controls. Alcohol use was less common in

women with MDD.

At baseline, only one-fifth of women with MDD (17/92) had

current depression defined as a major episode within the last

month. This sample of women with MDD however, had a

considerable lifetime burden of depression, as indicated by

cumulative history (68.6677.9 months) and total number of

depressive episodes (5.9611.4). Age of onset was in the late teens

(1969 years old). Approximately half (52%) of the women had

other DSM-IV axis I diagnoses, mostly anxiety disorders (not

shown). Finally, 81 out of 92 women were taking antidepressants,

70% a selective serotonin reuptake inhibitor (SSRI), and 30%

another antidepressant. Hamilton anxiety and depression scores

were relatively low in women with depression consistent with their

remission state, and remained stable over time (Figure 2).

BMD over time in the Extended Natural History Arm
At baseline, BMD was between 2% and 3% lower in women

with MDD at the main skeletal sites, however, these differences did

not reach statistical significance (Table 2). The prevalence of

osteopenia appeared consistently greater in women with MDD

Figure 1. Study flow diagram. Note: The number of exclusions does not match the number of people as some participants were found to have
more than one exclusionary criterion.
doi:10.1371/journal.pone.0040894.g001
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compared to control women at the total hip and femoral neck.

Over 36 months, there was no decline in BMD in either group.

Biochemical markers of bone turnover and hormones of
hypothalamic-pituitary-adrenal (HPA) axis in the
Extended Natural History Arm

Intact PTH levels were significantly higher in women with

MDD vs. control women and generally remained higher up to 36

months (Table 3). Ionized calcium was lower in women with

MDD at baseline and this difference was maintained across study

duration. Vitamin D levels at baseline were significantly lower in

women with MDD. Bone specific alkaline phosphatase, a marker

of bone formation, was significantly higher in women with MDD

at baseline and remained higher in this group across study

duration, although only statistically significantly different at 12

months. Another marker of bone formation, serum osteocalcin,

was not different between groups and neither was urinary N-

telopeptide, a marker of bone resorption. The 8 am plasma ACTH

was higher in women with MDD at baseline and 6 months only.

The 8 am serum cortisol and urinary free cortisol levels were not

different between groups at any time point.

Relationship between plasma cortisol and indices of
clinical severity of depression and anxiety and BMD over
time in the Extended Natural History Arm

There was no relationship between current depression, current

treatment or current SSRI treatment vs. BMD and biochemical

markers of bone turnover. Surprisingly, in women with MDD,

both depression and anxiety scores were slightly positively related

with BMD at the AP spine (BMD values after adjustment for BMI

versus depression and anxiety scores, respectively: r = 0.173;

p = 0.005; r = 0.136; p = 0.029) and trochanter (data not shown).

BMD over time in the Clinical Trial Arm
Fourteen out of 92 of women with MDD (20%) and none of the

controls exhibited a T-score lower than 21.5 in at least one

skeletal site. Thirteen of these women with MDD participated in

the Clinical Trial Arm of the study (Figure 3). Patients in the

placebo group compared to those randomized to alendronate had

similar characteristics. Treatment with alendronate significantly

increased BMD at the lumbar spine (0.852560.0312 g/cm2 vs.

0.879260.0379 g/cm2, P = 0.003; C.I., 0.01 to 0.04, baseline vs.

12-month) and tended to increase BMD at the femoral neck

(0.742360.0735 vs. 0.758860.0709 g/cm2, P = 0.06). No changes

over time were observed in the placebo group. Alendronate

treatment decreased osteocalcin concentration (4.261.6 vs.

2.161.1 ng/ml, P = 0.04; C.I., 24.0 to 20.2, baseline vs. 12-

month), but did not significantly affect bone-specific alkaline

phosphatase or urinary N-telopeptide. There were no changes in

biochemical markers in the placebo group.

Discussion

Osteoporosis is a significant cause of morbidity and mortality in

the US and costs approximately $17 billion dollars annually [43].

It results in over two million fractures annually in the US, 71% of

which occur in women [43]. Therefore, investigation and

identification of risk factors are of great importance. There have

been several studies with conflicting findings regarding the possible

influence of depression on BMD [25–42]; most of these studies

were retrospective analyses conducted in post-menopausal women.

In this study, we followed a group of premenopausal women with

MDD and healthy controls prospectively and measured their

BMD at regular intervals. Our finding that neither group

exhibited a substantial change in BMD at any skeletal site over

time may not be surprising since BMD has been reported to

remain relatively stable in healthy premenopausal women [44–

47]. The observation that women with MDD maintained their

BMD throughout the study is reassuring as it implies that little, if

any, bone loss was associated with MDD in this age range and

time span. It should be however noted that these subjects were

aware that they were participating in a clinical experiment, thus

we cannot exclude a non specific ‘‘Hawthorne effect’’. In this

particular case, regular encounters with the research team may

have positively influenced their mood and induced improvements

in life style conditions. Our observation allows for considering

prophylactic treatment of these women to prevent osteoporosis

after menopause, when their risk is magnified. Women reach peak

bone mass by their third decade [48,49] and BMD remains

relatively stable until menopause where women begin to lose up to

1–2% of the BMD annually [44–47].

Alterations in the HPA axis are significant findings in biological

psychiatry [50]. Several studies have investigated the possible

pathophysiology of osteoporosis in psychiatric patients and have

hypothesized a link between depression and low BMD [28].

Elevated ACTH and cortisol levels, and enhanced cortisol

Figure 2. Hamilton depression (upper panel) and anxiety
(lower panel) scores in women with MDD and control women
over time. Both depression and anxiety scores were relatively low and
remained stable over time in women with MDD. As expected, scores for
depression and anxiety were much higher in women with MDD vs.
control women.
doi:10.1371/journal.pone.0040894.g002
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responsiveness have been demonstrated in depressed individuals

[25,32,41,51–53]. Similar to the bone loss observed in Cushing

syndrome as a result of hypercortisolemia, women with depression

could thus have decreased BMD, albeit not as pronounced as in

Cushing syndrome. We found that ACTH levels and bone-specific

alkaline phosphatase levels tended to be elevated in women with

depression compared to controls. Serum and urinary free cortisol,

osteocalcin, and urinary N-telopeptide levels were not different

between participants with depression and controls throughout the

study.

In an ancillary investigation, we reported that women with

depression had a greater prevalence of Bcl1 polymorphism, which

is associated with glucocorticoid hypersensitivity [54–56]. There-

fore, women with MDD may also have a greater HPA activity at

tissue level. The cortisol plasma levels were not elevated in our

study of women with MDD, but hyperactivity of the HPA axis is

not always accompanied by hypercortisolism [57]. Alterations in

the HPA axis tend to occur during acute depressive states and

normalize after treatment [51,53]. Given that the majority of the

subjects with depression were being pharmacologically treated

throughout the duration of the study as previously reported [27],

increases in cortisol levels may not have occurred, as these patients

were likely to be in clinical remission. As we have recently reported

in greater detail in a related manuscript [58], approximately half

of the sample was comprised of women with melancholic

depression, and the remaining subjects suffered either from

undifferentiated or atypical depression. Women with atypical

features of depression had higher ACTH levels during the night

and women with undifferentiated depression had a significantly

higher prevalence of low BMD at the femoral neck than controls.

Thus, the clinical subtype of depression may influence bone and

endocrine features, among other parameters.

In the women with MDD and moderate osteopenia or

osteoporosis, weekly alendronate was effective in increasing

BMD. This is the first pharmacotherapeutic study of osteoporosis

in younger women with MDD and one of the few controlled

studies of alendronate treatment in premenopausal women [59–

61]. Of note, in this arm the drop-out rate was only 10%, much

smaller than in the overall cohort. In future research, it would be

interesting to identify the predictors of drop-out rate in studies of

women with depression. It is possible that the women participating

in the randomized controlled arm of this trial may have been more

motivated to remain in the study than the women with depression

in the natural history arm and the normal controls, possibly

because of the therapeutic advantages of the drug being received.

As estrogens are not a treatment option in this population, our

study supports the possible use of alendronate in this population.

Recently the use of selective serotonin reuptake inhibitors has been

linked to an increased risk of fractures and bone loss [62]. As

reported [27], in our study the use of selective serotonin reuptake

inhibitors was not associated with low BMD.

Vitamin D levels were lower in women with MDD than

controls. Consistent with decreased vitamin D levels, women with

MDD had significantly higher iPTH and ionized calcium levels,

highly suggestive of secondary hyperparathyroidism. PTH levels

remained elevated in women with MDD compared to controls.

While elevated PTH levels have been demonstrated in depressed

elderly women and young men [36,63,64], to the best of our

knowledge, this is the first time elevated PTH plasma levels are

observed in premenopausal women with MDD. Future studies

should be conducted to evaluate the pathogenetic role of

secondary hyperparathyroidism in subjects with depression.

Study limitations and merits
The small sample size, together with a drop-out rate of

approximately 30% in the first year, may have reduced our ability

to detect some associations. Vitamin D levels were only measured

at baseline. Furthermore, since there is little bone loss in this age

range [44–47], the duration of the study and the age of the

participants may have limited our ability to identify a subtle

decrease in BMD. Our results may have failed to detect significant

changes in biochemical markers and hormones in patients who

were in remission since abnormalities in many of these parameters

might only be apparent during acute disease states [51,53]. Our

sample was well characterized and homogeneous, and the length

of follow-up was longer than most studies of this kind.

Conclusion
Premenopausal women with MDD had lower BMD than

controls over a sustained period of time. Larger and longer studies

are needed to confirm and extend these observations. The effects

of antidepressants and other psychotropic medications on bone

mass per se should be assessed. The reversibility of bone loss due to

successful behavioral or pharmacologic interventions or to

spontaneous resolution of depression should be considered. Lastly,

studies examining the role of genetics leading to enhanced

susceptibility to reductions in BMD need to be conducted.
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