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Purpose: The purpose of this work is to determine whether an uncoupling of bone turnover
markers (BTMs) occurs in women exposed to the combination of sleep restriction with circadian
disruption (SRCD), as previously reported in men.

Methods: Four bone biomarkers (N-terminal propeptide of type I procollagen [P1NP] and
osteocalcin = bone formation; C-telopeptide [CTX] = bone resorption; sclerostin = bone formation
inhibitor) were measured in bihourly samples over 24 hours at baseline and after approximately
3 weeks of sleep restriction (~5.6 hours of sleep/24 hours) with concurrent circadian disruption
(SRCD, recurring 28-hour “day” in dim light). Maximum likelihood estimation in a repeated-
measures model was used to assess the effects of SRCD and age on bone biomarkers.

Results: Five women were young (22 + 2.8 years) and four were older (58 + 1.8 years). Baseline
bone biomarker levels did not differ by age (all P> .07). Bone formation markers were lower
after SRCD (estimate + SEE, AP1NP =-9.5 + 2.8 ug/L, P=.01; Aosteocalcin =-2.3 £ 0.9 ng/mL,

P =.04). The PINP decline was greater in young women (AP1NP =-12.9 + 3.7 pg/L, P=.01). After
SRCD, CTX was significantly higher in young women (0.182 + 0.069 ng/mL, P = .04) but did not
change in older women.

Concdlusions: These pilot data are similar to previous findings in men and suggest that SRCD negatively
altered bone metabolism in women by decreasing markers of bone formation and, in young women,
increasing a marker of bone resorption. If sustained, this pattern of BTM uncoupling may lead to bone
loss and lower bone mineral density. (J Clin Endocrinol Metab 105: 2456-2463, 2020)
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ight shift work for 20 or more years was associ-
N ated with a 37% higher risk of hip and wrist frac-
tures in postmenopausal women in the Nurses’ Health
Study (1). Night shift work induces circadian misalign-
ment, which is a mismatch or desynchronization be-
tween an individual’s internal master circadian clock
and the external environment. It also shortens sleep
duration because the quantity and quality of sleep are
often diminished with daytime sleep as opposed to
nocturnal sleep.

Bone turnover markers (BTMs), particularly markers
of bone resorption, display a 24-hour diurnal rhythm (2-
4) that is likely important for normal bone remodeling.
We previously reported that 10 healthy men exposed to
approximately 3 weeks of a forced desynchrony (FD)
protocol that simulates the stresses endured during ro-
tating shift work (ie, cumulative sleep restriction with
concurrent circadian disruption; SRCD) had a rapid,
significant decline in a bone formation marker des-
pite no change in a marker of bone resorption (3, 6).
If sustained, this uncoupling of bone turnover could
lead to bone loss over time and potentially increased
fracture risk.

The effects of SRCD on BTMs in women are un-
known. For the present analysis, we sought to describe
the effects of the same approximately 3-week SRCD
intervention (5, 6) on BTMs in women. We hypothe-
sized that bone formation markers would decline in re-
sponse to SRCD, as previously observed in men.

Materials and Methods

Study design and participants

The present analysis used serum samples from a previously
performed clinical research study (7). Healthy women without
a history of regular night shift work within 3 years and no
travel across more than 2 time zones within 3 months age 18
to 60 years were recruited from the Boston, Massachusetts,
area using paper and electronic advertisements (7). The study
was performed between 2007 and 2010 in the Intensive
Physiological Monitoring Unit of the Center for Clinical
Investigation at Brigham and Women’s Hospital.

For 3 weeks prior to admission to the inpatient unit, parti-
cipants adhered to a regular sleep/wake schedule with a self-
selected 10-hour sleep opportunity per day (Fig. 1 in Swanson
et al [5, 6] and Buxton et al [7]). Sleep opportunities prior to
admission were verified by sleep diary, time-stamped call-ins
of bed and wake times, and wrist actigraphy. On admission,
participants had 5 baseline nights with a minimum 10-hour
sleep opportunity per night. The preadmission and baseline
segments were designed to eliminate preexisting sleep debt
and ensure participants were sleep satiated. After the base-
line segment, participants were exposed to an FD protocol
(5, 7, 8). The FD protocol was designed to desynchronize
the internal circadian cycle from the environmental sleep-
wake cycle (8). The protocol consisted of recurring scheduled
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28-hour sleep-wake cycles (a 21.47-hour wake episode and a
6.53-hour sleep opportunity) that provided the equivalent of
5.6 hours of sleep opportunity per 24 hours. The FD segment
in the 9 women reported here lasted approximately 22 = 2
calendar days (~3 weeks) and induced SRCD (ie, misalign-
ment between the internal circadian clock and external en-
vironment, similar to shift work or jet lag). All in-laboratory
sleep opportunities and sampling intervals were performed
relative to the midpoint of each woman’s habitual sleep op-
portunity to account for different habitual bedtimes and to
align each woman’s data at baseline and after FD. Core body
temperature (CBT) was continuously monitored to estimate
circadian phase (9). CBT minimum varied minimally across
all 9 women at baseline (greatest difference = 42 minutes)
and therefore no further alignment between individuals was
deemed necessary.

As previously described (5), serum samples were obtained
hourly over two 24-hour sampling intervals. The first 24-hour
collection was performed at baseline (night 5) when women
were sleep replete and circadian aligned. The second 24-hour
collection occurred approximately 3 weeks later at the end of
the FD protocol (referred to as “postintervention”). The timing
of the second 24-hour collection was carefully selected so the
women were at a similar circadian phase compared to baseline
(as assessed by CBT minimum). Thus, the comparisons be-
tween baseline and postintervention sampling intervals assess
differences induced by accumulating sleep loss and a history
of prolonged circadian disruption but without acute circa-
dian misalignment (5). To facilitate blood draws throughout
the protocol, heparinized intravenous tubing was used, except
during a 1-week break from participants’ intravenous cath-
eters in the middle of FD. The study was performed in dim
light (< 0.02 lux during sleep opportunity, < 15 lux maximum
at ~183 cm with the sensor aimed toward the ceiling-mounted
light fixture while awake).

During the inpatient protocol (baseline and FD), patients
were ambulatory but exercise was prohibited. Individuals wore
a wrist actigraphy device (Actiwatch-L; Mini Mitter) during
the study. Each woman’s actigraphically assessed wrist ac-
tivity (counts/minute) was averaged for each condition (base-
line and FD) and percentage change from baseline to FD was
calculated for each woman and then averaged for the group.
The 5 young women reported no regular exercise habits prior
to admission. The 4 older women each reported regular endur-
ance activities including walking, biking, gardening/yardwork,
cross-country skiing, hiking, aerobics, and/or swimming on
their screening forms. None of the 9 women were competitive
athletes.

Meal composition and timing were controlled throughout
the protocol. Participants were provided a eucaloric,
controlled-nutrient diet at standardized times relative to wake
and > 2.5 L of fluid per 24 hours (see Fig. 1 in Swanson et al
[5] and Buxton et al [7]). Macronutrient composition was
55% to 60% carbohydrate, 15% to 20% protein, and 15%
to 30% fat. Although the eucaloric diet adhered to current
standards both for macronutrient and micronutrient content,
calcium and vitamin D intake were not specifically controlled.
Caffeine intake was not permitted.

The original study was approved by the Partners Human
Research Committee and registered at ClinicalTrials.gov. All
study procedures were conducted in accordance with the
Declaration of Helsinki. All participants provided written
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Figure 1. Twenty-four—hour serum profiles of bone biomarkers at baseline and post sleep restriction with circadian disruption intervention, by

age group.

The X-axis represents number of hours into the 24-hour sampling profile. Data from the 5 young women are displayed in the left column and
the 4 older women in the right column. Twenty-four—hour fitted profiles depicted for A, N-terminal propeptide of type | procollagen (P1NP), B,
osteocalcin, C, C-telopeptide of type | collagen (CTX), and D, sclerostin at baseline (dashed light blue) and post sleep restriction with circadian
disruption (SRCD) (solid purple) by age group. Raw averages (+SD) are plotted for every—2-hour samples. Sleep opportunities for the respective
phases of the protocol are represented by horizontal light blue (baseline) or purple (post-SRCD) bars at the top of each graph. The SRCD protocol
consisted of recurring scheduled 28-hour sleep-wake cycles (21.47-hour wake episode and a 6.53-hour sleep opportunity) that provided the
equivalent of 5.6-h of sleep opportunity per 24 hours. Upside-down triangles along the x-axis represent meal times of breakfast (hour 12), lunch
(hour 17), dinner (hour 22), and snack (hour 24). The 2 serum profiles were aligned by the midpoint of sleep.

informed consent (7). The present analysis used deidentified
serum and was deemed nonhuman subject research by the
Colorado Multiple Institutional Review Board (COMIRB
number 16-0032).

Assays

Assays were performed by the Oregon Clinical and
Translational Research Institute laboratory at Oregon Health
and Science University to be consistent with our prior work
(5). Samples were stored at less than =70 °C until thawed for
assay. Each woman’s samples were analyzed in the same assay

to minimize variability. Samples were analyzed in duplicate
and an average taken as the final result.

Four bone biomarkers were measured on bihourly
serum samples across the two 24-hour intervals. The in-
tact trimer of N-terminal propeptide of type I procollagen
(PINP) was measured using the Orion Diagnostica radio-
immunoassay. Interassay coefficient of variations (CVs) for
PINP were 3.3% (low control)/10% (high control) and the
average percentage difference between duplicates was 7.7 %.
Osteocalcin and C-telopeptide of type I collagen (CTX) were
measured using Immunodiagnostics Systems enzyme-linked
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immunosorbent assays (ELISAs) with interassay CVs of
4.3% (low control)/2.9% (high control) and 6.3% (low
control)/7.7% (high control), respectively. The average
percentage differences between duplicates for these assays
were 4.7% for osteocalcin and 4.6% for CTX. Sclerostin
was measured using ALPCO’s ELISA Biomedica assay with
interassay CVs of 5.2% (low control)/7.6% (high con-
trol) and average percentage difference between duplicates
of 13.9%. PINP and osteocalcin were used as markers of
bone formation, CTX as a marker of bone resorption, and
sclerostin as an inhibitor of bone formation and a marker of
mechanical loading/unloading as sensed by the osteocyte. As
previously reported (7), cortisol and insulin were measured
using Beckman Coulter Inc chemiluminescent immunoassays
with interassay CVs of 6.4% to 7.9% (cortisol) and 3.1% to
5.6% (insulin), and intra-assay CVs of 4.4% to 6.7% (cor-
tisol) and 2.0% to 4.2% (insulin).

Statistical analysis

We previously observed a 10 to 20 pg/L decrease in PINP
in 10 men exposed to the same protocol (5). We hypothesized
that we would see a similar PINP decrease in women because
previous animal studies observed similar BTM changes in fe-
males and males exposed to sleep restriction (10, 11). With our
predetermined sample size of 9 women, we had 85% power
to detect a mean 13.9 pg/L difference in PINP levels from
baseline to post-SRCD. This was conservatively estimated
using a paired ¢ test, assuming an SD of 12 ug/L, a correlation
between repeated measures on the same individuals to be at
least 0.5 (both based on preliminary data (5)) and 2-sided o of
.05. Maximum likelihood estimation in a repeated-measures
model was used to assess the effects of the sleep and circa-
dian intervention and age on bone biomarkers. A cosinor
model was used to estimate the circadian rhythm character-
istics of baseline bone biomarker levels (5, 12). Rhythmicity
was included in the repeated-measures model if a significant
diurnavariation in a bone biomarker was identified in this or
other analyses (eg, CTX, osteocalcin, PINP [4]). Paired ¢ tests
were used to determine whether the change in physical activity,
weight, or fasted morning cortisol or insulin from baseline to
post-SRCD was statistically significant. A change in fasted
morning cortisol and insulin levels with SRCD intervention
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was assessed by calculating the difference between previously
obtained (7) levels at baseline and at the end of FD for each
woman and then averaged for the group. We used Spearman
correlations to evaluate whether changes in PINP correlated
with changes in weight or physical activity. Descriptive vari-
ables are presented as mean = SD. Data from the repeated
measures model are presented as estimate = standard error of
the estimate (SEE) unless otherwise stated. A P value of less
than .05 was considered statistically significant, and no adjust-
ment was made for multiple comparisons because this study
was intended to be exploratory and hypothesis generating.

All analyses were conducted using SAS software version
9.4 (SAS Institute). GraphPad Prism 8.0 (GraphPad Software)
was used to generate all figures.

Results

Of the 9 women in this study, 5 were young and pre-
menopausal (age 22 =+ 2.8 years, range, 18-24 years) and
4 were older and postmenopausal (age 58 + 1.8 years,
range, 56-60 years). All 9 women were white and non-
Hispanic by self-report. The average body mass index
was 22.9 = 3.3 kg/m’.

Baseline bone biomarker levels did not differ by age
(all P>.07; Table 1), although osteocalcin, CTX, and
sclerostin were somewhat higher in the older compared
to young women. At baseline, CTX and osteocalcin dis-
played significant 24-hour diurnal rhythms (see Fig. 1;
both P < .01).

After exposure to the sleep restriction with concurrent
circadian disruption in the FD protocol, mean levels of
both bone formation markers (P1NP, osteocalcin) were
significantly lower (see Table 1, Fig. 1). On average,
PINP declined 9.5 + 2.8 pg/L (P = .01). Young women
had a greater decline in PINP than older women
(P=.01; -12.9 £ 3.7 pg/L, P=.01 vs 6.1 = 4.1 pg/L,
P = .19, respectively). Osteocalcin declined 2.3 = 0.9 ng/

Table 1. Bone biomarker baseline values and change after exposure to sleep restriction with circadian
disruption
Baseline biomarker concentration
for all women and by age group Effect of SRCD for all women and
(estimate + SEE) by age group, estimate = SEE, P
PINP, pg/L 56.7 £ 4.6 pg/L -9.5+2.8 pg/L, P=.01

Older 56.7 + 6.8 pg/L
Young 56.7 £ 6.1 pg/L

Osteocalcin, ng/mL
Older
Young
CTX, ng/mL
Older
Young
Sclerostin, pmol/L
Older
Young

22.6 = 1.5 ng/mL
25.1 £ 2.3 ng/mL
20.1 £ 2.0 ng/mL
0.656 + 0.049 ng/mL
0.761 +£0.073 ng/mL
0.550 + 0.066 ng/mL
18.9 = 1.3 pmol/L
21.6 £2.0 pmol/L
16.2 £ 1.8 pmol/L

-6.1+4.1pg/L, P=.19
-12.9 £ 3.7 pg/L, P=.01
-2.3+0.9 ng/mL, P=.04
-2.3+1.3ng/mL, P=.13
-2.2+1.2ng/mL, P=.10

0.063 +0.052 ng/mL, P=.27

—-0.056 +0.077 ng/mL, P = .49

0.182 + 0.069 ng/mL, P = .04
3.3+ 1.5 pmol/L, P=.07

5.4 +2.2pmol/L, P=.05

1.2 +£2.0 pmol/L, P= .58

Abbreviations: CTX, C-telopeptide of type | collagen; P1NP, N-terminal propeptide of type | procollagen; SEE, standard error of the estimate. Bold

indicated statistically significant changes.
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mL from baseline (P =.04). The declines in bone for-
mation markers occurred despite no change (group)
or an increase (young women) in the bone resorption
marker CTX (see Table 1, Fig. 1). In young women, the
relatively greater decline in PINP was accompanied by
a 0.182 + 0.069 ng/mL increase in CTX from baseline
(P =.04). Sclerostin increased after SRCD, particularly
in older women, but was not statistically significant (see
Table 1).

Actigraphically assessed wrist activity increased
63.5% +29.6% from baseline to FD (P <.01). Young
women had slightly greater percentage increases in
wrist activity (young women 71.6% = 30.3% vs older
women 53.4% +25.2%). However, absolute activity
counts were approximately 35% higher at both time
points in older women. There was no correlation be-
tween changes in PINP and actigraphically assessed
wrist activity (r = 0.28, P = .46). The women had a stat-
istically nonsignificant 0.88 + 1.12 kg decline in weight
from baseline to the end of FD (P =.06). Change in
P1NP significantly and inversely correlated with change
in weight (r=-0.72, P =.03). The PINP changes re-
ported in the preceding paragraph were unaffected by
adjusting for change in weight. Change in weight was
not correlated with change in CTX (r =-0.28, P = .46).
There was no significant change in morning fasted cor-
tisol or insulin from the first 24-hour collection at base-
line to the second 24-hour collection at the end of FD in
these 9 women (Acortisol: 0.25 + 4.43 mg/dL; P = .88;
Ainsulin: —0.43 = 2.18 pIU/mL; P = .59).

Discussion

Approximately 3 weeks of cumulative cumulative sleep
restriction with circadian disruption, in the absence of
acute circadian misalignment, significantly decreased
markers of bone formation (PINP ~17%, osteocalcin
~10%) in this relatively small study of healthy women,
despite an increase (young women) or no change (older
women) in a bone resorption marker (CTX). During
midadult life, bone formation and resorption are typic-
ally coupled, increasing or decreasing together to main-
tain bone health over time. However, the pattern of
acute BTM uncoupling observed in the present study, if
sustained, could limit attainment of optimal peak bone
mass in young individuals and/or lead to accelerated
age-related bone loss in older individuals. We hypothe-
size that these changes could over time lead to an in-
creased risk for osteoporosis and fracture. The present
study did not include any long-term bone health meas-
ures such as bone mineral density (BMD) or fracture.
However, the BTM changes observed in this pilot study
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1) closely parallel those observed in sleep-restricted ani-
mals that did translate into lower BMD (10, 11), and
2) could underlie and help explain the increased frac-
ture risk in night shift workers reported in the Nurses’
Health Study (1).

The detrimental BTM changes in response to SRCD
were of greater magnitude in the young, premenopausal
women. The young women appeared to have a “double
hit” with a greater (~23%) decline in P1NP (ie, less bone
formation) and an approximately 33% increase in CTX
(ie, more bone resorption). This pattern of unfavorable
BTM changes in women exposed to SRCD was similar
to that observed in men, in whom there were relatively
greater declines in PINP in young individuals with no
change in CTX (5). Taken together, these data may indi-
cate that younger age, not higher BTM levels at baseline,
may confer greater risk for impaired bone formation
with sleep and circadian disruptions. Given the crit-
ical window of bone mass accrual in early adulthood,
we hypothesize that sleep and circadian disruption
during this time could limit attainment of optimal peak
bone mass if the unfavorable, clinically significant (13)
changes in bone metabolism are sustained. Additional
studies are needed to determine whether it is age or
perhaps other hormonal or environmental conditions
present in young age that diminish or change with aging
(eg, sex hormone levels, circadian rhythm robustness,
inflammation) that predispose to greater BTM changes
in response to sleep restriction and circadian disruption.
Average PINP levels after SRCD in men (5) and women
were reduced to similar levels (~40 ng/mL). It is possible
that the impairment in bone formation observed with
SRCD reaches a certain basement level, beyond which
further decline does not occur.

The patterns of BTM change observed in women
(and previously in men [5]) closely paralleled pre-
vious circadian disruption and chronic sleep-restriction
studies in animals (10, 11, 14). Longer exposure to sleep
restriction or constant light exposure in those studies
demonstrated that the unfavorable BTM responses pre-
ceded the development of lower BMD and poorer bone
microarchitecture (10, 11). Interestingly, when Lucassen
et al reversed the constant light exposure and resumed
normal light/dark cycles, the deficits in trabecular bone
microarchitecture reversed (14). Sleep and circadian
intervention studies that examine bone outcomes in hu-
mans are limited but have similar results to the present
study. First, the magnitude of CTX increase observed
in the present study is similar to that observed in male
soldiers who habitually slept 7 to 9 hours per night ex-
posed to sleep restriction (2 hours/night) for 3 nights
(15). Those men, who were similar in age (average
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21.5 + 1.5 years) to the young women in the present
study, also had a decrease in the bone formation marker
bone specific alkaline phosphatase after 24 hours (15).
Similar declines in bone formation markers with an in-
crease in the bone resorption marker tartrate-resistant
acid phosphatase (but not CTX) were also observed
by Hughes and colleagues in 22 men after 8 weeks of
US Army Ranger Training that included a 4-hours-per-
night sleep restriction combined with energy restriction
(16). The Hughes study suggested that some BTMs take
2 to 6 weeks to recover after resolution of multistressor
military training that included sleep restriction (16). The
ability of BTMs to recover with resumption of normal
sleep/wake cycles outside the other stresses inherent in
military training and the time course of that recovery in
humans are currently unknown and require additional
research.

The mechanisms by which sleep and circadian disrup-
tions unfavorably alter bone metabolism are unknown.
Sclerostin increases in response to bone unloading and
inhibits bone formation. It is possible that sclerostin
mediates the observed changes in BTMs in response to
sleep/circadian disruption because of decreases in ac-
tivity levels and skeletal loading compared to free-living
conditions. Similar to our previous findings in men (5),
the effect of SRCD on sclerostin levels in women dif-
fered by age. However, in the prior analysis, young men
had higher sclerostin after SRCD with no change in
sclerostin levels in older men. In women, sclerostin was
higher after SRCD in older women, although this was
of borderline statistical significance. If sclerostin medi-
ated the observed changes in bone formation markers,
we would expect the magnitude of sclerostin increase
to inversely correlate with declines in bone formation
markers. In this study, bone formation marker declines
were greatest in young women who reported less phys-
ical activity prior to study entry, and had lower wrist
activity counts at baseline and FD than older women.
Further, actigraphically assessed wrist activity increased
from baseline to after intervention, suggesting sclerostin
is not the main mediator of the observed changes.
However, some data suggest that serum sclerostin levels
do not correlate with levels in the bone microenvir-
onment (17, 18). Therefore, the role of sclerostin in
mediating changes in bone metabolism in response to
SRCD remains unclear.

Bone loss is often observed with moderate to large
amounts of weight loss, particularly in older adults (19).
Bone loss is often reflected by increases both in resorption
and, to a lesser extent, formation. Therefore, it was not-
able that PINP decreased in the present study in which
women lost a very small amount of weight. It is unclear
how the small amount of weight loss in the present study
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(-1.4%) would mediate changes in PINP unless it was
a finding due to chance or reflects underlying changes in
nutritional status, metabolism, or sympathetic nervous
system activation. In fact, PINP results were unchanged
when adjusted for change in weight. Other potential
mechanisms that could be investigated in future studies
include inducement of a senescent cell population in
bone and alterations in cortisol (although not captured
in the present analysis given that we examined only
fasted morning cortisol). Furthermore, given the possible
link between osteocalcin and glucose metabolism (20), it
is possible that the decline in osteocalcin in response to
SRCD contributes to impaired glucose metabolism ob-
served with similar interventions (21).

These data were obtained from a highly controlled in-
patient study of healthy individuals. However, the study
had some limitations. First, we reported data obtained
from 9 women. Sample size is often limited in intensive,
rigorous sleep studies of this kind, but it limits our ability
to draw firm conclusions based on sex and/or age differ-
ences and therefore we regard these results as preliminary
data. Despite this, the magnitude and direction of our re-
sults were fairly consistent across the present and prior
studies (5) for sex and age, bolstering confidence in the
reproducibility of our findings. Second, data collection
did not account for menstrual cycle phase in premeno-
pausal women or variability in estradiol levels. Similar
bone formation marker declines in postmenopausal
women (and previously in men [5]) make it unlikely
that the observed changes are due to potential differ-
ences in menstrual phase between the two 24-hour col-
lections. Furthermore, data suggest that menstrual phase
has no impact on the 24-hour levels or peak timing of
urinary melatonin or bone resorption (as evidenced by
urinary N-telopeptide of type I collagen) (22). However,
additional studies are needed to understand what role
menstrual phase had in the observed increase in CTX in
premenopausal women. Third, environmental differences
compared to free-living conditions (eg, diet, activity) and
heparinized intravenous tubing used for overnight blood
draws may have contributed to the observed changes.
The controlled meal composition/timing and increase in
actigraphically assessed wrist activity from baseline to FD
diminished this concern. Moreover, because heparin was
used during both collections it is unlikely to explain the
changes seen from baseline to postintervention. Fourth,
the highly controlled protocol that prohibited caffeine
use and included a consistent calorie intake may not re-
flect habitual dietary patterns or typical adjustments to
sleep restriction or rotating shift work. For example,
other studies have shown increased food intake, particu-
larly carbohydrates, with sleep restriction when food is
provided ad libitum (23-25). Therefore, extrapolations
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to real-world sleep/circadian disruption may be limited.
However, this also means that the observed changes were
not due to increased caffeine intake with sleep restriction,
which can also negatively affect bone in large quantities
(26). Finally, the study lacked a control group exposed
to the same inpatient environment but without SRCD.
However, we did use within-subject comparisons from 2
well-matched 24-hour profiles that showed a consistent
magnitude of PINP decline and, for young women, CTX
increase across all time points.

In conclusion, these preliminary data from a small
group of women indicate that cumulative sleep restric-
tion with a history of recurrent circadian disruption
uncouples BTMs, with significant declines in markers
of bone formation (P1NP, osteocalcin), despite an in-
crease (young women) or no change (older women) in
a marker of bone resorption (CTX). Young, premeno-
pausal women may be most vulnerable to the adverse
skeletal effects of sleep and circadian disruption, which
may limit attainment of optimal peak bone mass and
increase future fracture risk.
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