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Abstract
Objective—Bone turnover markers (BTMs) predict fracture in older women, whereas data on
younger women are lacking. To test the hypothesis that BTMs measured before and after
menopause predict fracture risk, we performed a cohort study of 2,305 women.

Methods—Women attended up to nine clinic visits for an average of 7.6 ± 1.6 years; all were
aged 42 to 52 years and were premenopausal or early perimenopausal at baseline. Incident
fractures were self-reported. Serum osteocalcin and urinary cross-linked N-telopeptide of type I
collagen (NTX) were measured at baseline. NTX was measured at each annual follow-up.
Interval-censored survival models or generalized estimating equations were used to test whether
baseline BTMs and changes in NTX, respectively, were associated with fracture risk. Hazard
ratios (HRs) or odds ratios were calculated with 95% CIs.

Results—Women who fractured (n = 184) had about a 10% higher baseline median NTX (34.4
vs 31.5 nanomoles of bone collagen equivalents per liter per nanomole of creatinine per liter; P =
0.001), but there was no difference in osteocalcin. A 1-SD decrease in lumbar spine bone mineral
density (BMD) measured premenopausally was associated with a higher fracture risk during
menopause (HR, 1.55; 95% CI, 1.32–1.73). Women with a baseline NTX greater than the median
had a 45% higher risk of fracture, multivariable-adjusted (HR, 1.45; 95% CI, 1.04–2.23). The HR
of fracture among women with both the lowest spine BMD (quartile 1) and the highest NTX
(quartile 4) at baseline was 2.87 (95% CI, 1.61–6.01), compared with women with lower NTX and
higher BMD. Women whose NTX increased more than the median had a higher risk of fracture
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(odds ratio, 1.51; 95% CI, 1.08–2.10). Women who had baseline NTX greater than the median
experienced greater loss of spine and hip BMD.

Conclusions—A higher urinary NTX excretion measured before menopause and across
menopause is associated with a higher risk of fracture. Our results are consistent with the
pathophysiology of transmenopausal changes in bone strength.
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Osteoporotic fractures are a major public health problem with important morbidity and
mortality consequences. At the age of 50 years, the lifetime risk of a woman experiencing a
fracture due to osteoporosis is estimated to be at least 40%. Osteoporotic fractures, including
hip,1 wrist,2 and vertebral fractures,3 have important consequences, including increased risks
of disability, hip and vertebral fractures, and mortality.4,5 Fractures are more common than
the combined numbers of myocardial infarction, stroke, and breast cancer in women of all
ethnicities.6

Menopause represents a vulnerable time in a woman’s life for a number of reasons but
particularly for her skeletal health. Estrogen deficiency associated with menopause increases
bone remodeling, leading to an imbalance between bone formation and bone resorption.7,8

This increase in bone remodeling persists for several years and becomes associated with an
increased rate of bone loss.9,10 In the Study of Women’s Health Across the Nation (SWAN),
women who transitioned through menopause experienced a significantly higher rate of bone
loss than women who remained premenopausal, independent of age.11 This accelerated bone
loss could place women at a higher risk for fractures.

Markers of bone turnover have been shown to predict the risk of fractures in many, but not
all, prospective studies.12–15 Associations are generally stronger for bone resorption markers
than for bone formation markers16; in some studies, these associations are independent of
bone mineral density (BMD).15 However, all of these studies have been carried out in
postmenopausal women, particularly in women aged 65 years or older,15,17 or in older
men.18 To our knowledge, no study has examined the ability of bone turnover markers
(BTMs) measured premenopausally or during the menopausal transition to predict the
subsequent risk of fracture. The US Preventive Services Task Force most recently noted that
no study has addressed screening for high risk in the premenopausal or early perimenopausal
period.19 Clearly, we need more knowledge on the factors that might identify women who
are at high risk for fracture as they enter menopause.

The objectives of the current analyses are to test the following hypotheses: (1) BTMs
measured before the final menstrual period will predict fractures and changes in BMD
during the menopausal transition; (2) changes in bone resorption across the menopausal
transition are associated with the risk of subsequent fracture; and (3) these associations are
independent of baseline BMD, estradiol (E2), and follicle-stimulating hormone (FSH).
These analyses were carried out in SWAN, a longitudinal cohort study of the menopausal
transition in a community-based sample of women from multiple ethnic groups. SWAN is
the first large-scale, multiethnic, longitudinal cohort study to assess BMD, bone resorption,
and fractures across the menopausal transition.
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METHODS
Study sample

SWAN is a multisite, longitudinal, cohort study of midlife that is being conducted in a
community-based sample of 3,302 women at seven clinical sites.20 Enrollees aged 42 to 52
years were still menstruating 3 months before screening and were not using oral
contraceptives or postmenopausal hormone therapy. The SWAN bone substudy included
women from five of the seven SWAN clinical sites located in Boston, the Detroit area, Los
Angeles, Pittsburgh, and Oakland. At each site, half of the women were white. The other
half were African American (at the Boston, Detroit, and Pittsburgh field sites) and Japanese
and Chinese (at the Los Angeles and Oakland sites, respectively). BMD was measured
annually in 2,413 women. Of these, 2,305 (96%) women had at least one measure of cross-
linked N-telopeptide of type I collagen (NTX) and fracture data. Women were censored at
the first report of hormone therapy or at the time of hysterectomy or bilateral oophorectomy.
Individual annual data were excluded because they indicated the use of medications known
to affect bone or calcium metabolism. Written informed consent form was obtained from all
participants, and each site’s protocol was conducted with approval from an institutional
review board.

Bone turnover measurements
Women were asked to collect fasting blood and urine samples before 10:00 AM on days 2 to
5 of the menstrual cycle if menstrual periods were still occurring.21 If a woman could not
provide blood and urine samples before 10:00 AM, we recorded the time that the specimens
were collected. Because BTMs show diurnal variation,22,23 we adjusted for the time of
collection in our analyses. Samples were stored at −80° until the assay. Funding was initially
acquired for baseline osteocalcin; subsequent funding was used for annual NTX measures.
We had no funding for longitudinal measures of osteocalcin. The annual NTX values were
all batched and sent to the laboratory at one time. In the current study, NTX was measured
in 15,942 urine samples from 2,305 women (an average of seven annual samples per woman
from a possible nine annual visits). Specimen retrieval and assay were conducted without
knowledge of menopausal transition stage, race, BMD, fracture status, or other potentially
important covariates.

Osteocalcin was measured in duplicate using an immunoradiometric assay (ELSA-OSTEO;
CisBio International, Bagnols/Ceze, France) that measures both the 1- to 49-amino-acid
intact human osteocalcin molecule and the 25- to 37-amino-acid fragment. The lower limit
of detection of the assay is 0.4 ng/mL, and the intra-assay and interassay coefficients of
variation are both less than 6%. Reactivity with uncarboxylated and/or partially
carboxylated osteocalcin was not defined in this assay.

NTX was measured using an automated immunoassay (Vitros ECi; Ortho Clinical,
Rochester, NY) and expressed as nanomoles of bone collagen equivalents per liter per
nanomole of creatinine per liter (nM BCE/nM Cr). The lower limit of detection was 10 nM
BCE/nM Cr, and the intra-assay and interassay coefficients of variation for NTX/Cr were
2.8% and 4.8%, respectively, across the assay range. Samples (>3,000 nM BCE/nM Cr)
were diluted 1:20 before measurement. NTX values greater than 3 SDs from the overall
mean (>94.7 nM BCE/nM Cr) were considered outliers and excluded. Creatinine was
measured with the Cobas Mira autoanalyzer (Horiba ABX, Montpellier, France) based on
the Jaffé reaction. The lower limit of detection was 0.014 mM. The intra-assay and
interassay coefficients of variation were 0.6% and 4.1%, respectively, across the assay
range.
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Hormone measures
E2 concentrations were assayed with an ACS-180 automated analyzer (Bayer Diagnostics,
Norwood, MA) at the SWAN Core Laboratory, University of Michigan. Serum E2
concentrations were measured in duplicate with a modified offline ACS-180 (E2-6)
immunoassay. The interassay and intra-assay coefficients of variation averaged 10.6% and
6.4%, respectively, across the assay range.24 Serum FSH concentrations were measured with
a two-site chemiluminometric immunoassay. The interassay and intra-assay coefficients of
variation were 12.0% and 6.0%, respectively.25

Assessment of BMD
BMDs of the posterior-anterior lumbar spine and femoral neck were measured by dual-
energy x-ray absorptiometry (DXA) with a Hologic QDR 2000 densitometer (Hologic, Inc.,
Waltham, MA) in Pittsburgh and Oakland, or with a Hologic QDR 4500A densitometer in
Boston, the Detroit area, and Los Angeles. Osteodyne positioners (Osteodyne, Research
Triangle, NC) were used to position the participants for all measurements of the proximal
femur.26

All five centers used a standard quality control program that involved the following:
training, certification, and recertification of DXA operators by Synarc, Inc. (Waltham, MA);
daily measurement of a Hologic anthropomorphic spine phantom at each site; cross-site
calibration with a single anthropomorphic spine phantom; and random review of 5% of
scans plus all problem scans by Synarc. Measurements of the local spine phantoms and the
circulating spine phantom were analyzed by Synarc and used to adjust DXA measurements
for minor temporal or geographic variations.

Determination of menopause stage
At each annual visit, menopause stage was determined based on reports of the frequency and
regularity of menstrual bleeding, as previously described.11 Women were classified as
premenopausal if they had experienced at least one menstrual period in the last 3 months
with no change in the regularity of their menstrual bleeding during the last year. Women
were classified as early perimenopausal if they had experienced at least one menstrual
period in the last 3 months with some change in the regularity of their menstrual bleeding
during the last year. Women were classified as late perimenopausal if they had experienced
no menstrual bleeding in the last 3 months but some menstrual bleeding during the last 11
months. Women were classified as postmenopausal once they had experienced at least 12
consecutive months of amenorrhea. The postmenopausal stage was defined as beginning at
the time of the woman’s final menstrual period. Once a woman had transitioned to a more
advanced menopause stage, she was not reclassified into an earlier stage.

Fractures
Incident fractures that occurred after baseline were ascertained at each annual visit by self-
report. The accuracy of the self-report of fractures was verified during visits 7 to 10 by
review of radiology reports. The false-positive rate was 0.9%. Twelve percent of fractures
could not be confirmed because we were unable to obtain the radiographic reports. We
included both traumatic and nontraumatic fractures because both have been linked to a lower
BMD.27 The average follow-up for this analysis was 7.6 ± 1.6 years (range, 0.6–9.4 y). All
self-reported fractures are included in the primary analysis. Because digit and facial
fractures are not typically related to low BMD, we performed a sensitivity analysis after
excluding these fractures. We calculated fracture rates per 1,000 person years for each ethnic
group, both with and without digit and facial fractures.
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Statistical analyses
The characteristics of women who experienced an incident fracture during the follow-up
period were compared with those of women who did not fracture using t test and χ2 test.
Because the distributions of BTMs were skewed, we compared the median osteocalcin and
NTX in women who experienced a fracture with those in women who did not fracture. To
determine whether BTMs measured at baseline during the premenopausal or early
perimenopausal period predicted incident fractures during the transition, we used interval-
censored survival models. These models are similar to Cox proportional hazards models but
are approximate when the exact date of the event is not known (only that the event occurred
between certain timepoints). We calculated the hazard ratios (HRs) and 95% CIs for fracture
per 1-SD decrease in BMD, and for NTX and osteocalcin greater than the median.

We developed a series of models adding in important covariates. We initially adjusted only
for time of collection then age, and then for age, race, and clinic site. To determine whether
the associations were independent of lumbar spine BMD, we adjusted for spine BMD. The
full multivariate model included time of collection, age, race, clinic site, spine BMD,
fracture history, height, weight, menopause status at baseline, education, diabetes, baseline
smoking, and alcohol use. Subsequent models added these baseline hormones to the full
multivariable models to test whether the associations were mediated by E2 or FSH.

To test for an interaction between baseline NTX and baseline spine BMD, we formed four
groups: “high” NTX (quartile 4; >41.5 nM BCE/nM Cr) and “low” spine BMD (quartile 1;
<0.98 g/cm2); “high” NTX (quartile 4) and “normal” BMD (quartiles 2, 3, and 4); “normal”
NTX (quartiles 1, 2, and 3) and “low” BMD (quartile 1); and “normal” NTX (quartiles 1, 2,
and 3) and “normal” BMD (quartiles 2, 3, and 4). We calculated the incidence of fracture
across the four groups. We estimated the HR (95% CI) of fracture in each group in
comparison with the referent group, “normal” NTX, and “normal” BMD.

The changes in NTX from baseline to each follow-up visit were calculated. The median
change in NTX across all years combined was calculated. If any value was greater than the
median, the participant was considered to have experienced an increase in NTX greater than
the median. To determine whether changes in NTX during the menopausal transition are
associated with fracture, we used generalized estimating equations with time-varying
covariates to calculate the odds ratio and 95% CI.

To determine whether changes in NTX during the menopausal transition predict fracture, we
used a similar modeling strategy in which we additionally adjusted for baseline NTX. In
addition, posterior-anterior spine BMD, weight, menopause status, smoking, alcohol,
diabetes, E2, and FSH were added as time-varying covariates.

To test whether baseline osteocalcin or NTX was associated with rates of BMD change, we
used repeated measures of generalized estimating equations. Osteocalcin and NTX were
entered into the models as values less than the median. We also calculated the mean change
in BMD among those less than, equal to, or greater than the median.

All data analyses were performed using SAS 9.2 (SAS Institute, Cary, NC). For longitudinal
analyses, data were censored at the time that a woman began hormone therapy or
antiresorptive therapy or reported hysterectomy and bilateral oophorectomy. In sensitivity
analyses, we also excluded women who reported a fracture before the baseline visit.
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RESULTS
Over an average follow-up of 7.6 years, 184 (8.7%) women experienced at least one incident
fracture. The most common fracture sites were the ankle (n = 33), arm (n = 14), foot (n =
26), wrist (n = 20), and toe (n = 38). Women who reported a fracture were more likely to be
white and more likely to report a history of fracture before baseline (Table 1).

The rates of fracture per 1,000 person years were as follows: 16.9 (95% CI, 13.1–21.9) for
black women, 8.2 (95% CI, 4.7–14.5) for Chinese women, 6.2 (95% CI, 3.3–11.4) for
Japanese women, and 19.0 (95% CI, 15.7–23.0) for white women. Patterns of fracture rates
by ethnicity were similar when we excluded digit and facial fractures.

Women who reported an incident fracture were heavier and had lower lumbar spine BMD.
There was no significant difference in age, baseline E2, FSH, hip BMD, smoking, or alcohol
use between women who did and did not report an incident fracture (Table 1). Women who
reported a fracture were slightly taller at baseline than women who did not report a fracture
(P = 0.06). There was no difference in the change in spine or hip BMD by fracture status.

The average menopause status at the last SWAN follow-up did not differ by fracture status
(Table 1). By the ninth annual SWAN visit, most women (60%) had transitioned through
menopause, and only about 3% remained premenopausal. The median NTX on the last
follow-up visit was greatest in women who were postmenopausal (45.4 nM BCE/nM Cr)
compared with women who were late perimenopausal (37.9 nM BCE/nM Cr), early
perimenopausal (31.2 nM BCE/nM Cr), or premenopausal (35.2 nM BCE/nM Cr; P ≤
0.0001).

The median NTX value was fairly consistent across the first 4 years of the follow-up period
and then began to increase (Fig. 1).

Baseline BTMs, fracture, and bone loss
The median baseline osteocalcin was slightly higher in women who experienced an incident
fracture than in those who did not (15.7 vs 15.1 ng/mL, respectively; P = 0.06). Women
whose baseline osteocalcin was greater than the median (>15.1 ng/mL) were more likely to
experience a fracture (HR, 1.33; 95% CI, 0.99–1.97; Table 2). However, the association
diminished after adjustment for age, race, and other covariates.

The median baseline NTX was 9.9% higher in women who subsequently reported fractures
than in those who did not fracture (34.4 vs 31.5 nM BCE/nM Cr; P = 0.001). Urinary NTX
measured before the final menstrual period was associated with the risk of subsequent
fracture. Women whose baseline NTX was above the median (>31.9 nM BCE/nM Cr) had a
59% greater risk of fracture than women whose baseline NTX was below the median (HR,
1.59; 95% CI, 1.15–2.43; Table 3). This association was independent of age, race, site, and
prior fracture. Lumbar spine BMD, but not hip BMD, was related to fracture risk: a 1-SD
decrease in lumbar spine BMD was associated with an HR of 1.50 and a 95% CI of 1.28 to
1.68.

Addition of lumbar spine BMD to the model slightly attenuated the association between
baseline NTX and subsequent fractures (P = 0.064), but this association remained significant
in the full multivariate model (HR, 1.45; 95% CI, 1.04–2.23). Further adjustment for
baseline FSH or E2 had no effect on these results. Similar results were observed when we
adjusted for hip BMD, instead of lumbar spine BMD (data not shown).

A greater proportion of women with both the lowest lumbar spine BMD (quartile 1) and the
greatest NTX (quartile 4) at baseline had a fracture during follow-up (17.1%) compared with
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women with “low” BMD (quartile 1) but “normal” NTX (quartiles 1, 2, and 3; 9.9%);
women with “normal” BMD (quartiles 2, 3, and 4) but “high” NTX (quartile 4; 9.04%); and
women with both BMD and NTX in the “normal” range (7.5%; P = 0.001). A “low”
baseline lumbar spine BMD, irrespective of NTX value, was associated with a higher risk of
fracture (Fig. 2). The combination of both “low” spine BMD and “high” NTX was
associated with a 2.87-fold (95% CI, 1.61–6.01) increased risk of fracture compared with
women with normal levels of both NTX and lumbar spine BMD, but the interaction was not
significant (P interaction = 0.32; Fig. 2).

Loss in total hip and lumbar spine BMD was greater for women with baseline NTX greater
than the median. The mean (SD) change in total hip BMD from baseline to visit 8 was
−0.014 (0.058) and −0.024 (0.058) in women with baseline NTX less than or equal to the
median NTX versus women with baseline NTX greater than the median NTX, respectively
(P = 0.002). The mean (SD) change in spine BMD from baseline to visit 8 was −0.047
(0.067) and −0.059 (0.066) in women with baseline NTX less than or equal to the median
NTX versus women with baseline NTX greater than the median NTX, respectively (P =
0.002). These associations were significant in the multivariate repeated-measures models
that account for the annual BMD measures (β ≈ −0.005, P < 0.01).

Longitudinal fracture results
Women whose urinary NTX excretion increase was above the median had a 29% higher risk
of fracture compared with women whose urinary NTX excretion increase was below the
median (odds ratio, 1.29; 95% CI, 0.95–1.78; P = 0.103; Table 4). In models adjusting for
baseline NTX, both the baseline NTX and the changes in NTX were significant independent
predictors of incident fracture. Women who experienced increases in their NTX greater than
the median during follow-up had a 54% increased risk of fracture. In the full multivariable
model, changes in NTX greater than the median were associated with about a 50% increased
risk of fracture independent of baseline NTX. Further addition of FSH or E2 as time-varying
covariates had no important effect on the results (data not shown).

Sensitivity analyses
Sensitivity analyses that excluded toe, finger, and facial fractures (n = 34) had little effect on
either baseline or longitudinal results (data not shown). We also excluded women who had a
previous fracture, and the results were similar: women with baseline NTX greater than the
median had a 60% increased risk of fracture (HR, 1.60; 95% CI, 1.04–2.91).

DISCUSSION
Evidence from prospective studies of older postmenopausal women13–17,28 and older men18

has shown that BTMs are associated with fracture risk and may be useful for fracture
prediction. To our knowledge, no previous study has assessed whether BTMs measured in
premenopause and early perimenopause predict fractures during the menopausal transition.
Our results demonstrate that higher levels of the bone resorption marker NTX and greater
increases in NTX during the menopausal transition are independently associated with an
increase in fracture risk. These associations were independent of BMD, serum E2, FSH, and
other potential covariates. The magnitude of the association was similar to that of the
association between a 1-SD decrease in spine BMD.29 Serum osteocalcin level, a marker of
osteoblast activity, was also associated with fracture risk in unadjusted analyses, but not in
the full multivariate models. The stronger association observed with NTX (a bone resorption
marker) than with osteocalcin (an osteoblast marker) is consistent with previous reports.16

The observation that the association of NTX with fracture risk is independent of BMD is
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also consistent with prior studies.15,30,31 Our results extend these earlier findings on older
women to younger premenopausal women.

The underlying mechanisms whereby higher levels of NTX predict a higher risk of fractures
could reflect faster rates of bone loss. Consistent with this observation, we showed that
women with higher NTX experienced a significantly greater loss of both spine and hip
BMD. We have previously shown that bone loss accelerates substantially in late
perimenopause and continues at a similar pace in the initial postmenopausal years.11

However, our fracture models adjusted for baseline BMD and changes in BMD, suggesting
that there must be other mechanisms that underlie our findings. We have recently shown that
composite strength indices that integrate body size and bone size with bone density to
capture the major contribution to bone strength relative to loads applied to bone during falls
have the potential to explain racial/ethnic differences in fracture risk.32 In addition,
deterioration of bone architecture may contribute independently to skeletal fragility, above
and beyond the decrease in BMD. A greater proportion of the fracture efficacy of
antiresorptive drugs is explained by reductions in bone turnover rather than by improvement
in BMD.33–35 Resorption cavities surrounding individual trabeculae lead to stress
concentrators, which in turn lead to a local weakening of the trabeculae that is
disproportionate to the small amount of bone lost.36 Finally, a high rate of bone turnover
increases the proportion of newly synthesized bone, which is less mineralized.37 All of these
factors could underlie the association between higher bone resorption and fracture.

Fracture rates were higher in white women and lower in Asian women, consistent with
previous studies.6 Fracture rates were comparable in African-American women and white
women, a finding inconsistent with studies of older women. The reason for this is unclear,
but it could reflect an earlier age at menopause observed in African-American women in
some studies.38 In SWAN, we found no difference in age at menopause for African-
American women, but a much greater proportion of African-American women had surgical
amenorrhea and were therefore censored in our analyses.39 In addition, these results are
based on a relatively small number of African-American women who fractured.

Our results were also independent of baseline serum FSH and E2 and changes in these
reproductive hormones. This finding was somewhat surprising because we have previously
shown that higher levels of FSH, but not other reproductive hormones, are positively
associated with bone turnover before the final menstrual period.24 We hypothesized that
addition of these hormones to our models would attenuate the association between NTX and
fracture. However, there was little, if any, attenuation, suggesting that these reproductive
hormones may not be correlated with fracture across the menopause.

Lumbar spine BMD was associated with an increased risk of fracture across menopause, and
the magnitude of the association was similar to what has been reported for older women and
men.40,41 We found no association with total hip BMD. This may reflect the higher
proportion of the more metabolically active trabecular bone in the spine versus the hip. The
new paradigm has suggested that trabecular bone loss begins well before menopause and
thus may reflect the strength of bone upon entry into menopause.

Women with both “low” BMD and “high” NTX at study entry had almost a threefold greater
risk of fracture during the transition than women with “normal” levels of BMD and NTX.
We defined these categories by quartiles; they are not clinical cutoffs. Indeed, the cutoff for
lumbar spine BMD as “low” corresponds to a t score of about −0.6. Nevertheless, our results
suggest that women who enter menopause with the lowest spine BMD and the highest NTX
have a higher risk of fracture and could be targeted for preventive efforts.
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Recent national guidelines have commented on the utility of BTMs in predicting fracture
risk. Both the 2008 US National Osteoporotic Foundation guidelines and the 2008 UK
guidelines note that BTMs can be measured to predict fracture risk and have potential for
risk assessment, but that more research is needed.

Serum BTMs are primarily used in clinical practice for women undergoing postmenopausal
osteoporosis therapy. In bisphosphonate-treated women, BTMs are useful in providing early
indications of treatment efficacy, are predictors of BMD response and fracture risk
reduction, and may be useful for monitoring compliance.42 However, a recent systematic
review noted that pretreatment values are not helpful in selecting women for treatment.43

Although we noted that women with higher NTX values (>median) were at a higher risk for
fracture and experience faster rates of bone loss, the positive predictive power was low, and
it is improbable that they will be useful in individual women. Nevertheless, our findings are
consistent with the pathophysiology of menopausal changes in the bone and show for the
first time that BTMs measured premenopausally predicts fractures. Women who
experienced greater increases in NTX have a higher risk of fracture and experience faster
rates of bone loss.

Some limitations of our study deserve mention. We studied a large population of multiethnic
women. Previous SWAN analyses suggested that the rate of bone loss across menopause
was somewhat greater in Japanese women.21 We adjusted for race/ethnicity but had no
power to examine whether NTX predicts fractures differently across race/ethnicity. NTX
levels are sensitive to the time of collection. We attempted to collect urine samples before
10:00 AM on days 2 to 5 of the menstrual cycle. However, we collected and stored
specimens even if they were collected outside this window. Over time in SWAN, menstrual
cycles became increasingly variable, and standardizing the day of collection became more
difficult. Therefore, we adjusted for the time of collection in our analysis, and it had no
effect on our results. We relied on self-reported fracture, but a later validity study suggested
the confirmation of about 88% of all fractures. In addition, we found the expected
relationship between age, race, BMD, and fracture history. Previous analyses of selfreports
of fracture have also shown a greater than 88% confirmation.44,45 We measured NTX in
urine. Urinary measures of NTX are more variable than serum measures of NTX because
they must be corrected for creatinine level. However, this variability would bias our findings
toward null. On the other hand, women may prefer urine samples to blood draws, generating
greater clinical acceptance. Finally, we measured osteocalcin as a marker of bone formation.
Newer, more sensitive markers of bone formation (eg, bone-specific alkaline phosphatase)
may have been more strongly associated with fracture.

CONCLUSIONS
Baseline measurements of NTX and lumbar spine BMD during premenopause and early
perimenopause and changes in NTX across menopause are associated with subsequent
fracture risk. The combination of both low spine BMD and high NTX is associated with
almost a threefold increased risk of fracture.
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FIG. 1.
Median cross-linked N-telopeptide of type I collagen (NTX; nanomoles of bone collagen
equivalents per liter per nanomole of creatinine per liter) by visit year.
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FIG. 2.
Multivariable-adjusted hazard ratio (HR) and 95% CI of fracture by baseline cross-linked N-
telopeptide of type I collagen (NTX) and lumbar spine bone mineral density (BMD; P
interaction = 0.32). fx, fracture.
Normal BMD = Quartile 2, 3 or 4 (> 0.98 g/cm2); Low BMD = Quartile 1 (≤0.98g/cm2);
Normal NTX = Quartile 1, 2 or 3 (≤ 41.5 nM BCE/nMCr); High NTX = Quartile 4(>
41.5nM BCE/nMCr). Models adjusted for baseline age, race, site, fracture history,
education, smoking, diabetes, menopausal status, height and weight.
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TABLE 2

HR and 95% CI of fracture by baseline osteocalcin: HR per value greater than the median (15.1 ng/mL)

HR 95% CI P

Unadjusted 1.33 0.99–1.97 0.060

Adjustments

 Model 1: age 1.49 0.99–2.53 0.057

 Model 2: +race and site 1.42 0.94–2.45 0.102

 Model 3: +fracture history 1.11 0.84–1.60 0.52

 Model 4: +lumbar spine BMD 0.98 0.75–1.41 0.92

 Model 5: +height and weight 1.04 0.78–1.52 0.81

 Model 6: +menopause status at baseline 1.06 0.79–1.56 0.72

Full multivariate modela 1.11 0.85–1.67 0.53

Each consecutive model includes variables in the previous model. Time of collection was adjusted for in each model.

HR, hazard ratio; BMD, bone mineral density.

a
Full multivariate model covariates included time of collection, baseline age, race, site, fracture history, lumbar spine BMD, height, weight,

menopause status, education, alcohol use, smoking, and diabetes.
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TABLE 3

HR and 95% CI of fracture by baseline NTX: HR per value greater than the median (31.9 nM BCE/nM Cr)

HR 95% CI P

Unadjusted 1.59 1.15–2.43 0.003

Adjustments

 Model 1: age 1.44 1.05–2.17 0.003

 Model 2: +race and site 1.43 1.04–2.16 0.024

 Model 3: +fracture history 1.36 1.00–2.06 0.054

 Model 4: +lumbar spine BMD 1.42 1.03–2.16 0.030

 Model 5: +height and weight 1.45 1.05–2.24 0.023

Full multivariate modela 1.46 1.05–2.26 0.021

Full multivariate model + FSH 1.49 1.06–2.31 0.017

Full multivariate model + E2 1.46 1.05–2.26 0.022

Each consecutive model includes variables in the previous models. Time of collection was adjusted for in each model.

HR, hazard ratio; NTX, cross-linked N-telopeptide of type I collagen; nM BCE/nM Cr, nanomoles of bone collagen equivalents per liter per
nanomole of creatinine per liter; BMD, bone mineral density; FSH, follicle-stimulating hormone; E2, estradiol.

a
Full multivariate model covariates included time of collection, baseline age, race, site, fracture, history, lumbar spine BMD, height, weight,

menopause status, education, alcohol use, smoking, and diabetes.
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TABLE 4

Longitudinal association between changes in NTX and incident fractures during followup: OR and 95% CI for
change in NTX greater than the median and for baseline NTX greater than the mediana

OR 95% CI P

Model 1: adjusted for urine collection time

 Change in NTX > median 1.29 0.95–1.75 0.103

Model 2: model 1 + baseline NTX

 Change in NTX > median 1.54 1.13–2.11 0.007

Model 3: model 2 + age

 Change in NTX > median 1.51 1.10–2.07 0.012

Model 4: model 3 + race and site

 Change in NTX > median 1.56 1.13–2.14 0.006

Model 5: model 4 + fracture history

 Change in NTX > median 1.50 1.10–2.05 0.011

Model 6: model 5 + lumbar spine BMD

 Change in NTX > median 1.49 1.09–2.04 0.013

Model 7: model 6 + height and weight

 Change in NTX > median 1.50 1.08–2.08 0.015

Model 8: model 7 + menopause status

 Change in NTX > median 1.46 1.06–2.03 0.022

Model 9: model 8 + education, alcohol, smoking, and diabetes

 Change in NTX > median 1.51 1.08–2.10 0.015

The median baseline NTX is 31.9 nM BCE/nM Cr.

NTX, cross-linked N-telopeptide of type I collagen; OR, odds ratio; BMD, bone mineral density; nM BCE/nM Cr, nanomoles of bone collagen
equivalents per liter per nanomole of creatinine per liter.

a
Median change in NTX greater than 3.1 nM BCE/nM Cr.
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