. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/242678/

Version: Published Version

Article:

Shieh, A., Karlamangla, A.S., Gossiel, F. et al. (2026) An index of net bone formation
relative to resorption is associated with incident fracture during the menopause transition
and postmenopause. JBMR Plus, 10 (7). ziag092. ISSN: 2473-4039

https://doi.org/10.1093/jbmrpl/ziag092

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial (CC BY-NC)
licence. This licence allows you to remix, tweak, and build upon this work non-commercially, and any new
works must also acknowledge the authors and be non-commercial. You don'’t have to license any derivative
works on the same terms. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ <&, | University of

UNIVERSITY OF LEEDS & Sheffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1093/jbmrpl/ziag092
https://eprints.whiterose.ac.uk/id/eprint/242678/
https://eprints.whiterose.ac.uk/

JBMR Plus, 2026, 10(7), ziag092 p RO, '7
https://doi.org/10.1093/jbmrpl/ziag092 ) "\
Advance access publication: May 27,2026 A S B M R
Research Article THE AMERICAN SOCIETY FOR
BONE & MINERAL RESEARCH O X F O R D

An index of net bone formation relative to resorption is
associated with incident fracture during the menopause
transition and postmenopause

Albert Shieh®” (%, Arun S. Karlamangla!, Fatma Gossiel? (3, Richard Eastell? (),
Sherri-Ann Burnett-Bowie3 (), Gail A. Greendale?

1Department of Medicine, David Geffen School of Medicine at University of California, Los Angeles, CA 90095, United States
2Division of Clinical Medicine, Mellanby Centre for Musculoskeletal Research, University of Sheffield, Sheffield S5gAU, United Kingdom
3Massachusetts General Hospital Endocrine Unit, Harvard Medical School, Boston, MA 02114, United States

*Corresponding author: Albert Shieh, UCLA Division of Geriatrics, 10945 Le Conte Avenue, Suites 2339-2345, Los Angeles, CA 90095-1687, United States
(ashieh@mednet.ucla.edu).

Abstract

We previously created a bone balance index (BBI) that combines bone resorption and formation markers (CTX and PINP,
respectively) to estimate bone balance. The bone balance index quantifies net bone formation relative to resorption; greater
values indicate a more favorable balance. This study examined the association of the BBI with incident fracture across the
menopause transition and tested each individual bone turnover marker (BTM) (either CTX or PINP) as a separate predictor of
fracture. We included 451 participants from the Study of Women’s Health Across the Nation (SWAN) cohort study, with 2667
longitudinal observations from pre-, early peri-, late peri-, or post-menopause. Participants did not report fractures or the
use of bone-active medications before their BTM assessments. Using repeated measures Cox proportional hazards regression,
we examined the associations of the BBI, CTX, or PINP with 2 different fracture outcomes: incident fracture at any site or
incident fracture at a major osteoporotic fracture (MOF) site (spine, hip, radius, or humerus). Women were censored at the first
use of bone-beneficial medications during follow-up. Covariates were age, BMI, race/ethnicity, family history of hip fracture,
cigarette use, diabetes mellitus, bone-detrimental medication use, menopause transition stage, FN BMD, and SWAN study
site. The mean age across the BBI, CTX, and PINP assessments was 52 yr. Seventy-eight women sustained an incident fracture
over a 15.1 yr of follow-up. Adjusted for covariates, each SD increment in the BBl was associated with a 20% smaller hazard
for fracture at any site (hazard ratio [HR] [95% Cl]: 0.80 [0.67, 0.97], p=.02) or a 25% lesser hazard for fracture at a MOF
site (HR [95% ClI]: 0.75 [0.61, 0.85]), p =.01). In contrast, when considered singly in adjusted analyses, neither CTX (p > .2)
nor PINP (p > .1) was related to either fracture outcome. We conclude that BBI predicts fracture, independent of clinical and
densitometric fracture risk factors.

Keywords bone turnover, bone turnover markers, menopause, fractures, epidemiology, cohort, longitudinal

Lay Summary

We previously created a bone balance index that estimates the relative amounts of bone an individual breaks down versus
builds. In this analysis, we found that this bone balance index predicts future bone fractures, even after accounting for other
fracture risk factors, including BMD.

IntrOduction Chemistry and Laboratory Medicine recommend using serum CTX
(resorption) and serum PINP (formation) as reference BTMs for
Biochemical markers of bone resorption and formation (bone research and clinical practice.?

turnover markers, BTMs) are non-invasive indices of total-body One potential application of BTMs is fracture prediction, with
osteoclast or osteoblast activity, respectively.! The International recent research focusing on whether CTX or PINP should be
Osteoporosis Foundation and International Federation of Clinical included in clinical fracture prediction algorithms, eg, the FRAX
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Fracture Risk Assessment Tool.!”3 Several prospective analyses
found that greater CTX or PINP (as a separate predictor) relates
to greater fracture risk.*"!! Despite these findings, BTMs have
not been adopted for use in fracture prediction tools, in part
because CTX and PINP levels were not associated with fractures
in all studies,%-12:13 and when they were, the association was not
always independent of BMD.%~1!

We hypothesize that we can improve BTM prediction of
fractures by combining bone resorption and formation markers
into a composite index of total-body bone balance. Bone strength
is determined by the balance between osteoclast and osteoblast
activity, which mediates 2 competing processes: bone loss and
skeletal compensation for that loss. Bone loss results from
excess resorption relative to formation and leads to lower bone
mass, impaired bone microarchitecture, and diminished bone
strength.14~2! To counter the deleterious effects of bone loss on
bone strength, osteoblasts repair microcracks in the trabecular
compartment and add new bone to the outer, periosteal surface
(periosteal expansion), augmenting bone size and strength.??:%3
Within this physiologic framework, a composite exposure that
indexes both osteoclast and osteoblast function may better
predict fractures than does a bone resorption or formation marker
alone.

To estimate total-body bone balance, we combined CTX and
PINP to create a bone balance index (BBI).'® In brief, the BBl quan-
tifies balance by referencing paired CTX and PINP measurements
against their average in-balance relationship (when resorption
approximates formation). We designed the BBI to estimate net
bone formation relative to resorption; thus, more positive values
reflect a more favorable balance. For BBI construct validation,
we showed that more positive BBI levels related to lower rates
of subsequent BMD decline.’®> Whether BBI predicts fracture is
unknown.

This study examined whether the BBI predicts fracture, inde-
pendent of clinical and densitometric fracture risk factors among
pre-, peri-, and post-menopausal women. To examine how the
BBI vs its component BTMs relates to fracture, we also tested the
associations of CTX or PINP (as separate exposures) with frac-
ture. This analysis was conducted in the Study of Women Health
Across the Nation (SWAN), a longitudinal study of the menopause
transition that provides longitudinal assessments of BTMs, clinical
characteristics, BMD, and fracture occurrence.

Materials and methods

The Study of Women Health Across the Nation is an ongoing, multi-
center, longitudinal cohort study of the menopause transition
and aging in a racially/ethnically diverse cohort of community-
dwelling women. At the SWAN baseline visit, participants were
42-52 yr old, had an intact uterus and >1 ovary, and were
in premenopause (no change from usual menses) or in early
perimenopause (less predictable menses, but at least once every
3 mo). Women were recruited from 7 clinical sites, with each
site recruiting White women, along with women from one other
racial/ethnic group: Black (Boston, Chicago, Detroit, Pittsburgh),
Chinese (Oakland), non-White Hispanic (Newark), and Japanese
(Los Angeles).

The full SWAN cohort includes 3301 participants. The SWAN
Bone Cohort is a subset of 2365 women from 5 sites (Chicago
and Newark excluded). In total, 1 baseline and 16 follow-up visits

were available for analysis. The median (p25, p75) time between
visits was 1.1 (1.0, 1.4) yr. Sixty-three percent of surviving women
(N=2067) participated in the 16th follow-up visit (conducted
between March 2015 and March 2018), which was the last follow-
up at which fracture outcomes were available for this analysis. The
mean (SD) age at the 16th follow-up visit was 66.6 (2.7) yr, with a
range of 61.6-73.5 yr; all women were postmenopausal by this
visit. Participants provided written informed consent, and each
site obtained institutional review board approval.

Study sample

CTX and PINP were assayed in 2021 and 2022 at the University
of Sheffield, using banked repository serum samples.?* In brief,
we measured CTX and PINP using sera collected at multiple time
points across the menopause transition from 541 women who:
(1) had a natural menopause; (2) had a known final menstrual
period (FMP) date; (3) did not use a bone-active medication prior
to the BTM assessment; and (4) had banked samples available
from >2 (and up to 10) study visits. Bone-active medications were
those that are beneficial (hormone therapy, calcitonin, calcitriol,
bisphosphonates, denosumab, or parathyroid hormone) or
detrimental (oral or injectable glucocorticoids, aromatase
inhibitors, gonadotropin-releasing hormone agonists, or anti-
epileptics) to bone. Among the 541 women meeting the above
criteria, we obtained 3340 paired, serial assessments of CTX and
PINP. Sera for BTM measurements were collected over an interval
spanning 10 yr before to 13 yr after the FMP. The median number
of CTX and PINP assessments per participant was 7 (range 2-10),
and median length of time between BTM measurements was 1.9 yr
(range 0.8-5.1 yr). Banked sera from the SWAN baseline visit are
reserved and were therefore not available for the current project.
We refer to the first instance at which we assayed CTX and PINP as
the initial analytic visit.

This study tested the BBI, CTX, or PINP as the predictors of
time to the first fracture. To be included in the analysis sample,
participants were required to: have at least 1 study visit with con-
current measures of CTX and PINP; have no fracture before the
BTM assessment; and have at least 1 study visit after the BTM
measurements to permit observation for fracture. A total of 451
women with 2667 observations met these criteria (Figure 1).

Outcomes

The outcome in these analyses was the time to the first fracture
after the BTM predictor assessment (BBI, CTX or PINP). We con-
ducted 2 sets of analyses, each using a different fracture outcome.
The first outcome was a fracture at any non-craniofacial and non-
digital site, and the second was a fracture at a major osteoporo-
sis fracture (MOF) site (spine, hip, radius, or humerus).3 Fracture
occurrence and site were determined using standardized ques-
tionnaires. Fractures that occurred before SWAN enrollment were
recorded at the baseline visit. The Study of Women Health Across
the Nation initiated the adjudication of on-study fractures at the
seventh follow-up visit; for fractures reported at the first 6 follow-
up visits, the fracture date was imputed as the midpoint between
the participant’s prior and current visits. For instance, if a par-
ticipant reported a new fracture at follow-up visit 5, the fracture
date was imputed as the midpoint between the dates of follow-
up visit 4 and follow-up visit 5. Since inauguration of adjudication,
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SWAN Bone Cohort participants
N = 2,365; Observations = 25,956

'

SWAN Bone Cohort participants with CTX and PINP (BTM)
measurements (natural menopause, known FMP date, no bone-active
medication use, banked sera collected from >2 visits)

N = 541; Observations = 3,340

|

Exclude if fracture reported before BTM measurements
N = 90; Observations = 665

|

Exclude if no follow-up after BTM measurements (i.e., unable to observe
for incident fracture after BTM assessment)
N =0; Observations =9

Analysis Sample
N=451
Observations = 2,667

Figure 1 Study sample derivation. Bone-active medications were agents
that benefit (hormone therapy, calcitonin, calcitriol, bisphosphonates,
denosumab, and parathyroid hormone) or are detrimental (oral or
injectable glucocorticoids, aromatase inhibitors, gonadotropin-releasing
hormone agonists, or anti-epileptics) to bone. Abbreviation: FMP, final
menstrual period.

95% of reported fractures were confirmed. This analysis included
both low- and high-trauma fractures, as both fracture types are
associated with low BMD are risk factors for future fractures.?>~27
Fractures were categorized as low-trauma if they were sustained
after a fall from a height of <6 inches, and did not occur during a
motor vehicle accident, rapid movement, playing sports, or from
an impact with heavy or fast-moving projectiles.

Primary predictors

Analyses used the BBI (methodology detailed in next paragraph),
CTX, or PINP as primary predictors in separate models. CTX and
total PINP were quantified from stored sera acquired at fasting
blood draws conducted before 10:00 AM.%28-30 Specimens were
stored at a central repository at —80° C and did not undergo
freeze-thaw cycles before BTM assay performance. The Bone
Biochemistry Laboratory at the University of Sheffield performed
all CTX and PINP assays using electrochemiluminescence (Cobas
e411 analyzer, Roche Diagnostics, Germany). Assays for the same
individual were performed in a single batch. The intra-assay
coefficients of variation (CV) were 3.4% (CTX) and 3.5% (PINP).
The inter-assay CVs were 5.1% for CTX and 3.3% for PINP.

Conceptually, the BBI quantifies bone balance by referencing
paired CTX and PINP measurements against an estimate of their
average relation when resorption approximates formation. More
negative BBI values reflect a less favorable balance, and more
positive values reflect a more favorable balance. The BBI was
computed using 2 steps.'®

1) Step 1. We employed linear regression to quantify the in-
balance relationship between CTX (as the dependent vari-
able) and PINP (as the independent variable) in women in
whom resorption approximated formation (ie, when they
were premenopausal, and BMD was stable). This step was
previously completed using CTX and PINP data from 388
premenopausal SWAN participants.®

2) Step 2. We calculated individual-specific BBI values, by
referencing paired CTX and PINP measurements (obtained
in women in the current analysis sample) against their in-
balance relationship. Specifically, we applied the regression
coefficients from Step 1 to each PINP measurement to
calculate P_CTX (the predicted value of CTX corresponding to
each PINP level if resorption and formation were in balance).
The regression equation for P_CTX was 4.567«PINP +86.32.
We then calculated the raw BBI value as P_CTX — CTX (the
difference between the expected and measured CTX values)
to estimate net bone formation relative to resorption. To
standardize the BBI values, we divided each raw BBI value
by the SD of all raw BBI values; the BBI, therefore, has no
units. The final BBI formula was BBI = (4.567*xPINP + 86.32 —
CTX)/154.2.

Covariates

To determine whether BBI, CTX, or PINP was associated with frac-
ture, independent of clinical risk factors and BMD, models were
adjusted for the following variables: age, BMI, race/ethnicity, fam-
ily history of hip fracture (yes/no), cigarette use (yes/no), diabetes
mellitus (yes/no), use of bone-detrimental medications during the
observation period for fractures, clinical menopause transition
stage (pre-, early peri-, or late-perimenopause), SWAN study site,
and FN BMD. We selected covariates based on their inclusion in
the FRAX Fracture Risk Assessment Tool (age, BMI, race/ethnic-
ity, family history of hip fracture, cigarette use, and FN BMD?) or
their previously published relation to fracture in SWAN or other
cohorts (diabetes mellitus,31-33 use of bone-detrimental medica-
tions,1%:2%:34 and clinical menopause transition stage34). For all
SWAN analyses, we include study site as a covariate, to account
for within-site correlations.

The Study of Women Health Across the Nation measured body
weight and height using calibrated scales and stadiometers
and calculated BMI as weight in kilograms divided by the
square of height in meters. Participants were considered to have
diabetes mellitus if their fasting blood glucose was >126 mg/dL
(as per American Diabetes Association guidelines)®® or if they
reported using a diabetes medication (metformin, sulfonylurea,
meglitinide, thiazolidinedione, DPP-IV inhibitor, GLP-agonist,
and insulin). Clinical menopause transition stage was deter-
mined using menstrual bleeding patterns, with premenopause
defined as no change from the usual bleeding pattern, early
perimenopause as less predictable menses at least once every 3
mo, late perimenopause as less predictable bleeding once every 3-
12 mo, and postmenopause as 12 or more months of amenorrhea.
We modeled exposure to bone-detrimental medications during
follow-up as the proportion of visits starting from the BMT
predictor assessment until the time of censoring that use of a
bone-detrimental medication was reported. We did not adjust
for exposure to bone-beneficial medications during follow-up;
rather, participants were censored at the first reported use (see
“Data Analysis” for details).

BMD (g/cm?) was measured using Hologic instruments
(Hologic, Inc., Waltham, MA, USA). Boston, Detroit, and Los
Angeles sites began SWAN with Hologic 4500A models and
subsequently upgraded to Hologic Discovery A instruments. Davis
and Pittsburgh started SWAN with Hologic 2000 models and later
upgraded to Hologic 4500A machines. When a site upgraded its
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hardware, it scanned ~40 women on its old and new machines
to develop cross-calibration regression equations. The Study of
Women Health Across the Nation circulated an anthropomorphic
spine phantom for cross-site calibration. A standard quality
control program included daily phantom measurements and a
local site review of all scans.

Data analysis

We generated descriptive statistics for all variables and described
participant characteristics using means (SD) for normally dis-
tributed continuous variables, medians (p25, p75) for continuous
variables with skewed distributions, and counts (percentages) for
categorical variables. CTX and PINP values were not normally
distributed; we used base-2 log-transformed values for the
analyses.

We conducted 2 sets of primary analyses. The first examined
the associations of BBI, CTX, or PINP with incident fracture at any
non-craniofacial and non-digital site, and the second modeled
BBI, CTX, or PINP as the predictors of fractures at a MOF site.
For each set of analyses, we employed repeated measures Cox
proportional hazards regression with BBI, CTX, or PINP as separate
primary predictors and time to first fracture as the dependent
variable (with fracture clock starting at the time of the BBI, CTX,
or PINP assessment). To account for within-woman correlations in
repeated observations, cluster robust standard errors were used.
If a woman started a bone-beneficial medication during follow-
up, we treated observations after treatment initiation as missing.
We handled such observations as missing (instead of adjusting
for the use of bone-beneficial medication) because treatments for
osteoporosis are usually taken for prolonged time periods and
substantially impact fracture risk.3® Women who did not fracture,
and did not use bone-beneficial medications were censored at
their last observation. Covariates in all models were age, BMI,
race/ethnicity, family history of hip fracture (yes/no), cigarette use
(yes/no), use of bone-detrimental medications during the obser-
vation period for fractures, FN BMD, clinical menopause transition
stage (pre-, early peri-, late-perimenopause, or postmenopause),
and SWAN study site. Values for age, BMI, cigarette use, FN BMD,
and clinical menopause transition stage were obtained from the
exposure visit.

We also conducted 2 sets of sensitivity analyses. In the first, we
used Cox proportional hazards regression to quantify the asso-
ciations of BBI, CTX, or PINP with incident low-trauma fractures
(at any site or at a MOF site). In the second, we employed Fine-
Gray competing risk regression to model the associations of BB,
CTX, or PINP with incident low- or high-trauma fractures at any
site or at a MOF site, with death as a competing risk.3"-3¢ For
all sensitivity analyses, we generated separate models for each
predictor-fracture outcome pair, and the models were adjusted for
the same covariates as those in our primary analyses.

Results
Participant characteristics

Table 1 summarizes the relevant characteristics, measured at the
SWAN baseline visit, of the parent SWAN Bone Cohort (N =2365)
and our current analysis sample (N=451); the characteristics of
these samples were similar. The 451 women in the analysis sample

afforded 1795 longitudinal observations. The median (p25, p75)
observations per participant was 4 (3, 5). The mean (SD) follow-up
time was 12.58 (4.23) yr. The racial/ethnic composition of the sam-
ple was 23% Black (N =103), 15% Chinese (N=67), 15% Japanese
(N=68), and 47% White (N=213) (Table 1).

Bone balance index values were normally distributed, but CTX
and PINP values were not. At the initial analysis visit (first visit
with CTX and PINP measurements), the median CTX and PINP
levels were 272 ng/L and 42.8 ug/L, respectively; the BBl averaged
—0.046. At the analysis outset, participants were, on average,
47.76 yr of age (range 42.87-54.61 yr). Thirty percent of the women
were in premenopause, 68% were in early perimenopause, and
2% were in late perimenopause. The mean BMI was 26.73 kg/m?,
8% of the participants had diabetes, and 13% reported using
cigarettes. The average FN BMD level was 0.829 g/cm? (Table 2).

At the last BTM measurement visit (the last follow-up at which
with CTX and PINP measures were obtained), the mean partic-
ipant age was 57.59 yr (range 44.86-67.7 yr), and the BMI aver-
aged 27.54 kg/m?. Also at this time point, 79% of the women
were in late perimenopause, and 21% were in postmenopause.
The median CTX and PINP values were 431 ng/L and 56.7 ug/L,
respectively, and the mean BBI level was —0.581 (Table 2). More
negative BBI values indicate less favorable balance; thus, during
the period between theinitial and last visits at which BBl was mea-
sured, the balance between resorption versus formation increas-
ingly favored resorption.

Also summarized in Table 2 are the characteristics of the partic-
ipants at the final analysis visit (SWAN follow-up visit 16), which
was the last follow-up visit at which fracture outcomes were avail-
able for this analysis. At this time, the mean age was 65.88 yr.

BBI, CTX, or PINP as the predictors of time
to first fracture at any site

Of the 451 participants in the analysis sample, 78 sustained a first
non-craniofacial or non-digital fracture during 15.1 yr of follow-up
(51% of these fractures were categorized as low-trauma). The most
common fractures sites were the wrist (19%), upper arm (17%),
ankle (17%), and hands or feet (16%) (Table 3).

Adjusted for clinical covariates (age, BMI, race/ethnicity, family
history of hip fracture, use of bone-detrimental medications,
cigarette use, diabetes, clinical menopause stage, and SWAN
site) and FN BMD, a greater BBI was associated with a lower
rate of future fractures at any site: the adjusted hazard ratio
(HR) per SD increment in BBI level was 0.80 (95% Cl: 0.67, 0.97;
p=.02). In contrast, adjusted for the same covariates, neither CTX
(p=.5) nor PINP (p =.1) alone was associated with fracture hazard
(Table 4).

BBI, CTX, or PINP as the predictors of
incident fracture at a MOF site

Thirty of the 78 fractures sustained during follow-up occurred at
a MOF site (50% were low-trauma). In multiply adjusted models,
each SD increment in BBl was related to a 25% smaller hazard for
fracture at a MOF site (HR [95% ClI]: 0.75[0.61, 0.95]; p =.01). In con-
trast, CTX (p=.2) or PINP (p=.4) was not significantly associated
with fracture in multiply adjusted models (Table 5).
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Table 1 Descriptives? for the SWAN Bone Cohort and analysis sample.

SWAN Bone Cohort
N=2365

Analysis sample
N=451

Time-fixed variables

Race/ethnicity 658 (28) 103 (23)
Black 245 (11) 67 (15)
Chinese 266 (11) 68 (15)
Japanese 1166 (50) 213 (47)
White

Family history of hip fracture (yes) 209 (13) 44 (11)

Characteristics at the SWAN baseline visit

Age (yr) 46.34 (2.67) 46.01 (2.48)

BMI (kg/m?) 27.75 (6.98) 26.73 (6.55)

Cigarette use (yes) 403 (17) 59 (13)

Diabetes (yes) 197 (8) 34 (7)

FN BMD (g/cm?)

0.823(0.137)

0.817 (0.131)

@Mean (SD) for continuous, normally distributed variables (age, BMI, and FN BMD); count (%) for categorical variables.

Table 2 Descriptives? for the analysis sample at initial study visit?, last BMD measurement visit¢, and final analysis visitd.

Analysis sample
N=451
Observations =2667

Initial analysis visit Last BTM measurement visit Final analysis visit

Menstrually-based MT stage

Premenopause 134 (30) 0(0) 0(0)

Early perimenopause 305 (68) 0(0) 0(0)

Late perimenopause 12 (2) 357(79) 0(0)

Postmenopause 0(0) 94 (21) 451 (100)
Age (yr) 47.76 (2.68) 57.59 (5.10) 65.88 (3.29)
BMI (kg/mb) 26.73 (6.53) 27.54 (6.71) 28.65 (6.81)
FN BMD (g/cmP) 0.829 (0.131) 0.758 (0.135) 0.726 (0.125)
Cigarette use (yes) 59 (13) 41 (9) 43(10)
Diabetes (yes) 9(2) 20 (4) 23 (5)
CTX (ng/L) 272 (195, 367) 431 (304, 560) N/A
PINP (ug/L) 42.8(33.1,55.6) 56.7(43.9,71.0) N/A
BBI —0.046 (0.759) —0.581 (0.995) N/A

@Mean (SD) for continuous, normally distributed variables (age, BMI, FN BMD, BBI); median (p25, p75) for continuous, non-normally distributed variables (CTX, PINP);
count (%) for categorical variables. b“Initial analysis visit” defined as the first SWAN follow-up visit at which participants had banked serum sample to assay CTX
and PINP. As banked serum samples from the SWAN baseline visit were not available, we do not have CTX and PINP measurements from this time point. ¢“Last BTM
measurement visit” defined as the last follow-up visit at which participants had concurrent CTX, PINP, and BBI assessments. d “Final analysis visit” defined as the last
follow-up visit at which fracture outcome data were available. Abbreviations: BBI, bone balance index; CTX, collagen type | C-telopeptide; MT, menopause transition;

PINP, procollagen type | N-terminal propeptide.

Sensitivity analyses

In our first set of sensitivity analyses, we additionally assessed
the associations of BBI, CTX, or PINP with incident low-trauma
fractures at any site or at a MOF site. After adjusting for the same
clinical covariates above, the HR (95% ClI) per SD increment in BBI
was 0.79 (0.66, 0.98) for fracture at any site (p=.03) or 0.70 (0.50,
0.97) for fracture at a MOF site (p =.03). As in the primary analyses,
neither CTX (p > .3) nor PINP (p > .8) was significantly associated
with incident low-trauma fracture in multiply adjusted models.

In the second set of sensitivity analyses, we used Fine-Gray
competing risk regression to quantify the associations of BBI, CTX,
or PINP with incident low- or high-trauma fractures (at any site
or at a MOF site) with death as a competing risk. The proportion
of participants with a fracture was 17.3% and that for death was
2.0%. Adjusted for the same covariates above, the subdistribution
HRs for fracture per SD increment in BBI, log2CTX, or log2PINP
were similar to the HRs generated by our primary (non-competing
risk) approach (data not shown).
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Table 3 Incident (first) fractures? during the study observation period.

Fracture site Number of fractures (%)

Wrist 15(19)
Hip 2(3)
Spine 4 (5)
Ribs 6(8)
Upper arm or shoulder 14 (17)
Leg above ankle 10(12)
Ankle 14 (17)
Hands or feet (non-digital) 13(16)
Total 78 (100)

2Includes low-trauma (N =40) and high-trauma (N = 38) fractures. See “Materials
and methods” for definition of low- vs high-trauma.

Table 4 Adjusted associations? of BBI, CTX, or PINP with incident fracture
(at any non-craniofacial or non-digital site) in midlife women.

Hazard ratio (95% Cl) for p-value
fracture per SD increment in
log,CTX, log2PINP, or BBI

BBI 0.80(0.67, 0.97) .02

CcTX 1.03(0.82,1.30) .5

PINP 0.86 (0.72, 1.04)

2Hazard ratios estimated using repeated measures Cox proportional hazards
regression models with BBI, log,CTX, or logaPINP as predictors in separate
models and time to first fracture as outcome, adjusted for age, BMI, race/eth-
nicity, family history of hip fracture, use of bone-detrimental medications,
cigarette use, diabetes, menopause transition stage (pre-, early peri-, late-
perimenopause, or postmenopause), FN BMD, and SWAN study site. Values for
time-varying covariates were contemporaneous with predictor assessments.
We used cluster robust standard errors to account for within-woman corre-
lations in repeated measures. Abbreviations: BBI, bone balance index; CTX,
collagen type | C-telopeptide; PINP, procollagen type | N-terminal propeptide.

Discussion

This study examined the association of a novel BBI with incident
fractures among pre-, peri-, and post-menopausal women with an
age range of 42-72 yr over the course of the observation period. We
report that greater BBI (indicating a more favorable bone balance)
related to lower fracture hazard. Specifically, each SD increment
in BBI related to a 20% lesser rate of fracture at any site and a
25% lower incidence of fracture at a MOF site. These associations
were independent of clinical risk factors and FN BMD. Contrary to
BBI, neither CTX nor PINP was significantly associated with future
fractures in this analysis sample.

An ongoing topic of investigation among BTM researchers
is whether CTX or PINP can aid clinical fracture prediction. In
particular, recent studies focus on whether individual BTMs should
be included in clinical fracture prediction algorithms (eg, the
FRAX Fracture Risk Assessment Tool).13 Neither CTX nor PINP
has been adopted in such tools, in part, because their levels do
not consistently relate to fracture risk, and when they do, the
relations are not always independent of BMD.:°~13 For instance,
although some prior analyses reported that higher CTX levels were
associated with a greater risk of fractures at any site,>® vertebral

Table 5 Adjusted associations? of BBI, CTX, or PINP with incident fracture
(at a major osteoporotic fracture site) in midlife women.

Hazard ratio (95% ClI) for p-value
fracture per SD increment in
log2CTX, log2PINP, or BBI

BBI 0.75 (0.61, 0.95) .01

CTX 1.19(0.88,1.62)

PINP 0.90(0.69, 1.17)

@Hazard ratios estimated using repeated measures Cox proportional hazards
regression models with BBI, log,CTX, or log,PINP as predictors in separate
models and time to first fracture at a major osteoporotic fracture site as out-
come, adjusted for age, BMI, race/ethnicity, family history of hip fracture, use of
bone-detrimental medications, cigarette use, diabetes, menopause transition
stage (pre-, early peri-, late-perimenopause, or postmenopause), FN BMD, and
SWAN study site. Values for time-varying covariates were contemporaneous
with predictor assessments. We used cluster robust standard errors to account
for within-woman correlations in repeated measures. Abbreviations: BBI, bone
balance index; CTX, collagen type | C-telopeptide; PINP, procollagen type I N-
terminal propeptide.

fractures,'% non-vertebral fracture,* or hip fractures,>!2 findings
were not uniform across studies, and the associations were not
always significant after controlling for BMD.%19:12:13 |jke CTX,
the PINP level was also inconsistently associated with risk of
fracture.#8,13,39,40

Our current findings support the hypothesis that combining
bone resorption and formation markers in a composite estimate
of bone balance advances our ability to forecast fractures, among
women with characteristics like those of our analysis sample.
Indeed, in this analysis, BBl was associated with the incident frac-
ture hazard, when CTX or PINP was not. Why is BBl more strongly
associated with incident fractures than its component BTMs? By
accounting for the balance between osteoclast and osteoblast
activity across the skeleton, BBI provides an aggregated signal of
the opposing effects of bone resorption and formation on frac-
ture resistance. Plausibly, the CTX component of BBI indexes the
degree of bone loss and bone microarchitectural damage, while
PINP captures the extent to which bone formation compensates
for these losses (via its beneficial effects on bone remodeling
balance and periosteal expansion).

Our results showing that BBI predicts fractures, independent of
clinical risk factors and BMD, indicates that, among pre-, peri-, and
post-menopausal women who range in age from 42 to 72 yr, BBI
may overcome a key hurdle thatimpedes fracture prediction using
CTX or PINP. Future research will quantify the degree to which BBI
improves fracture prediction beyond that afforded by clinical and
densitometric variables. Whether our results are generalizable to
older women and men adultsis uncertain. This question should be
addressed by additional research, as most fractures occur in later
life. Practically, BBl would be well-suited for inclusion in prediction
tools. Because BBI is computationally complex, individual BBI
levels are cumbersome to calculate manually. However, it could
be readily programed into prediction algorithms, such that users
would simply input a pair of CTX and PINP values to obtain BBI
estimates.

This study has several methodological strengths. First, is its lon-
gitudinal study design and repeated measures modeling strategy.
Second, sera for BTM assessments were collected under optimal
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conditions (fasting, before 10:00 AM) that minimize variability
in CTX measurements.! Third, CTX and PINP were quantified
using widely available, automated electrochemiluminescent
assays that offer superior precision and accuracy relative to older
radioimmunoassays or ELISA.?

We also consider several limitations. The first relates to our
fracture outcomes. To maximize the number of fracture events,
we included both low- and high-trauma fractures in composite
outcomes. We justify this approach because both fracture
types are associated with lower BMD and are risk factors for
future events.?®27 Indeed, some clinical trials of osteoporosis
therapies include pooled low- and high-trauma fractures as study
outcomes.***2 Moreover, in sensitivity analyses, the associations
of BBI with incident low-trauma fractures were like those of BBI
with incident low- or high-trauma fractures. Because our study
sample consisted of younger women, a small number of fractures
occurred at MOF sites, and we could not test the ability of BBI to
predict vertebral and hip fractures. Before BBI can be considered
for clinical use, more research should optimally be conducted
to characterize its association, in both older postmenopausal
women and men, with various fracture outcomes (vertebral,
non-vertebral, hip, and MOF) over specified follow-up periods.
Second, we measured CTX and PINP using serum samples because
plasma was unavailable from the repository. Some investigators
suggest that CTX may be more stable in plasma than in serum.?
In addition, although CTX is known to be stable in samples stored
at —80° C for at least 3 yr,1** we are unaware of any published
studies assessing CTX stability when stored for longer durations.
SWAN has not examined the stability of CTX in blood specimens
stored up to 24 yr (the longest duration of storage for samples
used in this study). To optimize analyte stability, we promptly
centrifuged blood specimens (within 2 h of sample collection),
stored sera at —80° C, and did not thaw samples until assay
performance. Finally, we did not exclude women with chronic
kidney disease, a condition that affects CTX and PINP levels if
glomerular filtration rates are below 60 mL/min.! This limitation
was unavoidable, as SWAN did not obtain serum creatinine
measurements in participants. Nonetheless, this limitation does
not alter our conclusions because including women with chronic
kidney disease would have caused BTM measurements to be less
accurate indices of bone resorption and formation and reduced
our ability to discern an association of BBl with incident fractures.

Among middle-aged pre-, peri-, and post-menopausal women,
a novel BBI that quantifies total-body bone balance from paired
CTX and PINP measurements predict fractures, independent of
clinical and densitometric risk factors. Unlike BBI, neither the CTX
nor the PINP level was associated with incident fractures in our
analysis sample. We conclude that the BBI advances our ability to
use BTMs to predict fractures.

Acknowledgments

The content of this article manuscript s solely the responsibility of
the authors and does not necessarily represent the official views
of the NIA, NINR, ORWH, or the NIH. Clinical Centers: University of
Michigan, Ann Arbor—Carrie Karvonen-Gutierrez, Pl 2021-present,
Sioban Harlow, PI 2011-2021, MaryFran Sowers, Pl 1994-2011;
Massachusetts General Hospital, Boston, MA—Sherri-Ann Burnett-
Bowie, Pl 2020-Present; Joel Finkelstein, Pl 1999-2020; Robert
Neer, Pl 1994-1999; Rush University, Rush University Medical

Center, Chicago, IL—Imke Janssen, Pl 2020-Present; Howard
Kravitz, Pl 2009-2020; Lynda Powell, Pl 1994-2009; University of
California, Davis/Kaiser—Elaine Waetjen and Monique Hedderson,
PIs2020-Present; Ellen Gold, PI 1994-2020; University of California,
Los Angeles—Arun Karlamangla, PI 2020-Present; Gail Greendale,
Pl 1994-2020; Albert Einstein College of Medicine, Bronx, NY—
Carol Derby, PI 2011-present, Rachel Wildman, Pl 2010-2011,;
Nanette Santoro, Pl 2004-2010; University of Medicine and
Dentistry—New Jersey Medical School, Newark—Gerson Weiss,
Pl 1994-2004; and the University of Pittsburgh, Pittsburgh, PA—
Rebecca Thurston, Pl 2020-Present; Karen Matthews, Pl 1994-
2020. NIH Program Office: National Institute on Aging, Bethesda,
MD—Rosaly Correa-de-Araujo 2020-present; Chhanda Dutta 2016-
present; Winifred Rossi 2012-2016; Sherry Sherman 1994-2012;
Marcia Ory 1994-2001; National Institute of Nursing Research,
Bethesda, MD—Program Officers. Central Laboratory: University
of Michigan, Ann Arbor—Daniel McConnell (Central Ligand Assay
Satellite Services). NIA Biorepository—Rosaly Correa-de-Araujo
2019-Present; SWAN Repository: University of Michigan, Ann
Arbor—Sioban Harlow 2013-2018; Dan McConnell 2011-2013;
MaryFran Sowers 2000-2011. Coordinating Center: University
of Pittsburgh, Pittsburgh, PA—Maria Mori Brooks, Pl 2012-
present; Kim Sutton-Tyrrell, PI 2001-2012; New England Research
Institutes, Watertown, MA—Sonja McKinlay, PI 1995-2001. Steering
Committee: Susan Johnson, Current Chair. Chris Gallagher,
Former Chair. We thank the study staff at each site and all the
women who participated in SWAN.

Author contributions

Albert Shieh contributed to study design, statistical analysis, and
primary manuscript drafting. Arun S. Karlamangla contributed
to statistical analysis and critical review of manuscript. Fatma
Gossiel and Richard Eastell contributed to BTM assay perfor-
mance, results interpretation and critical review of manuscript.
Sherri-Ann Burnett-Bowie contributed to study design and critical
review of manuscript. Gail A. Greendale contributed to participant
recruitment for the parent SWAN study, study design, and primary
manuscript drafting.

Albert Shieh (Conceptualization, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Writing—original draft, Writing—review & editing), Arun S.
Karlamangla (Conceptualization, Formal analysis, Writing—
review & editing), Fatma Gossiel (Data curation, Investigation,
Methodology, Writing—review & editing), Richard Eastell (Data
curation, Investigation, Methodology, Writing—review & editing),
Sherri-Ann Burnett-Bowie (Data curation, Investigation, Writing—
review & editing), and Gail A. Greendale (Conceptualization,
Formal analysis, Investigation, Supervision, Writing—review &
editing)

Funding

The Study of Women’s Health Across the Nation has grant support
from the National Institutes of Health (NIH), DHHS, through the
National Institute on Aging, the National Institute of Nursing
Research and the NIH Office of Research on Women’s Health
(ORWH) (Grants UO1NR004061; U01AG012505, U01AG012535,
U01AG012531, UO01AGO012539, U01AG012546, UO01AG012553,
U01AG012554, U01AG012495, and U19AG063720). This analysis

920z aunp og uo Jasn uosdwig preyory Aq 2019698/2606812z///0 | /ejonie/snidwql/woo dno-oliwapeoe//:sdiy Woll papeojumoc]



JBMR Plus, 2026, Volume 10 Issue 7

was supported by NIH through the National Institute of Arthritis
and Musculoskeletal and Skin Diseases (Grant RO1AR075729).

Conflicts of interest

AS., ASK, F.G, S.M.B., and G.A.G. have nothing to disclose. Dr
Richard Eastell receives consultancy funding from AstraZeneca,
Immunodiagnostic Systems, Sandoz, Samsung, CL Bio, CureTeQ,
Biocon, Grunenthal, Takeda, Theramex, and UCB, meeting pre-
sentations for Pharmacosmos, Alexion, Radius, UCB, and Amgen,
travel funding from Samsung and CL Bio, and grant funding from
Alexion, CL Bio, and Osteolabs.

Data availability

Some or all datasets generated during and/or analyzed during the
current study are not publicly available but are available from the
corresponding author on reasonable request.

References

1. SchiniM, Vilaca T, Gossiel F, Salam S, Eastell R. Bone turnover
markers: basic biology to clinical applications. Endocr Rev.
2022;44(3):417-473. https://doi.org/10.1210/endrev/bnac031

2. Vasikaran S, Eastell R, Bruyére O, et al. Markers of bone
turnover for the prediction of fracture risk and monitoring
of osteoporosis treatment: a need for international refer-
ence standards. Osteoporos Int. 2011;22(2):391-420. https://
doi.org/10.1007/s00198-010-1501-1

3. Kanis JA, Johnell O, Oden A, Johansson H, McCloskey E. FRAX
and the assessment of fracture probability in men and women
from the UK. Osteoporos Int. 2008;19(4):385-397. https://doi.
org/10.1007/s00198-007-0543-5

4. Bauer DC, Garnero P, Harrison SL, et al. Biochemical markers
of bone turnover, hip bone loss, and fracture in older men: the
MrOS study. J Bone Miner Res. 2009;24(12):2032-2038. https://
doi.org/10.1359/jbmr.090526

5. Chapurlat RD, Garnero P, Bréart G, Meunier PJ, Delmas PD.
Serum type | collagen breakdown product (serum CTX)
predicts hip fracture risk in elderly women: the EPIDOS study.
Bone. 2000;27(2):283-286. https://doi.org/10.1016/S8756
-3282(00)00325-2

6. Garnero P, Sornay-Rendu E, Claustrat B, Delmas PD. Biochem-
ical markers of bone turnover, endogenous hormones and the
risk of fractures in postmenopausal women: the OFELY study.
J Bone Miner Res. 2000;15(8):1526-1536. https://doi.org/10.
1359/jbmr.2000.15.8.1526

7. Shieh A, Greendale GA, Cauley JA, Karlamangla AS. The
association between fast increase in bone turnover during
the menopause transition and subsequent fracture. J Clin
Endocrinol Metab. 2020;105(4):e1440-e1448. https://doi.org/
10.1210/clinem/dgz281

8. Meier C, Nguyen TV, Center JR, Seibel MJ, Eisman JA. Bone
resorption and osteoporotic fractures in elderly men: the
Dubbo osteoporosis epidemiology study. J Bone Miner Res.
2005;20(4):579-587. https://doi.org/10.1359/JBMR.041207

9. Ivaska KK, Gerdhem P, Vdananen HK, Akesson K, Obrant KJ.
Bone turnover markers and prediction of fracture: a prospec-
tive follow-up study of 1040 elderly women for a mean of 9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

years. J Bone Miner Res. 2010;25(2):393-403. https://doi.org/
10.1359/jbmr.091006

Gerdhem P, Ivaska KK, Alatalo SL, et al. Biochemical mark-
ers of bone metabolism and prediction of fracture in elderly
women. J Bone Miner Res. 2004;19(3):386-393. https://doi.
org/10.1359/JBMR.0301244

Johansson H, 0dén A, Kanis JA, et al. A meta-analysis of
reference markers of bone turnover for prediction of fracture.
Calcif Tissue Int. 2014;94(5):560-567. https://doi.org/10.1007/
$00223-014-9842-y

Dobnig H, Piswanger-Solkner JC, Obermayer-Pietsch B, et al.
Hip and nonvertebral fracture prediction in nursing home
patients: role of bone ultrasound and bone marker measure-
ments. J Clin Endocrinol Metab. 2007;92(5):1678-1686. https://
doi.org/10.1210/jc.2006-2079

Crandall CJ, Vasan S, LaCroix A, et al. Bone turnover
markers are not associated with hip fracture risk: a case-
control study in the Women’s Health Initiative. J Bone Miner
Res. 2018;33(7):1199-1208. https://doi.org/10.1002/jbmr.
3471

Gossiel F, Altaher H, Reid DM, et al. Bone turnover
markers after the menopause: T-score approach. Bone.
2018;111(2018):44-48. https://doi.org/10.1016/j.bone.2018.
03.016

Shieh A, Karlamangla AS, Gossiel F, Eastell R, Burnett-Bowie
SA, Greendale GA. Estimating net bone formation relative
to resorption using reference bone turnover markers. J Clin
Endocrinol Metab. 2024;110(8):e2544-e2552. https://doi.org/
10.1210/clinem/dgae842

Shieh A, Ishii S, Greendale GA, Cauley JA, Lo JC, Karla-
mangla AS. Urinary N-telopeptide and rate of bone loss
over the menopause transition and early postmenopause.
J Bone Miner Res. 2016;31(11):2057-2064. https://doi.org/10.
1002/jbmr.2889

Akhter M, Lappe J, Davies K, Recker R. Transmenopausal
changes in the trabecular bone structure. Bone. 2007;41(1):
111-116. https://doi.org/10.1016/j.bone.2007.03.019

Recker R, Lappe J, Davies KM, Heaney R. Bone remodeling
increases substantially in the years after menopause and
remains increased in older osteoporosis patients. J Bone
Miner Res. 2004;19(10):1628-1633. https://doi.org/10.1359/
JBMR.040710

Shieh A, Karlamangla AS, Huang MH, Han W, Greendale GA.
Faster lumbar spine bone loss in midlife predicts subsequent
fracture independent of starting bone mineral density. J Clin
Endocrinol Metab. 2021;106(7):e2491-e2501. https://doi.org/
10.1210/clinem/dgab279

Greendale GA, Sowers M, Han W, et al. Bone mineral density
loss in relation to the final menstrual period in a multiethnic
cohort: results from the Study of Women’s Health Across the
Nation (SWAN). J Bone Miner Res. 2012;27(1):111-118. https://
doi.org/10.1002/jbmr.534

Shieh A, Han W, Ishii S, Greendale GA, Crandall CJ, Karla-
mangla AS. Quantifying the balance between total bone for-
mation and total bone resorption: an index of net bone forma-
tion. J Clin Endocrinol Metab. 2016;101(7):2802-2809. https://
doi.org/10.1210/jc.2015-4262

Jepsen KJ, Andarawis-Puri N. The amount of periosteal
apposition required to maintain bone strength during aging
depends on adult bone morphology and tissue-modulus

920z aunp og uo Jasn uosdwig preyory Aq 2019698/2606812z///0 | /ejonie/snidwql/woo dno-oliwapeoe//:sdiy Woll papeojumoc]


https://doi.org/10.1210/endrev/bnac031
https://doi.org/10.1210/endrev/bnac031
https://doi.org/10.1210/endrev/bnac031
https://doi.org/10.1210/endrev/bnac031
https://doi.org/10.1210/endrev/bnac031
https://doi.org/10.1210/endrev/bnac031
https://doi.org/10.1210/endrev/bnac031
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-010-1501-1
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1007/s00198-007-0543-5
https://doi.org/10.1359/jbmr.090526
https://doi.org/10.1359/jbmr.090526
https://doi.org/10.1359/jbmr.090526
https://doi.org/10.1359/jbmr.090526
https://doi.org/10.1359/jbmr.090526
https://doi.org/10.1359/jbmr.090526
https://doi.org/10.1359/jbmr.090526
https://doi.org/10.1016/S8756-3282(00)00325-2
https://doi.org/10.1016/S8756-3282(00)00325-2
https://doi.org/10.1016/S8756-3282(00)00325-2
https://doi.org/10.1016/S8756-3282(00)00325-2
https://doi.org/10.1016/S8756-3282(00)00325-2
https://doi.org/10.1016/S8756-3282(00)00325-2
https://doi.org/10.1016/S8756-3282(00)00325-2
https://doi.org/10.1016/S8756-3282(00)00325-2
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1359/jbmr.2000.15.8.1526
https://doi.org/10.1210/clinem/dgz281
https://doi.org/10.1210/clinem/dgz281
https://doi.org/10.1210/clinem/dgz281
https://doi.org/10.1210/clinem/dgz281
https://doi.org/10.1210/clinem/dgz281
https://doi.org/10.1210/clinem/dgz281
https://doi.org/10.1210/clinem/dgz281
https://doi.org/10.1359/JBMR.041207
https://doi.org/10.1359/JBMR.041207
https://doi.org/10.1359/JBMR.041207
https://doi.org/10.1359/JBMR.041207
https://doi.org/10.1359/JBMR.041207
https://doi.org/10.1359/JBMR.041207
https://doi.org/10.1359/JBMR.041207
https://doi.org/10.1359/jbmr.091006
https://doi.org/10.1359/jbmr.091006
https://doi.org/10.1359/jbmr.091006
https://doi.org/10.1359/jbmr.091006
https://doi.org/10.1359/jbmr.091006
https://doi.org/10.1359/jbmr.091006
https://doi.org/10.1359/jbmr.091006
https://doi.org/10.1359/JBMR.0301244
https://doi.org/10.1359/JBMR.0301244
https://doi.org/10.1359/JBMR.0301244
https://doi.org/10.1359/JBMR.0301244
https://doi.org/10.1359/JBMR.0301244
https://doi.org/10.1359/JBMR.0301244
https://doi.org/10.1359/JBMR.0301244
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1007/s00223-014-9842-y
https://doi.org/10.1210/jc.2006-2079
https://doi.org/10.1210/jc.2006-2079
https://doi.org/10.1210/jc.2006-2079
https://doi.org/10.1210/jc.2006-2079
https://doi.org/10.1210/jc.2006-2079
https://doi.org/10.1210/jc.2006-2079
https://doi.org/10.1210/jc.2006-2079
https://doi.org/10.1210/jc.2006-2079
https://doi.org/10.1002/jbmr.3471
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1016/j.bone.2018.03.016
https://doi.org/10.1210/clinem/dgae842
https://doi.org/10.1210/clinem/dgae842
https://doi.org/10.1210/clinem/dgae842
https://doi.org/10.1210/clinem/dgae842
https://doi.org/10.1210/clinem/dgae842
https://doi.org/10.1210/clinem/dgae842
https://doi.org/10.1210/clinem/dgae842
https://doi.org/10.1002/jbmr.2889
https://doi.org/10.1002/jbmr.2889
https://doi.org/10.1002/jbmr.2889
https://doi.org/10.1002/jbmr.2889
https://doi.org/10.1002/jbmr.2889
https://doi.org/10.1002/jbmr.2889
https://doi.org/10.1002/jbmr.2889
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1016/j.bone.2007.03.019
https://doi.org/10.1359/JBMR.040710
https://doi.org/10.1359/JBMR.040710
https://doi.org/10.1359/JBMR.040710
https://doi.org/10.1359/JBMR.040710
https://doi.org/10.1359/JBMR.040710
https://doi.org/10.1359/JBMR.040710
https://doi.org/10.1359/JBMR.040710
https://doi.org/10.1210/clinem/dgab279
https://doi.org/10.1210/clinem/dgab279
https://doi.org/10.1210/clinem/dgab279
https://doi.org/10.1210/clinem/dgab279
https://doi.org/10.1210/clinem/dgab279
https://doi.org/10.1210/clinem/dgab279
https://doi.org/10.1210/clinem/dgab279
https://doi.org/10.1002/jbmr.534
https://doi.org/10.1002/jbmr.534
https://doi.org/10.1002/jbmr.534
https://doi.org/10.1002/jbmr.534
https://doi.org/10.1002/jbmr.534
https://doi.org/10.1002/jbmr.534
https://doi.org/10.1002/jbmr.534
https://doi.org/10.1210/jc.2015-4262
https://doi.org/10.1210/jc.2015-4262
https://doi.org/10.1210/jc.2015-4262
https://doi.org/10.1210/jc.2015-4262
https://doi.org/10.1210/jc.2015-4262
https://doi.org/10.1210/jc.2015-4262
https://doi.org/10.1210/jc.2015-4262
https://doi.org/10.1210/jc.2015-4262

JBMR Plus, 2026, Volume 10 Issue 7

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

degradation rate. J Bone Miner Res. 2012;27(9):1916-1926.
https://doi.org/10.1002/jbmr.1643

Langdahl B, Ferrari S, Dempster DW. Bone modeling and
remodeling: potential as therapeutic targets for the
treatment of osteoporosis. Ther Adv Musculoskelet Dis.
2016;8(6):225-235. https://doi.org/10.1177/1759720X166
70154

Shieh A, Karlamangla AS, Karvonen-Guttierez CA, Greendale
GA. Menopause-related changes in body composition are
associated with subsequent bone mineral density and frac-
tures: study of women’s health across the nation. J Bone
Miner Res. 2023;38(3):395-402. https://doi.org/10.1002/jbmr.
4759

Warriner AH, Patkar NM, Yun H, Delzell E. Minor, major, low-
trauma, and high-trauma fractures: what are the subsequent
fracture risks and how do they vary? Curr Osteoporos Rep.
2011;9(3):122.

Cummings SR, Eastell R. Stop (mis)classifying fractures as
high- or low-trauma or as fragility fractures. Osteoporos Int.
2020;31(6):1023-1024.  https://doi.org/10.1007/500198-020
-05325-z

Leslie WD, Schousboe JT, Morin SN, et al. Fracture risk follow-
ing high-trauma versus low-trauma fracture: a registry-based
cohort study. Osteoporos Int. 2020;31(6):1059-1067. https://
doi.org/10.1007/s00198-019-05274-2

Redmond J, Fulford AJ, Jarjou L, Zhou B, Prentice A, Schoen-
makers I. Diurnal rhythms of bone turnover markers in three
ethnic groups. J Clin Endocrinol Metab. 2016;101(8):3222-
3230. https://doi.org/10.1210/jc.2016-1183

Clowes JA, Hannon RA, Yap TS, Hoyle NR, Blumsohn A,
Eastell R. Effect of feeding on bone turnover markers
and its impact on biological variability of measurements.
Bone. 2002;30(6):886-890. https://doi.org/10.1016/S8756
-3282(02)00728-7

Szulc P, Naylor K, Hoyle NR, Eastell R, Leary ET. Use of CTX-
I and PINP as bone turnover markers: National Bone Health
Alliance recommendations to standardize sample handling
and patient preparation to reduce pre-analytical variabil-
ity. Osteoporos Int. 2017;28(9):2541-2556. https://doi.org/10.
1007/s00198-017-4082-4

Khalil N, Sutton-Tyrrell K, Strotmeyer ES, et al. Menopausal
bone changes and incident fractures in diabetic women: a
cohort study. Osteoporos Int. 2011;22(5):1367-1376. https://
doi.org/10.1007/s00198-010-1357-4

Moayeri A, Mohamadpour M, Mousavi SF, Shirzadpour
E, Mohamadpour S, Amraei M. Fracture risk in patients
with type 2 diabetes mellitus and possible risk factors: a
systematic review and meta-analysis. Ther Clin Risk Manag.
2017;13(2017):455-468. https://doi.org/10.2147/TCRM.
S131945

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wang H, Ba Y, Xing Q, Du J-L. Diabetes mellitus and the
risk of fractures at specific sites: a meta-analysis. BMJ
Open. 2019;9(1):e024067. https://doi.org/10.1136/bmjopen
-2018-024067

Shieh A, Karlamangla AS, Huang M-H, et al. Dietary inflamma-
tory index and fractures in midlife women: study of Women’s
health across the nation. J Clin Endocrinol Metab. 2023;
108(8):e594-e602. https://doi.org/10.1210/clinem/dgad051
American Diabetes Association Professional Practice C. 2.
Diagnosis and classification of diabetes: standards of care
in diabetes—2025. Diabetes Care. 2024;48(Supplement_1):
S27-S49.

Barrionuevo P, Kapoor E, Asi N, et al. Efficacy of phar-
macological therapies for the prevention of fractures in
postmenopausal women: a network meta-analysis. J Clin
Endocrinol Metab. 2019;104(5):1623-1630. https://doi.org/10.
1210/jc.2019-00192

Maradit Kremers H, Devick KL, Larson DR, Lewallen DG, Berry
DJ, Crowson CS. Competing risk analysis: what does it mean
and when do we need it in orthopedics research? J Arthro-
plast. 2021;36(10):3362-3366. https://doi.org/10.1016/j.arth.
2021.04.015

Berry SD, Ngo L, Samelson EJ, Kiel DP. Competing risk of
death: animportant consideration in studies of older adults. J
Am Geriatr Soc. 2010;58(4):783-787. https://doi.org/10.1111/j.
1532-5415.2010.02767.x

Garnero P, Hausherr E, Chapuy MC, et al. Markers of bone
resorption predict hip fracture in elderly women: the EPIDOS
prospective study. J Bone Miner Res. 1996;11(10):1531-1538.
https://doi.org/10.1002/jbmr.5650111021

Szulc P, Montella A, Delmas PD. High bone turnover is associ-
ated with accelerated bone loss but not with increased frac-
ture risk in men aged 50 and over: the prospective MINOS
study. Ann Rheum Dis. 2008;67(9):1249-1255. https://doi.org/
10.1136/ard.2007.077941

Kendler DL, Marin F, Zerbini CAF, et al. Effects of teriparatide
and risedronate on new fractures in post-menopausal
women with severe osteoporosis (VERO): a multicentre,
double-blind, double-dummy, randomised controlled trial.
Lancet. 2018;391(10117):230-240. https://doi.org/10.1016/
S0140-6736(17)32137-2

Bolland MJ, Nisa Z, Mellar A, et al. Fracture prevention with
infrequent zoledronate in women 50 to 60 years of age.
N Engl J Med. 2025;392(3):239-248. https://doi.org/10.1056/
NEJM0a2407031

Quist P, Munk M, Hoyle N, Christiansen C. Serum and plasma
fragments of C-telopeptides of type | collagen (CTX) are stable
during storage at low temperatures for 3 years. Clin Chim
Acta. 2004;350(1-2):167-173. https://doi.org/10.1016/j.cccn.
2004.07.024

© The Author(s) 2026. Published by Oxford University Press on behalf of the American Society for Bone and Mineral Research. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the

Permissions link on the article page on our site—for further

ion please contact journal; m

JBMR Plus, 2026, 10, ziag092
https://doi.org/10.1093/jbmrpl/ziag092
Research Article

920z aunp og uo Jasn uosdwig preyory Aq 2019698/2606812z///0 | /ejonie/snidwql/woo dno-oliwapeoe//:sdiy Woll papeojumoc]


https://doi.org/10.1002/jbmr.1643
https://doi.org/10.1002/jbmr.1643
https://doi.org/10.1002/jbmr.1643
https://doi.org/10.1002/jbmr.1643
https://doi.org/10.1002/jbmr.1643
https://doi.org/10.1002/jbmr.1643
https://doi.org/10.1002/jbmr.1643
https://doi.org/10.1177/1759720X16670154
https://doi.org/10.1002/jbmr.4759
https://doi.org/10.1002/jbmr.4759
https://doi.org/10.1002/jbmr.4759
https://doi.org/10.1002/jbmr.4759
https://doi.org/10.1002/jbmr.4759
https://doi.org/10.1002/jbmr.4759
https://doi.org/10.1002/jbmr.4759
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-020-05325-z
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1007/s00198-019-05274-2
https://doi.org/10.1210/jc.2016-1183
https://doi.org/10.1210/jc.2016-1183
https://doi.org/10.1210/jc.2016-1183
https://doi.org/10.1210/jc.2016-1183
https://doi.org/10.1210/jc.2016-1183
https://doi.org/10.1210/jc.2016-1183
https://doi.org/10.1210/jc.2016-1183
https://doi.org/10.1210/jc.2016-1183
https://doi.org/10.1016/S8756-3282(02)00728-7
https://doi.org/10.1016/S8756-3282(02)00728-7
https://doi.org/10.1016/S8756-3282(02)00728-7
https://doi.org/10.1016/S8756-3282(02)00728-7
https://doi.org/10.1016/S8756-3282(02)00728-7
https://doi.org/10.1016/S8756-3282(02)00728-7
https://doi.org/10.1016/S8756-3282(02)00728-7
https://doi.org/10.1016/S8756-3282(02)00728-7
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-017-4082-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.1007/s00198-010-1357-4
https://doi.org/10.2147/TCRM.S131945
https://doi.org/10.2147/TCRM.S131945
https://doi.org/10.2147/TCRM.S131945
https://doi.org/10.2147/TCRM.S131945
https://doi.org/10.2147/TCRM.S131945
https://doi.org/10.2147/TCRM.S131945
https://doi.org/10.2147/TCRM.S131945
https://doi.org/10.1136/bmjopen-2018-024067
https://doi.org/10.1136/bmjopen-2018-024067
https://doi.org/10.1136/bmjopen-2018-024067
https://doi.org/10.1136/bmjopen-2018-024067
https://doi.org/10.1136/bmjopen-2018-024067
https://doi.org/10.1136/bmjopen-2018-024067
https://doi.org/10.1136/bmjopen-2018-024067
https://doi.org/10.1136/bmjopen-2018-024067
https://doi.org/10.1210/clinem/dgad051
https://doi.org/10.1210/clinem/dgad051
https://doi.org/10.1210/clinem/dgad051
https://doi.org/10.1210/clinem/dgad051
https://doi.org/10.1210/clinem/dgad051
https://doi.org/10.1210/clinem/dgad051
https://doi.org/10.1210/clinem/dgad051
https://doi.org/10.1210/jc.2019-00192
https://doi.org/10.1210/jc.2019-00192
https://doi.org/10.1210/jc.2019-00192
https://doi.org/10.1210/jc.2019-00192
https://doi.org/10.1210/jc.2019-00192
https://doi.org/10.1210/jc.2019-00192
https://doi.org/10.1210/jc.2019-00192
https://doi.org/10.1210/jc.2019-00192
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1016/j.arth.2021.04.015
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1111/j.1532-5415.2010.02767.x
https://doi.org/10.1002/jbmr.5650111021
https://doi.org/10.1002/jbmr.5650111021
https://doi.org/10.1002/jbmr.5650111021
https://doi.org/10.1002/jbmr.5650111021
https://doi.org/10.1002/jbmr.5650111021
https://doi.org/10.1002/jbmr.5650111021
https://doi.org/10.1002/jbmr.5650111021
https://doi.org/10.1136/ard.2007.077941
https://doi.org/10.1136/ard.2007.077941
https://doi.org/10.1136/ard.2007.077941
https://doi.org/10.1136/ard.2007.077941
https://doi.org/10.1136/ard.2007.077941
https://doi.org/10.1136/ard.2007.077941
https://doi.org/10.1136/ard.2007.077941
https://doi.org/10.1136/ard.2007.077941
https://doi.org/10.1016/S0140-6736(17)32137-2
https://doi.org/10.1016/S0140-6736(17)32137-2
https://doi.org/10.1016/S0140-6736(17)32137-2
https://doi.org/10.1016/S0140-6736(17)32137-2
https://doi.org/10.1016/S0140-6736(17)32137-2
https://doi.org/10.1016/S0140-6736(17)32137-2
https://doi.org/10.1016/S0140-6736(17)32137-2
https://doi.org/10.1016/S0140-6736(17)32137-2
https://doi.org/10.1056/NEJMoa2407031
https://doi.org/10.1056/NEJMoa2407031
https://doi.org/10.1056/NEJMoa2407031
https://doi.org/10.1056/NEJMoa2407031
https://doi.org/10.1056/NEJMoa2407031
https://doi.org/10.1056/NEJMoa2407031
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://doi.org/10.1016/j.cccn.2004.07.024
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/jbmrpl/ziag092

	 An index of net bone formation relative to resorption is associated with incident fracture during the menopause transition and postmenopause
	Introduction
	Materials and methods
	Results
	Discussion
	 Acknowledgments
	Author contributions
	Funding
	Conflicts of interest
	Data availability


