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Abstract

Background

Puberty is a critical period for bone mass accrual, and late puberty in boys is associated with
reduced bone mass in adult men. The role of variations in pubertal timing within the normal
range for adult fracture risk in men is, however, unknown. We, therefore, assessed the asso-
ciation between age at peak height velocity (PHV), an objective measure of pubertal timing,
and fracture risk in adult men.

Methods and findings

In the BMI Epidemiology Study Gothenburg, 31,971 Swedish men born between January 1,
1945, and December 31, 1961, with detailed growth data (height and weight) available from
centrally archived school healthcare records and the conscription register were followed
until December 31, 2016. Age at PHV was calculated according to a modified infancy—child-
hood—puberty model, and fracture information was retrieved from the Swedish National
Patient Register. The mean + SD age at PHV was 14.1 + 1.1 years. In total, 5,872 men
(18.4%) sustained at least 1 fracture after 20 years of age and 5,731 men (17.9%) sustained
a non-vertebral fracture after 20 years of age during a mean * SD follow-up of 37.3+ 11.7
years. Cox proportional hazards models adjusted for birth year and country of origin
revealed that age at PHV was associated with the risk of any fracture and non-vertebral frac-
ture. Participants with age at PHV in the highest tertile (after 14.5 years of age) were at
greater risk of any fracture (hazard ratio [HR] 1.15, 95% confidence interval [CI] 1.08—1.22,
P <0.001) and non-vertebral fracture (HR 1.16, 95% CI 1.09—1.24, P <0.001) compared
with those with age at PHV in the lowest tertile (at 13.6 years of age or younger). Additional
adjustments for birthweight, childhood BMI, adult educational level, and young adult height
did not attenuate the associations between age at PHV and adult fracture risk. Limitations of
this study include the inability to adjust for important risk factors for fracture, inadequate
power to assess the relation between pubertal timing and specific fracture types, and the
limited generalizability to other populations.
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Conclusions

In this study, we observed that late pubertal timing was associated with increased adult frac-
ture risk in men. These findings suggest that information on pubertal timing might aid in the
identification of those men at greatest risk of fracture.

Author summary

Why was this study done?

o Itis well known that pubertal timing is associated with peak bone mass and bone health
later in life, with later puberty in boys being associated with reduced bone mass in adult
men.

o However, it remains unknown whether pubertal timing is associated with the clinical
endpoint fracture.

« This study investigates the predictive role of variations in pubertal timing for adult frac-
ture risk in men.

What did the researchers do and find?

» We conducted a population-based cohort study that included 31,971 Swedish men born
in 1945-1961.

« Using age at peak height velocity as an objective measure of pubertal timing, we found
that pubertal timing in boys was associated with adult fracture risk.

« Men with late pubertal timing (age at peak height velocity in the highest tertile) had a
15% higher risk of sustaining a fracture compared with those with early puberty (age at
peak height velocity in the lowest tertile).

What do these findings mean?

o These results highlight the importance of pubertal timing as a risk marker for adult frac-
ture in men.

o These findings suggest that information on pubertal timing might help to identify those
men at greatest risk of fracture.

Introduction

Puberty, representing the transition from childhood to adulthood, plays an essential role in
longitudinal and appositional bone growth as well as bone mineral acquisition [1]. The timing
of pubertal maturation is highly variable, with the onset ranging from 8 to 12 and from 9 to 13
years of age in girls and boys, respectively [2-4]. Pubertal timing in girls is most often defined
by the age at menarche, a distinct late marker of sexual development. In young adult women,
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later age at menarche is associated with impaired bone mass accrual, reduced mechanical
strength, and increased fracture risk [5-9]. Retrospective epidemiological studies of pre- and
postmenopausal women also demonstrated that later age at menarche was associated with
lower areal and volumetric bone mineral density (BMD) [10-14] and increased risk of osteopo-
rotic fractures [15-17]. In addition, recent Mendelian randomization analyses indicated that
age at menarche might play a causal role in the etiology of osteoporosis since age at menarche
was causally associated with BMD at both the lumbar spine and femoral neck in women
[18,19]. In boys, age at voice breaking represents a distinct indicator of puberty, but its retro-
spective use has not been validated and may be limited due to recall bias [13]. Instead, age at
peak height velocity (PHV), i.e., the age at which the maximum longitudinal growth velocity is
attained, can be used as an objective measure of pubertal timing based on growth curve analysis
[20]. Several observational studies demonstrated that older age at puberty in boys, assessed
either by Tanner stage [6] or by age at PHV [9], inversely associated with areal bone density
measurements in young adulthood. We previously showed that late age at PHV was associated
with low trabecular and cortical volumetric BMD at the radius as well as previous fracture in
642 young adult Swedish men participating in the Gothenburg Osteoporosis and Obesity Deter-
minants study [21]. Also, later puberty, based on growth tempo from serial height measure-
ments, was associated with sustained lower trabecular volumetric BMD and reduced bone size
and calculated bone strength at the radius, as well as lower areal BMD at the lumber spine and
total hip, in 792 men at 60-64 years of age from a British birth cohort study [22]. Moreover,
later recalled timing of voice breaking, indicative of later puberty, was nominally associated
with a higher risk of self-reported osteoporosis, but the association did not remain significant
after adjustment for multiple testing [13]. Most recently, using a Mendelian randomization
approach, genetically determined later puberty was causally associated with lower areal BMD at
the lumbar spine and femoral neck in adult men [18]. However, evidence supporting a role of
pubertal timing in adult fracture risk in men is still missing, most likely because of lack of well-
powered cohorts with long-term follow-up and an objective measure of male pubertal timing
available. Therefore, the aim of this study was to investigate the predictive role of variations in
pubertal timing within the normal range, assessed by age at PHV, for adult fracture risk in the
large-scale population-based BMI Epidemiology Study (BEST) Gothenburg. As previous evi-
dence indicated that pubertal timing in boys inversely associates with BMD in adult men, we
hypothesized that late puberty may be a risk marker for adult fracture risk in men.

Methods

This study is reported as per the Strengthening the Reporting of Observational Studies in Epi-
demiology (STROBE) guidelines (S1 ChecKklist).

Study design and participants

The population-based BEST Gothenburg cohort was initiated with the overall aim to study the
impact of childhood BMI and pubertal timing on diseases during adulthood [23-25]. To that
end, we collected data on birthweight as well as directly measured height and weight from cen-
trally archived school healthcare records for all men born between January 1, 1945, and
December 31, 1961, who attended school in Gothenburg, Sweden, as previously described
[23]. These measurements were performed by specially trained school nurses. For height mea-
surements, a wall-mounted stadiometer was used, and the participants were weighed wearing
lightweight clothing. These health examinations were performed according to a prespecified
program throughout childhood and until the children finished secondary school. We also col-
lected height and weight at young adult age from military conscription examinations.
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Background population
Men born 1945-1961 who finished
school in Gothenburg municipality

n = 50,020

> Incomplete PIN

n=1,301
Eligible individuals
Men with complete PIN
n=48,719

Lacking age at PHV and/or

> BMI data
n=16,748

\ 4

Cohort in present study
n = 31,971 (64%)

Fig 1. Flow chart of the BMI Epidemiology Study Gothenburg participants included in the present study. BMI,
body mass index; PHV, peak height velocity; PIN, personal identity number.

https://doi.org/10.1371/journal.pmed.1002986.9001

Conscription was mandatory until 2008 for all Swedish men. The study cohort was linked to
high-quality national disease registers using the personal identity numbers (PINs) from the
included individuals. Individuals eligible for the study were those with a school healthcare
record in the central archive and a 10-digit PIN (Fig 1). For the present study, individuals with
data available for calculation of BMI and age at PHV in the first BEST Gothenburg cohort [23]
were included (n = 31,971; Fig 1 and Table 1). We compared BMI, height, and weight from the
examination at conscription for those included in the present study (n = 29,305 individuals
included in the study who also had a conscription exam record) with those not included (n =
5,386 individuals excluded based on missing age at PHV and BMI data but who had a con-
scription exam record). Minor differences regarding BMI (0.3% difference, mean + SD,

21.14 + 2.52 and 21.05 + 2.57 kg/m”, respectively, P = 0.022 using ¢ test), height (0.9% differ-
ence, 179.2 + 6.4 and 178.7 + 6.5 cm, respectively, P < 0.001), and weight (0.4% difference,
68.0 + 9.4 versus 67.3 + 9.6 kg, respectively, P < 0.001) were observed. Childhood BMI and age
at PHV were a strong and predefined focus of the BEST Gothenburg cohort [23], but there
was no detailed prospective statistical analysis plan for how to model the data with respect to
adult fracture risk. The ethics committee at the University of Gothenburg approved the study
and waived the requirement for oral and written informed consent.

Study exposures

To adequately calculate age at PHV in an unbiased manner, height measurements before, during,
and after the pubertal period are required. We calculated age at PHV according to the infancy-
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childhood-puberty model [20], modified as previously described [21,26]. Overall, 13.3% of eligi-
ble participants were excluded since they did not have enough height measurements available to
estimate a reliable age at PHV with our curve-fitting program. For each individual growth curve
with sufficient information in all 3 growth phases, the infancy-childhood—puberty model was fit-
ted by minimizing the sum of squares using a modification of the Levenberg—Marquardt algo-
rithm [20]. Age at PHV was defined as the age at maximum growth velocity during puberty and
was estimated by the curve-fitting program. PHYV is generally believed to be reached within 2
years after pubertal onset [20,27]. Prepubertal childhood BMI at 8 years of age was calculated
using all paired height and weight measurements in the period between 6.5 and 9.5 years of age
and age-adjusted to 8 years of age using a linear regression model. Birthweight was retrieved
from school healthcare records. Young adult height is the last recorded height from conscription
examination or school healthcare records: this examination occurred after 17.5 years of age.
Information on country of birth and migration was retrieved from the Longitudinal Integration
Database for Health Insurance and Labour Market Studies held at Statistics Sweden. Country of
origin was categorized as Sweden (the study participant and both his parents born in Sweden) or
other countries (the participant or one or both parents not born in Sweden or information on
country of birth missing). The study participants’ educational level at 45 years of age, categorized
as elementary school, secondary school, or university level, was also retrieved from the Longitudi-
nal Integration Database for Health Insurance and Labour Market Studies.

Study outcomes

Dates and diagnoses for the first fracture event after 20 years of age were retrieved from the
Swedish National Patient Register, initiated in 1964 and with full coverage in the Gothenburg
region from 1972 onward. A diagnosis of a fracture was defined according to International Clas-
sification of Diseases (ICD) system codes (all fractures: S02 [except S02.5], S12, S22, S32, S42,
S§52, 862, §72, §82, and S92 in ICD-10 and 800-829 in ICD-8 and ICD-9; non-vertebral frac-
tures: all of the above except §22.0, S22.1, and S32.0 in ICD-10, all of the above except 805C-F
and 806C-F in ICD-9, and all of the above except 805.21, 805.31, 805.91, 806.21, 806.31, 806.91,
806.22, 806.32, and 806.92 in ICD-8). The 31,971 men included in the study were followed from
20 years of age until the first fracture event (any fracture, n = 5,872; non-vertebral fracture, n =
5,731), with censoring at migration (n = 2,372), death (n = 3,252), or study end (December 31,
2016), whichever came first. Individuals who were censored during the study (i.e., those who
emigrated or died) were included in the study until the date of censoring.

Statistical analysis

We used Cox proportional hazards regression to analyze the associations between age at PHV
and fractures. The proportional hazards assumption was tested, and the Schoenfeld residuals
plot for all fractures was visually assessed. No systematic deviations from proportionality were
detected. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated from the
models and expressed per year increase in age at PHV in models in which age at PHV was
entered as a continuous variable. All estimates were adjusted for birth year and country of ori-
gin. Additional adjustments were made for birthweight, childhood BMI at 8 years of age, adult
educational level, and young adult height. During the peer review process, we also conducted
analyses adjusted for young adult BMI and young adult weight. In predefined analyses, all frac-
tures and non-vertebral fractures were analyzed. We lacked adequate statistical power to per-
form analyses according to fracture type. Possible nonlinearity in the association between age
at PHV and fracture risk was evaluated by inclusion of a quadratic term in the Cox regression
model. In response to peer review comments, we additionally used a restricted cubic spline

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002986 December 2, 2019 5/14


https://doi.org/10.1371/journal.pmed.1002986

o ®
@ ’ PLOS ‘ MEDICINE Pubertal timing and adult fracture risk in men

Table 1. Characteristics of the study participants.

Characteristic BEST Gothenburg cohort, born 1945-1961 (n =
31,971)
Childhood BMI (age 8 years, kg/mz) 15.7 (1.4)
Age at PHV (years) 14.1 (1.1)
Young adult height (cm) 179.3 (6.4)
Country of origin
Sweden 26,749 (83.7%)
Other countries 5,222 (16.3%)
Participants with at least 1 incident fracture after 20 years of
age
All fractures 5,872 (18.4%)
Non-vertebral fractures 5,731 (17.9%)
Birthweight (kg)* 3.58 (0.55)
Adult educational level®
Elementary school 5,548 (17.9%)
Secondary school 13,520 (43.6%)
University level 11,911 (38.4%)

Values are given as mean (SD) or number (percent).

“Birthweight was available in a subsample (n = 30,365).

®Adult educational level at 45 years of age was available in a subsample (1 = 30,979).
BEST, BMI Epidemiology Study; BMI, body mass index; PHV, peak height velocity.

https://doi.org/10.1371/journal.pmed.1002986.t001

approach in the Cox regression analysis for a flexible nonlinear assessment of the HR in rela-
tion to age at PHV. The number and positions of knots were selected using the Akaike infor-
mation criterion (AIC). Four knots placed at the 5th, 33rd, 67th, and 95th percentile of age at
PHYV were found to give a small AIC and capture the average curve shape over a systematic
assessment of different alternatives. Unadjusted Kaplan-Meier plots were used to illustrate
fracture-free survival for study participants according to tertiles of age at PHV, and the log-
rank test was used to assess the statistical significance of differences between the groups. In
predefined sensitivity analyses, similar to those conducted previously [23,24], we examined a
subpopulation including only participants with country of origin Sweden (n = 26,749) or
excluding individuals (all fractures, n = 1,844; non-vertebral fractures, n = 1,828) with a first
fracture event during the first 10 years of follow-up.

The parameters birthweight (n = 30,365, corresponding to 95% of the study cohort) and
adult educational level (n = 30,979, corresponding to 97% of the study cohort) did not have a
complete set of data. Models including birthweight and adult educational level included only
the subgroup of men with birthweight and adult educational level available. Birthweight, child-
hood BMI, young adult weight, and young adult BMI were log-transformed and standardized
when used in the Cox regression models. The restricted cubic spline analysis, the Kaplan—
Meier survival plots, and the proportionality test were performed in R using the regression
modeling strategies [28], survival [29], and survminer [30] packages; all other statistical analy-
ses were performed in IBM SPSS Statistics (version 21.0; IBM, Armonk, NY, US).

Results
Study cohort

In this study, 31,971 Swedish men born between January 1, 1945, and December 31, 1961, with
information on both BMI and age at PHV were included and followed until December 31,
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2016 (Table 1; Fig 1). The mean + SD age at PHV was 14.1 * 1.1 years. The mean + SD follow-
up time starting from 20 years of age was 37.3 + 11.7 years (1,190,921 person-years of follow-
up) for all fractures and 37.3 £ 11.7 years (1,193,007 person-years of follow-up) for non-verte-
bral fractures. In total, 5,872 men (18.4%) sustained at least 1 fracture (rate of 4.9 per 1,000 per-
son-years), and 5,731 men (17.9%) sustained a non-vertebral fracture (rate of 4.8 per 1,000
person-years) after 20 years of age.

Pubertal timing is independently associated with fracture risk

Cox proportional hazards regression models adjusted for birth year and country of origin
demonstrated that age at PHV was directly associated with the risk of any fracture (HR per
year increase 1.05, 95% CI 1.03-1.08, P < 0.001) and non-vertebral fracture (HR per year
increase 1.05, 95% CI 1.03-1.08, P < 0.001) when analyzed as a continuous variable. Quadratic
models did not support a significant nonlinear association between age at PHV and any frac-
ture (P = 0.099 for nonlinearity) or non-vertebral fracture (P = 0.114 for nonlinearity). Like-
wise, a restricted cubic spline analysis did not detect a significant nonlinear association
between age at PHV and any fracture (P = 0.086 for nonlinearity) (S1 Fig). However, based on
the appearance of the curve, participants with age at PHV above the 67th percentile, i.e., 14.5
years of age, appear to have an increased fracture risk. Additional exploratory analyses showed
a significant association between age at PHV and adult fracture risk when the pubertal timing
variable was entered as tertiles (early, average, and late age at PHV) in models adjusted for
birth year and country of origin (all fractures, HR per tertile increase 1.07, 95% CI 1.04-1.11, P
for trend < 0.001; non-vertebral fractures, HR per tertile increase 1.08, 95% CI 1.04-1.11, P
for trend < 0.001). Men with age at PHV in the highest tertile (after 14.5 years of age) were at
greater risk of any fracture (HR 1.15, 95% CI 1.08-1.22, P < 0.001) and non-vertebral fracture
(HR 1.16, 95% CI 1.09-1.24, P < 0.001) compared with those with age at PHV in the lowest
tertile (13.6 years of age or younger) (Table 2). Furthermore, participants with age at PHV in
the highest tertile had an increased risk of any fracture (HR 1.10, 95% CI 1.03-1.17, P = 0.003)
and non-vertebral fracture (HR 1.11, 95% CI 1.04-1.18, P = 0.001) compared with participants
with age at PHV in the middle tertile. To further illustrate the association between age at PHV

Table 2. Risk of adult fractures according to pubertal timing in men.

Outcome and age at PHYV tertile Base model Model 1 Model 2
HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

All fractures

Tertile 1 Reference Reference Reference

Tertile 2 1.05 (0.98-1.11) 0.168 1.03 (0.97-1.10) 0.337 1.03 (0.96-1.10) 0.367

Tertile 3 1.15(1.08-1.22) <0.001 1.15(1.08-1.23) <0.001 1.15(1.08-1.23) <0.001
Non-vertebral fractures

Tertile 1 Reference Reference Reference

Tertile 2 1.05 (0.98-1.11) 0.182 1.03 (0.96-1.10) 0.378 1.03 (0.96-1.10) 0.407

Tertile 3 1.16 (1.09-1.24) <0.001 1.16 (1.09-1.25) <0.001 1.17 (1.09-1.25) <0.001

Cox proportional hazards regression models for adult fracture risk according to tertiles of age at PHV in 31,971 men followed for a mean of 37.3 years for both all

fractures and non-vertebral fractures after 20 years of age. The base model is adjusted for birth year and country of origin (all fractures, n = 5,872; non-vertebral

fractures, n = 5,731). Model 1 is further adjusted for birthweight, childhood BMI at 8 years of age, and adult educational level. Model 2 includes the covariates of model
1 as well as young adult height. Model 1 and model 2: n = 29,447; all fractures, n = 5,500; non-vertebral fractures, n = 5,368. Limits for age at PHV: tertile 1, <13.6 years
of age; tertile 2, >13.6 and <14.5 years of age; tertile 3, >14.5 years of age.

PHYV, peak height velocity.

https://doi.org/10.1371/journal.pmed.1002986.t002

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002986 December 2, 2019

7/14


https://doi.org/10.1371/journal.pmed.1002986.t002
https://doi.org/10.1371/journal.pmed.1002986

o ®
@ ’ PLOS ‘ MEDICINE Pubertal timing and adult fracture risk in men

and adult fracture risk, we plotted Kaplan—Meier curves of fracture-free survival according to
tertiles of age at PHV. These plots revealed an increased risk of any fracture for participants
with age at PHV in the highest tertile compared with those with age at PHV in the lowest tertile
(log-rank P < 0.001; Fig 2).

Further adjustment of our regression models for birthweight, childhood BMI at 8 years of
age, and adult educational level did not materially change the associations between age at PHV
and the risk of any fracture or non-vertebral fracture (Table 2). Similarly, additional adjust-
ment for young adult height did not attenuate the observed associations (Table 2). Finally, to
address further potential confounding, the base model (adjusted for birth year and country of
origin) was adjusted for young adult BMI and young adult weight. These adjustments did not
alter the associations between age at PHV and the risk of any fracture or non-vertebral fracture
(S1 Table).

Sensitivity analyses

The observed associations between age at PHV and adult fracture risk were similar in a sub-
population including only participants with country of origin Sweden (1 = 26,749; Table 3). In
addition, in order to account for subclinical and/or undiagnosed diseases that could affect frac-
ture risk, we performed analyses excluding the first 10 years of follow-up. This population
restriction did not alter the associations between age at PHV and adult fracture risk (highest

1.0
g
S 0.9
S
7]
[0
g
o
2
S 0.8
-
Tertile 1
Tertile 2
— Tertile 3
0.7
20 30 40 50 60 70

Age (years)
Number at risk (Cumulative fracture events)

31971 (0) 30127 (830) 28325 (1512) 25993 (2671) 16610 (4429) 1091 (5104)
20 30 40 50 60 70
Age (years)

Fig 2. Kaplan-Meier curves of fracture-free survival according to pubertal timing. The graph shows fracture-free
survival in 37,971 men followed for a mean of 37.3 years after 20 years of age according to whether participants had
early (lowest tertile), average (middle tertile), or late (highest tertile) age at peak height velocity. The P value for
comparison between groups assessed by the log-rank test was P = 0.186 for tertile 2 versus tertile 1 and P < 0.001 for
tertile 3 versus tertile 1. Limits for age at PHV: tertile 1, <13.6 years of age; tertile 2, >13.6 and <14.5 years of age;
tertile 3, >14.5 years of age.

https://doi.org/10.1371/journal.pmed.1002986.9002
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tertile versus lowest tertile: all fractures, HR 1.15, 95% CI 1.07-1.23, P < 0.001; non-vertebral
fractures, HR 1.16, 95% CI 1.08-1.24, P < 0.001).

Discussion

The pubertal period has a key role in bone development. Although previous studies have
shown that the timing of puberty in boys is associated with bone health later in life, it remains
unknown whether the reduced bone mass in those with late compared with early puberty may
be clinically important and consequently affect adult fracture risk in men. In this large-scale
population-based cohort study, we demonstrate that late pubertal timing in boys, based on
assessment of age at PHV, is a novel predictor of adult fracture risk. Specifically, men with late
pubertal timing (age at PHV in the highest tertile) had a 15% higher risk of sustaining a frac-
ture after 20 years of age compared with those with early puberty (age at PHV in the lowest ter-
tile). This association remained significant after adjustment for confounding factors such as
birthweight and prepubertal childhood BMI and was not attenuated after adjustment for
young adult height.

We have previously demonstrated that late puberty, based on assessment of age at PHV, is
associated with lower trabecular and cortical BMD and higher risk of prevalent fractures com-
pared with early puberty in 19-year-old Swedish men participating in the Gothenburg Osteo-
porosis and Obesity Determinants study [21]. In the same cohort of young adult men, we have
shown that these differences in bone health due to timing of puberty may be partially attenu-
ated by catch-up growth, although some differences still remain, with deficits in areal BMD
and volumetric BMD of the radius in men with late puberty [31]. Moreover, the effects of late
puberty on bone health seem to partly persist into early old age as demonstrated by lower areal
BMD at the lumbar spine and femoral neck as well as lower trabecular volumetric BMD and
size and strength of the radius in 60- to 64-year-old men with late puberty [22]. Importantly,
the present study is, to our knowledge, the first to evaluate the association between objectively
assessed pubertal timing and adult fracture risk in men. In the BEST Gothenburg cohort, par-
ticipants experiencing late puberty, i.e., PHV after 14.5 years of age, were at significantly
greater risk of any fracture and non-vertebral fracture compared with those with early puberty,
i.e., PHV at 13.6 years of age or younger. These results are in concordance with previous

Table 3. Risk of adult fractures according to pubertal timing in men with country of origin Sweden.

Outcome and age at PHYV tertile HR (95% CI) P value
All fractures

Tertile 1 Reference

Tertile 2 1.06 (0.99-1.13) 0.119

Tertile 3 1.15 (1.08-1.24) <0.001
Non-vertebral fractures

Tertile 1 Reference

Tertile 2 1.06 (0.98-1.13) 0.128

Tertile 3 1.16 (1.09-1.25) <0.001

Cox proportional hazards regression models for adult fracture risk according to tertiles of age at PHV in 26,749 men
with country of origin Sweden followed for a mean of 37.7 years for all fractures and 37.8 years for non-vertebral
fractures after 20 years of age. The models are adjusted for birth year (all fractures, n = 4,919; non-vertebral fractures,
n = 4,803). Limits for age at PHV: tertile 1, <13.6 years of age; tertile 2, >13.6 and <14.5 years of age; tertile 3, >14.5
years of age.

PHYV, peak height velocity.

https://doi.org/10.1371/journal.pmed.1002986.t003
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studies assessing the association between pubertal timing and fracture risk in women that
demonstrated an increased adult fracture risk in women with a late age at menarche [15-17].

As we have previously shown that prepubertal childhood BMI at 8 years of age is inversely
associated with age at PHV [26], we considered childhood BMI a potential confounder for our
observed associations. However, adjustment for childhood BMI did not materially change the
associations between pubertal timing and adult fracture risk. In addition, the observed associa-
tions were independent of adult educational level. Furthermore, the associations between
pubertal timing and the risk of fractures were similar in sensitivity analyses excluding the first
10 years of follow-up. Finally, similar results were obtained in a subpopulation of men with
country of origin Sweden as in the entire cohort, excluding a putative impact of changes in
population structure on the observed associations.

Since this is an observational study, we can only hypothesize about the possible factors
underlying the observed association between late pubertal timing and increased fracture risk.
Previous studies by us and others have shown that late puberty in boys is associated with lower
areal and volumetric BMD during adolescence and that this partly persists into early adult-
hood and early old age [21,22,31]. Also, Mendelian randomization analyses have recently sug-
gested that boys who are genetically predisposed to later-than-average puberty, as indicated by
later age at voice breaking, are more likely to have lower adult bone density [18]. Thus, BMD
could potentially mediate the observed associations between late pubertal timing and increased
fracture risk after 20 years of age in our study, especially given the well-recognized inverse
association between BMD and fracture risk [32]. Unfortunately, BMD measurements were not
available in our study to test the role of BMD in mediating the association between age at PHV
and fracture risk. Later pubertal timing in boys is associated with increased adult height [31],
which in turn is a recognized risk factor for fractures [33,34]. However, addition of young
adult height to our Cox regression models did not attenuate the association between late
puberty and increased risk of any fracture or non-vertebral fracture. This argues against a role
for adult height in the association between late pubertal timing and increased adult fracture
risk. Finally, one might speculate that late-maturing boys have lower sex steroid levels during
puberty and this may persist into adulthood. Lower levels of androgens and estrogens later in
life could consequently predispose individuals for osteoporosis and increased fracture risk in
old age, as we and others have shown that low sex steroid levels are associated with an
increased risk of fracture in older men [35,36]. Unfortunately, serum sex steroid levels were
not available in our study to test this hypothesis.

This study has a number of strengths. To our knowledge, the BEST Gothenburg cohort is
the first large population-based cohort of men with an objective assessment of pubertal timing
avaijlable over the entire pubertal period. The near-complete participation in the free school
healthcare program with repeated standardized measurements of height and weight strongly
reduces the potential for selection bias. Moreover, the high-quality Swedish national disease
registers allow for an extended and complete adult follow-up. We also acknowledge some limi-
tations. We could not control for several important risk factors for fractures such as smoking,
parental history of fractures, physical activity, and falls. In addition, we lacked statistical power
to investigate the relation between pubertal timing and specific fracture types. Moreover, the
number of vertebral fractures may be underestimated in our study since the fracture diagnosis
is retrieved from patient registers. Unfortunately, we were not able to address potential con-
founding by adiposity since no adiposity measures are available in our cohort, but instead
adjusted our models for young adult BMI, a surrogate marker for adiposity, and young adult
weight. These adjustments did not affect our main findings. Also, we adjusted for young adult
height in our analyses but cannot fully exclude remaining confounding effects of height. Envi-
ronmental factors such as nutrition, climate, and endocrine disruptors are known to influence
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the age of pubertal onset in girls and boys [4]. The effects of endocrine-disrupting chemicals
are compound-specific and vary according to the window of exposure [37]. Boys with moder-
ate exposure to the estrogenic-acting bisphenol A during peripuberty had earlier pubertal tim-
ing compared with boys with the least bisphenol A exposure [38]. Also, prenatal exposure to
flame retardants with estrogenic and androgenic properties was associated with earlier puber-
tal timing in boys [39]. On the other hand, current exposure to phthalates, which have antian-
drogenic and obesogenic properties, was not associated with pubertal onset in boys [40]. Such
data are, however, not available in our study. The present cohort primarily includes men of
European origin, and therefore, the results may have limited generalizability to other ethnici-
ties. Finally, the participants were born between 1945 and 1961; therefore, our findings may
not apply to later-born cohorts, taking into account the potential confounding effect of a secu-
lar decline in pubertal timing in boys [41].

Osteoporosis and associated fragility fractures are an important public health concern due
to a vastly increasing elderly population. It is, therefore, important to be able to predict which
individuals are at elevated risk of fracture. In clinical practice, this is achieved by combining
bone density imaging and clinical risk factors for fracture, often incorporated in fracture risk
prediction tools [42]. Our findings suggest that late pubertal timing is a novel, independent
risk factor for adult fracture risk in men that could support the identification of those men at
highest risk of fracture.

In conclusion, in this population-based cohort study based in Sweden, we find an associa-
tion between late pubertal timing and increased adult fracture risk in men. These findings sug-
gest that information on pubertal timing might aid in the identification of those men at
greatest risk of fracture.

Supporting information

S1 Checklist. STROBE checklist.
(DOCX)

S1 Fig. Smoothed plot of the likelihood of any fracture according to pubertal timing in
men.
(TIFF)

S1 Table. Risk of adult fractures according to pubertal timing in men, adjusted for young
adult BMI and young adult weight.
(DOCX)

Author Contributions
Conceptualization: Jenny M. Kindblom, Claes Ohlsson.
Data curation: Jenny M. Kindblom, Maria Bygdell, Maria Nethander.

Formal analysis: Liesbeth Vandenput, Jenny M. Kindblom, Maria Bygdell, Maria Nethander,
Claes Ohlsson.

Funding acquisition: Liesbeth Vandenput, Jenny M. Kindblom, Claes Ohlsson.

Investigation: Liesbeth Vandenput, Jenny M. Kindblom, Maria Bygdell, Maria Nethander,
Claes Ohlsson.

Methodology: Liesbeth Vandenput, Jenny M. Kindblom, Maria Nethander, Claes Ohlsson.
Project administration: Jenny M. Kindblom, Maria Bygdell, Claes Ohlsson.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002986 December 2, 2019 11/14


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002986.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002986.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002986.s003
https://doi.org/10.1371/journal.pmed.1002986

@'PLOS ‘ MEDICINE

Pubertal timing and adult fracture risk in men

Resources: Jenny M. Kindblom, Claes Ohlsson.

Software: Maria Bygdell, Maria Nethander.

Supervision: Jenny M. Kindblom, Claes Ohlsson.
Validation: Jenny M. Kindblom, Maria Bygdell, Claes Ohlsson.

Visualization: Liesbeth Vandenput, Maria Nethander.

Writing - original draft: Liesbeth Vandenput, Jenny M. Kindblom.

Writing - review & editing: Liesbeth Vandenput, Jenny M. Kindblom, Maria Bygdell, Maria

Nethander, Claes Ohlsson.

References

1.

10.

1.

12

13.

14.

Bonjour JP, Chevalley T. Pubertal timing, bone acquisition, and risk of fracture throughout life. Endocr
Rev. 2014; 35(5):820—47. https://doi.org/10.1210/er.2014-1007 PMID: 25153348

Marshall WA, Tanner JM. Variations in pattern of pubertal changes in girls. Arch Dis Child. 1969; 44
(235):291-308. https://doi.org/10.1136/adc.44.235.291 PMID: 5785179

Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in boys. Arch Dis Child. 1970; 45
(239):13-283. https://doi.org/10.1136/adc.45.239.13 PMID: 5440182

Parent AS, Teilmann G, Juul A, Skakkebaek NE, Toppari J, Bourguignon JP. The timing of normal
puberty and the age limits of sexual precocity: variations around the world, secular trends, and changes
after migration. Endocr Rev. 2003; 24(5):668-93. https://doi.org/10.1210/er.2002-0019 PMID:
14570750

Chevalley T, Bonjour JP, Ferrari S, Rizzoli R. Influence of age at menarche on forearm bone microstruc-
ture in healthy young women. J Clin Endocrinol Metab. 2008; 93(7):2594—-601. https://doi.org/10.1210/
jc.2007-2644 PMID: 18430772

Gilsanz V, Chalfant J, Kalkwarf H, Zemel B, Lappe J, Oberfield S, et al. Age at onset of puberty predicts
bone mass in young adulthood. J Pediatr. 2011; 158(1):100-5. https://doi.org/10.1016/}.jpeds.2010.06.
054 PMID: 20797727

Jackowski SA, Erlandson MC, Mirwald RL, Faulkner RA, Bailey DA, Kontulainen SA, et al. Effect of
maturational timing on bone mineral content accrual from childhood to adulthood: evidence from 15
years of longitudinal data. Bone. 2011; 48(5):1178-85. https://doi.org/10.1016/j.bone.2011.02.010
PMID: 21338727

Chevalley T, Bonjour JP, van Rietbergen B, Rizzoli R, Ferrari S. Fractures in healthy females followed
from childhood to early adulthood are associated with later menarcheal age and with impaired bone
microstructure at peak bone mass. J Clin Endocrinol Metab. 2012; 97(11):4174-81. https://doi.org/10.
1210/jc.2012-2561 PMID: 22948760

Elhakeem A, Frysz M, Tilling K, Tobias JH, Lawlor DA. Association between age at puberty and bone
accrual from 10 to 25 years of age. JAMA Network Open. 2019; 2(8):€198918. https://doi.org/10.1001/
jamanetworkopen.2019.8918 PMID: 31397863

Ito M, Yamada M, Hayashi K, Ohki M, Uetani M, Nakamura T. Relation of early menarche to high bone
mineral density. Calcif Tissue Int. 1995; 57(1):11—4. https://doi.org/10.1007/bf00298989 PMID:
7671158

Rosenthal DI, Mayo-Smith W, Hayes CW, Khurana JS, Biller BM, Neer RM, et al. Age and bone mass
in premenopausal women. J Bone Miner Res. 1989; 4(4):533-8. https://doi.org/10.1002/jbmr.
5650040412 PMID: 2816502

Chevalley T, Bonjour JP, Ferrari S, Rizzoli R. Deleterious effect of late menarche on distal tibia micro-
structure in healthy 20-year-old and premenopausal middle-aged women. J Bone Miner Res. 2009; 24
(1):144-52. https://doi.org/10.1359/jbmr.080815 PMID: 19086917

Day FR, Elks CE, Murray A, Ong KK, Perry JR. Puberty timing associated with diabetes, cardiovascular
disease and also diverse health outcomes in men and women: the UK Biobank study. Sci Rep. 2015;
5:11208. https://doi.org/10.1038/srep11208 PMID: 26084728

Chang HK, Chang DG, Myong JP, Kim JH, Lee SJ, Lee YS, et al. Bone mineral density among Korean
females aged 20-50 years: influence of age at menarche (The Korea National Health and Nutrition
Examination Survey 2008-2011). Osteoporos Int. 2017; 28(7):2129-36. https://doi.org/10.1007/
s00198-017-3997-0 PMID: 28293690

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002986 December 2, 2019 12/14


https://doi.org/10.1210/er.2014-1007
http://www.ncbi.nlm.nih.gov/pubmed/25153348
https://doi.org/10.1136/adc.44.235.291
http://www.ncbi.nlm.nih.gov/pubmed/5785179
https://doi.org/10.1136/adc.45.239.13
http://www.ncbi.nlm.nih.gov/pubmed/5440182
https://doi.org/10.1210/er.2002-0019
http://www.ncbi.nlm.nih.gov/pubmed/14570750
https://doi.org/10.1210/jc.2007-2644
https://doi.org/10.1210/jc.2007-2644
http://www.ncbi.nlm.nih.gov/pubmed/18430772
https://doi.org/10.1016/j.jpeds.2010.06.054
https://doi.org/10.1016/j.jpeds.2010.06.054
http://www.ncbi.nlm.nih.gov/pubmed/20797727
https://doi.org/10.1016/j.bone.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21338727
https://doi.org/10.1210/jc.2012-2561
https://doi.org/10.1210/jc.2012-2561
http://www.ncbi.nlm.nih.gov/pubmed/22948760
https://doi.org/10.1001/jamanetworkopen.2019.8918
https://doi.org/10.1001/jamanetworkopen.2019.8918
http://www.ncbi.nlm.nih.gov/pubmed/31397863
https://doi.org/10.1007/bf00298989
http://www.ncbi.nlm.nih.gov/pubmed/7671158
https://doi.org/10.1002/jbmr.5650040412
https://doi.org/10.1002/jbmr.5650040412
http://www.ncbi.nlm.nih.gov/pubmed/2816502
https://doi.org/10.1359/jbmr.080815
http://www.ncbi.nlm.nih.gov/pubmed/19086917
https://doi.org/10.1038/srep11208
http://www.ncbi.nlm.nih.gov/pubmed/26084728
https://doi.org/10.1007/s00198-017-3997-0
https://doi.org/10.1007/s00198-017-3997-0
http://www.ncbi.nlm.nih.gov/pubmed/28293690
https://doi.org/10.1371/journal.pmed.1002986

@’PLOS ‘ MEDICINE

Pubertal timing and adult fracture risk in men

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Johnell O, Gullberg B, Kanis JA, Allander E, Elffors L, Dequeker J, et al. Risk factors for hip fracture in
European women: the MEDOS Study. Mediterranean Osteoporosis Study. J Bone Miner Res. 1995; 10
(11):1802—15. https://doi.org/10.1002/jomr.5650101125 PMID: 8592959

Roy DK, O’Neill TW, Finn JD, Lunt M, Silman AJ, Felsenberg D, et al. Determinants of incident vertebral
fracture in men and women: results from the European Prospective Osteoporosis Study (EPOS).
Osteoporos Int. 2003; 14(1):19-26. https://doi.org/10.1007/s00198-002-1317-8 PMID: 12577181

Silman AJ. Risk factors for Colles’ fracture in men and women: results from the European Prospective
Osteoporosis Study. Osteoporos Int. 2003; 14(3):213-8. https://doi.org/10.1007/s00198-002-1364-1
PMID: 12730767

Cousminer DL, Mitchell JA, Chesi A, Roy SM, Kalkwarf HJ, Lappe JM, et al. Genetically determined
later puberty impacts lowered bone mineral density in childhood and adulthood. J Bone Miner Res.
2018; 33(3):430-6. https://doi.org/10.1002/jbmr.3320 PMID: 29068475

Zhang Q, Greenbaum J, Zhang WD, Sun CQ, Deng HW. Age at menarche and osteoporosis: a Mende-
lian randomization study. Bone. 2018; 117:91-7. https://doi.org/10.1016/j.bone.2018.09.015 PMID:
30240960

Karlberg J. On the modelling of human growth. Stat Med. 1987; 6(2):185-92. https://doi.org/10.1002/
sim.4780060210 PMID: 3589247

Kindblom JM, Lorentzon M, Norjavaara E, Hellgvist A, Nilsson S, Mellstrom D, et al. Pubertal timing pre-
dicts previous fractures and BMD in young adult men: the GOOD study. J Bone Miner Res. 2006; 21
(5):790-5. https://doi.org/10.1359/jbmr.020602 PMID: 16734395

Kuh D, Muthuri SG, Moore A, Cole TJ, Adams JE, Cooper C, et al. Pubertal timing and bone phenotype
in early old age: findings from a British birth cohort study. Int J Epidemiol. 2016; 45(4):1113-24. https://
doi.org/10.1093/ije/dyw131 PMID: 27401728

Ohlsson C, Bygdell M, Sonden A, Rosengren A, Kindblom JM. Association between excessive BMI
increase during puberty and risk of cardiovascular mortality in adult men: a population-based cohort
study. Lancet Diabetes Endocrinol. 2016; 4(12):1017-24. https://doi.org/10.1016/S2213-8587(16)
30273-X PMID: 27815089

Ohlsson C, Bygdell M, Sonden A, Jern C, Rosengren A, Kindblom JM. BMI increase through puberty
and adolescence is associated with risk of adult stroke. Neurology. 2017; 89(4):363-9. https://doi.org/
10.1212/WNL.0000000000004158 PMID: 28659423

Ohlsson C, Bygdell M, Nethander M, Rosengren A, Kindblom JM. BMI change during puberty is an
important determinant of adult type 2 diabetes risk in men. J Clin Endocrinol Metab. 2019; 104(5):1823—
32. https://doi.org/10.1210/jc.2018-01339 PMID: 30517677

Bygdell M, Kindblom JM, Celind J, Nethander M, Ohlsson C. Childhood BMl is inversely associated
with pubertal timing in normal-weight but not overweight boys. Am J Clin Nutr. 2018; 108(6):1259-63.
https://doi.org/10.1093/ajcn/nqy201 PMID: 30321255

Liu YX, Wikland KA, Karlberg J. New reference for the age at childhood onset of growth and secular
trend in the timing of puberty in Swedish. Acta Paediatr. 2000; 89(6):637—43. https://doi.org/10.1080/
080352500750043918 PMID: 10914954

Harrell FE. Regression modeling strategies. Nashville: Vanderbilt University Department of Statistics;
2019 [cited 2019 Nov 6]. Available from: http://biostat.mc.vanderbilt.edu/wiki/Main/RmS.

Therneau TM. survival: survival analysis. Version 2.41-3. Comprehensive R Archive Network; 2017
[cited 2019 Nov 6]. Available from: hitps://CRAN.R-project.org/package=survival.

Kassambara A, Kosinski M, Biecek P, Fabian S. survminer: drawing survival curves using ‘ggplot2’.
Version 0.4.3. Comprehensive R Archive Network; 2018 [cited 2019 Nov 6]. Available from: https://
CRAN.R-project.org/package=survminer.

Darelid A, Ohlsson C, Nilsson M, Kindblom JM, Mellstrom D, Lorentzon M. Catch up in bone acquisition
in young adult men with late normal puberty. J Bone Miner Res. 2012; 27(10):2198-207. https://doi.org/
10.1002/jomr.1675 PMID: 22653693

Marshall D, Johnell O, Wedel H. Meta-analysis of how well measures of bone mineral density predict
occurrence of osteoporotic fractures. BMJ. 1996; 312(7041):1254-9. https://doi.org/10.1136/bm|.312.
7041.1254 PMID: 8634613

Meyer HE, Tverdal A, Falch JA. Risk factors for hip fracture in middle-aged Norwegian women and
men. Am J Epidemiol. 1993; 137(11):1203-11. https://doi.org/10.1093/oxfordjournals.aje.al116622
PMID: 8322761

Cauley JA, Cawthon PM, Peters KE, Cummings SR, Ensrud KE, Bauer DC, et al. Risk factors for hip
fracture in older men: the Osteoporotic Fractures in Men Study (MrOS). J Bone Miner Res. 2016; 31
(10):1810-9. https://doi.org/10.1002/jbmr.2836 PMID: 26988112

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002986 December 2, 2019 13/14


https://doi.org/10.1002/jbmr.5650101125
http://www.ncbi.nlm.nih.gov/pubmed/8592959
https://doi.org/10.1007/s00198-002-1317-8
http://www.ncbi.nlm.nih.gov/pubmed/12577181
https://doi.org/10.1007/s00198-002-1364-1
http://www.ncbi.nlm.nih.gov/pubmed/12730767
https://doi.org/10.1002/jbmr.3320
http://www.ncbi.nlm.nih.gov/pubmed/29068475
https://doi.org/10.1016/j.bone.2018.09.015
http://www.ncbi.nlm.nih.gov/pubmed/30240960
https://doi.org/10.1002/sim.4780060210
https://doi.org/10.1002/sim.4780060210
http://www.ncbi.nlm.nih.gov/pubmed/3589247
https://doi.org/10.1359/jbmr.020602
http://www.ncbi.nlm.nih.gov/pubmed/16734395
https://doi.org/10.1093/ije/dyw131
https://doi.org/10.1093/ije/dyw131
http://www.ncbi.nlm.nih.gov/pubmed/27401728
https://doi.org/10.1016/S2213-8587(16)30273-X
https://doi.org/10.1016/S2213-8587(16)30273-X
http://www.ncbi.nlm.nih.gov/pubmed/27815089
https://doi.org/10.1212/WNL.0000000000004158
https://doi.org/10.1212/WNL.0000000000004158
http://www.ncbi.nlm.nih.gov/pubmed/28659423
https://doi.org/10.1210/jc.2018-01339
http://www.ncbi.nlm.nih.gov/pubmed/30517677
https://doi.org/10.1093/ajcn/nqy201
http://www.ncbi.nlm.nih.gov/pubmed/30321255
https://doi.org/10.1080/080352500750043918
https://doi.org/10.1080/080352500750043918
http://www.ncbi.nlm.nih.gov/pubmed/10914954
http://biostat.mc.vanderbilt.edu/wiki/Main/RmS
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=survminer
https://doi.org/10.1002/jbmr.1675
https://doi.org/10.1002/jbmr.1675
http://www.ncbi.nlm.nih.gov/pubmed/22653693
https://doi.org/10.1136/bmj.312.7041.1254
https://doi.org/10.1136/bmj.312.7041.1254
http://www.ncbi.nlm.nih.gov/pubmed/8634613
https://doi.org/10.1093/oxfordjournals.aje.a116622
http://www.ncbi.nlm.nih.gov/pubmed/8322761
https://doi.org/10.1002/jbmr.2836
http://www.ncbi.nlm.nih.gov/pubmed/26988112
https://doi.org/10.1371/journal.pmed.1002986

@’PLOS ‘ MEDICINE

Pubertal timing and adult fracture risk in men

35.

36.

37.

38.

39.

40.

M,

42,

Mellstrom D, Vandenput L, Mallmin H, Holmberg AH, Lorentzon M, Oden A, et al. Older men with low
serum estradiol and high serum SHBG have an increased risk of fractures. J Bone Miner Res. 2008; 23
(10):1552—-60. https://doi.org/10.1359/jbmr.080518 PMID: 18518773

Vanderschueren D, Laurent MR, Claessens F, Gielen E, Lagerquist MK, Vandenput L, et al. Sex steroid
actions in male bone. Endocr Rev. 2014; 35(6):906—60. https://doi.org/10.1210/er.2014-1024 PMID:
25202834

Greenspan LC, Lee MM. Endocrine disrupters and pubertal timing. Curr Opin Endocrinol Diabetes
Obes. 2018; 25(1):49-54. https://doi.org/10.1097/MED.0000000000000377 PMID: 29135489

Wang Z, Li D, Miao M, Liang H, Chen J, Zhou Z, et al. Urine bisphenol A and pubertal development in
boys. Int J Hyg Environ Health. 2017; 220(1):43-50. https://doi.org/10.1016/j.ijheh.2016.10.004 PMID:
27769633

Harley KG, Rauch SA, Chevrier J, Kogut K, Parra KL, Truijillo C, et al. Association of prenatal and child-
hood PBDE exposure with timing of puberty in boys and girls. Environ Int. 2017; 100:132-8. https://doi.
org/10.1016/j.envint.2017.01.003 PMID: 28089583

Mieritz MG, Frederiksen H, Sorensen K, Aksglaede L, Mouritsen A, Hagen CP, et al. Urinary phthalate
excretion in 555 healthy Danish boys with and without pubertal gynaecomastia. Int J Androl. 2012; 35
(3):227-35. https://doi.org/10.1111/j.1365-2605.2012.01279.x PMID: 22612475

Ohlsson C, Bygdell M, Celind J, Sondén A, Tidblad A, Sévendahl L, et al. Secular trends in pubertal
growth acceleration in Swedish boys born from 1947 to 1996. JAMA Pediatr. 2019; 173(9):860-5.

Fuggle NR, Curtis EM, Ward KA, Harvey NC, Dennison EM, Cooper C. Fracture prediction, imaging
and screening in osteoporosis. Nat Rev Endocrinol. 2019; 15(9):535—-47. https://doi.org/10.1038/
$41574-019-0220-8 PMID: 31189982

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002986 December 2, 2019 14/14


https://doi.org/10.1359/jbmr.080518
http://www.ncbi.nlm.nih.gov/pubmed/18518773
https://doi.org/10.1210/er.2014-1024
http://www.ncbi.nlm.nih.gov/pubmed/25202834
https://doi.org/10.1097/MED.0000000000000377
http://www.ncbi.nlm.nih.gov/pubmed/29135489
https://doi.org/10.1016/j.ijheh.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27769633
https://doi.org/10.1016/j.envint.2017.01.003
https://doi.org/10.1016/j.envint.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28089583
https://doi.org/10.1111/j.1365-2605.2012.01279.x
http://www.ncbi.nlm.nih.gov/pubmed/22612475
https://doi.org/10.1038/s41574-019-0220-8
https://doi.org/10.1038/s41574-019-0220-8
http://www.ncbi.nlm.nih.gov/pubmed/31189982
https://doi.org/10.1371/journal.pmed.1002986

