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Abstract
Aims/hypothesis The association between pubertal timing and type 2 diabetes, independent of prepubertal BMI, is not fully
understood. The aim of the present study was to evaluate the association between pubertal timing and risk of adult type 2 diabetes,
independent of prepubertal BMI, in Swedish men.
Methods We included 30,697 men who had data for BMI at age 8 and 20 years and age at Peak Height Velocity (PHV), an
objective assessment of pubertal timing, available from the BMI Epidemiology Study Gothenburg (BEST Gothenburg), Sweden.
Information on type 2 diabetes (n = 1851) was retrieved from the Swedish National Patient Register. HRs and 95% CIs were
estimated by Cox regression analysis. We observed violations of the assumption of proportional hazards for the association
between age at PHVand the risk of type 2 diabetes and therefore split the follow-up period at the median age of type 2 diabetes
diagnosis (57.2 years of age) to define early (≤57.2 years) and late (>57.2 years) type 2 diabetes diagnosis.
Results Age at PHV was inversely associated with both early (HR 1.28 per year decrease in age at PHV, 95% CI 1.21, 1.36) and
late (HR 1.13, 95% CI 1.06, 1.19) type 2 diabetes. After adjustment for childhood BMI, the associations between age at PHVand
both early (HR 1.24, 95% CI 1.17, 1.31) and late (HR 1.11, 95% CI 1.05, 1.17) type 2 diabetes were similar. Moreover, early age
at PHV predicted insulin treatment of type 2 diabetes (OR 1.25 per year decrease in age at PHV, 95% CI 1.17, 1.33). Assuming a
higher risk among those with an age at PHV below the median, the population attributable factor indicates that 15% fewer of the
diagnosed individuals would have developed type 2 diabetes had they not reached puberty early.
Conclusions/interpretation These findings indicate that early puberty may be a novel independent risk factor for type 2 diabetes.

Keywords Childhood BMI . Cohort . Endocrinology . Epidemiology . National registers . Paediatrics . Puberty . School health
records . Type 2 diabetes

Abbreviations
BEST Gothenburg BMI Epidemiology Study Gothenburg
PAF Population attributable factor
PHV Peak Height Velocity

PIN Personal identity number
Q (in Q1, Q2, etc.) Quartile
SHC School healthcare

Introduction

With the global rise in the prevalence of type 2 diabetes, iden-
tification of early risk factors that predispose individuals to
type 2 diabetes is a priority. The strong association between
a high adult BMI and risk of type 2 diabetes is well
established, and prevention of adult obesity remains among
the most important measures to reduce the burden of type 2
diabetes [1, 2]. We and others have recently demonstrated that
being overweight during childhood and BMI change during
puberty are associated with type 2 diabetes [3, 4]. These find-
ings indicate that the increased risk of diabetes associated with
elevated BMI may already be present in childhood and
adolescence.
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In addition to high BMI during childhood and adolescence,
a few studies have indicated that early puberty is associated
with increased risk of type 2 diabetes in women [5–9].
Information on age at menarche is often available and used
as an estimate of pubertal timing inwomen, and recalled age at
menarche has been shown to correlate rather well with actual
age at menarche [10–12]. One study from the UK demonstrat-
ed that individuals with recalled age at menarche above the
median had a lower risk of type 2 diabetes compared with
those with recalled age at menarche below the median [8].
Recently, using the large amount of data available through
the UKBiobank study, women with menarche before 11 years
of age (20.2%) were found to have 76% higher risk of type 2
diabetes than those aged between 11 and 15 years at menarche
[5]. Given the clear inverse association between childhood
BMI and age at menarche in women [13–17], adjustment for
the confounding effect of prepubertal BMI is important. Only
one study, which analysed data on 1381 women in a British
birth cohort born in 1946, had data available for prepubertal
height and weight and was able to adjust for childhood BMI.
In that study, the association between age at menarche and
type 2 diabetes was strongly attenuated and no longer signif-
icant after adjustment for BMI at 7 years of age [9].

For boys, retrospective studies of pubertal timing are
hampered by the lack of easily available pubertal indicators.
In the UK Biobank study, recalled age at voice breaking is
available as a pubertal marker [5]. The three self-reported

categories of voice breaking in that study were ‘younger than
average’, ‘about average’ and ‘later than average’, and the
results showed higher risk for type 2 diabetes for the 4.3%
who reported early voice breaking (OR 1.44, 95% CI 1.3,
1.59) and lower risk for the 5.9% who reported late voice
breaking (OR 0.69, 95% CI 0.61, 0.77) compared with the
approximately 90% that reported age at voice breaking ‘about
average’ [5]. Age at voice breaking when reported by recall in
adult life has not been validated [18]. Importantly, the analyses
in the UK Biobank study could not be adjusted for prepubertal
BMI, which is known to influence pubertal timing in men
[19]. Therefore, the association between pubertal timing and
type 2 diabetes, independent of prepubertal BMI, is unknown
in men [5].

In the ongoing BMI Epidemiology Study Gothenburg
(BEST Gothenburg), Sweden, both age at pubertal timing
and information on childhood BMI and young adult BMI
are available for a cohort of men born between 1945 and
1961. We used a modified Infancy-Childhood-Puberty model
[20] to calculate age at peak height velocity (PHV), an objec-
tive assessment of pubertal timing, in men. Using these data,
we have recently demonstrated an inverse association between
prepubertal BMI at age 8 and age at PHV [19], and we also
observed a clear secular trend towards earlier age at PHV in
males from the 1940s up to the present [21].

In the present cohort study, we hypothesised that early age
at PHV, independent of prepubertal BMI, is associated with



increased risk of type 2 diabetes in men. The aim of the pres-
ent study was to evaluate the association between pubertal
timing and risk of adult type 2 diabetes, independent of child-
hood BMI, in Swedish men.

Methods

Study design BEST Gothenburg was initiated with the overall
aim of studying the impact of childhood and adolescent BMI
and pubertal timing on adult diseases. We collected data on
birthweight as well as directly measured height and weight
from centrally archived school healthcare (SHC) records for
all men born 1945 to 1961 in Gothenburg, Sweden, as previ-
ously described [22]. We also collected data on height and
weight at young adult age (17.5–22.0 years of age) from mili-
tary conscription tests. Conscription was mandatory until
2010 for all Swedish men. The study cohort was linked to
high-quality national disease registers held at the Swedish
National Board of Health andWelfare using the personal iden-
tity numbers (PINs) for the included subjects. Eligible indi-
viduals were those with an SHC record in the central archive
and a 10-digit PIN (Fig. 1). Subjects with data available for
calculation of both childhood BMI, young adult BMI and age
at PHV were included in the present study (n = 30,697; Fig. 1
and Table 1). The following subjects were excluded before
study start: (1) subjects with an incomplete PIN; (2) subjects
lacking childhood BMI, young adult BMI or age at PHV; (3)

Table 1 Cohort description

Variable Value

Exposures

Childhood BMI (8 years; kg/m2) 15.7 ± 1.4

Young adult BMI (20 years; kg/m2) 21.4 ± 2.5

Mean (±SD) age at PHV (years) 14.1 ± 1.1

Median (IQR) age at PHV (years) 14.1 (13.4–14.8)

Birthweight (kg)a 3.6 ± 0.6

Childhood overweight 1920 (6.3)

Young adult overweight 2262 (7.4)

Country of birth

Sweden 25,852 (84.2)

Other 4845 (15.8)

Education levelb

Elementary school 5425 (18.0)

Secondary education 13,194 (43.7)

Post-secondary education 11,561 (38.3)

Outcomes

Type 2 diabetes 1851 (6.0)

Early (≤57.2 years) 926

Late (>57.2 years) 925

Insulin-treated type 2 diabetes 787

Mean (±SD) age at diagnosis (years) 56.6 ± 7.0

Median (IQR) age at diagnosis (years) 57.2 (52.5–61.9)

Data are presented as mean ± SD or n (%), unless stated otherwise; total
cohort n = 30,697

Childhood overweight at 8 years of age was defined as BMI ≥17.9 kg/m2 ,
while young adult overweight at 20 years of age was defined as BMI
≥25 kg/m2 . The outcome type 2 diabetes includes new cases after 30 years
of age
a Data on birthweight were available for n = 29,178
bData on education level were available for n = 30,180
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subjects who died, emigrated, or were diagnosed with diabetes
before 30 years of age; and (4) subjects who were diagnosed
with type 1 diabetes at any time point (in total 38.7% exclud-
ed; Fig. 1). The 30,697men included in the study were follow-
ed from 30 years of age until receiving a type 2 diabetes
diagnosis (n = 1851) or censoring due to migration (n =
1750), death (n = 2841) or until 31 December 2016, whichev-
er came first. Subjects who were censored during the study
(i.e. those who emigrated or died) or were diagnosed with type
2 diabetes were included in the study until the date of
censoring.

The ethics committee of the University of Gothenburg,
Sweden, approved the study and waived the requirement for
written or oral informed consent.

Definition of study exposures Prepubertal childhood BMI at
8 years of age and young adult BMI at 20 years of age were

Background population:

Men born 1945–1961

who completed school in the

municipality of Gothenburg

n = 50,020

Incomplete PIN

n = 1301

Cohort in present study
b 

:

n = 30,697 (61.3%)

Excluded before age 30
a

n = 2038

Lacking data on childhood

BMI and/or young adult BMI

n = 10,119

Diagnosed with T1DM

n = 400

Lacking data on PHV

n = 5465

Fig. 1 Flow chart of included individuals. aExcluded due to any diabetes
diagnosis, emigration or death; bFollowed until censoring due to a type 2
diabetes diagnosis, death, migration or until 31 December 2016. T1DM,
type 1 diabetes



Table 2 Hazard ratios for early
and late type 2 diabetes according
to age at PHV in 30,697 Swedish
men followed for a mean of 30.7
± 7.5 years after age 30

Model HR (95% CI) per year decrease

Early type 2 diabetes Late type 2 diabetes

Base model 1.28 (1.21, 1.36) 1.13 (1.06, 1.19)

+ Adjustment for cBMI 1.24 (1.17, 1.31) 1.11 (1.05, 1.17)

+ Adjustment for aBMI 1.15 (1.08, 1.22) 1.05 (0.99, 1.11)

+ Adjustment for cBMI and aBMI 1.16 (1.09, 1.23) 1.05 (0.99, 1.11)

HRs (95% CI) per year decrease in age at PHV were calculated using Cox proportional hazards regression.
Number of early (occurring ≤57.2 years) type 2 diabetes cases n = 926; total number in analysis n = 30,697.
Number of late (occurring >57.2 years) type 2 diabetes cases n = 925, total number in analysis n = 24,513. All
models are adjusted for birth year and country of birth with or without further adjustment for childhood BMI (at
8 years of age), young adult BMI (at 20 years of age), or both childhood BMI and young adult BMI

aBMI, young adult BMI; cBMI, childhood BMI
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calculated using all paired height and weight measurements
during the period between 6.5 and 9.5 years of age for
prepubertal childhood BMI at 8 years of age, and in the
period 17.5 to 22 years of age for young adult BMI at 20 years
of age, as previously described [4]. All measurements within
these intervals were used to construct a linear regression
model and the data for individual subjects were then adjusted
on the slope of the regression to obtain BMI at 8 and 20 years
of age. After age adjustment, the BMIs were used to classify
subjects as overweight or obese at 8 years of age (using the
Centers for Disease Control and Prevention [CDC] cut-offs at
8 years of age of BMI ≥17.9 kg/m2 and BMI ≥20.0 kg/m2,
respectively [23]) and at 20 years of age (based on the gener-
ally accepted cut-offs of BMI ≥25 kg/m2 and ≥ 30 kg/m2,
respectively). Overweight refers to the population with a
BMI above the overweight cut-off and includes both
overweight and obese subjects at either 8 or 20 years of age.
Details of birthweight were retrieved from SHC records.

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 PHVaccording to the infancy–
childhood–puberty (ICP) model [20] that we had further devel-
oped (using R [24]) as previously described [19, 25]. Age at
PHVwas defined as age at themaximum growth velocity during
puberty and was estimated by the curve-fitting program.

The study subjects’ education level at age 45, categorised
as low (=elementary school), middle (=secondary education)
and high (=post-secondary education), and information on
country of birth (categorised as Sweden if the subjects and
both parents were born in Sweden, and other if the criteria
were not fulfilled or information was missing) were retrieved
from demographic registers at Statistics Sweden.

Definition of study outcomesDates and diagnoses for the first
appearance of a diagnosis of type 2 diabetes in any coding
position were retrieved from the National Patient Register,
initiated in 1964 and with full coverage in the Gothenburg
region from 1972. A diagnosis of type 2 diabetes was defined

according to the ICD system codes; E11 in ICD10 and 250 in
ICD8 and ICD9 occurring for the first time after 30 years of
age. The age cut-off of 30 years has been used by us and others
[26] in order to avoid misclassifications between type 1 and
type 2 diabetes, since these two entities are not separable in the
diagnostic code systems ICD8 and ICD9 used until 1996 in
Sweden. Information on insulin prescription was retrieved
from the Prescribed Drug Register in Sweden, which has data
available from 2005. Insulin treatment was defined as two or
more prescriptions of insulin (Anatomical Therapeutic
Chemical [ATC] classification code A10A) in the Prescribed
Drug Register.

Statistical analysis We used the Student’s t test (unpaired) to
compare means, Cox proportional hazards regression to
analyse the association between exposures and events and a
logistic regression model to analyse the association between
exposures and insulin-treated type 2 diabetes. Non-linear
associations were evaluated by inclusion of a quadratic term
in the Cox proportional hazards regressionmodel and possible
interactions were assessed by addition of an interaction term in
the Cox regression model. The interaction term included the
two variables of interest multiplied by each other. Age at PHV
did not show a significant interaction with childhood BMI.
Kaplan–Meier survival plots were created with study subjects
divided according to quartiles of age at PHV, and significance
was tested using the logrank test between the groups.
Descriptive data are presented as mean ± SD or n (%).

There were no missing values for the main variables.
Birthweight and education level were available for a subsam-
ple of the entire cohort. Missing values were not imputed.
Models including birthweight (n = 29,178) or education level
(n = 30,180) only included the subgroup of boys with these
variables available. Birthweight and BMI were log-
transformed (using log10) when used in the Cox regression
model.

The Population attributable factor (PAF) was estimated
using the HR for age at PHV below vs above the median.



Table 3 Hazard ratios for early
type 2 diabetes according to
quartiles of age at PHV in 30,697
Swedish men followed for a mean
of 30.7 ± 7.5 years after age 30

Age at PHV quartiles Range for age at PHV Events HR (95% CI)

Base model Adjusted for cBMI

Q1 (n = 7674) vs Q4 9.3–13.4 317 1.97 (1.63, 2.38) 1.78 (1.47, 2.16)

Q2 (n = 7674) vs Q4 13.4–14.1 242 1.50 (1.23, 1.83) 1.46 (1.20, 1.79)

Q3 (n = 7675) vs Q4 14.1–14.8 205 1.26 (1.02, 1.54) 1.24 (1.01, 1.52)

Q4 (n = 7674) 14.8–17.9 162 Reference Reference

HRs (95% CI) for type 2 diabetes for Q1–3 according to age at PHV with Q4 as reference were calculated using
Cox proportional hazards regression. The base model is adjusted for birth year and country of birth, while the
adjusted model also includes childhood BMI as a covariate. Cases of type 2 diabetes diagnosis n = 926, total
number in analysis N = 30,697

cBMI, childhood BMI at age 8

Table 4 Hazard ratios for late
type 2 diabetes according to
quartiles of age at PHV in 24,513
Swedish men

Age at PHV quartiles Range for age at PHV Events HR (95% CI)

Base model Adjusted for cBMI

Q1 (n = 6128) vs Q4 9.3–13.4 278 1.33 (1.11, 1.59) 1.27 (1.05, 1.52)

Q2 (n = 6128) vs Q4 13.4–14.1 253 1.25 (1.04, 1.51) 1.22 (1.01, 1.47)

Q3 (n = 6129) vs Q4 14.1–14.8 193 0.97 (0.80, 1.18) 0.96 (0.79, 1.17)

Q4 (n = 6128) 14.8–17.9 201 Reference Reference

HRs (95% CI) for late type 2 diabetes for Q2–Q4 according to age at PHV with Q1 as reference were calculated
using Cox proportional hazards regression. The basemodel is adjusted for birth year and country of birth while the
adjusted model also includes childhood BMI as a covariate. Cases of type 2 diabetes diagnosis n = 925, total
number in analysis N = 24,513

cBMI, childhood BMI at age 8
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The Cox regression was adjusted for birth year, country of
birth and childhood BMI at 8 years of age. The PAF was
calculated using the formula PAF = pe(1 − 1/HR), where pe is
the prevalence of exposure to pubertal timing below the medi-
an among cases of type 2 diabetes [27].

Kaplan–Meier survival and cumulative incidence plots and
the test for proportionality were performed in R version 3.4.2
using the ‘survival’ and ‘rms’ packages [24, 28, 29] and all
other analyses were performed in SPSS statistics (version 25,
IBM, Armonk, NY, USA).

Results

Study cohort In this study, 30,697 men born between 1945
and 1961 and who had available information on childhood
BMI at age 8, young adult BMI at 20 years of age, and age
at PHV were included and followed until 31 December 2016
(Fig. 1). Mean follow-up starting from 30 years of age was
30.7 years (941,673 person-years of follow-up). There were
1851 cases of type 2 diabetes before the end of follow-up and
the median age at type 2 diabetes diagnosis was 57.2 years
(Table 1).

Association between age at PHV and type 2 diabetes Age at
PHV represents an objective assessment of pubertal timing. In
the present cohort, mean age at PHV was 14.1 (SD 1.1) years.
A Cox proportional hazards regression model adjusted for
birth year and country of birth revealed an inverse linear asso-
ciation between age at PHV and the risk of type 2 diabetes
(p = 1.3× 10−19, for non-linearity p = 0.41). When evaluating
the association between age at PHV and the risk of type 2
diabetes, we observed violations of the assumption of propor-
tional hazards, indicating that the strength of the association
declined with follow-up time. We therefore split the follow-up
period at the age of the median case of type 2 diabetes
(57.2 years of age) and present the associations with early
(≤57.2 years) and late (>57.2 years) type 2 diabetes separately
in the subsequent analyses. Age at PHV was significantly
associated with both early and late type 2 diabetes (Table 2).
For every 1 year earlier age at PHV, the risk of early type 2
diabetes was 28% higher (HR per year decrease in age at PHV
1.28, 95% CI 1.21, 1.36) and the risk of late type 2 diabetes
was 13% higher (HR 1.13, 95% CI 1.06, 1.19) (Table 2).

Importantly, the risk of early type 2 diabetes was almost
doubled for the subjects in the earliest age at PHV quartile,
quartile 1 (Q1), compared with those in Q4 (HR 1.97, 95% CI
1.63, 2.38), and was clearly increased for subjects in Q2 and Q3
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compared with those in Q4 (Table 3). In late type 2 diabetes, Q1
and Q2, but not Q3, had a moderately increased risk compared
with Q4 (Table 4). A Kaplan–Meier survival plot confirmed a
substantially increased risk of type 2 diabetes for the individuals
with age at PHV in Q1 and Q2, but not for Q3, compared with
individuals in Q4 (Fig. 2). Evaluation using cumulative inci-
dence plots of type 2 diabetes and non-diabetes mortality did

not indicate that there was any competing non-diabetes mortal-
ity disturbing the present finding of increased risk of type 2
diabetes for subjects in Q1, Q2 or Q3 compared with subjects
in Q4 according to age at PHV quartile (Fig. 3).

Analyses according to age at PHVin quintiles with the medi-
an quintile as reference demonstrated a significant association
between the early age at PHV quintile (quintile 1) and the risk of
early (Table 5) but not late (Table 6) type 2 diabetes.
Interestingly, individuals in the late age at PHV quintile (quintile
5) displayed a reduced risk of early type 2 diabetes (Table 5).

Association between age at PHV and type 2 diabetes adjusted
for childhood BMI and young adult BMI We next evaluated
whether the association between pubertal timing and risk of
type 2 diabetes was independent of childhood BMI at 8 years
of age (i.e. prepubertal BMI). Subjects with an age at PHV
below the median had higher childhood BMI at 8 years of age
(mean ± SD 15.9 ± 1.5 vs 15.5 ± 1.3 kg/m2, p = 6.3× 10−17)
and young adult BMI at 20 years of age (21.9 ± 2.5 vs 20.9
± 2.4 kg/m2, p = 6.1× 10−10) compared with subjects with age
at PHV above the median. The associations between age at
PHVand both early and late type 2 diabetes were similar after
adjustment for childhood BMI (Tables 2, 3 and 4). When we
adjusted the analyses for young adult BMI at 20 years of age
(i.e. post-pubertal BMI; childhood BMI explains 36% of the
variance in young adult BMI), the association between age at
PHV and early type 2 diabetes was maintained, but the asso-
ciation with late type 2 diabetes was no longer significant
(Table 2). When the model was adjusted for both childhood
BMI and young adult BMI, there was a significant association
between age at PHV and early, but not late, type 2 diabetes
(Table 2). Thus, early age at PHV is associated with increased
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risk of both early and late type 2 diabetes independent of
childhood BMI at 8 years of age.

Assuming a higher risk among those with an age at PHV
below the median, the PAF of 15% indicates that 15% fewer
of the individuals diagnosed with type 2 diabetes would have
developed type 2 diabetes had they not had an early pubertal
timing.

The risk of insulin-treated type 2 diabetesWe then evaluated
the association between age at PHVand the risk of a diagnosis
of type 2 diabetes requiring insulin treatment (n = 787), i.e.
type 2 diabetes with a worse global risk profile than type 2
diabetes without insulin treatment. We found that early age at
PHVwas associated with increased risk of insulin-treated type

2 diabetes (OR 1.25 per year decrease in age at PHV, 95% CI
1.17, 1.33). However, among subjects with type 2 diabetes
(n = 1851), age at PHV did not significantly associate with
insulin treatment (OR 1.06 per year decrease in age at PHV,
95% CI 0.97, 1.15).

Adjustments for birthweight, education level and country of
birth Birthweight was directly associated with the risk of early
(HR 0.81 per SD increase, 95% CI 0.77, 0.86) and late (HR
0.87 per SD increase, 95% CI 0.82, 0.93) type 2 diabetes.
Adjustment for birthweight (n = 29,178) did not alter the asso-
ciation between age at PHV and risk of early (adjusted for
birthweight: HR 1.26 per year decrease in age at PHV, 95%
CI 1.19, 1.34; unadjusted: 1.27 per year decrease, 95% CI
1.19, 1.43) or late (adjusted for birthweight: HR 1.11 per year
decrease, 95% CI 1.05, 1.18; unadjusted HR 1.11 per year
decrease, 95% CI 1.05, 1.18) type 2 diabetes.

We next wanted to investigate whether the association
between age at PHVand risk of type 2 diabetes could be partly
explained by adult education level and therefore adjusted the
Cox regression analysis for education level at age 45
categorised into low, middle and high groups. Education level
itself showed a clear inverse association with the risk of early
(low HR 2.34, 95% CI 1.95, 2.81 and middle HR 1.83, 95%
CI 1.56, 2.15 vs high) and late (low HR 2.27, 95% CI 1.90,
2.71 and middle HR 1.61, 95% CI 1.37, 1.89 vs high) adult
type 2 diabetes. Adjustment for education level did not alter
the observed associations between age at PHVand early (HR
1.29 per year decrease, 95% CI 1.22, 1.36) or late (HR 1.12
per year decrease, 95% CI 1.06, 1.19) type 2 diabetes.

In the subpopulation of men born in Sweden with both
parents born in Sweden (n = 25,852), similar associations as
described for the complete cohort were seen for age at PHV
with both early (HR 1.27 per year decrease, 95% CI 1.19,
1.35) and late (HR 1.14 per year decrease, 95% CI 1.07,
1.21) type 2 diabetes.

Discussion

Childhood BMI is a known predictor of type 2 diabetes risk in
men, but the predictive role of pubertal timing, independent of
prepubertal BMI, for adult type 2 diabetes is not fully under-
stood.We have collected information on height before, during
and after puberty and used this data to calculate age at PHV, an
objective assessment of pubertal timing, for 30,697 men in the
BEST Gothenburg study. Using this data, we have demon-
strated an inverse association between objectively assessed
pubertal timing and the risk of type 2 diabetes in men.
Importantly, we were able to adjust for childhood BMI at
8 years of age and show that the associations between pubertal
timing and both early and late adult type 2 diabetes are inde-
pendent of prepubertal BMI.

Table 5 Hazard ratios for early type 2 diabetes according to quintiles of
age at PHV in 30,697 Swedish men followed for a mean of 30.7 ±
7.5 years after age 30

Age at PHV quintiles Events HR (95% CI)

Base model Adjusted for cBMI

Quintile 1 (n = 6139) 277 1.59 (1.32, 1.92) 1.46 (1.20, 1.76)

Quintile 2 (n = 6140) 188 1.07 (0.87, 1.31) 1.04 (0.85, 1.28)

Quintile 3 (n = 6139) 176 Reference Reference

Quintile 4 (n = 6140) 165 0.93 (0.76, 1.16) 0.95 (0.77, 1.18)

Quintile 5 (n = 6139) 120 0.69 (0.54, 0.87) 0.70 (0.56, 0.88)

HRs (95% CI) for type 2 diabetes for quintiles 1, 2, 4 and 5 according to
age at PHVwith quintile 3 as reference were calculated usingCox propor-
tional hazards regression. The base model is adjusted for birth year and
country of birth while the adjusted model also includes childhood BMI as
a covariate. Cases of type 2 diabetes diagnosis n = 926, total number in
analysis N = 30,697

cBMI, childhood BMI at age 8

Table 6 Hazard ratios for late type 2 diabetes according to quintiles of
age at PHV in 24,513 Swedish men

Age at PHV quintiles Events HR (95% CI)

Base model Adjusted for cBMI

Quintile 1 (n = 4902) 220 1.07 (0.88, 1.29) 1.03 (0.84, 1.25)

Quintile 2 (n = 4903) 205 1.04 (0.85, 1.26) 1.01 (0.83, 1.23)

Quintile 3 (n = 4903) 196 Reference Reference

Quintile 4 (n = 4903) 159 0.82 (0.68, 1.01) 0.83 (0.67, 1.02)

Quintile 5 (n = 4902) 145 0.73 (0.59, 0.91) 0.75 (0.61, 0.93)

HRs (95% CI) for type 2 diabetes for quintiles 1, 2, 4 and 5 according to
age at PHVwith quintile 3 as reference were calculated usingCox propor-
tional hazards regression. The base model is adjusted for birth year and
country of birth while the adjusted model also includes childhood BMI as
a covariate. Cases of type 2 diabetes diagnosis n = 925, total number in
analysis N = 24,513

cBMI, childhood BMI at age 8
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Male pubertal timing is not well studied. For girls, an
inverse association between childhood BMI and age at menar-
che has been identified [17] and studies have established a
secular trend of earlier menarcheal age since the mid-
nineteenth century [30], partly explained by increased child-
hood BMI during the last 60 years [31]. Retrospective studies
of male puberty are limited by the lack of easily available
pubertal indicators, therefore, less is known regarding the
determinants and the consequences of male pubertal timing.
We have collected retrospective growth data, calculated age at
PHV according to a modified infancy–childhood–puberty
model [20] and used it as an objective assessment of pubertal
timing in boys, as previously described [19, 21, 25]. Age at
PHV is the age at the time of the maximum growth spurt,
which occurs approximately 2 years after pubertal onset in
boys [32]. Using age at PHV we recently reported a secular
trend for pubertal timing from the 1940s onwards [21] and we
have also demonstrated an inverse association between pre-
pubertal childhood BMI and age at PHV [19]. In the current
study we demonstrate that early age at pubertal timing is asso-
ciated with increased risk of adult type 2 diabetes, independent
of childhood BMI, in Swedish men.

The studies using age at menarche as assessment of puber-
tal timing suggest a risk pattern associated with early pubertal
timing in women, including increased risk of type 2 diabetes
and cardiovascular disease [5–9, 33, 34]. Among the studies
in women we only found one that was able to adjust the asso-
ciation between early age at menarche and type 2 diabetes for
prepubertal childhood BMI. The results indicated that the
association was strongly attenuated by adjustment for prepu-
bertal BMI and was no longer significant after the adjustment
[9]. For men, the potential health consequences of early or late
pubertal timing have not been evaluated in detail. In the UK
Biobank study, self-reported age at voice breaking was
inversely associated with the risk of type 2 diabetes. This
finding is in line with the results using age at menarche in
women in the same study [5], and with findings from previous
studies demonstrating an association between early age at
menarche and increased risk of type 2 diabetes [6–9]. The
UK Biobank study looked at associations between extremes
in self-reported pubertal timing (early-maturing [4.3%] and
late-maturing [5.9%] boys) and risk of type 2 diabetes, and
reported adverse health consequences for the 4.3% with self-
reported early puberty [5]. In the present study, we demon-
strate an inverse linear association between age at PHV, eval-
uated as a continuous variable, and the risk of type 2 diabetes.
Importantly, as prepubertal BMI was not available in the UK
Biobank study, the association between pubertal timing and
type 2 diabetes in men could not be adjusted for childhood
BMI [5] and, consequently, the association between pubertal
timing and type 2 diabetes, independent of prepubertal BMI,
is not known. As prepubertal BMI was available in the present
study, we were able to demonstrate that age at PHV was

associated with risk of type 2 diabetes independent of child-
hood BMI in men. This finding is further supported by the
observation that age at pubertal timing was inversely associ-
ated with type 2 diabetes that required insulin treatment, i.e.
type 2 diabetes with a worse global risk profile than those not
requiring insulin treatment. Moreover, the notion that the
significant inverse association between age at pubertal timing
and risk of type 2 diabetes is also maintained after adjustment
for education level and birthweight indicates that this associ-
ation is robust to adjustment for available relevant
confounders. Our analyses also demonstrated that late puber-
tal timing was associated with reduced risk of early type 2
diabetes, independent of prepubertal BMI.

The mechanisms behind the observed association between
early pubertal timing and increased risk of type 2 diabetes in
men are not clear. Since this is an observational study, we can
only hypothesise on the possible factors mediating the
observed association between early pubertal timing and
increased risk of type 2 diabetes. The association between
early menarche and increased risk of type 2 diabetes is report-
ed to be completely [6, 8, 9] or partly [5, 7] attenuated by
adjustment for adult age BMI, suggesting that increased
adiposity might be an important mediator of the association
in women. Some previous studies have shown a higher BMI
and greater android fat mass at age 60–64 in men with earlier
pubertal timing [18, 35], suggesting that pubertal timing may
modulate BMI and adiposity during adult life in men.
Unfortunately, BMI during middle age was not available in
our study to test this hypothesis, but the notion that adjustment
for young adult BMI at 20 years of age attenuated the associ-
ation between pubertal timing and late type 2 diabetes aligns
with the hypothesis that adult BMI could be partly involved in
the mediation of this association. In a previous study, we
demonstrated a higher amount of visceral adipose tissue in
men with early puberty [25]. One may speculate that early
puberty leads to the accumulation of visceral fat, and thereby
increased cardiometabolic risk.

The limitations associated with the present study
include the fact that information on BMI later in life
was not available and that information on family history
of diabetes and smoking was lacking. Another limitation is
that the results may have limited generalisability to other
ethnicities with a higher prevalence of type 2 diabetes, as
Sweden and northwestern Europe have a low prevalence.
Moreover, type 2 diabetes diagnoses were captured
through hospital-based registers and it was not possible
to verify a correct classification of the outcome diagnosis.
However, the Prescribed Drugs Register captures all insu-
lin dispensed at Swedish pharmacies and the strong asso-
ciation with insulin-treated type 2 diabetes supports a true
association between pubertal timing and type 2 diabetes.
The strengths of the study include that we used a well-
powered population-based cohort with information on the
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