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Abstract

Purpose Early puberty is associated with adverse health outcomes. To identify potential modifiable factors for puberty
timing, we examined the associations of prepubertal childhood macronutrient intakes with puberty timing in boys and girls.
Methods In the Avon Longitudinal Study of Parents and Children, macronutrient intakes at age 6 years were predicted
using random intercepts linear regression models of dietary data at 3, 4, 7 (assessed by food frequency questionnaires) and
7.5 years (by 3-day food diaries). Timings of puberty onset (Tanner stage 2 genital or breast (B2) development) and puberty
completion (voice breaking (VB) or menarche) were calculated from annual parental and child reports at 8—17 years. Age at
peak height velocity (PHV) was derived from repeated height measurements at 5-20 years. Linear regression models were fit
to estimate the associations of total energy (TEI) and macronutrient intakes (carbohydrate, fat, protein) with puberty timing
traits, adjusting for maternal and infant characteristics.

Results Among 3811 boys, higher TEI, but no macronutrient, was associated with earlier VB. Among 3919 girls, higher
TEI was associated with earlier ages at B2, PHV, and menarche. Higher protein intake but not carbohydrate or fat intake (in
energy partition models) and substitution of dietary protein for carbohydrate (in nutrient density and residual models) was
associated with earlier B2, PHV, and menarche in girls. Findings were not attenuated on additional adjustment for body fat
percentage during adolescence.

Conclusions These findings suggest habitual total energy intakes in children, and protein intakes in girls, as potential modifi-
able determinants of puberty timing.
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Introduction

Puberty is the transition from childhood to adult body
appearance and attainment of reproductive capacity, a pro-
cess that takes 2-3 years. The timing of puberty is typically
indicated in boys by age at onset of genital development
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or voice breaking and in girls by the age at onset of breast
development or menarche, and these timings have become
earlier over the last decades worldwide [1-4]. Such trends
are concerning, because earlier puberty timing has been
associated with adverse mental [5] and physical health out-
comes [6, 7]. A recent systematic review estimated that a
significant proportion of type 2 diabetes may be attributed
to early menarche timing among white British women [8].
These findings highlight the need to identify potentially
modifiable factors that determine puberty timing. It is well
recognised that girls who experience rapid childhood growth
and have overweight or obesity tend to progress through
puberty earlier than their peers [9, 10]. Such findings raise
the possibility that dietary intakes, whether or not acting
through child growth and obesity, may be potential modifi-
able determinants of puberty timing [11].
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Previous observational studies have examined the asso-
ciations between total energy or macronutrient (i.e., carbo-
hydrate, fat, and protein) intakes in childhood with subse-
quent puberty timing, but the findings are conflicting and
limited mainly to girls [11]. A few studies have inconsist-
ently reported that higher total energy intake was associ-
ated with earlier [12, 13] or later age at menarche [14, 15],
whereas others reported no association between total energy
intake and age at menarche [16—18] or breast development
[19]. Similarly, studies have variably reported that higher
total protein intake was associated with earlier [13] or later
age at menarche [20]. Other studies reported no associa-
tions for protein intake with age at menarche [14-19, 21,
22], but differential associations with other puberty timing
traits including later onset of breast development [19, 20],
and earlier voice breaking and peak height velocity in boys
and girls [22]. Negative [23], positive [24], or null associa-
tions [13-17, 19, 21] have also been reported between total
fat intake and age at menarche. Higher carbohydrate intake
was associated with later age at menarche in one study [21],
but most studies reported no association between carbohy-
drate intake and puberty timing [13-15, 17-19]. Notably,
those previous studies mostly relied on a single self-report
of puberty timing, usually age at menarche. It is important
to consider other puberty timing traits which may represent
different underlying sex hormone pathways [25]. Moreover,
most studies assessed dietary intake only at a single time-
point and did not model the effects of isocaloric macronutri-
ent substitutions.

Here, we aimed to examine the prospective associations
of habitual energy and macronutrient intakes during prepu-
bertal childhood with several puberty timing traits in boys
and girls. We hypothesised that higher total energy intake
would be associated with earlier puberty timing, predomi-
nantly in girls, given the more consistent negative associa-
tion between body mass index and puberty timing observed
in girls than boys [9, 10]. Since the reported associations
between macronutrient intakes and puberty timing are
inconsistent, we explored associations with all three main
macronutrient intakes, accounting for isocaloric macronu-
trient substitutions. Furthermore, we explored whether any
observed association was independent of adiposity during
puberty.

Methods

Study population

The Avon Longitudinal Study of Parents and Children
(ALSPAC) is an ongoing population-based birth cohort

study that initially enrolled 14,541 pregnant mothers from
the former Avon country of southwest England, with
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expected dates of delivery between 1 April 1991 and 31
December 1992 [26, 27]. The cohort included in total 14,901
children, comprising 13,988 children from those pregnan-
cies who were alive at age 1 year and 913 children addition-
ally recruited from age 7 years onwards. The participants
were followed up at regular intervals using questionnaire-
and clinic-based assessments. Further information about
the study including details of all the data available are at:
http://www.bristol.ac.uk/alspac/researchers/our-data/. Ethi-
cal approval for this cohort study was obtained from the
ALSPAC Ethics and Law Committee and the Local Research
Ethics Committees (http://www.bristol.ac.uk/alspac/resea
rchers/research-ethics/).

Based on the same ALSPAC cohort, a similar analy-
sis of the present question has been previously reported,
but that approach was restricted to dietary intakes at 3,
7, and 10 years (considered separately) and a single out-
come only in girls of dichotomous menarche status at age
12.89 +£0.23 years [13].

Dietary assessments

Children’s dietary intakes were reported by main car-
ers using food frequency questionnaire (FFQ) at ages ~3
(mean + SD: 3.22 +0.10 years) (n=9797, 70.0%),~4
(4.54 +£0.10 years) (n=9484, 67.8%) and ~7 years
(6.79+0.11 years) (n=8234, 58.9%), and by 3-day food dia-
ries at age ~7.5 years (7.5+0.17 years) (n=28293, 59.3%), as
described in detail elsewhere [28, 29]. Further information
on the plausible reporters can be found in Appendix 1.

In brief, at each age, FFQ was adapted to cover age-
appropriate child’s diets and validated against 3-day food
diaries administered to a 10% subcohort [13]. The FFQ items
asked participants to indicate their child’s current frequency
of intakes of ~ 60 food/drink groups, each with 5 response
options ranging from ‘never or rarely’ to ‘more than once a
day’ [28, 29]. A further 5 food/drink groups, normally con-
sumed daily in a variety of types (bread, spreading and fry-
ing fat, milk, tea, and coffee), were covered in more detail.
Nutrient intakes (per day) were estimated by multiplying
the reported frequency of each food consumed by the nutri-
ent content of a standard portion tailored to the age of the
child (from the 5th edition of McCance and Widdowson’s
The Composition of Foods and its supplements [30]) [28,
29]. At each age, dietary data for 223 to 329 individuals
were excluded, because they had highly implausible val-
ues for total energy intakes on visual inspection of histo-
grams (age 3: <349 kcal and > 2617 kcal; age 4: <514 kcal
and > 3263 kcal; age 7: <545 kcal and >3970 kcal) [29].

The 3-day food diaries were posted to families prior to
attending research clinics, to record all foods and drinks con-
sumed by the child in household measures over 3 (consecu-
tive or non-consecutive) days including 1 weekend day and
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2 weekdays. At 7.5 years, majority reported 3 days of die-
tary intakes (n = 6020, 82.7%), followed by 2 days (n =994,
13.7%) and 1 day (n =263, 3.6%). Energy and nutrient con-
tents of each food consumed were estimated using DIDO
software [31], based on a database comprising the Sth edi-
tion of McCance & Widdowson’s Food Composition tables,
as well as information from manufacturers and the National
Diet and Nutrition Survey [28, 29].

Childhood macronutrient intakes

Intake values between ages 3—7.5 years were combined
and summarised using random intercepts linear regression
models for total energy intake (TEI) and each macronutrient
(carbohydrate, fat, and protein) [32]. In each model, age was
centred to 6 years and the individual intake of each macro-
nutrient at age 6 years was predicted by adding a constant
value (i.e., the population mean intake at age 6 years) to the
Best Unbiased Linear Predictor estimates (i.e., the differ-
ence between the person-specific intercept and the overall
intercept).

Assessment of pubertal development

Repeated data on children’s pubertal development were
collected by an annually administered questionnaire (an
adapted version of the Pubertal Development Scale) [33],
which was completed by caregivers (mainly parent) from
ages 8 to 13 years and by children themselves from ages 14
to 17 years (available for 4370-7017, 29.3-47.1%). Meas-
ures of puberty included genital development in boys and
breast development in girls, and pubic hair in both sexes,
which were reported from a choice of five Tanner stages
ranging from prepuberty (stage 1) to postpuberty (stage 5).
Voice breaking status in boys was reported as: ‘no’, ‘par-
tial’ or ‘total’. Menarche in girls was reported as the date
(month and year) and/or age (in years) at first occurrence of
menstruation. Axillary hair in both sexes was reported as:
‘no’ or ‘yes’.

Calculation of puberty timing traits

Repeated measures of pubertal development were syn-
thesised to determine individual estimates of: (1) age at
pubertal onset, based on Tanner stage 2 genital or breast
development in boys and girls, respectively, and (2) age at
pubertal completion, based on voice breaking or menarche,
respectively. We similarly calculated other puberty timing
traits and considered these as secondary outcomes: age at
pubic hair, axillary hair, and pubertal duration (i.e., time
from puberty onset to completion).

Appendix 2 describes calculations of age at onset of geni-
tal (G2), breast (B2), pubic hair (PH2), axillary hair (AH),

and voice breaking (VB). There were frequent missing data
on timepoints or inconsistent reports and we imputed val-
ues where possible; however, we could not calculate tim-
ings of G2, B2, PH2, and VB for 20.7%-31.7% of included
individuals.

We calculated age at menarche as the earliest reported age
(from reported date or age). Values for age at VB (n=27)
or menarche (n=39) were excluded if these occurred earlier
than age at G2 and B2, respectively. We calculated pubertal
duration as the difference between ages at VB and G2 in
boys, and between ages at menarche and B2 in girls.

We also included an objective measure of puberty tim-
ing, namely age at peak height velocity (PHV), which was
derived from 46,246 measurements of standing height
obtained by trained fieldworkers at clinics (Leicester height
measure at 5—6 years, Harpenden Stadiometer at 7-20 years)
in 5707 participants between ages 5 and 20 years [34]. The
computation of PHV was performed separately in boys
(n=2688) and girls (n=3019), by transformation of the
random age intercept that indicates the timing of the height
growth spurt using SuperImposition by Translation and
Rotation analysis [34].

Potential confounders

We selected potential confounders as those which have been
associated with child’s dietary intakes and puberty timing
[35]. These included maternal characteristics (age at deliv-
ery, passive and active smoking during pregnancy, age at
menarche, education, pre-pregnancy body mass index, and
parity), highest maternal or mothers’ partner’s occupational
socioeconomic group at 18 weeks of gestation, and infant
characteristics (birth weight, gestational age, and breastfeed-
ing duration).

Adiposity during adolescence

Repeat measures of body fat percentage (%BF) by dual-
energy X-ray absorptiometry (Lunar prodigy) were col-
lected biennially from age 9 to 15 years (Pearson’s corre-
lation coefficients =0.90-0.95). We combined these values
using random intercepts linear regression to predict %BF at
age 11 years in each individual, as an estimate of adiposity
during adolescence. At age 11 years, about three-quarters
(n=4378, 75.2%) had started puberty, but most (n= 6025,
93.7%) had not completed puberty.

Statistical analysis
We compared differences between excluded and included

children using chi-squared test for categorical variables and
t test for continuous variables.
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To examine the associations of TEI and macronutrient
intakes with puberty timing, we fitted multivariable lin-
ear regression models, separately in boys and girls, with
adjustment for potential confounders. We fitted further
models with additional adjustment for %BF at age 11 years
as a potential mediator.

To explore the relative roles of macronutrients in
puberty timing, we first used the energy partition model,
which includes the energy contributions from carbohy-
drate, fat, and protein in the same model [36]. Then, in
a more robust approach, we tested the substitution of the
macronutrient of interest for another macronutrient in an
isocaloric diet using the nutrient density method which
includes percentages of energy contributed by the two
macronutrients and TEI [36]. For example, in a model that
includes percentages of energy from fat and protein and
TEI the resulting beta value for protein indicates the effect
of 10% higher protein intake as carbohydrate (the only
excluded macronutrient) intake is concurrently lower by
10%, while fat and total energy intakes are held constant
(i.e., ‘substitution of protein for carbohydrate’). We also
performed sensitivity analyses to examine the associations
of isocaloric macronutrient substitution with puberty tim-
ing using the residual method which includes the residu-
als from the regression of each macronutrient intake on
TEI [36] and thus accounts for potential underreporting
of dietary intakes [37].

To inform public health implications, we conducted a
series of post hoc analyses for primary puberty timing traits.
We used multivariable logistic regressions to evaluate the
role of intakes above or below the United Kingdom (UK)
recommended values on dichotomous puberty timing status
(earlier and equal to/later than the population mean by sex),
using the reported Estimated Average Requirement (EAR)
(1577 kcal for boys and 1483 kcal for girls at 6 years old
[38]) and dietary recommended value for protein (19.7 g
per day for boys and girls at age 6 years [39]). Separately, to
explore potential associations between dietary intakes and
nonlinear puberty timing outcomes, we categorised puberty
timing traits into tertiles and used multivariable logistic
regressions to estimate effects of intakes on 1st compared
to 2nd tertile as reference, and 2nd compared to 3rd tertile as
reference, and compared these odds ratios using Wald tests.
Furthermore, we examined the associations of protein qual-
ity or type, particularly substitutions of protein from animal
sources, i.e., red meat (both processed and unprocessed),
white meat (poultry and fish), and dairy and eggs for protein
from plant-based sources with puberty timing.

To explore the robustness of the results to missing data
on dietary intake (n=204, 2.7%) and more missing data
on covariates (n=17-1238, 0.21-16.0%; n=3401, 44.0%
with at least one missing), we used multiple imputation by
chained equations with 50 imputed datasets [40].
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All statistical analyses were performed using Stata 15.1
(StataCorp. 2017. Stata Statistical Software: Release 15.
College Station, TX: StataCorp LLC).

Results
Participants’ characteristics

The initial sample size in the present study was 10,789
children, who were white (when mother and her partner
reported they were white), full-term birth (gestational
age > 36 weeks), and singleton, and had mother’s age at
delivery > 18 years. Of these children, 7730 (71.6%) (3811
boys and 3919 girls) had data on at least one puberty timing
trait and were included in the final analytical sample. The
average follow-up period was 11.5 +2.9 years. Compared to
the excluded children (n=3059), mothers of those included
children were more likely to be older, nulliparous, from
higher socioeconomic groups, have higher education level,
and less likely to smoke or have second-hand smoke expo-
sure during pregnancy (Supplementary Table 1). Included
children were more likely to be girls, were breastfed for
longer, and tended to have lower intakes of total energy,
carbohydrate, and fat at age 3—7 years than children who
were excluded due to missing data on puberty timing.

Table 1 summarises macronutrient intakes at age 6 years,
puberty timing traits, and %BF at age 11 years in boys and
girls. Compared to boys, girls consumed lower total energy,
relatively less energy from carbohydrate, and relatively more
energy from protein, particularly from red and white meats
but less from plant sources. Total energy and macronutrient
intakes predicted at age 6 years were moderately-to-highly
correlated with the respective intakes reported at other ages
(Pearson’s correlation coefficients =0.55-0.81) (Supplemen-
tary Table 2). Most pubertal traits occurred earlier in girls
than boys, except for pubertal onset, where surprisingly G2
was reported earlier than B2 (Table 1). Correlations between
pubertal traits were stronger in girls than in boys (Supple-
mentary Table 3). Also, girls had higher %BF at 11 years
than boys (Table 1).

Dietary associations with puberty timing

Table 2 shows the associations of childhood total energy
and macronutrient intakes with subsequent puberty timing
in boys and girls, with adjustment for maternal and infant
characteristics. In boys, higher TEI was associated with
earlier VB (B=— 0.29 years per 500 kcal, 95% Confidence
Intervals (CI) =— 0.50, — 0.07). In girls, higher TEI was
associated with earlier B2 (f=- 0.28, 95% CI=- 0.46,
—0.10), PHV (B=- 0.15, 95% CI=—- 0.26, — 0.04), and
menarche (B=—0.14,95% CI=- 0.27, — 0.01). Regarding



European Journal of Nutrition (2022) 61:157-167 161
Table 1 Macronutrient i.ntz.lkcs Boys (n=3811)  Girls (1=3919) p
at age 6 years, puberty timing, mean +SD mean +SD
and body fat percentage at age _ _
11 years in boys and girls Total energy intake, kcal 1654 + 160 1579+ 148 <0.001
Total carbohydrate intake, g 207.2+20.8 196.9+19.4 <0.001
Total fat intake, g 67.4+7.4 64.4+6.8 <0.001
Total protein intake, g 56.6+5.8 547+5.3 <0.001
From red meat 72+1.38 69+1.7 <0.001
From white meat 9.6+19 9.8+19 <0.001
From dairy and eggs 17.0+3.2 16.3+2.9 <0.001
From plant sources 22.8+2.6 21.6+2.5 <0.001
Percentage of energy from carbohydrate, % 50.1+1.7 499+1.5 <0.001
Percentage of energy from fat, % 36.5+1.6 36.6+1.4 0.055
Percentage of energy from protein, % 13.8+1.0 14.0+0.9 <0.001
From red meat 1.7+0.5 1.8+0.4 0.035
From white meat 2.4+0.5 25+0.5 <0.001
From dairy and eggs 4.2+0.7 4.2+0.7 0.256
From plant sources 5.54+0.5 5.50+0.4 0.001
Age at pubertal onset (G2 or B2), years 8.7+1.6 10.0+1.6 <0.001
Age at pubertal completion (VB or menarche), years 13.6+1.9 12.7+1.2 <0.001
Age at PHV, years 13.6+0.9 11.7+£0.8 <0.001
Age at P2, years 11.0+£1.7 10.8+1.5 <0.001
Age at AH, years 13.7+1.7 122+1.6 <0.001
Pubertal duration, years 4.8+2.3 27+1.3 <0.001
Body fat percentage, % 21.0+7.8 273+74 <0.001

AH armpit hair growth, B2 Tanner stage 2 breast development, G2 Tanner stage 2 genital development,
PH?2 Tanner stage 2 pubic hair growth, PHV peak height velocity, VB voice breaking

secondary outcomes, higher TEI was associated with ear-
lier PH2 in both sexes (boys: p=— 0.26, 95% CI=— 0.47,
— 0.05; girls: p=—0.19, 95% Cl=- 0.38, — 0.01) (Sup-

plementary Table 4).
In energy partition models, higher protein intake
was associated with earlier B2 (f=— 2.52 years per

500 kcal, 95% CI=- 4.45, — 0.59), PHV (p=- 1.69,
95% Cl=- 2.81, — 0.57) and menarche (p=— 1.40, 95%
Cl=- 2.79, — 0.02) in girls (Table 2). Higher protein
intake was also associated with earlier timing of secondary
puberty traits in boys (PH2: p=— 2.94, 95% Cl=- 5.07,
— 0.80) and girls (PH2: f=—2.49,95% Cl=—4.43, — 0.56;
AH: p=-2.75,95% CI=— 4.63, — 0.86) (Supplementary
Table 4). Total carbohydrate and fat intakes were not asso-
ciated with puberty timing traits, except for higher total fat
intake and later AH in girls (=1.15, 95% CI=0.41, 1.89)
(Table 2 and Supplementary Table 4). Therefore, for subse-
quent analyses, we modelled the substitution of protein for
carbohydrate intake in puberty timing.

In nutrient density models, the substitution of dietary
protein for carbohydrate was associated with earlier B2
(B=— 0.88 years per 10%, 95% Cl=- 1.47, — 0.29)
and PHV (p=- 0.48, 95% CI=- 0.82, — 0.13), and a

tendency to earlier menarche (p=— 0.41,95% CI=— 0.83,
0.01) in girls, but not with G2, PHV or VB in boys
(Table 2). Furthermore, the substitution of dietary protein
for carbohydrate was associated with earlier PH2 in both
sexes (boys: p=— 0.88, 95% CI=— 1.56, — 0.21; girls:
f=-0.65,95% Cl=— 1.24, — 0.05), and also earlier AH
in girls (B=—0.69, 95% CI=- 1.28, — 0.11) (Supplemen-
tary Table 4). These findings were consistent in residual
models (Table 2 and Supplementary Table 4).

The above-identified associations were further analysed
by age at dietary assessment. Associations between protein
intake and puberty timing in girls were consistent across
ages (3—7.5 years) (Supplementary Table 5). By contrast,
associations between TEI and puberty timing in boy and
girls showed moderate heterogeneity by age at dietary
assessment, being apparent at 7.5 years old (by 3-day food
diary) but not at 3—7 years (by FFQ).

The observed associations between childhood total
energy or macronutrient intakes and subsequent puberty
timing traits were not attenuated with additional adjust-
ment for body fat percentage at 9—15 years (Supplemen-
tary Table 6).
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Table 2 Adjusted associations of total energy and macronutrient intakes predicted at age 6 years with puberty timing*

Macronutrients Age at genital/ breast develop-  Age at peak height velocity Age at voice breaking/
ment menarche
Adjusted B (95% CI) P Adjusted B (95% CI) P Adjusted B (95% CI) P
Boys n=2619 n=2215 n=3017
Total energy intake (per 500 kcal increase) —0.17 (- 0.36, 0.02) 0.085 —0.10(-0.22,0.03) 0.129 —-0.29 (- 0.50, — 0.07) 0.009
Energy partition model (per 500 kcal increase)
Carbohydrates -042(-1.02,0.18)  0.173 —-0.01(-0.37,0.36) 0981 —-0.40(-1.050.25) 0.231]
Fat 0.32 (- 0.47, 1.10) 0428 —0.03(-0.49,0.44) 0910 0.30 (- 0.56,1.16) 0.490
Protein —-0.74 (- 2.80,1.32) 0479 —-0.69(-1.89,052) 0265 —1.73(-3.96,049) 0.127
Nutrient density model—protein (per 10% —0.09 (- 0.75,0.56)  0.781 —0.22(-0.60,0.16) 0.261 —0.29 (—-0.99,0.41) 0418
increase)®
Residual model-protein (per 50 g increase)® — 0.12 (- 1.07, 0.83) 0.809 —0.27 (- 0.82,0.28) 0.342 — 047 (- 1.49,0.54) 0.363
Girls n=3204 n=2509 n=3414
Total energy intake (per 500 kcal increase) —0.28 (- 0.46,—0.10) 0.003 —0.15(=0.26,—-0.04) 0.008 —0.14(-0.27,—0.01) 0.040
Energy partition model (per 500 kcal increase)
Carbohydrates 0.17 (- 0.38,0.73) 0.543 —-0.21(-0.53,0.12)  0.208 —0.05(—0.45,0.36)  0.820
Fat —0.19(-0.94,0.57)  0.627 0.39 (- 0.05, 0.82) 0.082 0.12 (- 0.42, 0.65) 0.673
Protein —2.52(—445,-0.59) 0.010 —1.69(—2.81,—-0.57) 0.003 —1.40(-2.79,—-0.02) 0.047
Nutrient density model-protein (per 10% —0.88 (- 1.47,-0.29) 0.003 —0.48(—0.82,—0.13) 0.007 —0.41(-0.83,0.01) 0.058
increase)®
Residual model-protein (per 50 g increase)® — 1.12 (- 2.01, — 0.24) 0.013 - 0.59 (- 1.11,—0.08) 0.024 —0.56 (— 1.19,0.08)  0.084

#Adjusted for maternal characteristics (i.e., age at delivery, passive and active smoking during pregnancy, age at menarche, education, pre-
pregnancy body mass index, parity), household highest socioeconomic group, and infant characteristics (i.e., birth weight, gestational age, and

breastfeeding duration)

b Additionally adjusted for energy from fat (%), total energy intake (kcal)

¢ Additionally adjusted for total fat intake (g), total energy intake (kcal)

Categorical associations

More than two-thirds of included children (boys: 68.3%;
girls: 73.9%) had predicted TEI at age 6 years higher than
the UK EAR. Compared to girls with TEI below EAR,
girls with TEI above EAR tended to have higher risk for
earlier than later B2 (OR=1.27, 95% CI=1.07, 1.50)
and menarche (OR=1.16, 95% CI=0.98, 1.36) (Supple-
mentary Table 7). All children had higher total protein
intakes than the UK recommendation. For each 10 g or 5%
increase in dietary protein substituting for carbohydrate
intake, girls had ~30% higher risks for earlier than later
timing of all puberty traits (Supplementary Table 7).

We also explored potential associations of intakes with
categorised puberty outcomes. By categorising children
into tertiles for each puberty timing trait, we found largely
similar effects of intakes on risk of early (versus aver-
age) compared to average (versus late) puberty timing,
although confidence intervals were wide (Supplementary
Table 8). However, higher TEI was associated with lower
risk of early versus average G2 in boys (OR=0.41) but
with higher risk of average versus late G2 (OR =3.59)
(Wald test, p=0.009).
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Protein quality

In energy partition models (Supplementary Table 9), while
higher plant protein intake was associated with earlier VB
in boys, higher intakes of animal protein and plant protein
were associated with earlier B2, PHV, and menarche in girls.
These associations persisted in nutrient density and residual
models (Supplementary Table 9), which tested the substitu-
tion of protein types for carbohydrates.

Discussion

In this long follow-up British study from 3 to 17 years old,
we observed that higher childhood habitual intakes of total
energy, and of protein at the expense of carbohydrate, were
associated with subsequent earlier timings of puberty onset
and completion, particularly in girls. Associations between
higher TEI and protein intakes with PHV, an objectively
measured indicator of puberty timing, were also observed
in girls, but not in boys. The findings for protein intake were
consistent in different energy adjustment models (energy
partition, nutrient density and residual methods). Also, all
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observed associations persisted after additional adjustment
for adiposity during adolescence.

Our findings with TEI and earlier puberty timing are
broadly consistent with the previous analysis of ALSPAC
which tested only dichotomous age at menarche (before or
after 12 years 8 months) and found an association with TEI
only at age 10 years (by diet diary) but not at 3 or 7 years (by
FFQ) [13]. Similar to that analysis [13], all other reported
studies assessed diets at relatively late ages, when many (if
not most) girls were already in puberty. A Canadian study
(n=666) administered 3-day food diaries at age 10.7 years
and recorded menarche status at 11.4 years, showing an
inverse association between TEI and age at menarche [12].
Conversely, no association between TEI and categorical
or continuous age at menarche was reported by other pro-
spective studies in Canada (3-day food diaries at median
age 11.1 years; 17-month follow-up; n=2299 [17]) and
The Netherlands (7-day food diaries in 63 pubertal girls,
mean age 9.6 years) [19]. A surprising positive asso-
ciation between TEI and continuous age at menarche was
reported by a study in Southern California (FFQ at mean
age 10.6 years; 4-year follow-up; n=679) [14]. We further
added that the inverse association between TEI and puberty
timing existed not only in girls but also in boys, and these
associations were independent of adiposity during puberty.
The present observations suggest that higher TEI may fuel
the secretion and bioactivities of reproductive hormones,
possibly through effects of leptin and insulin, which in turn
accelerates pubertal development [41].

Our findings with dietary protein are broadly consist-
ent with the conclusions of an earlier systematic review in
2013 which reported ‘probable evidence’ for an association
between animal protein intakes and earlier puberty in boys
and girls [42] based on three prospective studies in the USA
[43], UK [13], and Germany [22, 44]. Berkey et al. analysed
data on 67 girls in Boston USA and identified that higher
protein intakes and specifically animal protein (by dietary
history interviews 6 monthly from birth to 11 years) were
associated with earlier menarche and PHV [43]. Second, the
DONALD study in Germany reported that higher animal
protein intake (by 3-day food diaries) at 5—6 years but not
earlier 3 time points (n=112), or 1-2 year prior to puberty
onset (n=109), was associated with earlier menarche/voice
breaking and PHV, without sex stratification [22, 44]. Third,
the earlier analysis of the current ALSPAC study reported
that higher total and animal protein intakes at 3 and 7 years
were associated with higher risk of early menarche [13].
However, in contrast to two of the previous studies which
reported opposite associations between higher plant protein
intakes and later puberty timing [22, 43], we found similar
associations between animal and plant protein intakes and
earlier puberty in girls. Unlike previous studies, we per-
formed models that considered all macronutrients together,

so identified associations with protein intakes are independ-
ent of compensatory changes in the other macronutrients.
Furthermore, compared to the earlier ALSPAC report [13],
our models included more covariates (maternal age at deliv-
ery, passive smoking during pregnancy, pre-pregnancy body
mass index, and gestational age). It is difficult to assess
whether our approach might have led to over-adjustment,
but our findings for TEI and total protein intake remained
robust despite the same adjustment, and understanding the
role of protein specificity on puberty timing will ultimately
rely on experimental studies. Since that review [42], a recent
Australian study [20] reported that lower protein intake at
8 years (by 3-day food diaries) was surprisingly associ-
ated with earlier puberty in girls (breast development and
menarche), which was seen only using nutritional geometry
analysis that considers multiple nutrient interactions, but not
in linear regression models; however, their sample size was
modest (50 boys; 92 girls). Other earlier prospective studies,
which reported no association between any macronutrient
intake and age at menarche, were not included in the sys-
tematic review [42], possibly because they assessed diets at
relatively late ages (mean 10.6 [14] and 11.1 years [17]) or
in already pubertal girls [19].

The exact mechanisms elucidating the association
between protein intake and puberty timing remain to be
determined. Our findings of differential associations between
boys and girls suggest that there may be sexual dimorphism
in protein metabolism [45] underlying pubertal develop-
ment. Furthermore, the consistent lack of attenuation of
associations with additional adjustment for adiposity may
suggest direct effects of protein on pubertal onset and/or
progression. Higher protein intakes may supply more readily
available amino acids, consequently stimulating the produc-
tion of enzymes and hormones involved in pubertal devel-
opment including the growth hormone/insulin-like growth
factor-1 pathway [46]. Furthermore, high consumption of
protein can lead to hyperinsulinemia and insulin resistance
[47], which increases bioavailability of sex hormones [9]
probably particularly in girls. Notably, plant proteins con-
tributed substantially (~40%) to total protein intakes in this
cohort, and in most intervention studies, no difference was
observed in glucose homeostasis and fasting insulin between
plant- and animal-based proteins [48]. Hence, total protein
may be as important as protein quality in promoting pubertal
development.

We extended existing studies, particularly previous analy-
sis in the same cohort [13], by combining repeated measures
of macronutrient intakes during prepubertal childhood (at 3,
4,7, and 7.5 years) from two assessments of current dietary
intakes (i.e., FFQ and 3-day food diaries) and by testing
more complete data on various pubertal traits into young
adulthood. It is noteworthy that FFQ typically assesses long-
term intakes with lower precision, while 3-day food diaries
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offers higher validity in reference to 9-day food diaries,
but is subjected to within-person variations of day-to-day
dietary intake and between-person variations of seasonal-
to-seasonal dietary intake; neither is considered superior
unless validated against reliable biomarkers [49]. We there-
fore intended to improve accuracy of estimating individual
usual intakes during child growth and avoid differential find-
ings by dietary assessments and ages, with consideration of
the expected age-related increase in intakes and individual
overestimation (by FFQ) and underestimation (by 3-day food
diaries) of dietary assessments, using random intercepts
linear regressions [32]. Our secondary analyses showed no
heterogeneity by specific ages of protein intakes, suggesting
a critical window of effect is unlikely. For TEI, the stronger
associations at 7.5 years than at 3—7 years are likely due to
higher validity of TEI estimation by 3-day food diary than by
FFQ. We highlight other differences in our study design and
analytical approach compared to previous studies. Many pre-
vious studies, including the earlier ALSPAC analysis, exam-
ined macronutrient intakes separately, assessed macronutri-
ent intakes at later age when puberty had probably started,
considered girls who had not yet completed puberty, and/or
used dichotomous menarche status [13-24]. By contrast, we
analysed isocaloric substitution of macronutrients through-
out prepubertal childhood and estimated continuous tim-
ings for a number of puberty traits in both sexes, including
PHV as an objective measure of puberty timing. Also, we
used multiple imputation to predict missing data mainly in
covariates to facilitate the comparisons of findings between
models, whereas the previous findings may be subjected to
the complete case analyses in adjustment models. Although
we predicted macronutrient intakes at age 6 years, our find-
ings represent effects of intakes at ages 3—7.5 years, when
the intakes were measured. Similarly, predicted adiposity at
11 years is generalizable to the age range 9—15 years.
Several limitations need to be acknowledged. There
were some differences in maternal and infant charac-
teristics between children with and without data on any
puberty timing, but the differences were modest and these
factors were adjusted for in all models. We could exclude
individuals on the basis of implausible values for energy
intake only by visual inspection of histograms, because
body weight measurements were unavailable in the whole
cohort at 3, 4, and 7 years but available only at 7.5 years
[50]. However, we included sensitivity analyses (i.e.,
residual method) to account for potential underreporting
of dietary intakes. Furthermore, we synthesised dietary
data from several timepoints to reduce random error, using
random intercepts linear regression models, rather than
a simpler alternative calculation of mean values across
visits which could be limited by data which are unbal-
anced and missing not at random [32]. We acknowledge
relatively weak correlations between intakes by FFQ and

@ Springer

3-day food diaries in the present study, as observed else-
where [49], possibly partly due to differences in ages of
assessment. However, our predicted intakes at age 6 years
were moderately-to-highly correlated with all reported
intakes, and may be considered to provide a balance for
the potential overreporting and underreporting of dietary
intakes from FFQ and 3-day food diaries, respectively. We
found frequent inconsistencies in the repeated self-reports
of pubertal development and, even after extensive data
cleaning, we were unable to calculate timings of several
puberty timing traits in 20-30% of children who otherwise
met the inclusion criteria for this analysis. We also note
the unusually early average timing of G2 (leading to an
unusually long duration of puberty) in boys, and those
data should be considered with caution. Nonetheless, our
findings are consolidated with the inclusion of PHV as an
objective indicator of overall puberty timing. While the
present findings highlight TEI, total protein and protein
quality, we do not exclude the possibility of the role of
types of other macronutrients (i.e., carbohydrate and fat)
in puberty timing, which deserves further study. Finally,
although our findings were adjusted for several potential
confounders, confounding may exist due to unmeasured
factors such as body mass index at 3—7 years (which was
available only from 7.5 years) and physical activity (which
was measured only during adolescence).

In conclusion, we found that higher prepubertal child-
hood TEI and protein intakes were associated with earlier
pubertal development, independent of adiposity during
adolescence, more markedly in girls than in boys. These
findings suggest potential consequences of the current high
levels of TEI and protein intake among children across
the world [51, 52] as well as potential explanations for the
secular trends towards earlier puberty timing [1-4].

Appendix 1

Previous studies of the same cohort [28, 29] found that
the rates of plausible reporters for 3-day food diaries at
age 3-7.5 years ranged from 69 to 76% in the 10% sub-
cohorts (n="772-863) based on the 95% CI [53] of the
ratio of reported energy intake to estimated energy require-
ment (EI:EER) [54]. Similarly, for 3-day food diaries at
age 7.5 years (n=7017), we observed only 74% reported
plausible energy intake values within the same ratio of
EL:EER (0.79-1.21). We also found 79% plausible report-
ers according to the calculated individual cut-off points
[55] of basal metabolic rate estimated using sex-, age-,
and body weight-specific Schofield equations [56]. Body
weight measures at 3—7 years in the whole cohort were
not available.
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Appendix 2

Calculation of puberty timing traits (G2, B2, PH2, AH, VB).

Ages at onset of genital (G2), breast (B2), pubic hair
(PH2), axillary hair (AH), and voice breaking (VB) were
calculated from repeated annual self-reports between ages
8 to 17 years.

Ideally, for each puberty trait, age at onset was calculated
as the midpoint age between the first pubertal appearance
and the previous annual report (stating prepubertal status):

age at onset = [age at first reported puberty minus age
at previous annual report]/2

If puberty was already present on the first report at age
8 years:

age at onset = age at 8 years report minus 6 months

If puberty was first reported after age 8 years:

age at onset = age at 8 years report minus 6 months*

*[the population average interval between the first
report and the previous annual report]/2

If puberty was first reported after age 8 years but the
one previous annual report was missing:

age at onset = age at first reported puberty minus 12
months™**

**[the population average interval between the first
report and the previous annual report]

If puberty was first reported after age 8 years but the
two previous annual reports were missing:

age at onset = age at first reported puberty minus 18
months***

***[the population average interval between the first
report and the previous annual report] + 0.5x the midpoint
interval between average ages at each annual report for
each additional missing report

If puberty was never reported (for VB and axillary hair):

If puberty was not reported as attained at the last report
at age 17 years: age at onset = age at 17 years report plus
6 months

If puberty was not reported as attained and subsequent
annual reports were missing: the aforementioned time
intervals were added to the age at the last reported pre-
pubertal status.

We calculated estimates of puberty timing (G2, B2,
PH2, AH, and VB) in individuals whose reported meas-
ures followed a consistent sequential order with increasing
age (52.2%-98.7% of all included individuals).

Age at VB was calculated in a further 11.8% of boys
whose reported measures followed a consistent sequential
order for at least three consecutive visits before or after an
inconsistent report (e.g., ‘no VB’ occurring after ‘partial
or total VB’).

For each of G2, B2, VB, and PH2, timing of puberty
could not be confidently calculated in 20.7%-31.7% of

individuals, due to inconsistent reports (i.e., non-sequen-
tial ordering of pubertal status and/or missing data).
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