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Abstract

Context: Controversy exists regarding associations between early-life growth patterns
and timing of puberty.

Objective: This work aims to investigate associations between birth anthropometry,
early growth patterns, and onset/progression of pubertal milestones in boys and girls.
Methods: Among children examined at birth (1997-2003) and at age 36 months in a
mother-child cohort, pubertal Tanner stages (B1-5, PH1-5, G1-5) and testicular volume
were examined by trained physicians at 1 to 5 follow-up examinations during childhood
and adolescence (672 girls and 846 boys, 2006-2013). With parametric survival models
we analyzed associations between birth weight, changes in SD scores (SDS) from birth
to 36 months (ASDS 0-36 > 0.67 SD defining catch-up growth), and age at pubertal onset/
attainment of late pubertal stages/menarche.

Results: A 1-kg higher birth weight was associated with earlier onset of B2+ (thelarche):
-3.9 months (Cl,-6.7 to —1.1 months), G2+ (gonadarche): -2.7 months (-5.3to -0.1 months),
Tvol3+ (testis size > 3 mL): —2.8 months (Cl, —4.9 to —0.7 months), but with later G4+ and
PH4+ in boys, and a slower progression from B2 to menarche (5.3 months [CI, 1.2 to
9.4 months]) in girls. Catch-up growth was associated with earlier PH2+ (pubarche) in
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girls (-4.1 months [CI, 7.6 to —0.6 months]), earlier PH2+ in boys (-3.4 months [CI, -6.6 to
-0.2 months]), faster progression from B2 to menarche in girls (-9.1 months [CI, 14.6 to

3.5 months]), and earlier G4+ and PH4+ in boys.

Conclusion: Associations between birthweight and infancy catch-up growth differed for
gonadarche and pubarche, and for early and late pubertal markers, with similar patterns

in both sexes.

Key Words: puberty, gonadarche, thelarche, menarche, catch-up growth

A large and poorly understood normal variation exists for
the timing and progression of pubertal development. Some,
but not all, of this variation seems to depend on genetics
[1]. During recent decades trends toward earlier pubertal
onset have been observed [2, 3].

Prenatal and postnatal growth patterns (birth weight
and early catch-up growth) have been associated with
timing of puberty [4, 5], but some of the epidemiological
studies are conflicting. Some studies have shown associ-
ations between low birth weight and earlier menarche [6,
7]; a large study of more than 90 000 UK women showed
that menarche occurred earlier in those born with low birth
weight [8]. Other studies have found that being large at
birth may also be associated with earlier pubertal devel-
opment [9-11]. Similarly, studies have reported that being
born preterm [12] or being small for gestational age (SGA)
was associated with earlier pubertal development [13, 14],
while a large Chinese study found that higher gestational
age (as a continuous variable) was associated with earlier
onset of thelarche in girls [15].

Pubertal maturation consists of 2 associated processes:
adrenarche, the reappearance of adrenal androgen produc-
tion in childhood, and gonadarche, the pubertal reactiva-
tion of the hypothalamic-pituitary-gonadal axis (HPG). In
boys, a testis volume above 3 mL, or signs of androgeniza-
tion (Tanner stage G2) are used as markers of gonadarche.
In girls, the ovaries are not as easily examined as the gonads
in boys, and the appearance of breast tissue development
(thelarche) is used as a proxy of gonadarche. Pubarche, the
appearance of pubic hair, is a pubertal manifestation that
is linked to androgens and may be caused by gonadarche
or adrenarche.

Many studies rely on questionnaire data on age of me-
narche (which is a late pubertal event), or self-reported pu-
bertal status, which may introduce a bias [16]. Few studies
have investigated associations between growth patterns and
pubertal timing (eg, time at voice break) in boys [17, 18].

In our longitudinal birth cohort with children followed
from birth to puberty, we have a unique opportunity to
combine detailed information on infant growth with pu-
bertal onset and progression. We aimed to investigate the
associations between prenatal and early postnatal growth
patterns and the timing of thelarche/gonadarche and

pubarche as well as late pubertal markers both in boys
and girls. We hypothesized that low and high birth weight
could both be associated with the timing of pubertal de-
velopment and that associations could differ for markers
of gonadarche and pubarche as well as for early and late
pubertal markers.

Materials and Methods

In a large, prospective mother-child cohort, Danish chil-
dren (846 boys and 672 girls) born between 1997 and
2003 attended 1 to S annual pubertal evaluations between
2006 and 2013 (n=4123, aged 4.5-14.9 years) (partici-
pation rate = 57.3%). Weight, length, and gestational age
at birth were retrieved from birth records (missing data:
birth weight n = 3, birth length = 9, gestational age n = 20).
Height, weight, and skinfolds were measured at birth, and
at 18 and 36 months (in 91.5% and 83.9% of children
in the follow-up), and fat percentage was calculated from
skinfolds as earlier described [19]. Height was measured
lying down from birth to 18 months and thereafter standing
height was used. Age- and sex-specific SD scores (SDS) for
weight, height, body mass index (BMI), and fat percentage
at all time points were calculated using reference data from
Danish children [19, 20]. Changes in SDS (ASDS) over time
were calculated by subtraction (eg, ASDS 0-36 = SDS36-
SDS0). Catch-up growth was defined as ASDS greater than
0.67 SD according to earlier studies [21].

Prematurity was defined as a gestational age of less than
37 weeks. Weight for gestational age (WGA) was expressed
as the deviation (%) from the expected mean WGA [22].
SGA was defined as birth weight deviation below -22%
(=2 SD) and large for gestational age (LGA) above 22%
(2 SD).

Pubertal stages in girls was evaluated as B1 to BS and
PH1 to PHS by inspection according to Tanner [23] as
well as palpation, thus minimizing misclassification of fat
tissue as breast development. The girls were asked if they
had started menstrual bleeding since the last examination.
Onset of puberty greater than or equal to B2 or greater than
or equal to PH2 was defined as thelarche (B2+) or pubarche
(PH2+) [24, 25]. In boys, pubertal stages were evaluated
by inspection as G1 to G5 and PH1 to PHS [26] and
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testicular volume was measured by Prader orchidometer
(palpation). Onset of puberty in boys (gonadarche) was
defined as testicular volume greater than 3 mL (tvol3+),
genital stage greater than or equal to 2 (G2+), or pubarche,
which was defined as pubic hair stage greater than or equal
to 2 (PH2+) [27, 28]. If testicular volumes of the 2 testes
were not equal, the larger testis measurement was used.
Likewise, if a girl had a larger breast stage on one side, this
stage was used. The physicians in the study participated in
repetitive workshops to ensure and maintain standardiza-
tion. Interobserver agreement was high [16], and sensitivity
and specificity of thelarche was very high when evaluated
toward glandular breast tissue by magnetic resonance im-
aging [29] in a small subgroup of girls.

In all children the longitudinal course was evaluated.
If transient pubertal maturation was observed (eg, breast
development appearing at one examination but not at the
next) [30], we excluded this observation in the models until
a consistent pubertal onset was observed (No. of excluded
examinations: B2+: n =33, Tvol3+: n=1, PH2+: n=8,
G2+:n =52).

Late pubertal markers were defined as: menarche, B4+,
G4+, and PH4+. Progression time from onset to late pu-
bertal markers were defined as time from B2+ to B4+, B2
to menarche, and G2+ to G4+ (AB2-menarche, AB2-B4 and
AG2-G4).

When possible (in 41.2%), we assessed whether the chil-
dren started with gonadarche/thelarche, pubarche, or both
at the same examination (synchronous).

Statistics

We used parametric survival models (Proc Lifereg, Statistical
Analysis Software Inc, version 9.3) to estimate the impact
of birth anthropometry and growth parameters on pu-
bertal timing. Owing to 1-year intervals between examin-
ations, the precise age of a given pubertal milestone was
not known. The last age when the child had not reached a
given stage, and the ages at which he or she first did, were
used as interval-censored data. Some of the children had
signs of pubertal development already at the first examin-
ation (154 boys and 373 girls), and some children did not
develop signs of puberty during the follow-up (388 boys
and 158 girls). These data were included in models as left-
and right-censored data, respectively. If a precise age of me-
narche could be obtained, this age was used as noncensored
data. Associations with progression time were estimated
using the lowest possible time interval and highest possible
interval for censoring.

All estimates are given in months with 95% CI.

Because birth weight and postnatal weight catch-up
growth were strongly inversely correlated, we also per-
formed (mediation) analyses of birth weight adjusting for

catch-up growth (ASDS weight 0-36 months > 0.67 SD:
yes/no) and analyses of catch-up growth including birth
weight (continuous variable).

Parental pubertal timing has earlier been shown to ex-
plain a large part of the variation within pubertal timing of
the children in this cohort [1] and this was adjusted for in
all analyses. Models for breast development and menarche
were adjusted for maternal menarcheal age (as a continuous
variable) and pubertal timing of the father (categorized as
early, average, or late compared to peers). All other models
were adjusted for paternal and maternal pubertal timing
(categorized as early, average, or late compared to peers).

Group differences in birth and growth outcomes between
children in the total birth cohort and children participating
in the puberty follow-up, as well as between children
starting with the pubarche and gonadarche pathway, were
tested with # test for continuous variables and Fisher exact
chi-square test for categorical variables.

Results

Birth and growth characteristics as well as estimated me-
dian ages at pubertal milestones and progression times
between pubertal onset and late markers for children
participating in the puberty follow-up are shown in Table
1. Birth and growth characteristics in participating children
did not differ from children in the total birth cohort except
for the proportion of SGA girls, which was slightly higher
in the group who participated (7.6 % compared to 6.0% in
total cohort).

Associations Between Birth Weight and
Pubertal Timing

In girls a higher birth weight was associated with earlier
B2+ and a slower progression from B2 to B4 and B2 to
menarche. Birth weight was not associated with PH2+ (Fig.
1A). Excluding SGA and LGA girls from the analyses gave
similar results. Including only appropriate for gestational
age (AGA) girls born at term, Cls increased and became
insignificant for B2+.

Greater birth length was associated with earlier B2+
in girls, slower progression, and later menarche (Table 2).
Associations were similar for BMI at birth and fat percentage
at birth (although mostly nonsignificant) (see Table 2).

In boys a higher birth weight was associated with earlier
G2+ and Tvol3, a later G4+ and PH4+, and a nonsignificant
tendency to slower progression from G2+ to G4+. There
was no association with PH2+ (Fig. 1B). Excluding SGA
and LGA children from the analyses and including only
AGA boys born at term gave similar associations. In boys,
greater birth length was associated with earlier Tvol3+
and G2+ but later G4+ and PH4+ (Table 3). BMI and
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fat percentage SDS at birth showed similar (mostly non-
significant) associations (see Table 3).

Associations Between Being Born Preterm, Small
for Gestational Age or Large for Gestational Age
and Pubertal Timing

In girls, being born preterm was associated with later B2+,
but earlier PH2+ (see Table 2). Gestational age as a con-
tinuous variable showed similar associations.

In boys, no significant effect of being born preterm was
found, but lower gestational age was associated with earlier
G4+ and PH4+ (see Table 3).

SGA and LGA girls both showed a tendency to earlier
pubertal development, although this was significant for
LGA only with B4+ (see Table 2).

In boys, being born SGA was associated with earlier
PH4+, and being born LGA was associated with earlier
G2+ and Tvol3+ (see Table 3).

Associations Between Postnatal Growth and
Pubertal Timing

In girls, having significant catch-up growth (Aweight
SDS > 0.67 from birth to 36 months) was associated with
earlier PH2+, PH4+, menarche, and faster progression from

Table 1. Characteristics of all girls and boys in the puberty follow-up, estimated mean ages at pubertal milestones, and

progression time between pubertal onset and late puberty markers

Ht catch-up (ASDS 0-36 mo > 0.67),n (%)
Mean age (95% CI) at B2+, G2+/tvol3+,y
Mean age (95% CI) at B3+, G3,y
Mean age (95% CI) at B4+, G4+, y
Mean age (95% CI) at PH2+, y
Mean age (95% CI) at PH3+, y
Mean age (95% CI) at PH4+, y
Time (95% CI), B2-B4, G2-G4, y
Mean age (95% CI) at menarche, y

158(28.8%)
9.95 (9.82-10.09)

217 (30.7%)

11.46 (11.34-11.58)/11.56 (11.46-11.66)

Girls Boys

N=672 N =846
Gestational age, mean (SD), d 277 (14) 278 (13)
Preterm < wk 37, n (%) 7 (8. 7% 64 (7.6%)
Birth wt, mean (SD), g 3387 (638 3520 (609)
Birth length, mean (SD), cm 51.3 (3. ) 52.1(2.9)
WGA %°, mean (SD) -1. 8 (13.8) -1.5 (13.0)
SGA (WGA <-22%),n (%) 0(7.6%) 43 (5.1%)
LGA (WGA >22%),n (%) 1(3.2%) 24 (2.9%)
BMI at birth, mean (SD) 12 8 (1.5) 12.9 (1.4)
Fat % 0 mo, mean (SD) 5(2.4) 9.5 (2.5)
Wt 18 mo, mean (SD), kg 11 0 (1.18) 11.7 (1.24)
Wt SDS” 18 mo, mean (SD) -0.08 (1.00) —-0.09 (1.00)
Wt catch-up (ASDS 0-18 mo > 0.67), n (%) 180 (29.4%) 239 (30.8%)
Wt 36 mo, mean (SD), kg 14.5 (1.68) 14.9 (1.64)
Wt SDS” 36 mo, mean (SD) -0.07 (1.05) -0.08 (1.05)
Wt catch-up ASDS 0-36 mo, mean (SD) 0.06 (1.17) 0.09 (1.16)
Wt catch-up (ASDS 0-36 mo > 0.67), n (%) 165 (29.9%) 226 (31.4%)
Ht 18 mo, mean (SD), cm 81.8 (2.84) 83.5(2.94)
Ht SDS” 18 mo, mean (SD) -0.07 (0.99) -0.08 (1.0)
Ht catch-up (ASDS 0-18 mo > 0.67), n (%) 159 (25.9%) 230(29.3%)
Ht 36 mo, mean (SD), cm 95.8 (3.66) 97.2 (3.62)
Ht SDS 36" mo, mean (SD) -0.08 (1.0) -0.07 (1.1)
Ht catch-up ASDS 0-36 mo, mean (SD) 0.01(1.24) 0.10 (1.13)

(

(

(

(

(

(

(

(

(

3

Time (95% CI) from B2 to menarche, y

11.40 (11.29-11.51) 12.94 (12.82-13.05)
12.75 (12.63-12.87) 13.67 (13.53-13.81)
10.99 (10.87-11.12) 11.89 (11.77-12.00)
12.00 (11.88-12.11) 13.23 (13.08-13.37)
12.93 (12.81-13.06) 13.99 (13.77-14.21)
3.02 (2.77-3.27) 2.17 (1.90-2.45)

12. 99 12.86-13.12) -

3.1-3.5) -

Abbreviations: B2, thelarche; BMI, body mass index; G2, gonadarche; LGA, large for gestational age; PH2, pubarche; SDS, SD score; SGA, small for gestational

age; WGA, weight for gestational age.

"WGA is expressed as the deviation (%) from the expected mean WGA [22].
®Age and sex-specific SDS for weight, height, BMI, and fat percentage were calculated using reference data from Danish children [19, 20].
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Figure 1. Effect estimates in A, light gray, girls, and B, dark gray boys, given in months with 95% CI (whiskers) for a 1-kg increase in birth weight on
timing of pubertal markers and time between attainment of thelarche (B2) to B4, B2 to menarche, gonadarche (G2) to G4.

120Z Jaquiardag oz uo Jasn ojseliry| uoisidol A uniny Aq /265629/80 1 9BAqG/8/S/ajonie/sal/woo dno oiwepeoe//:sdiy woll papeojumod



Journal of the Endocrine Society, 2021, Vol. 5, No. 8

Downloaded from https://academic.oup.com/jes/article/5/8/bvab108/6295927 by Turun Yliopiston Kirjasto user on 20 September 2021

10" UBY3 SS9[ d,
"60" 01 [Enbad 10 Uyl S8

IyB1oM Y1a1q 10§ OS[E PSPy

“SYIUOW 9¢ 03 Y3IIq WOy,
‘SyjuoOwW g 03 YIIIq Woly,
ou/sak _muﬁomeUn

‘ou/sak 1S £9°( Uey3 1938218 sypuow 9¢ 03 () IYSM ISV 10§ 0s[e paisnlpy,
*(93e] “98eraar A[rea) Surun [eaaqnd Jeussied pue [eulslEW 10§ vmum::}?

*(are] ‘o8eroAe w::wuv Surum ﬁmtmﬁ:m _NEENQ pue aydIEUIW JB a3e [euzdrew 10§ paisnlpy,

+98e [euonelsas 10 [ews ‘y0)§ e [euoneIsIF 10§ 2818 ‘yO)T Xopul ssew Apoq TING OUdIB[AY ‘7 SUONBIAIQQY

*(sasayruared ur yrun 193owered) s1orowesed Sy1 UL 3SLIIDUL [+ B YIIM PIIBIDOSSE SYIUOW UL DUIIJJIP S UIAIS 218 Sarewnsy

A9 T- 01 €41-) 6°L- (Trrov6L-) €0~ (To-03yL-) 87¢- (rzorys-) o1- AL1- 01 €°01-) 0°9~ (#7€036°9-) 1~ s4p S £9°0 < dn-yored 3
AL°0-016°TT-) 8'9~ AT0-03 L°€T-) 0°L~ (80— 018°L-) €4 {0T-010°6-) §°- (#101T9) ve- (STo1T9-) 61~ #pdS £9°0 < dn-y21es 3
1T-01 L°€1-) 6L~ AT T- 01 THI-) 9°L- (60— 03 L°L-) €1 A€T-006) L'S- (I'T 03 4°9-) 9°¢- (9°€0164-) 9°0- #pS £9°0 < dn-y23ed 3
(€017 90 0y 018 1-) T'T (8001 €7-) 80~ (€00 L) T~ A1°0- 01 6°¢-) 8°1~ {9 1-019°6-) 9°¢— (@s) sas ow 9¢ IH
(Tzorse-) 80~ (6€01TT) 60 (8°001€7-) 80~ (9°0 03 §'T-)6°0- AF'0-010%) 0°C- (Loorze) Tl (@s) sas ow 9¢ Im
(§TL 01 $°81-) 0°€~ (9°81039'91-) 0'T (§901€TI-) 6T A1°0— 01 §°91-) €'8- (1003 T'81-) 1'6- (€y 03 1°81-) 679~ pVOT
(0903 T°ST-) §'p— (6T1039°6-) L (9T 01€01-) €4 (T901L6-) €0 (L€01287) §T- (T6016€-) LT »VOS
(€0031°0-) 1°0 (Toor€0-) 10— (T0011°0-) 10 (1003 1°0-) 0°0— (1003 1°0-) 00~ A£0°0- 03 €°0-) €T°0~ (%) VOM
(€601 6HT-) 84— (603 ¢ LT-) LS~ (Ty036L) LT~ (Scorg8-) ST (7o T°0T-) 6°¢~ A0FT 03 €0) 0L polM L€ > YHIq W1
(I’ o3 1°£1-) 0°8- (€% 01991-) T9- (810118 1°¢= (701 18-) 6T (80-039'T1-) T'9- AP'TL01T0) €9 PIM L€ > [AIIq uioal
([€€018°0) 0T {$°€016°0) N.N (€103 T1°0-) m.o (T10170-) $°0 (§71 03007 n.o {r0-0107) TI- M “98e [euoneIsan
A€S01T°0) LT (Ty 018 1-) 1 (0To1'1-) § (I'zo31°1-) §°0 (6To1t°0-) T (0103 7€) 11— (as) sas ow o % Ied
(#'+ 03 +°0-) 0°C (0 016°0-) 9 ALT010°0) ¥ (003207 L0 (970370 T (6003 67-) 8°0- (@s) sas mng yig
AL§01L0)T€ (Syoreo-)1 (001 4°0-) 8 (1014 1-) 0~ (8103607 ¢ A0°0 03 T°€-) §°1- (@s) sas yrduoy yang
€T 1°0) €1 A0°T0O1T°0) 0 L0103 1°0) § (6003 1°0-) +°0 (L003€0-) T A0°0-01T'1-) 9°0- w qBu Y
(€601€0-) S¥ a 01 03 6°0) £ @ €0312°1-) 0 (I€0167-) €0 (8TO0I 1) 10 T AL 101 4°8-) 0°S— ,(39) 3 g
ATS01$°0) 8T A0°§031°0) 9 (§Tor1°0-) T (971010 1-) €0 (8'103180-) §°0 A§0-01 L°¢-) T'T- (@s) sas 1 yug
PYPIETW-7g KT PPIEWN Al sFCHd ~+7d [

S|41B Ul syoieUBW pUB “+pHd ‘+EHd ‘+ZHd

‘+19 ‘+€g ‘+7g sebeis ysuue] je abe pue sialoweled yimolb pue yuiq usamiaqg SUOIIRID0SSY °Z d|qeL



Journal of the Endocrine Society, 2021, Vol. 5, No. 8

Downloaded from https://academic.oup.com/jes/article/5/8/bvab108/6295927 by Turun Yliopiston Kirjasto user on 20 September 2021

10" Byl SS9 5

*60" 01 [enba 10 uey $S3
“IYS1oM aaIq 10§ os[e pasnipy,

‘Sqpuowr 9¢ 031 qiIq EOHnﬂc
‘Syjuow g 03 YIIIq Woiy,
‘ou/sak _muiowmumu&

‘ou/sak (S £9°() UeY3 1938213 sypuow 9¢ 03 () 3YSM §JSY 10§ os[e paisnlpy,

W ¢ UBY3 1938913 97IS S11591 ‘+¢[OA ] f98€ [euoneIsad 10§ [[ews ‘yO)§ 21035 (S ‘SAS ydreqnd ‘+7HJ 98e [euoneisad 10§ 931e] ‘YO Qydiepeuos ‘7o) Xapul ssew Apoq [N SUONBIAIGQY

*(are] ‘98e1aae A[rea) Surwn [eraqnd [eurared pue [eurszew 1oy paisnlpe [[e) (sasaypuared ur un 1aroweted) s1jowered oyl UT 9SBAIOUL [+ B YIIM PIIRIDOSSE SYIUOW UL 9DUIIDJIIP SB UIAIS a18 SIBWNSH

(69018°¢-) §'T /6°0-017'8-) 9" (010 49-) LT~ (1003 8°9-) T¢- (5003 69-) Te- (€10 8H) 91— sprqS £970 < dn-yored 1\
ATT-01 ¢'6-) €5 L€ 01 LTT-) Lt SP'T-010°67) L'S- (€10 7$) 0T~ (6€ 03 6°¢-) T°0 (T L) €0 pqQS £9°0 < dn-yo1ed 3
A€0-010'6-) 9~ L€ 018 TT-) 8L~ S T=0 L) Lt (8001 £°6-) §T- (ST 8H) I'T- (L'€0107) 60 QS £9°0 < dn-yores 3

(1€ 03 6°1-) 8°0 (L7003 p¢-) €T~ (LT09T-) 10~ 590~ 01 §°¢-) 0T~ STT=01 §'4-) 6T~ P T=010%-) LT~ (@s) ow 9¢ SAS H

(9°€ 01 6°07) ¥'T (€0019¢) 9T~ (€T 0871 T0- 5670~ 01 L¢-) €T~ ST O TH) 9T~ 560~ 01 pe-) 1T~ (@s) ow 9¢ S M

(8110 TL) €T (6L03LT1-) 6T~ (08 02 9°£~) T'0 (9% 01 6°01-) 1€~ AT0-01T°LT-) 9'8- A9 T- 01 T°ST-) p'8- VT

(L7 01 gel-) €4 AT0-01 ¢p1-) TL- (1003 €TT-) 976~ (9701 001-) L€~ (s 01 0°67) 8°T~ (LY 0189) 0T~ (L)VOS
(€:0020°0-) T°0 (T00 1°0-) 10 (T00200-) 1°0 (0002 7°0-) 10~ (1002 T°0-) 10~ /9070~ 03 £°0-) 91°0~ % VOM
(7891 03 §'6€1-) €41 (9°¢ 03 1°01-) €"¢- (8'9 03 £°6-) 9°0 (6% 01 89-) 80~ (#0103 1°¢-) 9 (6T T¢-) TI0~ goIM L€ > (IIq waag
(010703 T€L1-) 6€1 (€003 1'71-) 6°$- (§1039°8-) 9¢= (103 16-) 8°¢- (s°'8038°¢-) €T (TS0 9%-) €0 PIM L€ > g waaig
(6103 £°0) 9°0 S(€£T 01 $°0) €1 91 01 1°0) 60 (TT0¢0-) §°0 (€003 ¢'1-) §°0- (9003 8°0-) 10~ Jm o8 [euonEIsan)
(§T0397) 90~ (€€ 01 0°0-) £ A0°€ 01 °0) £ (LTO1'T-) €0 (9103 61-) 0°0 (L0031 LT-) 60~ (as) sas ow o % eq
(610 1'T-) v.o (1€ 0 g0-) ¥ ﬁNsoo )€ (P10 ¢T-) 0°0 (8003 T°7-) L0~ (8003 9°1-) "0~ (as) ow o INg

51§ 016°0) 0 (1% 019°0) € 5(§°€016°0) T (0106 T-) €0~ A€0-017¢-) 81~ 50 T- 01 €°¢-) TT- (@s) y8us| g

(LT 01 €0) 0 AST017°0) 6 S(€T01€0) 8 (003 6°0-) 0°0 A1°0-017'1-) 9°0- S(€0-01TT-) 80~ wo ‘@B g

('L 014°0-) § (€50¢6T-)6 (s 01 1°0-) £ (TT0 ') 61 \a 0-016'9-) 6°¢~ 58T T- 01 €'9-) ¢~ A I guang

(L€0r107) 8 AL€ 01 4°0) 0 S(TE€01£°0)0 (6002 9°T-) €0~ AT0-010¢-) 91~ 5(8°0-03 £'7) 91— (as) sas  yaug

+9-7O +yHd +D +7THd +79 TW € <[oAL skog

sAoq Ul +pHd Pue “+EHd ‘+ZHd

‘+¥9 ‘+€0 ‘+gD sobeis Jouue] pue Jw € uey) Jalealb azis siisel 1e abe pue sisloweled YuUig USOMISQ SUOIIRIO0SSY '€ d|qel



8

Journal of the Endocrine Society, 2021, Vol. 5, No. 8

B2 to menarche, and a nonsignificant tendency to later B2+
(Fig. 2A). Results were similar for height and for Aheight SDS
greater than 0.67 from birth to 18 months (see Table 2).

In boys, catch-up growth (Aweight SDS > 0.67) was as-
sociated with earlier G4+ and PH4+, but not with G2+ and
Tvol3+ (Fig. 2B). Results were similar for height and for A
height SDS greater than 0.67 from birth to 18 months (see
Table 3).

Children (boys and girls) who were taller at 3 years
experienced earlier pubertal onset (B2+, G2+, Tvol3, and
PH2+). Results were similar for weight SDS (see Tables 2
and 3).

Association Between Birth Weight and Postnatal
Catch-up/Mediation Analyses

The degree of catch-up growth in weight between birth and
36 months (ASDS weight 0-36 months) was inversely as-
sociated with birth weight SDS ( =-0.57; 95% CI, -0.61
to -0.52).

When adjusting associations between birth weight
and pubertal timing for postnatal catch-up growth (ASDS
weight 0-36 months > 0.67 SD: yes/no), estimates were
largely unchanged for B2+, AB2 to B4, and AB2 to me-
narche in girls (see Table 2) as well as for Tvol3+, G2+,
PH4+, and G4+ (see Table 3).

The association between being preterm and timing of
PH2+ in girls became insignificant when adjusting for
catch-up weight (see Table 2).

Adjusting for the association between catch-up growth
and puberty timing for birth weight gave unchanged asso-
ciations in girls for PH2+, menarche, and B2+ to menarche.

In boys, adjusting for birth weight gave unchanged as-
sociations for G4+ and PH4+. For G2+ and Tvol3+ associ-
ations were altered from no associations toward a tendency
to earlier attainment.

Differences in Growth Parameters Between
Children With Different Pubertal-Onset Pathways

Table 4 displays characteristics for the children in whom
the first sign of puberty could be determined (40.5% of
girls and 42.4% of boys). Most girls (77.5% of eligible)
started puberty with breast development (thelarche).
Girls starting with pubarche (11%) or with thelarche
and pubarche synchronously (11.4%) differed from girls
starting with thelarche in several ways. They had lower
birth weight/length/BMI and fat percentage SDS, were born
at a lower gestational age, and had a higher weight and
BMI catch-up between birth and 36 months. They did not
differ in age at menarche, but progression time from B2+
to menarche was longer. Among boys, the majority started

with gonadarche (63.7%), but also a large proportion
(22.9%) started with pubarche and gonadarche synchron-
ously. Boys starting with pubarche or synchronously dif-
fered from boys starting with gonadarche only in a higher
catch-up growth for weight. For some of the other param-
eters, there were nonsignificant tendencies in the same dir-
ection as in the girls. When pooling boys and girls, we found
significant differences between onset pathway (thelarche/
gonadarche vs pubarche or synchronous) for birth weight
SDS, birth length SDS, birth BMI SDS, fat percentage SDS
at 0 months, weight ASDS 0 to 36 months, height ASDS
0 to 36 months, BMI ASDS 0 to 36 months, and fat per-
centage ASDS 0 to 36 months (data shown only for weight
ASDS 0-36 months, Fig. 3).

Children in whom a starting pathway could not be de-
termined did not significantly differ from the other children
(data not shown).

Discussion

We investigated associations between size at birth and
infancy growth with onset and progression of thelarche/
gonadarche and pubarche in a large group of girls and boys
using longitudinal data from repetitive physical examin-
ations. Our study revealed diverging associations related
to markers of gonadarche (thelarche/B2+ and Tvol3+/G2+)
compared to markers of pubarche and to late pubertal
markers. These differential associations were seen both in
girls and boys. Birth weight was inversely associated with
age at thelarche in girls and gonadarche in boys. The asso-
ciations persisted after exclusion of SGA/LGA children as
well as after adjustment for postnatal catch-up growth. The
fact that associations were similar for birth length, but not
significant for BMI and body fat percentage, indicates that
it was the absolute size rather than the degree of fatness
that was mostly linked to pubertal onset.

We found that catch-up growth in infancy was associ-
ated with early timing of pubarche and with earlier me-
narche, in accordance with many prior studies [4, 8, 18,
31-33].

Because the degree of postnatal catch-up growth was
inversely associated with birth weight, we performed me-
diation analyses, which supported that birth weight and
postnatal growth play independent roles.

Our finding of differential associations between birth
weight, infancy growth pattern, and pubertal milestones
related to different pubertal pathways may explain pre-
vious apparent discrepancies in epidemiological findings.
Our findings are in line with a US study using data from
the National Health and Nutrition Examination Survey
(NHANES) III physical examinations [11]. The authors re-
ported that in girls a high birth weight (> 4000 g, compared
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Figure 2. Effect estimates in A, light gray, girls, and B, dark gray boys, given in months with 95% CI (whiskers) for a greater than 0.67 increase in
ASD score weight 0 to 36 months on timing of pubertal markers and time between attainment of (B2) to B4, B2 to menarche, gonadarche (G2) to G4.

to normal birth weight of 3000-3500 g) was associated with boys low and high birth weight both were associated with
a higher odds ratio (OR) of breast stage B3+, whereas low a higher OR of Tanner stage 2 (either PH2 or G2). Our
birth weight was associated with a higher OR for PH3+.In  findings differ from the findings of Maisonet et al [34], who
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Figure 3. A Weight SD score 0 to 36 months (in boys and girls together)
separated by pubertal onset pathway. *P less than .05 in t test.

found no significant associations between birth weight and
pubertal development, but that change in weight SDS be-
tween birth and 20 months was associated both with earlier
pubarche and thelarche in girls. A possible explanation for
these differences could be that their study did not include
preterm girls and was based on self-assessed pubertal devel-
opment, which may introduce bias [16].

In girls, being preterm was associated with earlier
pubarche and later thelarche. The latter finding was con-
sistent with the previously cited Chinese study [15]. In
the same investigation, the authors also did not find as-
sociations between prematurity and gonadarche in boys.
The Chinese study did not investigate associations with
pubarche. However, our findings are in line with the ob-
servation of premature adrenarche in prematurely born
children who display higher serum testosterone and
dehydroepiandrosterone sulfate levels in infancy than chil-
dren born at term [35].

In boys, being LGA was associated with earlier pubertal
onset, whereas SGA was associated with earlier attainment
of late pubertal stages compared to AGA boys. In girls we
found similar tendencies in accordance with earlier findings
that low and high birth weight both were (nonsignificantly)
associated with earlier menarche [10]. Our findings of dif-
ferential associations of early growth patterns with pu-
bertal markers are in line with a recent Danish study based
on questionnaire data that reported that children born SGA
in general reached pubertal markers earlier, but not earlier
B2 and G2 [14].

Most girls in our cohort started with thelarche and only
a few with pubarche, which is in accordance with another
contemporary Danish study with 6-month examination
intervals [36]. Our findings of differences in early growth
parameters between children starting with gonadarche/
pubarche respectively are to our knowledge novel.

Some growth parameters were similarly associated with
early and late pubertal stages. This was seen for weight
at 36 months, which was associated with earlier age at
thelarche, gonadarche, pubarche, and earlier attainment of
late puberty markers, in accordance with previous findings
[9, 18]. However, we found that birth weight was nega-
tively associated with age at early markers, but positively
with age at late markers. This is in line with the finding
of a differential impact of genetic loci on age of thelarche
and menarche [37]. It may also indicate that early infancy
growth patterns affect the pubertal progression. We inves-
tigated this further and found that higher birth weight was
associated with slower progression. Conversely, catch-up
growth was associated with faster progression from B2 to
menarche. The latter is in accordance with findings from
a Finnish study of children with premature adrenarche.
They observed that girls with premature adrenarche had
accelerated infant growth [38] as well as earlier menarche
compared to controls and that low birth length was a pre-
dictor of this [39]. Another study reported that high pre-
pubertal BMI and fat mass were associated with a shorter
time between age at the start of the pubertal growth spurt
and age at peak height velocity [40]. This is in line with
our findings that duration of puberty may be affected by
growth in infancy. Another study found that girls with the
synchronous pathway had the fastest progression through
puberty [41]. It is furthermore a clinical experience that
some girls with early breast development progress slowly to
later stages of puberty [42]. This slowly progressing variant
of early pubertal onset can be left untreated as opposed to
central precocious puberty [43], and the incidence seems
to be increasing [44]. Thelarche may therefore not always
be synonymous with activation of the HPG axis. Possible
clinical implications of this could be to take birth weight
and early growth patterns into account when evaluating
children with early puberty. Girls with a high birth weight
who develop breasts early (without simultaneous pubic
hair development) may not progress as fast as low birth
weight, SGA, or preterm girls with catch-up growth. This
hypothesis will need to be tested in a clinical population.

A possible explanation for our findings of differing as-
sociations between growth patterns and pubertal markers
could be that pubarche represents also adrenarche, as op-
posed to gonadarche/thelarche representing activation of
the HPG axis. Postnatal catch-up growth may be more as-
sociated with insulin resistance and exaggerated adrenarche
rather than activation of the HPG axis [45]. Adrenarche
appears to be a phenomenon limited to humans and higher
primates [46], and the timing of activation of the HPG axis
and timing of the maturation of the zona reticularis in the
adrenal cortex may be differently regulated by adipokines
such as leptin and adiponectin [47]. Also, the occurrence
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of adrenarche in patients with HPG axis disorders also
indicates that the regulatory mechanisms responsible for
adrenarche and gonadarche differ [48].

As it is well-known that the growth hormone insulin-
like growth factor 1 (IGF-1) axis plays a role in the devel-
opment of the reproductive system and IGF-1 receptors are
widely distributed in the reproductive organs of both sexes
[49], IGF-1 could possibly be a mediator of the association
between growth and pubertal markers.

Our study supports the hypothesis of a link between
prenatal and postnatal growth and pubertal development,
but it cannot prove causality. Other factors may affect both
prenatal and postnatal growth and pubertal development,
and it may not be the growth per se that has an influence
on pubertal onset. In countries like Denmark and China,
where secular trends of earlier pubertal maturation have
been reported [2, 3, 50], there has also been an increase in
size at birth [51, 52]. However, given the effect estimates
of our models, this increase in birth weight alone cannot
account for the trends, and other factors likely play a role.

The most important strength of this study is that the chil-
dren were followed longitudinally from birth to puberty by
standardized clinical examinations. Another major strength
of our study is that pubertal onset was examined by trained
physicians, which, compared to self-assessment, probably
limited misclassification (eg, between pseudomammae and
true development of breast tissue).

We performed multiple tests according the guidelines of
the American Society of Statistics [53]; we did not correct
for this. The biological questions behind the analyses were
interrelated and thus elucidate our hypothesis from dif-
ferent angles, including mediation analyses to differentiate
between parameters showing colinearity.

A limitation of our study was the dropout rate of
participants over time, which is an inherent problem of
population-based longitudinal surveys. Furthermore, we
examined the children only once a year. This, as well as
the reduced overall number of observations in late puberty,
may have decreased statistical power and our ability to
detect associations. We cannot exclude that the dropout
introduced a bias not detected by the group comparison be-
tween participants and nonparticipants. Furthermore, find-
ings in a White, Nordic population may not be applicable to
populations with other ethnicities that may have different
growth trajectories and patterns of pubertal development.

Conclusions

Higher birth weight and length were associated with earlier
onset of gonadarche/thelarche and slower progression from
B2+ to menarche. Infant catch-up growth was associated
with earlier pubarche, menarche, and G4+ as well as with

a faster progression from B2+ to menarche. Our findings
suggest that the early and late milestones of puberty as well
as pubarche/gonadarche pathways are differently affected
by prenatal and postnatal growth both in boys and girls.
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