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Abstract: This study aimed to investigate the associations of competitive sport participation in
adolescence and age at menarche (AAM) with body composition, femoral neck bone mineral density
(BMD), physical performance, and physical activity (PA) in middle-aged women. 1098 women aged
47–55 years formed the sample of this retrospective study. Participants self-reported their PA level at
age 13–16 years and AAM. The protocol also included dual-energy X-ray absorptiometry, physical
performance tests, and accelerometer-measured PA. Participants were divided into three groups
according to their PA level at the age of 13–16 (no exercise, regular PA, and competitive sport) and
according to their AAM (≤12, 13, and ≥14 years). After adjusting for potential confounding factors,
participation in competitive sport at age 13–16 was associated with higher midlife lean mass and BMD,
and better physical performance compared to groups with no exercise or regular PA. Individuals
with AAM ≥ 14 years had lower midlife BMI and fat mass than participants in the other AAM
groups and pre- and perimenopausal women with AAM ≥ 14 years had lower BMD than those with
AAM ≤ 12. The findings indicate that participation in competitive sport in adolescence is associated
with healthier body composition, higher BMD, and better physical performance in midlife, but BMD
might be impaired if menarche occurs late.

Keywords: adolescent athlete; female athlete; age at menarche; body composition; bone mineral
density; physical performance; physical activity

1. Introduction

Physical activity (PA) provides many health benefits, especially during adolescence [1].
Adolescence is a critical time for skeletal growth and mineralization [2], which is enhanced with
weight-bearing PA [3]. Studies with female participants have shown that sport participation in
childhood/adolescence is associated with better bone health in early [4–6] and late adulthood [7–9],
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and former athletes have more lean mass and less fat mass than their sedentary controls in midlife [7].
PA tracks from adolescence to adulthood among women, although only at low to moderate level [10–12]
and organised sport participation in adolescence is associated with healthy lifestyle habits later in
life [13]. Despite these positive effects of PA, some female athletes suffer from conditions such as
low energy availability, eating disorders or disordered eating, menstrual dysfunction and low bone
mineral density (BMD), which can have adverse long-term health effects [14,15]. Further, athletes may
be exposed to injuries, and consequently to later life pain and/or disabilities [16–19], but data on the
prevalence of musculoskeletal problems in former female athletes compared to the general population
is limited. There is also a lack of knowledge regarding fractures in former female athletes compared to
non-athletes [20].

In addition to sport participation in adolescence, age at menarche (AAM) has been shown to be
associated with bone health. AAM is associated negatively with BMD [21–24] and positively with
fracture risk later in life [25,26]. Although female athletes tend to attain menarche later than their
non-athletic peers [27–29], investigating the association between AAM and bone health in adulthood
rarely take into account adolescence PA. Moreover, while there is evidence that AAM is inversely
associated with fat percentage and BMI in adulthood [30–32], it is not known if AAM is associated
with lean mass and physical performance in midlife.

Since, to our knowledge, no previous study has investigated long-term consequences of both
sport participation in adolescence and AAM on midlife characteristics, further information on these
links would provide important information for understanding these relationships. Thus, with this
retrospective descriptive study, we aimed to investigate the associations between competitive sport
participation in adolescence (i.e., at age 13–16) and AAM with middle-aged body composition, BMD,
physical performance, and PA in 47–55-year-old women. Furthermore, we investigated if the lifetime
occurrence of fractures, current musculoskeletal problems, and the lifetime occurrence of anorexia
nervosa differed until middle age according to adolescent physical activity status or AAM.

2. Materials and Methods

2.1. Participants

In the current study, data collected in the Estrogenic Regulation of Muscle Apoptosis (ERMA)
study [33] were utilised. A written invitation was sent to 6878 women representing a random sample
of 47–55-year-old women living in Jyväskylä or neighbouring municipalities in Central Finland.
The response rate was 47%. From the eligible participants (n = 1627), 1393 gave blood samples and
1102 of them provided full questionnaire data. Due to technical error, four questionnaires were lost.
Thus, the sample size of the present study was 1098. Of the whole sample, 988 provided information
about their physical activity (PA) level at age 13–16 and 1081 responded to the question regarding age
at menarche (AAM) (Figure 1).

In the ERMA study, the exclusion criteria were conditions and use of medications affecting
ovarian function, obesity (self-reported BMI > 35 kg/m2), or conditions hindering daily physical or
mental functioning.

The study was approved by the Ethics Committee of the Central Finland Health Care District
(K-S shp Dnro 8U/2014) and all the participants provided written informed consent. The study protocol
is described in detail in Kovanen et al. [33].

2.2. Assessment Methods

2.2.1. Adolescent Predictors

PA Level

Participants described their PA level at age 13–16 as one of four possible options: no exercise, regular
independent leisure-time PA, regular other supervised PA in a sport club etc., and regular competitive
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sport and training related to that sport (modified by Hirvensalo et al. [34]). Regular independent
leisure-time PA was defined as regular PA during a journey to or from school/work (>2 km/one way)
or as regular PA causing sweating that is not organised by a school, sports club, fitness centre, etc.

Did not consent for phase 2 N=445

Do not fill inclusion criteria N=992

Phase 2: Invitation to first laboratory visit 

(N=1627)

ERMA study: 47-55-yr-old women’s cohort

N=6878 (82% of the age-cohort)

Phase 1: Prequestionnaires (N=3064)

Not responding N=3649

Respondents N=3229 (46.9%)

Not willing N=165 

Phase 2: Participated in first laboratory visit with 

blood sampling and health screen interview 

(N=1393)

Excluded N=5

Discontinued N=229

Excluded N=208

Discontinued N=27

Final sample size N=1098

Phase 3: Invitation to questionnaire survey and to 

participate second laboratory visit for physiological 

measurements

(N=1158)

BMI N=868

DXA N=823

HG N=838

KE N=718

JH N=784

WS N=837

WD N=769

Accelerom. PA N=730

Self-rep. PA N=988

BMI N=942

DXA N=881

HG N=899

KE N=783

JH N=845

WS N=898

WD N=833

Accelerom. PA N=784

Self-rep. PA N=1081

age at 

menarche

N=1081

physical activity 

history

N=988

both

N=970

Excluded N=54

Discontinued N=2

Provided questionnaire survey (N=1102)

Questionnaires lost due to technical 

error N=4

Figure 1. Flow chart of the recruitment of the participants. BMI = body mass index; DXA = Dual-energy
X-ray absorptiometry; HG = hand grip force; KE = knee extension force; JH = jumping height;
WS = walking speed; WD = walking distance; accelerom. PA = accelerometer-measured physical
activity; self-rep. PA = self-reported physical activity. Some of the participants were excluded for some
or all physical performance tests for the health reasons.

The definition for supervised PA was as follows: all regular non-competitive PA, organised by
a sports club, fitness centre, Girl Scouts, etc. Competitive sport and related training was defined as



J. Clin. Med. 2020, 9, 3797 4 of 20

regular, goal-oriented competitive sport within a sports club etc., and competing and training in
that discipline.

Participants were classified into three groups based on their answers: no exercise group, regular
PA group, which includes participants who reported performing independent or supervised or both but
did not report being competing in any sport, and competitive sport group. Participants were also asked
what sports disciplines they were engaged in and they were instructed to underline the disciplines
in which they competed. PA level at other age stages 7–12, 17–19, 20–29, 30–39, and 40–50 years was
similarly assessed to show the tracking of PA.

AAM

Participants self-reported the age of their first menstruation (age at menarche; AAM) and were
subsequently categorised in approximately equal groups as follows: ≤12 years, 13 years, and ≥14 years.

2.2.2. Middle Age Characteristics

Anthropometrics and Body Composition

All of the anthropometrics and body composition measurements were assessed between 7:00 and
10:00 a.m. after overnight fasting. Participants’ weight was measured in their underwear to the nearest
0.01 kg with a beam scale. Height was measured to the nearest 1.0 cm with a stadiometer. BMI was
calculated as weight in kilograms divided by height in meters squared. Femoral neck BMD and body
composition were assessed by dual x-ray absorptiometry (DXA, LUNAR; GE Healthcare, Chicago, IL,
USA) [35]. Fat percentage was calculated as total fat mass divided by total mass multiplied by 100.
Fat and lean mass indexes were calculated as fat mass (kg) and lean mass (kg), respectively, divided by
height squared (m2). Appendicular lean mass index (ALMI) was calculated as arms lean mass (kg)
plus legs lean mass (kg) divided by height squared (m2).

Physical Performance Tests

Muscle performance measurements were performed as presented earlier in Bondarev et al. 2018 [36].
Briefly, hand grip force was assessed on the dominant arm in a sitting position with the elbow flexed
at 90◦ angle using an adjustable dynamometer chair (Good Strength, Metitur, Jyväskylä, Finland).
Participants were instructed to squeeze the handle as forcefully as possible and maintain the contraction
for 2–3 s. Maximal isometric knee extension force was measured in a sitting position, knee fixed in
60 degrees of flexion, on a custom-made dynamometer chair (Good Strength; Metitur Oy, Palokka,
Finland) from the side of the dominant hand. Participants were instructed to extend the knee towards
full extension to produce maximal force. In both the abovementioned tests, the trunk was stabilized
to exclude the compensation of other muscles. Lower body muscle power was assessed with a
countermovement jump performed on a custom-made contact mat. Flight time (t) was recorded and
vertical jumping height (cm) was calculated as (g × t2) / 8 × 100, where g is the acceleration of gravity
(9.81 m/s2) [37]. In all of the three aforementioned muscle force and power tests, three to five maximal
efforts were performed, and the highest value was recorded.

Walking speed was assessed via a 10-m walk in a laboratory corridor using photocells, with five
meters allowed for acceleration prior to measurement [38]. Participants performed two trials with the
fastest accepted as their final result. The 6-min walking test was performed on a 20-m indoor track
and the participants were instructed to walk as many laps as possible in 6 min. This test was used to
assess submaximal exercise tolerance and aerobic capacity [39]. The rest between the different physical
performance tests and between repetitions were separated by an approximately one-minute pause.
The same protocol was applied in every participant (i.e., the instructions for the second tests were
given in the similar way) resulting in approximately similar time between the tests in each participant.
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Accelerometer-Measured PA

Accelerometer-measured PA was assessed using GT3X+ and wGT3X+ accelerometers (ActiGraph,
Pensacola, FL, USA) [40]. Participants were instructed to wear the accelerometer on their right hip
during waking hours (excluding activities in water) for seven consecutive days. Each participant was
personally individually instructed regarding the use of the accelerometer and was also provided with
a diary accompanied with the instructions to record their wake-up time, working hours, and periods
when the accelerometer was removed for over 30 min. Raw acceleration data were collected at 60 Hz
and consequently filtered and converted into 60 s epoch counts. Further data analysis was conducted
with Excel-based customised program. Tri-axial vector magnitude cut-off -points of moderate and
vigorous physical activity were >2690 to ≤6166 cpm and >6166 cpm, respectively [40,41]. The mean times
spent in moderate and vigorous activity per day were summed to obtain the total mean time spent in
moderate-to-vigorous physical activity (MVPA) per day. The mean daily step count was also documented.

Self-Reported PA

Self-reported PA was inquired using a series of modified structured questions [33,42]. Recently,
this tool has been compared with accelerometer-based data in this same cohort and has found to
demonstrate similar association between accelerometer-measured PA compared to other widely used
self-reported PA questionnaires [43]. Participants were asked about their leisure physical activity,
including monthly frequency, mean duration, and mean intensity of PA sessions; and PA during the
journey to and from work. Volume of activity was calculated using an activity metabolic equivalent
(MET) index by assigning a multiple of resting metabolic rate (MET score) to each activity and
calculating the product of intensity × duration × frequency of activity [42].

The following MET values were used (work metabolic rate divided by resting metabolic rate):
4 (for exercise intensity corresponding to walking and for physical activity during the work journey),
6 (vigorous walking to jogging), 10 (jogging), and 13 (running) [44]. The activity MET index was
expressed as the score of leisure MET hours per day and has been validated by Waller et al. [45].

Background Variables

Participants reported their level of education by choosing from eight answer options of primary
school to doctoral level. Participants were classified into two groups based on their answers: those with
bachelor level or higher education and those with education lower than bachelor level.

Participants also reported their number of live births, if they had ever used oral contraceptive pills
and in what year they had started and finished using them. Participants also reported use of hormonal
contraceptives (HC) during the preceding 10 years.

The menopausal status determination procedure followed the Stages of Reproductive Aging
Workshop +10 guidelines [46]. Participants kept a menstrual diary for 6–12 months for menstrual cycle
assessment. Serum samples to measure FSH concentrations were obtained during menstrual days
1–5 for all women who had detectable menstrual bleeding at the onset of study. For participants who
had undergone hysterectomy or were using progesterone-containing contraceptives, the menopausal
group assignment was based solely on the FSH level, but with stricter cut-off values than used for
participants with natural menstrual bleeding [33].

Participants were also asked if they have had one or more fractures in their wrist or forearm, tibia,
femur, or at some other location. Participants were also questioned if they had some musculoskeletal
disorders or symptoms. Additionally, participants were asked to report if they had ever had a diagnosis
of anorexia nervosa and in which year the diagnosis was given.

2.3. Statistical Analysis

All the continuous variables were tested for normality prior to statistical analysis. Continuous
variables are presented as means and 95% confidence intervals, and categorical variables as frequencies
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and percentages. Differences between groups were investigated using one-way analysis of variance
(ANOVA) with Bonferroni post hoc pairwise comparisons or Kruskal-Wallis rank sum test with
subsequent pairwise comparisons for continuous variables, and Pearson’s chi-square for categorical
variables. Analysis of covariance (ANCOVA) was used to adjust for potential confounding factors
(self-reported leisure-time PA in adolescence and in midlife, age, AAM, menopausal status, number of
parities, education, and HC use during the 10 preceding years). As we assumed that BMD in
postmenopausal women regardless of AAM may be lower than in women within the other menopausal
status groups, and therefore potentially skew results or cloud an association between AAM and BMD,
we investigated the association between AAM and BMD also in pre-, early perimenopausal, and late
perimenopausal women only. Statistical analyses were conducted using IBM SPSS Statistics version 24
(Armonk, NY, USA). The significance level was set at <0.05, two-tailed.

3. Results

3.1. PA Participation from Childhood to Midlife

The most common sport disciplines (during 1970s and 1980s) in the competitive sport group
were track and field (28.7%), volleyball (20.6%), cross-country skiing (18.4%), running (16.9%),
Finnish baseball (7.4%), and gymnastics (7.4%). Most of the participants who engaged in competitive
sport at age 13–16 reported having competed in two or more sport disciplines (n = 98, 72.1%).

For each age stage, PA level was compared to the individual’s PA level at age 13–16 years
(i.e., adolescence). At every age stage except the latest (i.e., age 40–50 years), those who engaged
in competitive sport at age 13–16 years formed the larger proportion of those in competitive sport
compared to those that reported regular PA or no exercise at age 13–16 years (p for all <0.001).
Conversely, those who engaged in competitive sport at age 13–16 years formed the smaller proportion
of those with no exercise at all at other age stages except the latest compared to those that reported
regular PA or no exercise at age 13–16 years (p for all <0.001). There was no difference in the PA level
groups between ages 13–16 and 40–50 (p = 0.272) (Table 1). The proportion of the participants engaged
in competitive sport was highest at age 13–16 and gradually decreased thenceforth. Furthermore,
the proportion of those reporting regular PA increased at each age stage after the age of 13–16 (Figure S1).
The correlation coefficients between PA level at age 13–16 and PA level at ages 7–12, 17–19, 20–29,
30–39, and 40–50 were 0.54, 0.60, 0.29, 0.19 (p < 0.001 for all), and −0.02 (p = 0.463), respectively.

Table 1. Proportion (n) of participants of different physical activity (PA) level at each age stages
according to the PA level at the age of 13–16.

Competitive Sport (CS) Regular PA (RPA) No Exercise (NE)
at Age 13–16 (n = 136) at Age 13–16 (n = 689) at Age 13–16 (n = 163)

Age CS RPA NE CS RPA NE CS RPA NE

7–12 50.7%
(69)

45.6%
(62)

3.7%
(5)

5.8%
(40)

85.5%
(589)

8.7%
(60)

3.7%
(6)

36.8%
(60)

59.5%
(97)

17–19 48.5%
(66)

47.1%
(64)

4.4%
(6)

2.0%
(14)

88.0%
(606)

10.0%
(69)

1.8%
(3)

29.4%
(48)

68.7%
(112)

20–29 22.8%
(31)

70.6%
(96)

6.6%
(9)

2.0%
(14)

87.2%
(601)

10.7%
(74)

2.5%
(4)

65.6%
(107)

31.9%
(52)

30–39 8.8%
(12)

85.3%
(116)

5.9%
(8)

1.6%
(11)

89.3%
(615)

9.1%
(63)

0.6%
(1)

76.7%
(125)

22.7%
(37)

40–50 1.5%
(2)

91.2%
(124)

7.4%
(10)

1.2%
(8)

94.0%
(647)

4.9%
(34)

0.6%
(1)

95.1%
(155)

4.3%
(7)

3.2. Midlife Characteristics According to Adolescence PA

Those who were engaged in competitive sport at age 13–16 were slightly younger and had used
HC more often during the preceding 10 years than participants in the other two groups. Participants
in the competitive sport group also had a higher education level in midlife and later AAM than
participants with no exercise (Table 2).
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Table 2. Midlife characteristics of participants according to physical activity (PA) level at the age of 13–16.

Variable n Competitive Sport n Regular PA n No Exercise p-Value Model 1:
p-Value a,b

Model 2:
p-Value c,d

Background variables
Age (y) 136 50.9 (50.5–51.2) R,N 689 51.4 (51.3–51.6) 163 51.6 (51.3–51.9) 0.005 e

Age at menarche (y) 134 677 162 0.010
≤12 35.1% (47) N 35.2% (238) N 38.9% (63)
13 30.6% (41) 34.3% (232) 43.2% (70)
≥14 34.3% (46) 30.6% (207) 17.9% (29)

Bachelor or higher education 136 48.5% (66) N 689 41.5% (286) 163 34.4% (56) 0.045
Number of parities 136 2.0 (1.8–2.1) 687 2.1 (2.0–2.2) N 163 1.9 (1.7–2.1) 0.017 f

Used OCP at some point of life 136 6.6% (9) 689 9.9% (68) 163 11.0% (18) 0.399
Used HC during the preceding

10 years 136 62.5% (85) R,N 689 50.8% (350) 163 49.1% (80) 0.031

Menopausal status 136 689 161 0.893
PRE 30.1% (41) 27.4% (189) 24.5% (40)
EPM 19.1% (26) 18.6% (128 19.0% (31)
LPM LPM 21.3% (29) 19.3% (133) 20.9% (34)
POST POST 29.4% (40) 34.7% (239) 35.6% (58)

Body composition
Height (cm) 113 166.4 (165.4–167.4) 609 165.6 (165.1–166.0) 146 164.7 (163.8–165.7) 0.074 e 0.188 a 0.257 c

Weight (m) 113 70.3 (68.3–72.3) 609 70.3 (69.4–71.2) 146 68.5 (66.8–70.1) 0.182 e 0.046 a 0.038 c

BMI (kg/m2) 113 25.4 (24.7–26.1) 609 25.6 (25.3–25.9) 146 25.2 (24.7–25.8) 0.431 e 0.151 a 0.124 c

Total fat mass (kg) 101 24.0 (22.4–25.5) 584 25.5 (24.8–26.2) 138 24.4 (23.1–25.7) 0.141 e 0.041 a 0.037 c

Fat percentage (%) 101 33.3 (31.8–34.7) R 584 35.4 (34.8–36.0) 138 35.0 (33.8–36.2) 0.028 e 0.022 a 0.026 c

Fat mass index (kg/m2) 101 8.7 (8.1–9.3) 584 9.3 (9.0–9.5) 138 9.0 (8.5–9.7) 0.143 e 0.065 a 0.062 c

Total lean mass (kg) 101 43.7 (42.8–44.6) R,N 584 42.1 (41.7–42.4) 138 41.4 (40.7–42.1) <0.001 e 0.001 a 0.001 c

Lean mass index (kg/m2) 101 15.8 (15.5–16.0) R,N 584 15.3 (15.2–15.4) 138 15.2 (15.0–15.5) 0.002 e 0.002 a 0.001 c

ALMI (kg/m2) 101 6.9 (6.7–7.0) R,N 584 6.6 (6.6–6.7) 138 6.6 (6.5–6.7) <0.001 e 0.001 a 0.001 c
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Table 2. Cont.

Variable n Competitive Sport n Regular PA n No Exercise p-Value Model 1:
p-Value a,b

Model 2:
p-Value c,d

BMD
FN BMD (g/cm2) 101 1.00 (0.98–1.03) R,N 584 0.96 (0.95–0.97) 138 0.95 (0.93–0.97) <0.001 e 0.001 a 0.002 c

FN T score < −1 101 14.9% (15) R,N 584 25.7% (150) 138 28.3% (39) 0.039
FN T score ≤ −2.5 101 0.0% (0) 584 0.9% (5) 138 0.7% (1) 1.000

Physical performance
Hand grip force (N) 106 333.5 (322.6–344.4) R,N 590 313.5 (308.7–318.4) 142 305.5 (296.4–314.5) 0.001 e 0.002 a 0.002 c

Knee extension force (N) 92 509.1 (488.4–529.8) R,N 508 460.6 (452.7–468.4) 118 442.3 (425.6–458.9) <0.001 e <0.001 a <0.001 c

Jumping height (cm) 101 21.3 (20.5–22.1) R,N 547 19.0 (18.6–19.3) 136 18.7 (18.0–19.4) <0.001 e <0.001 a <0.001 c

Walking speed (m/s) 106 2.9 (2.8–3.0) R,N 591 2.6 (2.6–2.7) 140 2.6 (2.5–2.6) <0.001 e <0.001 a <0.001 c

Walking distance in 6 min (m) 95 696.7 (684.8–708.5) R,N 543 667.5 (662.3–672.7) 131 660.7 (651.1–670.2) <0.001 e <0.001 a 0.001 c

Self-reported PA
Leisure-time PA (MET-h/d) 136 4.9 (4.2–5.6) R,N 689 4.2 (3.9–4.4) 163 3.6 (3.2–4.0) <0.001 f 0.008 b 0.007 d

Accelerometer-measured PA
Leisure-time MVPA (min/d) 88 47.6 (41.6–53.6) 516 43.1 (41.1–45.2) 126 40.7 (36.6–44.7) 0.166 f 0.178 b 0.271 d

Leisure-time step count (steps/d) 88 7277 (6676–7878) 516 6843 (6601–7084) 126 6763 (6334–7192) 0.339 e 0.302 b 0.384 d

Total MVPA (min/d) 88 54.3 (47.7–60.7) 516 50.3 (48.0–52.5) 126 46.7 (42.6–50.8) 0.188 f 0.220 b 0.312 d

Total step count (steps/d) 88 8903 (8291–9515) 516 8698 (8450–8947) 126 8510 (8087–8933) 0.646 f 0.743 b 0.761 d

Values are presented as means (95% confidence intervals) or percentages (counts). R and N indicate significant difference (p < 0.05) from regular PA and no exercise groups,
respectively. OCP = oral contraceptive pills; HC = hormonal contraceptive; PRE = premenopausal; EPM = early perimenopausal; LPM = late perimenopausal; POST = postmenopausal;
BMI = body mass index; ALMI = appendicular lean mass index; FN = femoral neck; BMD = bone mineral density; MET = metabolic equivalent; MVPA = moderate-to-vigorous physical
activity. a Adjusted for self-reported leisure-time PA in midlife, age, menarcheal age, and menopausal status. b Adjusted for age, menarcheal age, and menopausal status. c Adjusted for
self-reported leisure-time PA in midlife, age, menarcheal age, menopausal status, number of parities, education, and hormonal contraceptive use during the 10 preceding years. d Adjusted
for age, menarcheal age, menopausal status, number of parities, education, and hormonal contraceptive use during the 10 preceding years. e ANOVA. f Kruskal-Wallis test. Sample sizes
for both adjusted models were 111, 598, and 149 for competitive sport, regular PA, and no exercise groups, respectively, in height, weight, and BMI. Corresponding sample sizes for body
composition measurements and BMD were 99, 573, and 137, for physical performance measurements they were 104, 579, and 141 (hand grip force), 90, 500, and 118 (knee extension force),
99, 538, and 135 (jumping height), 104, 580, and 139 (walking speed), 93, 534, and 131 (walking distance in 6 min), and for physical activity measurements they were 134, 677, and 162
(self-reported PA) and 86, 510, and 125 (accelerometer measured PA). Statistically significant p-values are indicated in bold.
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Participants in the competitive sport group had more lean mass, higher lean mass index,
ALMI, and BMD than those with no exercise or regular PA. They also performed better in all
physical performance tests than participants in the other two groups. Self-reported PA at midlife
was higher in the competitive sport group than in the other groups but no difference was found in
accelerometer-measured PA between the groups. Differences in total lean mass, lean mass index,
ALMI, BMD, physical performance, and self-reported leisure-time PA between the competitive sport
group and the other groups remained after adjustment for potential confounding factors (Table 2).
Participants who did not respond to the question regarding PA at age 13–16 (11.1% of the whole sample,
n = 110) were similar to those who completed all variables except in hand grip force (non-responders
297.9 N vs. responders 314.7 N, p = 0.018) and in menopausal status (proportions of premenopausal,
early perimenopausal, late perimenopausal, and postmenopausal among non-responders 30.9%, 11.8%,
11.8%, and 45.5%, respectively and among responders 27.3%, 18.7%, 19.8%, and 34.1%, respectively,
p = 0.018).

3.3. AAM and Midlife Characteristics

AAM among participants ranged between 9 and 19 years (Table S1) with mean age 12.95 years
(95% CI 12.9–13.0). The most common menarcheal ages were 13 (34.9%), 12 (24.1%), and 14 years
(17.8%). 102 (9.3%) of the participants reported that they had used OCP at some point of their life with
starting age between 16–54 years. No participants reported starting OCP use before menarche and 15
of the OCP users did not provide starting year.

The group that reported AAM ≥ 14 years included the smallest portion of participants with no
exercise and the greatest portion of participants with regular PA and competitive sport at age 13–16.
There was a significant linear downward trend in weight, BMI, total fat mass, fat percentage, and fat
mass index across the AAM groups, all of which decreased as AAM increased. All pairwise comparisons
were statistically significant except for fat percentage between the group reporting AAM ≤ 12 years
and the group reporting AAM = 13 years. BMD was higher in the group reporting AAM ≤ 12 years
compared to the group reporting AAM ≥ 14 years and differences in physical performance were found
in jump height, with the group of AAM ≥ 14 years jumping higher than the group of AAM ≤ 12
years. Participants in the group reporting AAM ≥ 14 years took more steps than those in the other
groups, but no other differences in PA between the groups were found. The differences in weight, BMI,
fat mass, fat mass index, ALMI, jump height, and leisure-time step count persisted when adjusted for
confounding factors (Table 3). Exclusion of postmenopausal women from this analysis demonstrated
an inverse association between AAM and BMD even when adjusted for PA level at age of 13–16,
self-reported leisure-time PA at midlife, age, and menopausal status (p = 0.040). The inverse association
was found also after further adding number of parities, education, and hormonal contraceptive use
during the 10 preceding years as covariates in the model (p = 0.041).

16.2% (n = 178) of the participants reported that they have had at least one fracture during their
life, while 37.6% (n = 413) reported having current musculoskeletal disorder/symptom. Six participants
(0.5%) reported that they have received a diagnosis of anorexia nervosa, while one participant did not
answer this question. Age at the time of the diagnosis varied between 13 and 39 (mean 21.5, 95% CI
10.5–32.5) and two participants had received the diagnosis before AAM. No differences were found in
the amount of lifetime fractures and anorexia nervosa prevalence, or current musculoskeletal problems
between the different PA level in adolescence (Table S2) or AAM groups (Table S3). The participants
who did not respond to the question regarding AAM (1.5%, n = 17) were similar to those who did in
terms of all the outcome variables.
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Table 3. Midlife characteristics of the participants according to different menarcheal age.

Variable n AAM ≤ 12 n AAM = 13 n AAM ≥ 14 p-Value Model 1:
p-Value a,b

Model 2:
p-Value c,d

Background variables
Age (y) 391 51.3 (51.1–51.5) 377 51.4 (51.2–51.6) 313 51.4 (51.2–51.6) 0.465 e

Bachelor or higher education (%) 391 41.2% (161) 377 41.9% (158) 313 40.9% (128) 0.961
Number of parities 391 2.0 (1.9–2.2) 377 2.0 (1.9–2.1) 313 2.0 (1.9–2.2) 0.937 f

Used OCP at some point of life 391 7.9% (31) H 377 7.7% (29) H 313 13.1% (41) 0.025
Used HC during the preceding

10 years 391 54.2% (212) 377 48.0% (181) 313 53.7% (168) 0.172

Menopausal status 390 377 313 0.373
PRE 24.8% (97) 29.7% (112) 29.4% (92)
EPM 20.2% (79) 17.2% (65) 16.3% (51)
LPM 21.7% (85) 17.2% (65) 18.2% (57)
POST 33.2% (130) 35.8% (135) 36.1% (113)

PA at age 13–16 346 343 281 0.014
CS 13.5% (47) H 12.0% (41) H 16.4% (46)

RPA 68.6% (238) 67.9% (233) 73.3% (206)
NE 17.9% (62) 20.1% (69) 10.3% (29)

Body composition
Height (cm) 335 165.3 (164.7–165.9) 341 165.3 (164.7–166.0) 266 166.3 (165.6–166.9) 0.073 e 0.122 a 0.135 c

Weight (m) 335 71.7 (70.5–72.8) M,H 341 69.6 (68.4–70.7) 266 68.0 (66.8–69.3) <0.001 e <0.001 a <0.001 c

BMI (kg/m2) 335 26.2 (25.8–26.6) M,H 341 25.4 (25.0–25.8) H 266 24.6 (24.2–25.0) <0.001 e <0.001 a <0.001 c

Total fat mass (kg) 315 26.6 (25.7–27.5) M,H 319 24.9 (24.0–25.9) H 247 23.1 (22.0–24.2) <0.001 e <0.001 a <0.001 c

Fat percentage (%) 315 36.4 (35.6–37.1) H 319 35.1 (34.3–35.9) H 247 33.1 (32.1–34.0) <0.001 e <0.001 a <0.001 c

Fat mass index (kg/m2) 315 9.7 (9.4–10.1) M,H 319 9.1 (8.8–9.4) H 247 8.4 (8.0–8.8) <0.001 e <0.001 a <0.001 c

Total lean mass (kg) 315 42.3 (41.8–42.8) 319 41.8 (41.4–42.3) 247 42.3 (41.8–42.9) 0.105 e 0.099 a 0.195 c

Lean mass index (kg/m2) 315 15.5 (15.4–15.6) 319 15.3 (15.2–15.5) 247 15.3 (115.2–15.5) 0.135 e 0.032 a 0.047 c

ALMI (kg/m2) 315 6.7 (6.6–6.7) 319 6.6 (6.5–6.7) 247 6.6 (6.5–6.7) 0.237 e 0.075 a 0.124 c

BMD
FN BMD (g/cm2) 315 0.97 (0.96–0.98) H 319 0.96 (0.95–0.97) 247 0.94 (0.93–0.96) 0.034 e 0.056 a 0.056 c

FN T score < −1 315 24.2% (76) 319 23.5% (75) 247 29.6% (73) 0.214
FN T score ≤ −2.5 315 0.3% (1) 319 1.3% (4) 247 0.8% (2) 0.404

Physical performance
Hand grip force (N) 321 314.0 (307.2–320.8) 324 315.0 (308.6–321.5) 254 311.0 (304.0–318.1) 0.715 e 0.279 a 0.195 c

Knee extension force (N) 282 468.8 (457.7–480.0) 271 457.8 (447.1–468.5) 230 459.7 (446.6–472.7) 0.344 e 0.419 a 0.442 c

Jumping height (cm) 300 18.7 (18.3–19.2) H 302 19.2 (18.7–19.7) 243 19.8 (19.2–20.4) 0.013 e 0.019 a 0.013 c

Walking speed (m/s) 319 2.6 (2.6–2.7) 324 2.7 (2.6–2.7) 255 2.7 (2.6–2.7) 0.443 e 0.508 a 0.507 c

Walking distance in 6 min (m) 300 665.5 (658.5–672.5) 293 669.8 (663.2–676.3) 240 674.1 (666.0–682.1) 0.259 e 0.155 a 0.093 c
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Table 3. Cont.

Variable n AAM ≤ 12 n AAM = 13 n AAM ≥ 14 p-Value Model 1:
p-Value a,b

Model 2:
p-Value c,d

Self-reported PA
Leisure time PA (MET-h/d) 391 4.4 (4.0–4.8) 377 4.0 (3.6–4.3) 313 4.2 (3.8–4.5) 0.l78 f 0.288 b 0.285 d

Accelerometer-measured PA
Leisure-time MVPA (min/d) 282 42.4 (39.6–45.2) 277 41.0 (38.4–43.6) 225 46.9 (43.4–50.4) 0.054 f 0.053 b 0.036 d

Leisure-time step count (steps/d) 282 6812 (6495–7128) H 277 6586 (6282–6892) H 225 7365 (6986–7744) 0.005 f 0.025 b 0.018 d

Total MVPA (min/d) 282 48.6 (45.6–51.6) 277 48.3 (45.6–51.1) 225 53.6 (49.8–57.5) 0.117 f 0.117 b 0.093 d

Total step count (steps/d) 282 8541 (8214–8868) H 277 8492 (8179–8804) H 225 9066 (8677–9455) 0.030 f 0.166 b 0.169 d

Values are presented as means (95% confidence intervals) or percentages (counts). M and H indicate significant difference (p < 0.05) from the middle and the latest menarcheal
group, respectively. AAM = age at menarche; PRE = premenopausal; EPM = early perimenopausal; LPM = late perimenopausal; POST = postmenopausal; PA = physical activity;
NE = no exercise; RPA = regular physical activity; CS = competitive sport; BMI = body mass index; ALMI = appendicular lean mass index; FN = femoral neck; BMD = bone mineral density;
MET = metabolic equivalent; MVPA = moderate-to-vigorous physical activity. a Adjusted for PA level at age of 13–16, self-reported leisure-time PA in midlife, age, and menopausal status.
b Adjusted for PA level at age 13–16, age, and menopausal status. c Adjusted for PA level at ages 13–16, self-reported leisure-time PA in midlife, age, menopausal status, number of parities,
education, and hormonal contraceptive use during the 10 preceding years. d Adjusted for PA level at age 13–16, age, menopausal status, number of parities, education, and hormonal
contraceptive use during the 10 preceding years. e ANOVA. f Kruskal-Wallis test. Sample sizes for both adjusted models were 299, 312, and 243 for groups reporting AAM ≤ 12 years,
= 13 years, and ≥ 14 years, respectively, in height, weight, and BMI. Corresponding sample sizes for body composition measurements and BMD were 286, 295, and 228, for physical
performance measurements they were 291, 299, and 234 (hand grip force), 252, 246, and 210 (knee extension force), 271, 278, and 223 (jumping height), 289, 299, and 235 (walking speed),
270, 268, and 220 (walking distance in 6 min), and for physical activity measurements they were 348, 343, and 282 (self-reported PA) and 257, 254, and 210 (accelerometer-measured PA).
Statistically significant p-values are indicated in bold.
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4. Discussion

This is the first study to describe midlife body composition, BMD, physical performance, and PA
according to PA in adolescence and AAM in middle-aged women. We found that those who had been
engaged in competitive sport at age 13–16 had more lean mass, higher BMD in the femoral neck,
and better physical fitness in midlife than participants with regular PA or no exercise, even when
adjusted for potential confounding factors. Participants in the competitive sport group had later
AAM than those with no exercise in adolescence. Furthermore, participants with later AAM had
lower BMI and less fat mass than those with earlier AAM, and BMD was lower in the group with
AAM ≥ 14 compared to those with AAM ≤ 12. These associations persisted when adjusted for potential
confounding factors, except for the difference in BMD. However, when postmenopausal participants
were excluded from this analysis, an inverse relationship between AAM and BMD was found regardless
of the confounding factors.

4.1. PA Participation from Childhood to Midlife

We observed declining correlation coefficients between PA level at age 13–16 and PA level at other
age stages with advancing age, which is consistent with a meta-analysis conducted by Craigie et al. [11]
who found that the strength of tracking of PA declined when the duration of the follow-up increased.
In our study, participation in competitive sport in adolescence was associated with higher self-reported
leisure-time PA in middle-age, which is in line with an earlier study showing that participation in
competitive sport in adolescence predicts maintenance of a high PA level in old age [34]. However,
we found no association between PA in adolescence and accelerometer-measured PA in midlife.
We may, however, have lacked sufficient power to detect these differences as the sample sizes were
smaller in accelerometer-measured compared to self-reported PA.

4.2. Association between PA in Adolescence and AAM

Previous studies have stated that adolescent athletes tend to attain menarche later than their less
physically active counterparts [28,29], and similarly in the present study, participants in the competitive
sport group and regular PA group had later AAM compared to the no exercise group. Studies have
shown that although AAM is largely modified by genes [47–49], it is influenced by environmental
factors, including PA [50]. However, since evidence regarding an association between PA before
menarche and later AAM is limited [28], it is not known if there is a causal relationship between
these variables, if selection bias was present or if other behavioural differences between athletes and
non-athletes explain the reported association [27,28].

4.3. Competitive Sport in Adolescence and Midlife Characteristics

We found no difference in fat mass between the adolescent PA groups, in contrast lower fat mass
in former gymnasts, runners, and swimmers compared to controls in midlife has been reported [7,9].
The inconsistency between the studies may be due to different study population, with aesthetic and
endurance athletes tending to have lower BMI than athletes in other sport disciplines [27], with our
study representing a variety of sporting disciplines. Furthermore, our finding concerning higher
midlife lean mass in participants in the competitive sports group is in agreement with one [7] but in
contrast to another [9] study.

Consistent with some [7,9] but not all studies [51], we found that there was an association between
competitive sport in adolescence and higher BMD in midlife. In our study, this association persisted
after adjusting for potential confounding factors. This is contrary to the findings of Nilsson et al. [52],
who reported that among women aged 75–80 years PA at age 10–30 was positively associated with
BMD, but this association was not seen when adjusted for current PA. Therefore, in older women,
current PA might be more strongly associated with BMD than PA in adolescence [53]. Further, and again
in contrast to our findings, these authors found no association between PA at age 10–30 and current
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hand grip strength among women aged 75–80 [52]. These inconsistencies may be due to the fact that
participants in our study were younger and PA history was studied in narrower age-range than in the
study conducted by Nilsson and colleagues.

While it has been found that the risk of osteoarthritis of the hip and knee is greater in former female
athletes compared to the general population [54] and that former athletes have higher risk of knee
problems and higher rates of Achilles tendon problems in later life compared to controls [55], we did
not find an association between sport participation in adolescence and musculoskeletal problems in
middle age. As we did not ask participants what kind of musculoskeletal problems they had, it is
possible that in our study, specific types of problems were more common in different groups.

In contrast to our findings, Tveit et al. found that a risk of fracture was lower among former male
athletes than among controls [56]. However, we did not differentiate fractures occurred during the
sport career from those occurred after retirement from sport. In addition to the fact that participants
in the study conducted by Tveit et al. [56] were males, they were also older than those in our study.
The incidence of fractures has been reported to be higher among older women compared to our study
population [57,58] and thus, fracture rates among women in our study were relatively low.

Due to low number of anorexia nervosa cases in our study, no conclusion in terms of possible
association between anorexia and PA in adolescence can be made. Other studies have suggested that
eating disorders in general are more common in athletes than in non-athletes [59,60]. The lifetime
prevalence of anorexia nervosa in our study was lower than recently found among middle aged women
living in UK [61], young adult women living in Finland [62], and also slightly lower than in women
living in U.S. [63]. Incidence of eating disorders are highest in adolescence and in young adulthood [64],
and our participants were at that age in 1970s and 1980s. It has been reported that anorexia nervosa
has become more common since that time [65], which may explain the differences between the results
of abovementioned studies and our findings. However, it is suggested that the increased prevalence
rates may be due to increased detection of anorexia nervosa rather than true increase of incidence
rates [65]. Thus, there might have been some undiagnosed anorexia nervosa cases among our study
population as well. Furthermore, in our study, diagnosis of anorexia nervosa was self-reported and
asked by a single question, which may further underestimate the actual prevalence rate.

4.4. AAM and Midlife Characteristics

In line with previous observational evidence [31,32,66–73], our results show that AAM is inversely
associated with BMI, fat mass, and fat percentage in middle-age. The inverse relationship between AAM
and BMI in adulthood was also recently supported by Mendelian randomisation studies [48,74,75].
Fewer studies have investigated the association between AAM and midlife lean mass. Similar to our
finding, Kirchengast et al. [66] did not find an association between AAM and lean mass either in pre-
or postmenopausal women.

The observed inverse relationship between AAM and midlife BMD in the current study is
consistent with findings of some studies conducted in women with a mean age over 40 years [21,76]
and also in postmenopausal women only [22,24,77]. However, not all studies have found this
association [78–84] and also in our study, the relationship was abolished after adjusting models
for potential confounding factors. While shared genetic factors have shown to influence both AAM
and BMD [76,85,86], postmenopausal bone loss may interfere with this relationship; the association
between early menarche and higher BMD may be stronger in premenopausal than in postmenopausal
women [85]. Our finding showing a relationship, regardless of confounding factors but excluding
postmenopausal women, between AAM and midlife femoral neck BMD in pre- and perimenopausal
supports this hypothesis. However, higher body mass is known to associate with higher BMD [87,88],
which also may affect the associations between AAM and BMD that were found in our study. Therefore,
further studies are needed to clarify the effects of AAM on midlife BMD. In our study population,
there were few participants with extremely late AAM (e.g., >16 years) and thus, there was no statistical
power to compare that group with earlier AAM. Thus, more research is needed to investigate if there is
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even greater difference in midlife BMD between former athletes with the current criterion of primary
amenorrhea (i.e., menarche occurred at the age of 15 or older) and those with AAM < 15 years.

In contrast to our findings, late AAM has been linked to increased fracture risk in later life [26,89–92].
A possible explanation for the controversy between earlier studies compared to ours may be that in our
study participants were younger than those in the studies demonstrating this association. Furthermore,
again in contrast to our findings, it has been suggested that early menarche is associated with chronic
widespread musculoskeletal complaints in later life [93]. No conclusion regarding the association
between anorexia nervosa and AAM can be made based on the current study due to only few anorexia
nervosa cases in our study population. However, in several other studies anorexia nervosa has been
linked to later menarche [94].

4.5. Limitations

We acknowledge some limitations. PA level in adolescence and AAM were self-reported
retrospectively and thus susceptible to response or recall bias. It is reasonable to assume that those who
had been competitive athletes in their adolescence did not have difficulties in assigning themselves in
an accurate PA category. However, differentiation between no exercise and regular PA may have been
overlapping with the possibility that participants had different perceptions for PA. In addition, it has
been reported that long-term recall of AAM is fairly valid [95–98] and that the accuracy of recall is
increased when AAM is categorised into groups [98]. We did not ask the precise month the participant
attained menarche, which may have caused some inaccuracy; however, few middle-aged women are
able to recall the precise month they started to menstruate [96,97]. Furthermore, the study design does
not enable causal interpretations. Although we adjusted our analysis for potential confounding factors,
residual confounding cannot be completely ruled out. It is possible that other factors, such as genetic
or different lifestyle habits, affected the observed associations.

No information on menstrual history, such as history of menstrual dysfunction, was collected
and thus, we do not know if the participants have had regular menses after menarche. On the other
hand, recall of menstrual regularity is less accurate than recall of AAM in women near menopause [95].
In addition, we did not collect information on training volume in adolescence and thus, cannot be
sure if the participants engaged in competitive sport in adolescence actually differed from those
who exercised regularly in terms of training volume and intensity. Furthermore, our study sample
consisted of Caucasian relatively healthy individuals with no health conditions jeopardizing physical
or mental conditioning, which can limit the generalisability of the results. Finally, the sample size
did not allow us to investigate interaction affects between AAM and sport participation on BMD and
body composition. However, it is possible that such interactions exist. Thus, based on our results,
we cannot say if, for example, individuals who participated in competitive sport during adolescence
but had an AAM ≤ 12 years have better midlife BMD than those in a competitive sport group with an
AAM ≥ 14 years.

It is also important to bear in mind that our participants engaged in competitive sport in their
adolescence, approximately 40 years ago. Since then, sport specialisation at early age has increased
globally [99] and participation in organised sport club has become more frequent in Finnish girls [100].
Early sport specialisation can lead to physical and mental harm as it has been linked to reduced motor
skill development, increased injury rates, sport dropout, burnout, eating disorders, and menstrual
dysfunction [99,101–103]. Thus, generalisability of our results to those who are currently engaged in
competitive sport should be done with caution.

5. Conclusions

This large, retrospective study suggests that participation in competitive sport at age 13–16 is
associated with higher midlife lean mass and femoral neck BMD, and better physical performance
compared to regular PA or no exercise during adolescence. In addition, we found that competitive
sport at age 13–16 was associated with later menarche compared to no exercise at that age. The current
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study also showed that AAM was negatively associated with midlife BMI and fat mass regardless
of confounding factors in all participants, and with femoral neck BMD in pre- and perimenopausal
women. Thus, competitive sport in adolescence seems to be associated with healthier body composition,
higher BMD, and better performance in midlife, but late AAM might be associated with low BMD.
Further research is needed to investigate whether middle-aged or older individuals with primary
amenorrhea (i.e., AAM ≥ 15 years) differ from individual with AAM < 15 years especially in terms of
BMD or fractures. Furthermore, future studies should investigate what is the volume and intensity of
the exercise needed in adolescence with respect to positive outcomes in middle age seen in our study.
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Author Contributions: Conceptualization, S.R., U.M.K., T.H.T., M.H., V.K., P.A., S.S., and E.K.L.; methodology,
S.R., U.M.K., S.S. and E.K.L.; formal analysis, S.R.; investigation, U.M.K., V.K., S.S. and E.K.L.; resources,
V.K. and E.K.L.; data curation, E.K.L.; writing—original draft preparation, S.R., U.K.M., T.H.T., S.S., and E.K.L.;
writing—review and editing, S.R., U.M.K., T.H.T., M.H., V.K., M.V., B.W., P.A., S.S. and E.K.L.; visualization,
S.R. and E.K.L.; supervision, U.M.K., M.V., B.W. and E.K.L.; project administration, E.K.L.; funding acquisition,
V.K. and E.K.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Academy of Finland (VK: grant 275323, EKL: grants 309504, 314181)
and the Juho Vainio Foundation (EKL).

Acknowledgments: We thank all the study participants who contributed their time and information. In addition,
we are grateful for the staff members at the Faculty of Sport and Health Sciences, University of Jyväskylä and at
the LIKES Research Centre for Physical Activity and Health who helped with the study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Haskell, W.L.; Lee, I.-M.; Pate, R.R.; Powell, K.; Blair, S.N.; Franklin, B.; Macera, C.; Heath, G.W.;
Thompson, P.D.; Bauman, A.; et al. Physical Activity and Public Health: Updated Recommendation
for Adults From the American College of Sports Medicine and the American Heart Association. Circulation
2007, 116, 1081–1093. [CrossRef] [PubMed]

2. Theintz, G.; Buchs, B.; Rizzoli, R.; Slosman, D.; Clavien, H.; Sizonenko, P.C.; Bonjour, J.-P. Longitudinal
monitoring of bone mass accumulation in healthy adolescents: Evidence for a marked reduction after
16 years of age at the levels of lumbar spine and femoral neck in female subjects. J. Clin. Endocrinol. Metab.
1992, 75, 1060–1065. [CrossRef]

3. Kohrt, W.M.; Bloomfield, S.A.; Little, K.D.; Nelson, M.E.; Yingling, V.R. Physical Activity and Bone Health.
Med. Sci. Sports Exerc. 2004, 36, 1985–1996. [CrossRef] [PubMed]

4. Zanker, C.L.; Osborne, C.; Oldroyd, B.; Truscott, J.G.; Cooke, C.B. Bone density, body composition and
menstrual history of sedentary female former gymnasts, aged 20–32 years. Osteoporos. Int. 2004, 15, 145–154.
[CrossRef] [PubMed]

5. Bass, S.; Pearce, G.; Bradney, M.; Hendrich, E.; Delmas, P.D.; Harding, A.; Seeman, E. Exercise Before Puberty
May Confer Residual Benefits in Bone Density in Adulthood: Studies in Active Prepubertal and Retired
Female Gymnasts. J. Bone Miner. Res. 1998, 13, 500–507. [CrossRef] [PubMed]

6. Erlandson, M.C.; Kontulainen, S.; Chilibeck, P.D.; Arnold, C.M.; Faulkner, R.; Baxter-Jones, A.D.G. Higher
premenarcheal bone mass in elite gymnasts is maintained into young adulthood after long-term retirement
from sport: A 14-year follow-up. J. Bone Miner. Res. 2011, 27, 104–110. [CrossRef] [PubMed]

7. Andreoli, A.; Celi, M.; Volpe, S.L.; Sorge, R.; Tarantino, U. Long-term effect of exercise on bone mineral
density and body composition in post-menopausal ex-elite athletes: A retrospective study. Eur. J. Clin. Nutr.
2011, 66, 69–74. [CrossRef] [PubMed]

http://www.mdpi.com/2077-0383/9/12/3797/s1
http://dx.doi.org/10.1249/mss.0b013e3180616b27
http://www.ncbi.nlm.nih.gov/pubmed/17762377
http://dx.doi.org/10.1210/jcem.75.4.1400871
http://dx.doi.org/10.1249/01.MSS.0000142662.21767.58
http://www.ncbi.nlm.nih.gov/pubmed/15514517
http://dx.doi.org/10.1007/s00198-003-1524-y
http://www.ncbi.nlm.nih.gov/pubmed/14647879
http://dx.doi.org/10.1359/jbmr.1998.13.3.500
http://www.ncbi.nlm.nih.gov/pubmed/9525351
http://dx.doi.org/10.1002/jbmr.514
http://www.ncbi.nlm.nih.gov/pubmed/21956460
http://dx.doi.org/10.1038/ejcn.2011.104
http://www.ncbi.nlm.nih.gov/pubmed/21673718


J. Clin. Med. 2020, 9, 3797 16 of 20

8. Khan, K.M.; Bennell, K.; Hopper, J.L.; Flicker, L.; Nowson, C.; Sherwin, A.J.; Crichton, K.J.; Harcourt, P.R.;
Wark, J.D. Self-reported ballet classes undertaken at age 10–12 years and hip bone mineral density in later
life. Osteoporos. Int. 1998, 8, 165–173. [CrossRef] [PubMed]

9. Pollock, N.K.; Laing, E.M.; Modlesky, C.M.; O’Connor, P.J.; Lewis, R.D. Former college artistic gymnasts
maintain higher BMD: A nine-year follow-up. Osteoporos. Int. 2006, 17, 1691–1697. [CrossRef]

10. Telama, R. Tracking of Physical Activity from Childhood to Adulthood: A Review. Obes. Facts 2009, 2, 187–195.
[CrossRef]

11. Craigie, A.M.; Lake, A.A.; Kelly, S.A.; Adamson, A.J.; Mathers, J.C. Tracking of obesity-related behaviours
from childhood to adulthood: A systematic review. Maturitas 2011, 70, 266–284. [CrossRef]

12. Telama, R.; Yang, X.; Leskinen, E.; Kankaanpää, A.; Hirvensalo, M.; Tammelin, T.; Viikari, J.S.A.; Raitakari, O.T.
Tracking of Physical Activity from Early Childhood through Youth into Adulthood. Med. Sci. Sports Exerc.
2014, 46, 955–962. [CrossRef]

13. Palomäki, S.; Hirvensalo, M.; Smith, K.; Raitakari, O.; Männistö, S.; Hutri-Kähönen, N.; Tammelin, T.H.
Does organized sport participation during youth predict healthy habits in adulthood? A 28-year longitudinal
study. Scand. J. Med. Sci. Sports 2018, 28, 1908–1915. [CrossRef] [PubMed]

14. De Souza, M.J.; Nattiv, A.; Joy, E.; Misra, M.; Williams, N.; Mallinson, R.J.; Gibbs, J.C.; Olmsted, M.;
Goolsby, M.; Matheson, G.; et al. 2014 Female Athlete Triad Coalition Consensus Statement on Treatment and
Return to Play of the Female Athlete Triad: 1st International Conference held in San Francisco, California,
May 2012 and 2nd International Conference held in Indianapolis, Indiana, May 2013. Br. J. Sports Med. 2014,
48, 289. [CrossRef] [PubMed]

15. Mountjoy, M.; Sundgot-Borgen, J.K.; Burke, L.M.; Ackerman, K.; Blauwet, C.; Constantini, N.; Lebrun, C.;
Lundy, B.; Melin, A.K.; Meyer, N.L.; et al. IOC consensus statement on relative energy deficiency in sport
(RED-S): 2018 update. Br. J. Sports Med. 2018, 52, 687–697. [CrossRef] [PubMed]

16. Kujala, U.M.; Orava, S.; Parkkari, J.; Kaprio, J.; Sarna, S. Sports Career-Related Musculoskeletal Injuries.
Sports Med. 2003, 33, 869–875. [CrossRef] [PubMed]

17. Friery, K.B. Incidence of injury and disease among former athletes: A review. J. Exerc. Physiol. Online 2008,
11, 26–45.

18. Schwenk, T.L.; Gorenflo, D.W.; Dopp, R.R.; Hipple, E. Depression and Pain in Retired Professional Football
Players. Med. Sci. Sports Exerc. 2007, 39, 599–605. [CrossRef]

19. Tveit, M.; Rosengren, B.E.; Nilsson, J.-Å.; Karlsson, M.K. Former Male Elite Athletes Have a Higher Prevalence
of Osteoarthritis and Arthroplasty in the Hip and Knee Than Expected. Am. J. Sports Med. 2011, 40, 527–533.
[CrossRef]

20. Meczekalski, B.; Katulski, K.; Czyzyk, A.; Podfigurna-Stopa, A. Health in older women athletes. Maturitas
2014, 79, 357–361. [CrossRef]

21. Chevalley, T.; Bonjour, J.-P.; Ferrari, S.; Rizzoli, R. Deleterious Effect of Late Menarche on Distal Tibia
Microstructure in Healthy 20-Year-Old and Premenopausal Middle-Aged Women. J. Bone Miner. Res. 2009,
24, 144–152. [CrossRef] [PubMed]

22. Mohammadi, F.; Iranagh, J.A.; Motalebi, S.A.; Hamid, T.A. Reproductive factors influencing bone mineral
density in postmenopausal women. Women Health 2018, 59, 145–154. [CrossRef] [PubMed]

23. Gerdhem, P.; Obrant, K.J. Bone mineral density in old age: The influence of age at menarche and menopause.
J. Bone Miner. Metab. 2004, 22, 372–375. [CrossRef]

24. Varenna, M.; Binelli, L.; Zucchi, F.; Ghiringhelli, D.; Gallazzi, M.; Sinigaglia, L. Prevalence of Osteoporosis by
Educational Level in a Cohort of Postmenopausal Women. Osteoporos. Int. 1999, 9, 236–241. [CrossRef]

25. Paganini-Hill, A.; Atchison, K.A.; Gornbein, J.A.; Nattiv, A.; Service, S.K.; White, S.C. Menstrual and
Reproductive Factors and Fracture Risk: The Leisure World Cohort Study. J. Womens Health 2005, 14, 808–819.
[CrossRef]

26. Cooper, G.S.; Sandler, D.P. Long-term effects of reproductive-age menstrual cycle patterns on peri- and
postmenopausal fracture risk. Am. J. Epidemiol. 1997, 145, 804–809. [CrossRef]

27. Torstveit, M.K.; Sundgot-Borgen, J. Participation in leanness sports but not training volume is associated
with menstrual dysfunction: A national survey of 1276 elite athletes and controls. Br. J. Sports Med. 2005,
39, 141–147. [CrossRef]

28. Calthorpe, L.; Brage, S.; Ong, K.K. Systematic review and meta-analysis of the association between childhood
physical activity and age at menarche. Acta Paediatr. 2019, 108, 1008–1015. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/BF02672514
http://www.ncbi.nlm.nih.gov/pubmed/9666941
http://dx.doi.org/10.1007/s00198-006-0181-3
http://dx.doi.org/10.1159/000222244
http://dx.doi.org/10.1016/j.maturitas.2011.08.005
http://dx.doi.org/10.1249/MSS.0000000000000181
http://dx.doi.org/10.1111/sms.13205
http://www.ncbi.nlm.nih.gov/pubmed/29697863
http://dx.doi.org/10.1136/bjsports-2013-093218
http://www.ncbi.nlm.nih.gov/pubmed/24463911
http://dx.doi.org/10.1136/bjsports-2018-099193
http://www.ncbi.nlm.nih.gov/pubmed/29773536
http://dx.doi.org/10.2165/00007256-200333120-00001
http://www.ncbi.nlm.nih.gov/pubmed/12974655
http://dx.doi.org/10.1249/mss.0b013e31802fa679
http://dx.doi.org/10.1177/0363546511429278
http://dx.doi.org/10.1016/j.maturitas.2014.08.004
http://dx.doi.org/10.1359/jbmr.080815
http://www.ncbi.nlm.nih.gov/pubmed/19086917
http://dx.doi.org/10.1080/03630242.2018.1434592
http://www.ncbi.nlm.nih.gov/pubmed/29400628
http://dx.doi.org/10.1007/s00774-004-0497-z
http://dx.doi.org/10.1007/s001980050143
http://dx.doi.org/10.1089/jwh.2005.14.808
http://dx.doi.org/10.1093/oxfordjournals.aje.a009173
http://dx.doi.org/10.1136/bjsm.2003.011338
http://dx.doi.org/10.1111/apa.14711
http://www.ncbi.nlm.nih.gov/pubmed/30588652


J. Clin. Med. 2020, 9, 3797 17 of 20

29. Hoch, A.Z.; Pajewski, N.M.; Moraski, L.; Carrera, G.F.; Wilson, C.R.; Hoffmann, R.G.; Schimke, J.E.;
Gutterman, D.D. Prevalence of the Female Athlete Triad in High School Athletes and Sedentary Students.
Clin. J. Sport Med. 2009, 19, 421–428. [CrossRef] [PubMed]

30. Bubach, S.; Menezes, A.M.B.; Barros, F.C.; Wehrmeister, F.C.; Gonçalves, H.; Assunção, M.C.F.; Horta, B.L.
Impact of the age at menarche on body composition in adulthood: Results from two birth cohort studies.
BMC Public Health 2016, 16, 1007. [CrossRef] [PubMed]

31. Trikudanathan, S.; Pedley, A.; Massaro, J.M.; Hoffmann, U.; Seely, E.W.; Murabito, J.M.; Fox, C.S.
Association of Female Reproductive Factors with Body Composition: The Framingham Heart Study.
J. Clin. Endocrinol. Metab. 2013, 98, 236–244. [CrossRef]

32. Prentice, P.; Viner, R.M. Pubertal timing and adult obesity and cardiometabolic risk in women and men:
A systematic review and meta-analysis. Int. J. Obes. 2013, 37, 1036–1043. [CrossRef]

33. Kovanen, V.; Aukee, P.; Kokko, K.; Finni, T.; Tarkka, I.M.; Tammelin, T.; Kujala, U.M.; Sipilä, S.; Laakkonen, E.K.
Design and protocol of Estrogenic Regulation of Muscle Apoptosis (ERMA) study with 47 to 55-year-old
women’s cohort: Novel results show menopause-related differences in blood count. Menopause 2018, 25,
1020–1032. [CrossRef] [PubMed]

34. Hirvensalo, M.; Lintunen, T.; Rantanen, T. The continuity of physical activity–a retrospective and prospective
study among older people. Scand. J. Med. Sci. Sports 2000, 10, 37–41. [CrossRef] [PubMed]

35. Van Der Ploeg, G.E.; Withers, R.T.; Laforgia, J. Percent body fat via DEXA: Comparison with a
four-compartment model. J. Appl. Physiol. 2003, 94, 499–506. [CrossRef] [PubMed]

36. Bondarev, D.; Laakkonen, E.K.; Finni, T.; Kokko, K.; Kujala, U.M.; Aukee, P.; Kovanen, V.; Sipilä, S. Physical
performance in relation to menopause status and physical activity. Menopause 2018, 25, 1432–1441. [CrossRef]

37. Bosco, C.; Luhtanen, P.; Komi, P.V. A simple method for measurement of mechanical power in jumping.
Eur. J. Appl. Physiol. 1983, 50, 273–282. [CrossRef]

38. Ronkainen, P.H.A.; Kovanen, V.; Alén, M.; Pöllänen, E.; Palonen, E.-M.; Ankarberg-Lindgren, C.;
Hämäläinen, E.; Turpeinen, U.; Kujala, U.M.; Puolakka, J.; et al. Postmenopausal hormone replacement
therapy modifies skeletal muscle composition and function: A study with monozygotic twin pairs.
J. Appl. Physiol. 2009, 107, 25–33. [CrossRef]

39. ATS. Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories ATS Statement:
Guidelines for the six-minute walk test. Am. J. Respir. Crit. Care Med. 2002, 166, 111–117. [CrossRef]

40. Laakkonen, E.K.; Kulmala, J.; Aukee, P.; Hakonen, H.; Kujala, U.M.; Lowe, D.A.; Kovanen, V.; Tammelin, T.;
Sipilä, S. Female reproductive factors are associated with objectively measured physical activity in
middle-aged women. PLoS ONE 2017, 12, e0172054. [CrossRef]

41. Sasaki, J.; John, D.; Freedson, P.S. Validation and comparison of ActiGraph activity monitors. J. Sci. Med. Sport
2011, 14, 411–416. [CrossRef] [PubMed]

42. Kujala, U.M.; Kaprio, J.; Sarna, S.; Koskenvuo, M. Relationship of Leisure-Time Physical Activity and
Mortality: The Finnish twin cohort. JAMA 1998, 279, 440–444. [CrossRef] [PubMed]

43. Hyvärinen, M.; Sipilä, S.; Kulmala, J.; Hakonen, H.; Tammelin, T.H.; Kujala, U.M.; Kovanen, V.; Laakkonen, E.K.
Validity and Reliability of a Single Question for Leisure-Time Physical Activity Assessment in Middle-Aged
Women. J. Aging Phys. Act. 2020, 28, 231–241. [CrossRef] [PubMed]

44. Ainsworth, B.; Haskell, W.L.; Herrmann, S.D.; Meckes, N.; Bassett, D.R.; Tudor-Locke, C.; Greer, J.L.; Vezina, J.;
Whitt-Glover, M.C.; Leon, A.S. 2011 Compendium of Physical Activities: A Second Update of Codes and
MET Values. Med. Sci. Sports Exerc. 2011, 43, 1575–1581. [CrossRef]

45. Waller, K.; Kaprio, J.; Kujala, U.M. Associations between long-term physical activity, waist circumference
and weight gain: A 30-year longitudinal twin study. Int. J. Obes. 2007, 32, 353–361. [CrossRef]

46. Harlow, S.D.; Gass, M.; Hall, J.E.; Lobo, R.; Maki, P.M.; Rebar, R.W.; Sherman, S.S.; Sluss, P.M.; de Villiers, T.J.;
STRAW + 10 Collaborative Group. Executive Summary of the Stages of Reproductive Aging Workshop + 10:
Addressing the Unfinished Agenda of Staging Reproductive Aging. J. Clin. Endocrinol. Metab. 2012, 97,
1159–1168. [CrossRef]

47. He, C.; Kraft, P.; Chen, C.; Buring, J.E.; Paré, G.; Hankinson, S.E.; Chanock, S.J.; Ridker, P.M.; Hunter, D.J.;
Chasman, D.I. Genome-wide association studies identify loci associated with age at menarche and age at
natural menopause. Nat. Genet. 2009, 41, 724–728. [CrossRef]

http://dx.doi.org/10.1097/JSM.0b013e3181b8c136
http://www.ncbi.nlm.nih.gov/pubmed/19741317
http://dx.doi.org/10.1186/s12889-016-3649-x
http://www.ncbi.nlm.nih.gov/pubmed/27660104
http://dx.doi.org/10.1210/jc.2012-1785
http://dx.doi.org/10.1038/ijo.2012.177
http://dx.doi.org/10.1097/GME.0000000000001117
http://www.ncbi.nlm.nih.gov/pubmed/29738416
http://dx.doi.org/10.1034/j.1600-0838.2000.010001037.x
http://www.ncbi.nlm.nih.gov/pubmed/10693611
http://dx.doi.org/10.1152/japplphysiol.00436.2002
http://www.ncbi.nlm.nih.gov/pubmed/12531910
http://dx.doi.org/10.1097/GME.0000000000001137
http://dx.doi.org/10.1007/BF00422166
http://dx.doi.org/10.1152/japplphysiol.91518.2008
http://dx.doi.org/10.1164/ajrccm.166.1.at1102
http://dx.doi.org/10.1371/journal.pone.0172054
http://dx.doi.org/10.1016/j.jsams.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21616714
http://dx.doi.org/10.1001/jama.279.6.440
http://www.ncbi.nlm.nih.gov/pubmed/9466636
http://dx.doi.org/10.1123/japa.2019-0093
http://www.ncbi.nlm.nih.gov/pubmed/31585436
http://dx.doi.org/10.1249/MSS.0b013e31821ece12
http://dx.doi.org/10.1038/sj.ijo.0803692
http://dx.doi.org/10.1210/jc.2011-3362
http://dx.doi.org/10.1038/ng.385


J. Clin. Med. 2020, 9, 3797 18 of 20

48. Day, F.R.; Thompson, D.J.; Helgason, H.; Chasman, D.I.; Finucane, H.; Sulem, P.; Ruth, K.S.; Whalen, S.;
Sarkar, A.K.; Albrecht, E.; et al. Genomic analyses identify hundreds of variants associated with age at
menarche and support a role for puberty timing in cancer risk. Nat. Genet. 2017, 49, 834–841. [CrossRef]

49. Zhu, J.; Kusa, T.O.; Chan, Y.-M. Genetics of pubertal timing. Curr. Opin. Pediatr. 2018, 30, 532–540. [CrossRef]
50. Yermachenko, A.; Dvornyk, V. Nongenetic Determinants of Age at Menarche: A Systematic Review.

BioMed Res. Int. 2014, 2014, 1–14. [CrossRef]
51. Valdimarsson, Ö.; Alborg, H.G.; Düppe, H.; Nyquist, F.; Karlsson, M. Reduced Training Is Associated with

Increased Loss of BMD. J. Bone Miner. Res. 2005, 20, 906–912. [CrossRef] [PubMed]
52. Nilsson, M.; Sundh, D.; Mellström, D.; Lorentzon, M. Current Physical Activity Is Independently Associated

With Cortical Bone Size and Bone Strength in Elderly Swedish Women. J. Bone Miner. Res. 2016, 32, 473–485.
[CrossRef] [PubMed]

53. Sipila, S.; Törmäkangas, T.; Sillanpää, E.; Aukee, P.; Kujala, U.M.; Kovanen, V.; Laakkonen, E.K. Muscle and
bone mass in middle-aged women: Role of menopausal status and physical activity. J. Cachex-Sarcopenia Muscle
2020, 11, 698–709. [CrossRef] [PubMed]

54. Spector, T.D.; Harris, P.A.; Hart, D.; Cicuttini, F.M.; Nandra, D.; Etherington, J.; Wolman, R.L.; Doyle, D.V.
Risk of osteoarthritis associated with long-term weight-bearing sports: A radiologic survey of the hips and
knees in female ex-athletes and population controls. Arthritis Rheum. 1996, 39, 988–995. [CrossRef]

55. Haljaste, K.; Unt, E. Relationships between physical activity and musculoskeletal disorders in former athletes.
Coll. Antropol. 2010, 34, 1335–1340. [PubMed]

56. Tveit, M.; Rosengren, B.E.; Nyquist, F.; Nilsson, J.-Å.; Karlsson, M.K. Former Male Elite Athletes Have
Lower Incidence of Fragility Fractures Than Expected. Med. Sci. Sports Exerc. 2013, 45, 405–410. [CrossRef]
[PubMed]

57. Bergström, U.; Jönsson, H.; Gustafson, Y.; Pettersson, U.; Stenlund, H.; Svensson, O. The hip fracture
incidence curve is shifting to the right. Acta Orthop. 2009, 80, 520–524. [CrossRef]

58. Burge, R.; Dawson-Hughes, B.; Solomon, D.H.; Wong, J.B.; King, A.; Tosteson, A. Incidence and Economic
Burden of Osteoporosis-Related Fractures in the United States, 2005–2025. J. Bone Miner. Res. 2007, 22,
465–475. [CrossRef]

59. Bratland-Sanda, S.; Sundgot-Borgen, J. Eating disorders in athletes: Overview of prevalence, risk factors and
recommendations for prevention and treatment. Eur. J. Sport Sci. 2013, 13, 499–508. [CrossRef]

60. Martinsen, M.; Sundgot-Borgen, J. Higher Prevalence of Eating Disorders among Adolescent Elite Athletes
than Controls. Med. Sci. Sports Exerc. 2013, 45, 1188–1197. [CrossRef]

61. Micali, N.; Martini, M.G.; Thomas, J.J.; Eddy, K.T.; Kothari, R.; Russell, E.; Bulik, C.M.; Treasure, J. Lifetime
and 12-month prevalence of eating disorders amongst women in mid-life: A population-based study of
diagnoses and risk factors. BMC Med. 2017, 15, 12. [CrossRef] [PubMed]

62. Keski-Rahkonen, A.; Hoek, H.W.; Susser, E.S.; Linna, M.S.; Sihvola, E.; Raevuori, A.; Bulik, C.M.; Kaprio, J.;
Rissanen, A. Epidemiology and Course of Anorexia Nervosa in the Community. Am. J. Psychiatry 2007, 164,
1259–1265. [CrossRef] [PubMed]

63. Hudson, J.I.; Hiripi, E.; Pope, H.G.; Kessler, R.C. The Prevalence and Correlates of Eating Disorders in the
National Comorbidity Survey Replication. Biol. Psychiatry 2007, 61, 348–358. [CrossRef] [PubMed]

64. Jacobi, C.; Hayward, C.; De Zwaan, M.; Kraemer, H.C.; Agras, W.S. Coming to Terms With Risk Factors for
Eating Disorders: Application of Risk Terminology and Suggestions for a General Taxonomy. Psychol. Bull.
2004, 130, 19–65. [CrossRef] [PubMed]

65. Keski-Rahkonen, A.; Mustelin, L. Epidemiology of eating disorders in Europe: Prevalence, incidence,
comorbidity, course, consequences, and risk factors. Curr. Opin. Psychiatry 2016, 29, 340–345. [CrossRef]
[PubMed]

66. Kirchengast, S.; Gruber, D.; Sator, M.; Huber, J. Impact of the age at menarche on adult body composition in
healthy pre- and postmenopausal women. Am. J. Phys. Anthr. 1998, 105, 9–20. [CrossRef]

67. Pierce, M.B.; Leon, D. Age at menarche and adult BMI in the Aberdeen Children of the 1950s Cohort Study.
Am. J. Clin. Nutr. 2005, 82, 733–739. [CrossRef] [PubMed]

68. Lakshman, R.; Forouhi, N.G.; Sharp, S.J.; Luben, R.; Bingham, S.A.; Khaw, K.-T.; Wareham, N.J.; Ong, K.K.
Early Age at Menarche Associated with Cardiovascular Disease and Mortality. J. Clin. Endocrinol. Metab.
2009, 94, 4953–4960. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ng.3841
http://dx.doi.org/10.1097/MOP.0000000000000642
http://dx.doi.org/10.1155/2014/371583
http://dx.doi.org/10.1359/JBMR.050107
http://www.ncbi.nlm.nih.gov/pubmed/15883629
http://dx.doi.org/10.1002/jbmr.3006
http://www.ncbi.nlm.nih.gov/pubmed/27676223
http://dx.doi.org/10.1002/jcsm.12547
http://www.ncbi.nlm.nih.gov/pubmed/32017473
http://dx.doi.org/10.1002/art.1780390616
http://www.ncbi.nlm.nih.gov/pubmed/21874718
http://dx.doi.org/10.1249/MSS.0b013e318274fdf3
http://www.ncbi.nlm.nih.gov/pubmed/23034643
http://dx.doi.org/10.3109/17453670903278282
http://dx.doi.org/10.1359/jbmr.061113
http://dx.doi.org/10.1080/17461391.2012.740504
http://dx.doi.org/10.1249/MSS.0b013e318281a939
http://dx.doi.org/10.1186/s12916-016-0766-4
http://www.ncbi.nlm.nih.gov/pubmed/28095833
http://dx.doi.org/10.1176/appi.ajp.2007.06081388
http://www.ncbi.nlm.nih.gov/pubmed/17671290
http://dx.doi.org/10.1016/j.biopsych.2006.03.040
http://www.ncbi.nlm.nih.gov/pubmed/16815322
http://dx.doi.org/10.1037/0033-2909.130.1.19
http://www.ncbi.nlm.nih.gov/pubmed/14717649
http://dx.doi.org/10.1097/YCO.0000000000000278
http://www.ncbi.nlm.nih.gov/pubmed/27662598
http://dx.doi.org/10.1002/(SICI)1096-8644(199801)105:1&lt;9::AID-AJPA2&gt;3.0.CO;2-T
http://dx.doi.org/10.1093/ajcn/82.4.733
http://www.ncbi.nlm.nih.gov/pubmed/16210700
http://dx.doi.org/10.1210/jc.2009-1789
http://www.ncbi.nlm.nih.gov/pubmed/19880785


J. Clin. Med. 2020, 9, 3797 19 of 20

69. Newby, P.K.; Dickman, P.W.; Adami, H.-O.; Wolk, A. Early anthropometric measures and reproductive
factors as predictors of body mass index and obesity among older women. Int. J. Obes. 2005, 29, 1084–1092.
[CrossRef] [PubMed]

70. Wang, W.; Zhao, L.-J.; Liu, Y.-Z.; Recker, R.R.; Deng, H. Genetic and environmental correlations between
obesity phenotypes and age at menarche. Int. J. Obes. 2006, 30, 1595–1600. [CrossRef] [PubMed]

71. Hardy, R.; Maddock, J.; Ghosh, A.K.; Hughes, A.D.; Kuh, D. The relationship between pubertal timing and
markers of vascular and cardiac structure and function in men and women aged 60–64 years. Sci. Rep. 2019,
9, 1–10. [CrossRef] [PubMed]

72. Magnus, M.C.; Lawlor, D.A.; Iliodromiti, S.; Padmanabhan, S.; Nelson, S.M.; Fraser, A. Age at Menarche and
Cardiometabolic Health: A Sibling Analysis in the Scottish Family Health Study. J. Am. Hear. Assoc. 2018, 7.
[CrossRef] [PubMed]

73. Farahmand, M.; Tehrani, F.R.; Khalili, D.; Cheraghi, L.; Azizi, F. Is there any association between age at
menarche and anthropometric indices? A 15-year follow-up population-based cohort study. Eur. J. Pediatr.
2020, 179, 1379–1388. [CrossRef] [PubMed]

74. Gill, D.; Brewer, C.F.; Fabiola Del Greco, M.; Sivakumaran, P.; Bowden, J.; Sheehan, N.A.; Minelli, C. Age at
menarche and adult body mass index: A Mendelian randomization study. Int. J. Obes. 2018, 42, 1574–1581.
[CrossRef]

75. Bell, J.A.; Carslake, D.; Wade, K.H.; Richmond, R.C.; Langdon, R.J.; Vincent, E.E.; Holmes, M.V.; Timpson, N.J.;
Smith, G.D. Influence of puberty timing on adiposity and cardiometabolic traits: A Mendelian randomisation
study. PLoS Med. 2018, 15, e1002641. [CrossRef]

76. Guo, Y.; Zhao, L.-J.; Shen, H.; Deng, H. Genetic and Environmental Correlations between Age at Menarche
and Bone Mineral Density at Different Skeletal Sites. Calcif. Tissue Int. 2005, 77, 356–360. [CrossRef]

77. Parker, S.E.; Troisi, R.; Wise, L.A.; Palmer, J.R.; Titus-Ernstoff, L.; Strohsnitter, W.C.; Hatch, E.E. Menarche,
menopause, years of menstruation, and the incidence of osteoporosis: The influence of prenatal exposure to
diethylstilbestrol. J. Clin. Endocrinol. Metab. 2013, 99, 594–601. [CrossRef]

78. Hagemans, M.L.; Van Der Schouw, Y.T.; De Kleijn, M.J.; Van Staveren, W.A.; Pop, V.J.; Leusink, G.L.;
Grobbee, D.E. Indicators for the total duration of premenopausal endogenous estrogen exposure in relation
to BMD. Hum. Reprod. 2004, 19, 2163–2169. [CrossRef]

79. Blum, M.; Harris, S.S.; Must, A.; Phillips, S.M.; Rand, W.M.; Dawson-Hughes, B. Weight and Body Mass Index
at Menarche are Associated with Premenopausal Bone Mass. Osteoporos. Int. 2001, 12, 588–594. [CrossRef]

80. Nakaoka, D.; Sugimoto, T.; Kaji, H.; Kanzawa, M.; Yano, S.; Yamauchi, M.; Sugishita, T.; Chihara, K.
Determinants of Bone Mineral Density and Spinal Fracture Risk in Postmenopausal Japanese Women.
Osteoporos. Int. 2001, 12, 548–554. [CrossRef] [PubMed]

81. Sioka, C.; Fotopoulos, A.; Georgiou, A.; Xourgia, X.; Papadopoulos, A.; Kalef-Ezra, J.A. Age at menarche,
age at menopause and duration of fertility as risk factors for osteoporosis. Climacteric 2010, 13, 63–71.
[CrossRef] [PubMed]

82. Hassa, H.; Tanir, H.; Senses, T.; Öge, T.; Sahin-Mutlu, F. Related factors in bone mineral density of lumbal
and femur in natural postmenopausal women. Arch. Gynecol. Obstet. 2005, 273, 86–89. [CrossRef] [PubMed]

83. Zhang, Y.-Y.; Liu, P.-Y.; Deng, H. The impact of reproductive and menstrual history on bone mineral density
in Chinese women. J. Clin. Densitom. 2003, 6, 289–296. [CrossRef]

84. Ozdemir, F.; Demirbag, D.; Rodoplu, M. Reproductive Factors Affecting the Bone Mineral Density in
Postmenopausal Women. Tohoku J. Exp. Med. 2005, 205, 277–285. [CrossRef] [PubMed]

85. Zhang, Z.-X.; Lei, S.-F.; Deng, F.; Zhang, F.; Liu, Y.-J.; Recker, R.R.; Papasian, C.J.; Deng, H. Bivariate
genome-wide linkage analysis for traits BMD and AAM: Effect of menopause on linkage signals. Maturitas
2009, 62, 16–20. [CrossRef] [PubMed]

86. Chevalley, T.; Bonjour, J.P.; Ferrari, S.; Rizzoli, R. The Influence of Pubertal Timing on Bone Mass Acquisition:
A Predetermined Trajectory Detectable Five Years before Menarche. J. Clin. Endocrinol. Metab. 2009, 94,
3424–3431. [CrossRef] [PubMed]

87. Liel, Y.; Edwards, J.; Shary, J.; Spicer, K.; Gordon, L.; Bell, N.H. The Effects of Race and Body Habitus on Bone
Mineral Density of the Radius, Hip, and Spine in Premenopausal Women*. J. Clin. Endocrinol. Metab. 1988,
66, 1247–1250. [CrossRef] [PubMed]

88. Edelstein, S.L.; Barrett-Connor, E. Relation between Body Size and Bone Mineral Density in Elderly Men and
Women. Am. J. Epidemiol. 1993, 138, 160–169. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.ijo.0802996
http://www.ncbi.nlm.nih.gov/pubmed/15925960
http://dx.doi.org/10.1038/sj.ijo.0803322
http://www.ncbi.nlm.nih.gov/pubmed/16568135
http://dx.doi.org/10.1038/s41598-019-47164-x
http://www.ncbi.nlm.nih.gov/pubmed/31363129
http://dx.doi.org/10.1161/JAHA.117.007780
http://www.ncbi.nlm.nih.gov/pubmed/29440004
http://dx.doi.org/10.1007/s00431-020-03575-x
http://www.ncbi.nlm.nih.gov/pubmed/32146570
http://dx.doi.org/10.1038/s41366-018-0048-7
http://dx.doi.org/10.1371/journal.pmed.1002641
http://dx.doi.org/10.1007/s00223-005-0181-x
http://dx.doi.org/10.1210/jc.2013-2954
http://dx.doi.org/10.1093/humrep/deh381
http://dx.doi.org/10.1007/s001980170082
http://dx.doi.org/10.1007/s001980170075
http://www.ncbi.nlm.nih.gov/pubmed/11527051
http://dx.doi.org/10.3109/13697130903075337
http://www.ncbi.nlm.nih.gov/pubmed/19731122
http://dx.doi.org/10.1007/s00404-005-0015-0
http://www.ncbi.nlm.nih.gov/pubmed/16001199
http://dx.doi.org/10.1385/JCD:6:3:289
http://dx.doi.org/10.1620/tjem.205.277
http://www.ncbi.nlm.nih.gov/pubmed/15718820
http://dx.doi.org/10.1016/j.maturitas.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19019586
http://dx.doi.org/10.1210/jc.2009-0241
http://www.ncbi.nlm.nih.gov/pubmed/19531591
http://dx.doi.org/10.1210/jcem-66-6-1247
http://www.ncbi.nlm.nih.gov/pubmed/3372686
http://dx.doi.org/10.1093/oxfordjournals.aje.a116842
http://www.ncbi.nlm.nih.gov/pubmed/8356959


J. Clin. Med. 2020, 9, 3797 20 of 20

89. Fujiwara, S.; Kasagi, F.; Yamada, M.; Kodama, K. Risk Factors for Hip Fracture in a Japanese Cohort. J. Bone
Miner. Res. 1997, 12, 998–1004. [CrossRef] [PubMed]

90. Roy, D.; O’Neill, T.; Finn, J.; Lunt, M.; Silman, A.; Felsenberg, D.; Armbrecht, G.; Banzer, D.; Benevolenskaya, L.;
Bhalla, A.; et al. Determinants of incident vertebral fracture in men and women: Results from the European
Prospective Osteoporosis Study (EPOS). Osteoporos. Int. 2003, 14, 19–26. [CrossRef] [PubMed]

91. Silman, A.J. Risk factors for Colles’ fracture in men and women: Results from the European Prospective
Osteoporosis Study. Osteoporos. Int. 2003, 14, 213–218. [CrossRef] [PubMed]

92. Johnell, O.; Gullberg, B.; Kanis, J.A.; Allander, E.; Elffors, L.; Dequeker, J.; Dilsen, G.; Gennari, C.;
Lopes Vaz, L.A.; Lyritis, G.; et al. Risk factors for hip fracture in european women: The MEDOS study. J. Bone
Miner. Res. 2009, 10, 1802–1815. [CrossRef] [PubMed]

93. Kvalheim, S.; Sandvik, L.; Winsvold, B.S.; Hagen, K.; Zwart, J.-A. Early menarche and chronic widespread
musculoskeletal complaints- Results from the HUNT study. Eur. J. Pain 2015, 20, 458–464. [CrossRef]

94. Roze, C.; Doyen, C.; Le Heuzey, M.-F.; Armoogum, P.; Mouren, M.-C.; Léger, J. Predictors of late menarche
and adult height in children with anorexia nervosa. Clin. Endocrinol. 2007, 67, 462–467. [CrossRef] [PubMed]

95. Must, A.; Phillips, S.; Naumova, E.; Blum, M.; Harris, S.; Dawson-Hughes, B.; Rand, W.M. Recall of
Early Menstrual History and Menarcheal Body Size: After 30 Years, How Well Do Women Remember?
Am. J. Epidemiol. 2002, 155, 672–679. [CrossRef] [PubMed]

96. Casey, V.; Dwyer, J.T.; Coleman, K.A.; Krall, E.A.; Gardner, J.; Valadian, I. Accuracy of recall by middle-aged
participants in a longitudinal study of their body size and indices of maturation earlier in life. Ann. Hum. Biol.
1991, 18, 155–166. [CrossRef] [PubMed]
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