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The chronological age at which puberty occurs is quite
Previous studies have suggested that the timing of puberty yariable in both gende®. As puberty is so evidently important
might have an impact on the adult skeleton. What composite o skeletal growth, it seems an obvious hypothesis to assume
of bone structure could be affected by the timing of puberty  nat variations in its timing affect the final outcome of pubertal
is unknown at present. In this study, we evaluated the rela-  pone development (i.e., the adult skeleton). In fact, this hypoth-
tionship between age at menarche and bone cortex geometry ggjs has been investigated extensively in women, in whom age at
at the distal radius. Using peripheral quantitative cqmputed menarche can serve as a retrospectively available “marker” of
tom(‘)graphy,.we determined tota! area of th.e radlal_ Cross puberty. Studies have typically examined the relationship be-
section, cortical bone area, periosteal cortical perimeter, . oon"the timing of puberty and areal bone mineral density
ﬁggﬁﬁtealrecnggfgl aﬂgglmv?/tgr;er?ng é:grtlll%al 4\g”dt2ar|2 \1/\(/3r?en (aBMD) (reviewed in ref. 24) in an effort to elucidate risk factors
y P P 9 —o Y : for osteoporosis. Several investigators found that later occur-

[srtlrailflgczi].aicnctg:g;g%i;?eagie;_altlln;eer;a:;c?rr]e_(elalrgt<|;Ltze ygalréls rence of menarche was associated with lower aBMD at various
T ' " A sites?*

= 29 I dosteal tical imet ied . o
years [n . only endosteal cortical perimeter varie These results raised the possibility that the timing of

ignificantly between the gro = 0.02, by analysis of
\S/:'grizlarllce) ythe :,nvean valug buepiﬁgp 10% hig’;hgr in tﬁzlslate puberty could influence adult bone structure. Which aspects of

compared to the early menarche group. However, weightand ~POne structure might be affected by the timing of puberty
body mass index also exhibited significant variations between ~€annot be determined by aBMD analysis. This is because
groups. After adjustment for weight the differences in en- @BMD is a composite measure, which integrates many prop-
dosteal cortical perimeter remained significant p = 0.03). In ~ erties of the analyzed bone into a single numerical value.
multiple regression analysis, endosteal cortical perimeter was ~ Structural elements of a bone determining its aBMD include
the only parameter of cortex geometry, which was indepen- ~ €xternal bone size and shape, cortical width, trabecular num-
dently associated with age at menarche. In a model including  ber, and trabecular thickneds.

height and weight, age at menarche explained about 2% of Quantitative computed tomography (QCT) yields a more
the variability in endosteal cortical perimeter (p = 0.04).  detailed view of a bone. It allows separate assessment of bone
These data suggest that the bone marrow cavity of the distal size, shape, and cortical width, as well as the amount of mineral
radius may be slightly larger when puberty occurs later.  matter within the cancellous compartment. The most commonly
Whether this marginal effect influences fracture risk in later reported parameter derived from these measures is apparent
life appears questionable. (Bone 25:69-73; 1999) © 1999 by volumetric BMD—the mass of mineralized tissue in a slice of
Elsevier Science Inc. All rights reserved. bone, averaged over the volume of the slice. Several QCT studies

) ] ) o of lumbar vertebral bodies have reported a negative association
Key Words: Bone; Bone geometry; Menarche; Peripheral quan-petween age at menarche and apparent volumetric BMD in adult
titative computed tomography (pQCT); Puberty; Radius. women?1425These analyses were limited to cancellous bone.

It is currently not known, whether the timing of menarche has
any influence on bone cortex geometry. As cortical bone pro-
vides about 75% of total skeletal mass, this question is of obvious

Puberty is a critical event during skeletal developnférBone relevance3 to judge the impact of the timing of puberty on the
size increases rapidly, clinically recognizable as the “pubertaﬁk9|et°r‘2-, Indeed, the importance of cortex gezgmetry for bone
growth spurt.” In vertebral bodies, the mass of mineralized tissuétrength is becoming increasingly repogmié@: _
increases even more rapidly than bone 8i#kAt the same time, Peripheral QCT (pQCT) at the distal radius allows precise
cortices of long bones increase in widthThese effects combine ~ determination of bone size and cortical geomefry?-2>Using

to increase skeletal mass dramatically. One third to one half othis technique, we investigated the influence of age at menarche
adult bone mass accumulates during pub@ty on cortical bone geometry in adult women. We limited this
analysis to premenopausal women, as the variable rates of bone
loss after menopause are likely to blur any effect that might be
Address for correspondence and reprirfsresent address): Dr. Frank ascribed to the timing of puberty. To minimize the effects of
Rauch, Genetics Unit, Shriners’ Hospital for Children, 1529 Cedar Avenueage-related changes, we studied women who were of similar age
Montreal, Quebec H3G 1A6, Canada. E-mail: frauch@shriners.mcgill.ca (40—45 years).
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Table 1. Clinical characteristics of the study population

Age at menarche

All <12 years 12-14 years >14 years
(n = 169) (n = 22) (n = 118) (n = 29) p

Age at menarche (years) 13111.6 10.7+ 0.6 13.0+ 0.8 15.6+ 1.2 <0.0001
Chronological age (years) 4181.8 42.0+ 1.8 41.7+ 1.7 42.0= 2.0 0.60
Height (cm) 164.3+ 6.4 165.5+ 6.2 164.0= 6.6 164.5+ 5.3 0.59
Weight (kg) 64.1+ 10.7 67.8+ 12.6 64.4+ 10.8 60.0= 6.9 0.03
Body mass index (kg/f 23.7+x 3.6 248+ 4.3 23.9+ 3.6 222+ 2.5 0.02
Ever used oral contraceptives (n) 134 (79%) 19 (86%) 95 (81%) 20 (69%) 0.27
Total time of oral contraceptives 121+ 6.6 11.2+=7.1 11.9+ 6.6 13.6+ 6.1 0.50

use (years)
Oral contraceptives use started 45 (27%) 7 (32%) 33 (28%) 5 (17%) 0.67

at: <20 years of age (n)
=1 live births (n) 123 (73%) 16 (73%) 88 (75%) 19 (66%) 0.67
Live births (n) 1.61+ 0.73 1.65+ 0.71 1.61+ 0.75 1.58+ 0.72 0.71

Values given are meart SD or n (% of respective groupp.values for differences between subgroups calculated by ANOVA or chi-square test, as
appropriate.
aSignificantly different from early menarche group.

Subjects and Methods forearm and a scout view was carried out to position the scanner
] at the site on the radius whose distance to the radial facies
Subjects articularis carpi corresponded to 4% of ulnar length. A single

The study population was a subgroup of a larger cohort, Whicrgo\?;?(glti?ztgrgé)ggaqamc slice of 2.5 mm width was measured with

ratior ; . 0
has been described in detail previously’*Women between 40 Image processing and the calculation of numerical values was

and 60 years of age were invited by their health insuranceyne sing the manufacturer's software package (version 5.10).

company to participate in this study (BKK Deutsche Bank, 14 separate cortical from cancellous bone, a linear attenuation
Dusseldorf, Germany). A questionnaire concerning health, use o, osnoid value of 0.7 it was used. Total cross-sectional area

drugs, and gynecological history was obtained from each subject,,y oo rtical bone area represent the area of the whole radial cross
No attempt was undertaken to verify this information by an g yion and the area attributed to cortical bone, respectively.
independent source. However, a similar questionnaire has besl, jstea| cortical perimeter, cortical width, and endosteal corti-
shown to yield reliable results on age at menarche even in,y perimeter were derived from these measurements assuming a

Wog‘e,{; ;'Nhohwerg Olqe;] than the parti(szanc}sb Oc]; the pr‘.esgnlcircular ring model for the radial cross section. Use of derived
study™ Height and weight were measured and body mass indeX,iher than directly determined measures of cortical perimeters

(BMI) was calculated by dividing the weight (in kilograms) by onq \yidth has the advantage that derived indices are less influ-

the square of the height (in meters). The study protocol was,,ceq by surface irregularities and differences in bone shape. The
approved by the local ethics committee and all subjects 9aV¢oliowing formulas were used:

their written informed consent.

The present analysis included all study participants withe Periosteal perimeter 2 * [total areax ]
regular menstruations who were between 40 and 45 years of age, Endosteal perimeter 2 = [(total area— cortical areay:
were free of a history of osteoporosis or recent fractures and di¢ Cortical width = [total area#]** — [(total area— cortical
not take medications known to affect bone or mineral metabo- area)f]*/%
lism (hormone replacement therapy, corticosteroids, anticonvul-
sants, diuretics). _ _ Statistical Analysis

The study population was separated into three subgroups,
according to age at menarche. Women in whom menarche haDifferences between subgroups were tested for significance us-
occurred at an age within 1 SD around the mean value for théng one-way analysis of variance (ANOVA). Differences in
whole group were classified as having an “intermediate” age aparameters of bone structure were reassessed by simple multi-
menarche. As age at menarche was given in 1 year steps by thactorial ANOVA after adjusting for weight.
study participants, this group finally comprised women who had  Pearson’s correlation coefficients were used to express the
experienced menarche at 12, 13, or 14 years of age (70% of thassociations in simple regression analyses. The relationship be-
population). Women who had had menarche before the age of 1&een bone cortex geometry, age at menarche, and other vari-
years or after 14 years, constituted “early” (12%) or “late” (17%) ables was evaluated by stepwise multiple regression analysis in
menarche groups, respectively. the forward mode.

Throughout,p < 0.05 was considered significant. All statis-
tical analyses were performed using thesSsoftware package
(version 6.0 for Whpows; SPSS, Chicago, IL).
pQCT analysis was performed using Stratec XCT-900 equipment
(Stratec, Pforzheim, Germany) installed on a mobile unit, asResults
described previously’ 3132 Measurements were taken at the
nondominant forearm. Ulnar length was determined externallyTable 1 shows clinical data in the whole study population and in
using a tape measure. The scanner was positioned on the disthle three subgroups defined according to age at menarche.

]l/2

Peripheral Quantitative Computed Tomography
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Table 2. Parameters of bone cortex geometry at the distal radius

Age at menarche

All <12 years 12-14 years >14 years p
(n = 169) (n = 22) (n = 118) (n = 29) p (adjusted for weight)
Total cross-sectional area (n 289+ 47 286+ 40 286+ 46 301+ 53 0.28 0.17
Cortical bone area (mfn 164+ 32 170+ 31 164+ 32 158+ 30 0.41 0.77
Periosteal cortical perimeter (mm) 605 60+ 4 60x5 61+5 0.31 0.20
Endosteal cortical perimeter (mm) 396 376 396 41+ 72 0.02 0.03
Cortical width (mm) 3.3 0.7 3507 3.3+ 0.7 3.1+ 0.7 0.07 0.27

Values given are meart SD. p values for differences between subgroups calculated by ANOVA.
aSignificantly different from early menarche group.
bSignificantly different from intermediate menarche group.

Subgroups were similar in chronological age and height, buDiscussion
differed significantly in weight and BMI. There were no signif- i ] ) )
icant differences in indices of reproductive history. This is the first study to examine the relationship between age at
Parameters of bone cortex geometry are giveFainle 2. The menarche and cortical bone geometry. We analyzed bone cortex
total area of the radial cross section and the cortical bone are@t the distal radius, because this site allows measurement with
were not significantly different in the three menarcheal groupshigh precision, combined with minimal body exposure to
However, the endosteal perimeter of the bone cortex was |0ngg|ad|at|on.
in the late than in the early menarche group. Differences in Several studies have analyzed the association between age at
cortical width were of borderline significance. menarche and aBMD at the distal radit’s»*7-2133The effect of
As weight varied in the three menarcheal groups, differencegge at menarche on aBMD was either not detectafeor,
in bone cortex parameters were reevaluated after adjustment favhere present, was smalt>'”However, as mentioned earlier,
weight by simple multifactorial ANOVA (Table 2). Calculated in these studies cannot be directly compared with the present data.
this manner, differences in endosteal cortical perimeter remained In the present study we found a small effect of age at
significant. menarche on cortical bone. When the whole study population
To further assess the relationship between age at menarchi#as subgrouped according to menarcheal age, women with late
and cortical geometry, simple linear regression analyses wergenarche had a 10% longer endosteal cortical perimeter than
performed Table 3). These revealed significant negative corre- women who had experienced early menarche. However, the total
lations between age at menarche and both cortical bone area aagea of the radial cross section and, by consequence, the perios-
width. Endosteal cortical perimeter was positively associatedeal perimeter of the cortical bone were slightly (nonsignifi-
with age at menarche. Age at menarche was negatively assodtantly) greater in the late menarche group. Therefore, differences
ated with weight( = —0.22;p = 0.002) and BMI ( = —0.21; in cortical bone area were not significant between the groups.
p = 0.003), but not with height or chronological age> 0.2). The statistical association between age at menarche and
To evaluate if age at menarche was independently associatezhdocortical perimeter does not establish a cause-effect relation-
with any of the parameters of cortex geometry, stepwise multipleship, but might be due to a third factor. For instance, physical
regression analyses were performed. In addition to age at merexercise or nutritional intake during adolescence could influence
arche, chronological age, height, and weight were used as indésoth the timing of menarche and bone developnieftte design
pendent variables. Age at menarche was independently assoa¥ our study precluded the elucidation of most of these factors.
ated only with endosteal cortical perimeter, with the following However, our analyses suggest that the effect of age at menarche
regression equation: endosteal cortical perimeter0.36 * on cortical bone geometry is at least partly mediated by differ-
height— 0.114x* weight + 0.57* age at menarche 5.6 (p < ences in body built. Despite similar height, women with later
0.0001;r? = 0.15). In this model, age at menarche explainedmenarche weighed less. The inverse relationship between age at
about 2% of the variability in endosteal cortical perimefe= menarche and fat mass in later life is a well-documented phe-
0.04). nomenon, for which a mechanism has not been clearly estab-

Table 3. Simple regression analyses: correlations between cortical bone geometry and clinical parameters

Total cross- Cortical Periosteal Endosteal Cortical

sectional area bone area cortical perimeter cortical perimeter width
Age at menarche NS -0.18 NS 0.18 —0.20°
Age NS NS NS NS NS
Height 0.35 0.17 0.34 0.28 NS
Weight NS 0.24 NS NS 0.24
Body mass index NS 0.%8 NS -0.22 0.26°
Time of oral contraceptive use NS NS NS NS NS
Number of live births NS NS NS NS NS

Data given are Pearson’s correlation coefficiefs< 0.05;°p < 0.01;p < 0.001. NS; not significant.



72 F. Rauch et al.

Age at menarche and cortical bone geometry

lished®16 Body weight in turn is known to be positively asso-
ciated with bone mass This was confirmed by the present
study, as weight correlated positively with cortical bone area and3:
width.

It is difficult to discriminate between the influences of men-
archeal age and weight on bone cortex geometry simply by
statistical means. We cannot exclude that the observed relation:
ship between age at menarche and endosteal cortical perimeter is
entirely mediated by differences in weight. However, both the ¢
analysis of group differences by ANOVA and multiple linear
regression analysis in the entire study population showed that &v.
small effect of age at menarche on endosteal cortical bone
perimeter persisted after adjustment for weight. From these
analyses it appears possible that the timing of menarche has af:
independent influence on endosteal cortical perimeter.

Endosteal cortical perimeter in premenopausal women is®
mainly determined by bone growth during childhood and ado-
lescencé:2®During growth, two successive movements occur on
the endocortical surface: First, the endosteal cortex perimeter
increases due to continuous endocortical resorption during pre-
puberty. Second, the endosteal cortical perimeter decreases dug
to net endocortical bone apposition during pub&rfyfter that,
changes are very slow until menopafse.

By what mechanism could the timing of menarche influencel2.
endocortical bone perimeter? In the late menarche group, more
time was available for the process of prepubertal endocorticat3:
erosion, which might result in a larger marrow cavity. Also,
endocortical apposition during pubertal development might b
decreased in the late puberty group. Thus, the regulation of
endocortical apposition during puberty might be analogous to;5
that of longitudinal bone growth (“pubertal growth spurt”),
which is less when puberty occurs latérAdditionally, differ- 16.
ences in growth patterns might have contributed to our findings,
as body proportions are influenced by the timing of pubérty.
Prepubertal growth favors lengthening of the extremities,17.
whereas pubertal growth is more pronounced in the axial skele-
ton! Thus, the timing of menarche could have an effect on some
biomechanical aspects of the muscle-bone unit, such as musc
force or the length of lever arms. Such biomechanical factors
might influence bone cortex developmént.

It must be acknowledged that whatever direct or |nd|rect
effects the timing of menarche may have on the distal radius, it
appears that late age at menarche is not a risk factor for radius.
fracture. This is suggested by two large case-control studies,
which detected no influence of age at menarche on fracture risk
at this site?%:3° 21.

In conclusion, later age at menarche is associated with a
slightly longer endosteal perimeter at the distal radius. This can
be largely ascribed to the fact that weight is lower when men-
arche occurs later. However, the timing of menarche may also
have a small independent influence on the size of the marro
cavity. Data presently available suggest that this small effect
does not detectably influence the risk of fracture at the distab,,
radius.
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