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ABSTRACT

High peak bone mass in early adulthood is an important protective factor against osteoporotic fractures in later
life, but little is known about the effects of exercise on growing bone. The purpose of this cross-sectional study was
to determine at which state of maturity (Tanner stage), the areal bone mineral density (BMD) differences between
the playing and nonplaying arms of junior tennis players become obvious, and to clarify in each developmental
stage which training and background variables, if any, could explain the interindividual differences in bones’
response to mechanical loading. Ninety-one 7- to 17-year-old female tennis players and 58 healthy female controls
were measured. In each Tanner stage, differences in BMD in playing and nonplaying (dominant and nondomi-
nant) arms (proximal humerus, humeral shaft, and distal radius) and BMD of the lumbar spine and nondominant
distal radius were compared between the controls and players. Within each Tanner stage of players, the
associations between training and background variables and BMD differences were analyzed with Spearman rank
correlation coefficients. In players, BMD differences between the playing and nonplaying arms were significant
(P < 0.05– < 0.001) in all Tanner stages, with the mean difference ranging from 1.6 to 15.7%. In controls, these
dominant-to-nondominant arm differences were clearly smaller (ranging from 20.2 to 4.6%), but significant at
some measured sites. In comparison with the relative side-to-side arm differences between the players and controls
(i.e., examination of the training effect), the mean difference was not obvious and significant until the adolescent
growth spurt (i.e., the girls in Tanner stage III with a mean age of 12.6 years). In the lumbar spine, significant
BMD differences between players and controls were not found until Tanner stage IV (mean age 13.5 years; 8.7%,
P < 0.05) and V (mean age 15.5 years; 12.4%, P < 0.05). In a nonloaded site of the skeleton (nondominant distal
radius), no significant BMD differences were found between the players and controls in any Tanner stage. In the
correlation analysis, the Tanner I and II players (mean ages 9.4 and 10.8 years) showed no significant associations
between any of the predictive variables and the side-to-side BMD differences, while in Tanner stages III, IV, and
V, such associations could be found; the total amount of training hours during the playing career and the number
of training sessions per week showed a significant and systematic correlation (rs ranging from 0.43 to 0.80) with
the side-to-side BMD differences in several measured bone sites. In conclusion, this study suggests that in a
majority of female junior tennis players, the benefit of unilateral activity on bone density does not become clearly
evident until the adolescent growth spurt or Tanner stage III. The total amount of training during the player’s
career and the current training frequency (sessions per week) seem to best explain the training effect on bone
tissue, leaving, however, room for speculation on the still unknown factors that modulate the loading response of
a growing bone. (J Bone Miner Res 1998;13:310–319)
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INTRODUCTION

THE PEAK BONE MASS in early adulthood and the subse-
quent rate of bone loss are the main determinants of

bone mass in later life.(1) Genetic factors seem to account
for 60–80% of the interindividual variation in the peak
bone mass, the remaining 20–40% being determined by
environmental factors such as nutrition and physical activ-
ity.(2–5) Several recent studies have given strong evidence
that 95–99% of the peak bone mass is gained during the
first two decades of life.(6–9)

The higher the peak bone mass, the more an individual
may loose in adulthood without risk of osteoporosis and
subsequent fractures. In other words, a high peak bone
mass in early adulthood is an important protective factor
against osteoporotic fractures in later life.(10–12) Therefore,
emphasis should be placed on increasing the bone mass to
the genetically determined maximum, especially during pu-
berty, when nearly half of the adult bone mass is gained.
Similarly, the factors that negatively influence peak bone
mass attainment (physical inactivity, immobilization, inad-
equate nutrition, hormonal imbalance, and bone-resorbing
drugs) should be eliminated during childhood and
adolescence.(13)

The positive effect of physical activity on human bone
mass is well documented in many cross-sectional studies
comparing athletes with sedentary controls,(14–16) as well as
in longitudinal follow-ups.(17–19) In studies of tennis players,
where the playing arm is compared with the nondominant
counterpart, the side-to-side differences have been up to
40% in favor of the playing arm, which quite indisputably
proves the positive effect of physical loading on bone.(20–22)

Animal studies, in turn, have suggested that a growing
body has a greater capacity to add new bone to the skeleton
than its adult counterpart,(23–26) and that this prior skeletal-
maturity added bone mass could be retained through adult-
hood. It has also been speculated that the higher bone mass
in adult athletes compared with sedentary subjects may be
due to the fact that they started regular training already in
childhood. If true, this could explain the relatively small
increases in the bone mineral mass in the exercise interven-
tions of adults.(18,19,25) The human evidence of good re-
sponse of a growing bone to exercise arises from our two
recent studies,(27,28) where we demonstrated with adult fe-
male squash and tennis players that the percentage side-to-
side difference in bone mineral content between the dom-
inant and nondominant arms was about two times greater if
females had started playing at or before menarche rather
than after it.

Related to our above noted finding, it has been suggested
that within the period of longitudinal growth, the effects of
exercise may vary considerably depending on the develop-
mental stage, or the Tanner stage, of the individual, but
clear-cut data and evidence have not been present-
ed.(26,29,30) Despite this, it is interesting to review the find-
ings and conclusions of these studies. Slemenda and
Johnston(29) observed that in young female figure skaters
the areal bone mineral densities (BMD) in the lower parts
of the body were higher than in controls, but the difference

was not evident until the midteens, despite the fact that all
the girls had started training very early in life. VandenBergh
and colleagues,(30) in turn, studied the relationship between
physical activity, calcium intake, and bone mineral content
(BMC) in children aged 7–11 years. They found increased
BMC only in those with very high levels of physical activity,
and the association was most pronounced in the more
mature children.

However, the above noted studies have left many ques-
tions unanswered concerning the effects of physical activity
on the bone mineral accumulation during growth. Specifi-
cally, the type, intensity, frequency, and duration of most
beneficial exercise, and especially the age-phase or devel-
opmental stage at which the effects of physical activity
would be most crucial on bone, are still largely unknown.

The purpose of this study was, therefore, to find out at
which stage of maturity (Tanner stage), the side-to-side
BMD differences between the playing and nonplaying arms
of tennis players become obvious, and to clarify (within
each Tanner stage) which training or background variables,
if any, could explain the interindividual differences in
bone’s response to mechanical loading. In the first study
question, the use of athletes with a known history of uni-
lateral loading, adequately matched nonplaying controls,
and a study design with side-to-side comparison allowed us
to control the confounding factors encountered in earlier
cross-sectional studies (the intrinsic factors such as age,
height, weight, and hormonal status, and the extrinsic fac-
tors such as nutrition and medications). In the second study
question, however, our cross-sectional study design allowed
us to analyze the predicting variables within each Tanner
stage only, i.e., due to a number of obvious and inevitable
differences in the training and background variables among
the Tanner groups I–V, our study design was not adequate
to explain the interindividual side-to-side BMD differences
across the Tanner groups.

MATERIALS AND METHODS

Participants

Ninety-one 7- to 17-year-old female tennis players were
recruited for the study through the Finnish Tennis Feder-
ation and the tennis clubs in southern Finland. All subjects
were clinically healthy, were not receiving medication
known to affect bone metabolism, and none of them had
had severe upper extremity injuries. Only players who had
trained on a regular basis longer than 1 year (at least 1–2
sessions/week) were included in the study.

The control group was comprised of 58 similarly healthy
Finnish girls who were recruited from local schools. Al-
though some of them did participate in casual sports, none
of them had been involved in physical activity affecting the
dominant or nondominant extremity only. The study pro-
tocol was approved by an independent ethical committee
for clinical investigation. Written informed consent was
obtained from the participants and their parents.

BONE MINERAL DENSITY IN JUNIOR TENNIS PLAYERS 311



T
A

B
L

E
1.

C
H

A
R

A
C

T
E

R
IS

T
IC

S
O

F
T

H
E

SU
B

JE
C

T
S

C
ha

ra
ct

er
is

tic

T
an

ne
r

I
T

an
ne

r
II

T
an

ne
r

II
I

T
an

ne
r

IV
T

an
ne

r
V

C
on

tr
ol

s
(n

5
11

)
P

la
ye

rs
(n

5
16

)
C

on
tr

ol
s

(n
5

10
)

P
la

ye
rs

(n
5

18
)

C
on

tr
ol

s
(n

5
10

)
P

la
ye

rs
(n

5
19

)
C

on
tr

ol
s

(n
5

17
)

P
la

ye
rs

(n
5

20
)

C
on

tr
ol

s
(n

5
10

)
P

la
ye

rs
(n

5
18

)

A
ge

(y
ea

rs
)

9.
4

(0
.9

)
9.

4
(0

.9
)

11
.0

(0
.8

)
10

.8
(0

.6
)

12
.0

(1
.4

)
12

.6
(1

.1
)

13
.2

(1
.0

)
13

.5
(1

.3
)

15
.4

(1
.2

)
15

.5
(1

.0
)

H
ei

gh
t

(c
m

)
13

7.
3

(6
.8

)
13

5.
8

(4
.9

)
14

7.
6

(6
.9

)
14

8.
7

(5
.5

)
15

7.
9

(7
.0

)
15

7.
5

(5
.5

)
16

3.
2

(4
.7

)
16

3.
6

(5
.5

)
16

6.
1

(5
.8

)
16

6.
4

(6
.1

)
W

ei
gh

t
(k

g)
31

.9
(6

.2
)

30
.5

(3
.2

)
43

.5
(6

.1
)

41
.6

(6
.4

)
46

.6
(9

.7
)

45
.2

(3
.7

)
53

.1
(6

.8
)

52
.3

(6
.1

)
57

.2
(5

.9
)

58
.8

(7
.0

)
B

M
I

(k
g/

cm
2
)

16
.9

(2
.9

)
16

.6
(1

.4
)

20
.0

(2
.5

)
18

.8
(2

.6
)

18
.6

(2
.9

)
18

.2
(1

.6
)

19
.9

(2
.0

)
19

.5
(1

.8
)

20
.7

(1
.8

)
21

.2
(2

.5
)

D
ai

ly
ca

lc
iu

m
(m

g)
95

9
(2

56
)

10
11

(5
24

)
11

93
(3

34
)

11
17

(4
45

)
10

41
(4

68
)

10
45

(4
29

)
10

73
(4

11
)

11
48

(5
84

)
83

5
(4

21
)

10
45

(3
52

)
A

ge
at

m
en

ar
ch

e
(y

ea
rs

)
—

—
—

—
11

.0
*

12
.3

(1
.2

)†
12

.6
(1

.0
)

12
.3

(1
.6

)
12

.3
(1

.1
)

12
.9

(1
.2

)
M

en
st

ru
al

st
at

us
(n

um
be

r
of

su
bj

ec
ts

)
no

rm
al

cy
cl

e
—

—
—

—
—

—
12

12
10

15
an

y
ir

re
gu

la
ri

ty
5

8
0

3
M

en
st

ru
al

hi
st

or
y

(n
um

be
r

of
su

bj
ec

ts
)

no
di

st
ur

ba
nc

es
—

—
—

—
—

—
14

12
5

13
so

m
e

di
st

ur
ba

nc
es

‡
3

8
5

5
T

ra
in

in
g

st
ar

tin
g

ag
e

of
pl

ay
in

g
[r

an
ge

]
6.

3
(1

.3
)

7.
2

(1
.2

)
7.

6
(1

.6
)

8.
2

(1
.6

)
8.

5
(1

.4
)

[5
–9

]
[6

–9
]

[4
–1

0]
[6

–1
1]

[6
–1

1]
nu

m
be

r
of

tr
ai

ni
ng

se
ss

io
ns

/w
ee

k
[r

an
ge

]
1.

7
(0

.7
)

2.
1

(1
.2

)
2.

7
(1

.1
)

3.
9

(2
.0

)
3.

8
(1

.8
)

[1
–3

]
[1

–5
]

[1
–6

]
[1

–1
0]

[1
–6

]
se

ss
io

n
le

ng
th

(m
in

ut
es

)
[r

an
ge

]
60

(1
1)

59
(7

)
72

(1
2)

73
(1

5)
78

(1
4)

[4
5–

90
]

[4
0–

75
]

[6
0–

90
]

[6
0–

10
5]

[6
0–

90
]

ye
ar

s
of

tr
ai

ni
ng

[r
an

ge
]

2.
2

(1
.2

)
2.

4
(1

.0
)

2.
5

(0
.8

)
2.

5
(1

.1
)

3.
9

(1
.9

)
[1

–5
]

[1
–5

]
[1

–4
]

[1
–6

]
[1

–8
]

to
ta

lt
ra

in
in

g
ho

ur
s

(h
)

[r
an

ge
]§

27
2

(2
23

)
36

0
(2

49
)

74
4

(4
24

)
10

10
(5

71
)

11
31

(4
13

)
[5

2–
77

8]
[1

04
–9

10
]

[1
82

–1
79

4]
[5

2–
19

89
]

[3
64

–1
79

9]

*
O

ne
su

bj
ec

t
ha

d
re

ac
he

d
m

en
ar

ch
e

in
th

is
gr

ou
p.

†
T

hr
ee

su
bj

ec
ts

ha
d

re
ac

he
d

m
en

ar
ch

e
in

th
is

gr
ou

p.
‡

C
yc

le
le

ng
th

,
23

da
ys

or
.

35
da

ys
,i

rr
eg

ul
ar

ity
in

th
e

du
ra

tio
n

of
bl

ee
di

ng
.

§
T

ot
al

tr
ai

ni
ng

ho
ur

s
5

to
ta

ln
um

be
r

of
tr

ai
ni

ng
ho

ur
s

du
ri

ng
en

tir
e

pl
ay

in
g

ca
re

er
.

V
al

ue
s

ar
e

m
ea

n
6

SD
.

312 HAAPASALO ET AL.



Interview

The participants received a mailed questionnaire, which
they completed with parents at home. At the institute, the
questionnaire was briefly reviewed by one of the investiga-
tors (H.H.) to confirm that all questions were answered and
understood.

Information regarding past injuries, medication, known
diseases, diet, possible vitamin or mineral supplementation,
consumption of alcohol, use of cigarettes, onset of menses
(age at the first period), menstrual status at the moment
(cycle length, duration of bleeding), and menstrual history
(any disturbances ever and the type and duration of these
disturbances) was requested of every subject.

The training history of the players was collected in detail:
the starting age of tennis playing, the starting age of regular
(at least once a week) training, number of training sessions
per week, average duration of the training sessions, training
intensity, and physical activities other than tennis. Using the
information from the players’ exercise diaries and the in-
terview, the total amount of training hours during the entire
playing career was finally calculated for each player.

The daily dietary calcium intake was assessed using a
prospective 7-day calcium intake diary(31) and analyzed with
the Micro-nutrica software (Social Insurance Institution,
Helsinki, Finland).

Height, weight, and pubertal status

The height and weight of each subject were measured in
normal indoor clothing without shoes. The body mass index
(BMI) was calculated according the formula BMI 5 weight
(kg)/(height [m])2. The pubertal status (Tanner stage) of
each subject was determined by visual inspection of each
subject with the help of self-assessment pictures illustrating
the five Tanner stages of breast development and pubic hair
distribution.(32)

Strength measurements

The maximal isometric strength of the forearm extensors
and flexors and the grip strength were measured with strain
cauge dynamometers (Digitest Inc., Muurame, Finland).
One practice trial was performed before testing to become
familiar with the equipment. Three maximal efforts were
performed with both hands, and the median value of the
three readings was used as the test score.

Bone mineral measurements

Areal BMD (g/cm2) was measured from three different
sites of both upper extremities (proximal humerus, humeral
shaft, and distal radius) and lumbar spine using a Norland
XR-26 dual-energy X-ray absorptiometer (DXA) scanner
(Norland Inc., Fort Atkinson, WI, U.S.A.). All measure-
ments were performed by the same experienced laboratory
technician. In our laboratory, the in vivo precision of BMD
measurements is between 0.8 and 1.0%, depending on the
site of the measurement.(33) The measurements have been
described in detail elsewhere.(33,34)

Due to technical difficulty of the DXA software used to

T
A

B
L

E
2.

D
O

M
IN

A
N

T
V

E
R

SU
S

N
O

N
D

O
M

IN
A

N
T

A
R

M
ST

R
E

N
G

T
H

C
O

M
PA

R
IS

O
N

S

St
re

ng
th

m
ea

su
re

m
en

t
(k

g)

T
an

ne
r

I
T

an
ne

r
II

T
an

ne
r

II
I

T
an

ne
r

IV
T

an
ne

r
V

N
on

do
m

in
an

t
D

om
in

an
t

N
on

do
m

in
an

t
D

om
in

an
t

N
on

do
m

in
an

t
D

om
in

an
t

N
on

do
m

in
an

t
D

om
in

an
t

N
on

do
m

in
an

t
D

om
in

an
t

C
on

tr
ol

s
(n

5
11

)
(n

5
10

)
(n

5
10

)
(n

5
17

)
(n

5
10

)
el

bo
w

ex
te

ns
io

n
6.

7
(1

.9
)

6.
6

(1
.8

)
9.

5
(2

.2
)

9.
1

(2
.1

)
9.

3
(1

.9
)

9.
7

(2
.1

)
9.

5
(2

.0
)

9.
9

(2
.4

)
10

.2
(1

.6
)

10
.1

(1
.5

)
el

bo
w

fle
xi

on
7.

2
(1

.5
)

7.
7

(1
.7

)
10

.1
(2

.1
)

10
.5

(1
.5

)
11

.7
(2

.2
)

11
.6

(2
.4

)
12

.8
(2

.3
)

13
.1

(2
.3

)
15

.3
(3

.6
)

15
.9

(3
.6

)
gr

ip
st

re
ng

th
13

.9
(2

.9
)

14
.5

(3
.3

)
15

.2
(5

.9
)

15
.9

(5
.9

)
21

.4
(7

.3
)

22
.8

(6
.6

)*
22

.4
(7

.7
)

23
.8

(7
.3

)*
21

.0
(5

.5
)

22
.5

(3
.8

)
Pl

ay
er

s
(n

5
16

)
(n

5
18

)
(n

5
19

)
(n

5
20

)
(n

5
18

)
el

bo
w

ex
te

ns
io

n
6.

6
(1

.7
)

6.
5

(1
.8

)
8.

3
(1

.6
)

8.
5

(1
.8

)
9.

0
(1

.4
)

9.
6

(1
.6

)*
9.

1
(1

.6
)

10
.4

(2
.4

)*
9.

5
(1

.7
)

10
.3

(1
.7

)†

el
bo

w
fle

xi
on

7.
6

(1
.3

)
7.

6
(1

.4
)

9.
1

(1
.8

)
9.

8
(2

.2
)†

10
.7

(1
.6

)
11

.6
(1

.8
)†

11
.9

(1
.9

)
12

.9
(1

.9
)‡

13
.2

(3
.4

)
14

.8
(3

.6
)*

gr
ip

st
re

ng
th

10
.2

(4
.4

)
11

.7
(4

.6
)†

13
.2

(6
.4

)
15

.0
(7

.0
)‡

17
.4

(9
.1

)
21

.0
(9

.7
)‡

20
.6

(6
.2

)
24

.1
(7

.2
)‡

22
.8

(6
.9

)
25

.8
(7

.0
)*

D
iff

er
en

ce
fr

om
no

nd
om

in
an

t
ar

m
:*

p
,

0.
05

,† p
,

0.
01

,‡ p
,

0.
00

1.
V

al
ue

s
ar

e
m

ea
n

6
SD

.

BONE MINERAL DENSITY IN JUNIOR TENNIS PLAYERS 313



reliably separate the immature bone ends of the radius from
adjacent soft tissue in some of the youngest subjects, the
BMD data of the distal radius could not be analyzed from
the Tanner I individuals and seven of the Tanner II
individuals.

Statistical analysis

In each Tanner stage, the intraindividual side-to-side arm
differences were compared using the matched paired t-test.
Student’s nonpaired t-test was used to compare the relative
side-to-side arm differences and the absolute BMD values
of the lumbar spine and nondominant distal radius between
the players and controls. Player versus control differences
(players’ relative difference minus controls’ relative differ-
ence) among the five Tanner groups were analyzed by
analysis of variance (ANOVA); the difference in each Tan-
ner group was compared with the average difference of the
subsequent Tanner groups with Helmert contrasts (i.e.,
player vs. control difference in the Tanner I group was
compared with the average difference in the Tanner II–V
groups; the difference in the Tanner II group was compared
with the average difference in the Tanner III–V groups; the
difference in the Tanner III group was compared with the
average difference in the Tanner IV–V groups; and finally,
the difference in the Tanner IV group was compared with
that in the Tanner V group).

Within each Tanner stage of the players, the associations
between the relative side-to-side BMD difference and its
potentially predictive variables (anthropometric, muscle
strength, and training history variables) was determined
with the Spearman rank correlation coefficients. The rank
correlation coefficients were used because of the relatively
small sample sizes in the Tanner stages (n 5 16–20) and the
skewed data distribution in some of the used variables. A
forward-stepping multiple regression analysis was also per-
formed between relative side-to-side BMD differences and
the predictive variables. In all tests, an a-level less than 5%
( p , 0.05) was considered significant.

RESULTS

Background characteristics

The subject characteristics are listed in Table 1. There
were no remarkable differences in the anthropometric, di-
etary, or menstrual variables between the controls and play-
ers in any of the five Tanner stages (Table 1). As expected,
the number of training sessions per week, training years,
and total amount of training increased from Tanner I to V
(Table 1). None of the subjects smoked or used alcohol
regularly.

Strength measurements

In controls, significant side-by-side differences were
found only in the grip strength in the Tanner III (8.4%) and
IV (8.1%) players (Table 2). In players, significant side-to-
side differences were found in every measured strength
variable from Tanner stage III to V (the differences ranged
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from 7.1 to 26.6%) (Table 2). In Tanner I players, the
side-to-side difference was significant in grip strength
(17.3%), and in Tanner II players in grip strength (15.0%)
and elbow flexion (7.7%) (Table 2).

When comparing the relative side-to-side strength differ-
ences of players with the corresponding values of the con-
trols, significant differences (in favor of the players) were
found in the grip strength of the Tanner I (controls 4.2% vs.
players 17.3%, p , 0.05) and Tanner III (controls 8.4% vs.
players 26.6%, p , 0.05) subjects. In the majority of the
other strength comparisons, the side-to-side difference was

higher in players than in controls, but the difference was not
significant.

Bone measurements

In controls, the mean side-to-side BMD differences
ranged from 20.2% to 14.6% and were significant at the
humeral shaft (2.4%) in Tanner I; at the proximal humerus
(4.6%) in Tanner II; and at the humeral shaft in Tanner IV
(2.9%) and Tanner V (2.9%) (Table 3). In players, the
side-to-side differences were clear and significant at all

FIG. 1. The side-to-side BMD difference (%) in the upper extremities of controls (shaded bars) and players (open bars).
The bars indicate the 95% confidence intervals. (Difference between controls and players *p , 0.05, ***p , 0.001.) (A)
Proximal humerus. In the ANOVA with Helmert contrasts, the player versus control difference in the Tanner I ( p 5 0.041)
and Tanner II ( p , 0.001) differed significantly from the average difference of the subsequent Tanner stages, whereas this
was not the case in Tanner III ( p 5 0.49) and Tanner IV ( p 5 0.72). (B) Humeral shaft. In the ANOVA with Helmert
contrasts, the player versus control difference in the Tanner I ( p , 0.001) and Tanner II ( p 5 0.001) differed significantly
from the average difference of the subsequent Tanner stages, whereas this was not the case in Tanner III ( p 5 0.066) and
Tanner IV ( p 5 0.84). (C) Distal radius. The ANOVA with Helmert contrasts revealed that in none of the Tanner stages
did the player versus control difference differ significantly from the average difference of the subsequent Tanner stages.
The p-values were 0.071 for Tanner II, 0.067 for Tanner III, and 0.60 for Tanner IV.
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measured sites and Tanner stages (the mean difference
ranged from 1.6 to 15.7%) except at the distal radius in
Tanner stage II (Table 3).

Compared with the controls, the Tanner stage III, IV,
and V players had significantly higher relative side-to-side
BMD differences at every measured site (Fig. 1). In Tanner
II, there was a significant difference between controls and
players in the humeral shaft only, ( p , 0.05) and in Tanner
I, there were no significant differences between players and
controls (Fig. 1).

In the lumbar spine (a weightbearing bone site), signifi-
cant BMD differences between the controls and players
were found in Tanner stage IV (8.7%, p , 0.05) and V
(12.4%, p , 0.05) (Table 3 and Fig. 2). In the nondominant
distal radius (a nonloaded control site), no significant dif-
ferences between controls and players were found in any
Tanner stage (Table 3 and Fig. 2).

Prediction analysis

The total training hours and the number of current train-
ing sessions per week were the only predictive variables that
showed a significant and systematic correlation with the
relative side-to-side BMD differences in several measured
sites; the duration of each training session and the number
of training years did not show any significant correlation
with the relative side-to-side BMD differences. The Spear-
man rank correlation coefficients (rs) for these two vari-
ables are shown in Table 4. In the multiple stepwise regres-
sion analysis, addition of any of the other predictive
variables into the model did not improve the prediction
obtained by the strongest single predictor. This concerned
every anatomic site and Tanner stage.

In the Tanner I players, there was no significant associ-
ation between the total training hours or sessions per week
and the side-to-side BMD difference in the proximal hu-
merus and humeral shaft (Table 4) thus giving clear evi-
dence that in these prepubertal girls not even strenuous
tennis playing had resulted in BMD benefit. Neither in the
Tanner II stage were the correlation coefficients for total
training hours and sessions per week significant (rs values
were between 0.32 and 0.44 at the humeral sites). Instead,
in Tanner III, both of the above-noted training parameters
correlated significantly with the relative BMD difference at
all measured bone sites, with the correlation coefficients
ranging from 0.50 to 0.77. In Tanner IV, only one significant
correlation was found (humeral shaft vs. total training, rs 5
0.70, p , 0.01), while in Tanner V the correlation coeffi-
cients ranged from 0.43 to 0.80 and were significant at all
sites (except the BMD difference in the proximal humerus
vs. total training, rs 5 0.43) (Table 4).

DISCUSSION

No previous study has clarified at which developmental
stage the effect of physical activity on bone becomes obvi-
ous. In this study, highly significant BMD differences be-
tween the playing and nonplaying arms were found in play-
ers from all Tanner stages (Table 3), but the players’

relative BMD differences did not start to differ clearly and
significantly from the corresponding values of the controls
until Tanner stage III (Fig. 1). This suggests that to some
extent loading may increase bone density already in Tanner
stage II, but the activity-induced bone gain becomes espe-
cially accentuated in stage III (i.e., during the rapid growth
and natural bone accumulation period just before men-
arche). This finding can be explained by the fact that the
adolescent growth spurt is the only time in life when bone
is added in substantial amounts to the inner and outer sides
of the bone cortex by endosteal and periosteal apposi-

FIG. 2. The BMD (g/cm2) of the lumbar spine and non-
dominant distal radius in the controls (shaded bars) and
players (open bars). The bars indicate the 95% confidence
intervals. (Difference between players and controls: *p ,
0.05, ***p , 0.001.) (A) Lumbar spine. The ANOVA with
Helmert contrasts revealed that in none of the Tanner
stages did the player versus control difference differ signif-
icantly from the average difference of the subsequent Tan-
ner stages. The p-values were 0.86 for Tanner I, 0.079 for
Tanner II, 0.079 for Tanner III, and 0.39 for Tanner IV. (B)
Nondominant distal radius. The ANOVA with Helmert
contrasts revealed that in none of the Tanner stages did the
player versus control difference differ significantly from the
average difference of the subsequent Tanner stages. The p
values were 0.32 for Tanner II, 0.19 for Tanner III, and 0.52
for Tanner IV.
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tion,(26) and quickly thereafter, the endosteal apposition
fades away. It seems logical that when the rising levels of
estrogens during puberty inhibit the bone resorption and
enhance bone formation, addition of a stimulus of mechan-
ical loading will further enhance bone formation in a syn-
ergistic fashion with the estrogens. It has to be kept in mind,
however, that too vigorous exercise may lead to estrogen
deprivation and menstrual dysfunction, thus disturbing the
normal bone acquisition.(35)

In the lumbar spine, a site which was included in the
study as an appropriate representative of a weight-bear-
ing bone, the BMD differences between the players and
controls did not become significant until Tanner stage IV
(Table 3 and Fig. 2). In the nondominant distal radius (a
nonloaded skeletal site), no difference between controls
and players was found at any of the Tanner stages
(Table 3 and Fig. 2). These findings clearly indicate the
site specificity of the effects of mechanical loading on
growing bone.

The mean lumbar spine BMD differences between the
players and controls were 9% (Tanner IV) and 12% (Tan-
ner V). These percentages are very close to those found in
the cross-sectional studies of elite junior weight lifters
(13%),(36) female figure skaters (6–14%),(29) and gymnasts
(8%).(37) The magnitude of the BMD differences between
adult athletes and their sedentary controls have also been
reported to be about 9–15%.(16,17,35,38) Thus, the majority
of the additional bone mineral gained with exercise seems
to be acquired during adolescence.

As already noted, our study design allowed us to analyze
the bone-gain predicting factors within each Tanner stage
only (not across them), and it can be seen from Table 1 that
our players in Tanner stages III, IV, and V had trained
more than the players in Tanner stages I and II. Basically
this could be the reason for the side-to-side differences not
appearing until Tanner stage III. However, there was a
rather large range in the training variables within every
Tanner stage (including stages I and II; see Table 1), but
despite this the correlation analysis did not reveal any sig-
nificant associations between the training history variables
and the outcome variable (BMD side-to-side difference) in
Tanner stages I and II. The correlation analysis showed

especially clearly that in stage I not even very strenuous
training had resulted in BMD gain (Table 4). Additionally,
it is also noteworthy that these Tanner I and II girls had
trained on average two times a week for over 2 years before
the measurements, and with similar background there were
many Tanner III, IV, and V girls with a clear bone response.
Thus, we feel that our findings support the concept that
before puberty bone’s responsiveness to loading is, in gen-
eral, rather poor and that beyond the mechanical loading
itself there must be many, still largely unknown (genetic,
hormonal) factors that modulate the response of a growing
bone to loading.

In the correlation analysis, the highest associations be-
tween training variables and the relative side-to-side BMD
differences were found at Tanner stages III and V, while in
Tanner stages I, II, and IV these associations were weaker
(Table 4). In Tanner stages I and II, this may partly be due
to the smaller range in the training and bone variables
(Table 1). In Tanner stage III, a period of rapid natural
skeletal growth and high bone turnover, the threshold for
physical activity to add new bone might be relatively low
(the effects of activity became obvious already with a rela-
tively moderate training),(39) but, in this stage, intense train-
ing could lead to remarkable side-to-side differences also
(Fig. 1). In Tanner IV, the only significant correlation was
found between the total training hours and the side-to-side
BMD difference in the humeral shaft (which mainly con-
sists of cortical bone), while the other sites (which mainly
consist of trabecular bone) showed no association. In this
stage, all the mean side-to-side differences were, however,
even higher than in Tanner V (Fig. 1), and the largest
side-to-side differences in proximal humerus were seen in
those Tanner IV girls who had trained with average fre-
quency and intensity only. It may be that during this period
the loading-induced bone mineral accumulation in the
proximal humerus and distal radius became saturated al-
ready at moderate levels of activity, and thus more intense
training gave no clear additional benefit (except in the
humeral shaft). Near the skeletal maturity in Tanner stage
V, a stage where the natural bone growth and turnover is
slowing down, the threshold for physical activity to add new
bone might again increase, and the only way to gain bone is

TABLE 4. SPEARMAN RANK CORRELATION COEFFICIENTS BETWEEN THE RELATIVE SIDE-TO-SIDE BMD DIFFERENCES AND THE

TRAINING VARIABLES OF THE PLAYERS

Relative side-to-
side BMD
difference Training variable

Tanner I
(n 5 16)

Tanner II
(n 5 18)

Tanner III
(n 5 19)

Tanner IV
(n 5 20)

Tanner V
(n 5 18)

Proximal humerus total training hours‡ 0.23 0.37 0.50* 0.03 0.43
sessions per week 20.11 0.44 0.55* 0.14 0.80†

Humeral shaft total training hours 0.31 0.32 0.63* 0.70† 0.52*
sessions per week 0.03 0.44 0.77† 0.47 0.61*

Distal Radius total training hours — (n 5 11)
20.22

0.61* 0.11 0.61*

sessions per week 20.23 0.66† 0.13 0.67†

*p , 0.05, †p , 0.01.
‡ The total number of training hours during the entire playing career.
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to train with higher frequency and intensity, and maybe that
is why significant correlations between the training and
bone parameters were found in Tanner V (Table 4).

Overall, combining the findings of this and our previous
study,(28) it seems possible that the effect of unilateral
activity on bone is greatest during a relatively short period
in puberty, a period when rapid natural bone mineral ac-
cumulation and rapid longitudinal growth occur. Before or
after this time period, the loading effect seems to be less
clear, and most probably the loading has then to be more
frequent and intense to become obvious. For these reasons,
we recommend regular exercise during the pubescent years
for maximizing the peak bone mass and thus preventing
osteoporosis and related fractures in later life, but longitu-
dinal studies are needed to confirm our cross-sectional
observations.
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