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The aim of this summary is, first, to outline the normal pattern
of bone mineral accrual during childhood. From that foundation
I review some intervention trials including those conducted at the
University of British Columbia that evaluate the role of child-
hood physical activity on bone mass and bone structure.

Normal patterns of bone accrual during childhood

The normal pattern of bone mineral accrual was demonstrat-
ed in a 7-year longitudinal study conducted at the University of
Saskatchewan in Canada1. We measured total BMC with DXA
in approximately 200 children annually for 7 years. The findings
are summarized for boys and girls in Figure 1.

The velocity curves illustrate the sex difference in the tim-
ing of peak bone mineral accrual, which, for the total body,
occurs about 1.4 years earlier in girls (grey line) than in boys
(black line) and is of a lesser magnitude (320 ± 58 g/y for girls
vs. 400 ± 96 g/y for boys). Peak height velocity (PHV, maxi-
mum rate for linear growth) preceded the age of peak bone
mineral accrual (maximum rate of increase in total body bone
mineral) by more than half a year1. This is of clinical interest
because the dissociation between accelerated linear growth
and peak bone mineral accrual might constitute a period of
relative bone fragility that could partly explain the increased
fracture rate observed during adolescence2.

What role does physical activity play in modulat-
ing the normal pattern of bone mineral accrual?

A number of excellent review articles3 and chapters4-6 and
books7 all conclude that appropriate physical activity aug-

ments bone health during childhood. Retrospective studies
indicate that bone responds more favorably to mechanical
loading during childhood and adolescence than it does in
adulthood8,9. A study from Finland showed that racquet-
players who had started playing before menarche had a 2–4
times greater dominant-nondominant side-to-side difference
than those players who started playing their sport after
menarche10. These findings launched a series of intervention
trials that aimed to examine the components of exercise that
were most effective for promoting bone health in childhood. 

The interventions all involved running and/or jumping per-
formed for 20–40 minutes, 2–3 times per week. They increased
BMC, areal BMD (aBMD), and volumetric BMD (vBMD)
across several sites in premenarcheal girls11, aBMD and vBMD
in prepubertal boys12, trochanteric aBMD in a combined
group of girls and boys13, and lumbar spine and femoral neck
BMC in both premenarcheal girls14 and young prepubertal
(5.9–9.8 years) girls and boys15. In other prospective trials, the
magnitude of the augmented response generally varied from
1% at the trochanteric region of the femur in response to a
moderate impact loading intervention implemented in ele-
mentary school physical education (P < 0.05) 13 (UBC
Healthy Bones I) to about 3% at the femoral neck for a high-
impact jumping intervention in which children performed
drop-jumps from a 62-cm box (p < 0.001)15.

Only 2 studies have assessed girls at different stages of
maturity14,16. A 9-month study employed a step aerobics and
jump program to determine the BMC response at the lumbar
spine and proximal femur in 33 premenarcheal and 29 post-
menarcheal girls14. The postmenarcheal girls showed no sig-
nificant post-training intergroup differences in bone parame-
ters. The premenarcheal girls’ BMC, however, increased sig-
nificantly more in the trainees than in the controls (lumbar
spine 8.6% vs. 5.3; femoral neck 9.3% vs. 5.3%, both p<0.02).

UBC Healthy Bones Studies

To more specifically address the question of "timing" in the
premenarcheal period, we conducted a randomized con-
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trolled exercise intervention in 177 girls to compare the effec-
tiveness of a progressive loading program performed for 10
minutes during physical education classes in prepuberty
(Tanner I) and early (Tanner II and III) puberty (UBC
Healthy Bones II)16. Total body, lumbar spine (LS), proximal
femur, femoral neck (FN) and trochanter BMC and aBMD
were measured. The cohort was 45% White, 34% Asian, and
21% other or mixed ethnicities. Girls were between 8.7 and
11.7 years at baseline. There was no difference in the 8-month
change in bone parameters in the prepubertal group. The
early pubertal girls in the exercise classes gained 1.5% to 3.1%
more bone at the femoral neck (FN) and lumbar spine (LS)
than did participants of the same stage of maturity in the con-
trol classes (p < .05; Figure 2)16. Gains at other sites did not
differ, and no ethnic effect was observed. By the end of the
second school year of the study, girls attending intervention
schools gained, on average, 3.7 and 4.6% more BMC at the LS
and FN, respectively, than girls attending control schools17.

Results differed somewhat for boys18. Intervention boys
(n=47) gained significantly more TB BMC (9.6 vs. 7.7%,
p<0.01, PF aBMD (3.2 vs. 1.8 %, p<0.05), and TR aBMD (3.4
vs. 1.4 %, P<0.01) compared with controls (n=45) (Figure 3).
The bone mineral advantage in the intervention group was
4.4% at the proximal femur after 20 months (Figure 3).

Some of the circuit-training activities that these children
undertook as a part of this intervention included 3 levels of
drop jump from a 10-, 30-, and 50-cm platform; a 2-legged
side-to-side jump; an alternating foot jump; and a tuck jump.
The ground-reaction forces of between 2.5 and 5 times body
weight were associated with these jumps (assessed in the
University of British Columbia biomechanics laboratory in a
subset of 70 boys and girls)19.

Novel modalities to assess structural changes in
bone

An understanding of bone’s response to mechanical load-
ing in children and adolescents has been limited by the

inability of DXA technologies to distinguish geometry from
areal density and to assess the bone structure changes that
underpin bone densitometric changes20. Thus, researchers
have sought novel ways to characterize the structural adap-
tation of growing bone to exercise.

To this end, we analyzed the proximal femur scans of girls
in the Healthy Bones II Study using a hip structural analysis
program6 to directly assess subperiosteal width and cross-sec-
tional moment of inertia and to estimate cortical thickness
and section modulus at the FN, intertrochanteric, and
femoral shaft regions21. There were no significant differences
for change in bone structure variables in the prepubertal
girls. The more mature girls in the intervention group showed
significantly greater gains in FN (+ 2.6%, P = .03) and
intertrochanteric (+ 1.7%, p = .02) BMD. Underpinning
these changes were increased bone cross-sectional area and
reduced endosteal expansion. Changes in subperiosteal
dimensions did not differ. Structural changes improved in
section modulus at the FN (+ 4.0%, p = .04).

We also examined differences in bone structure by pQCT
at the tibia between girls who completed the 20-month HBS II
exercise intervention and controls22. There was no difference
in cortical area (cm2), cortical thickness (cm), periosteal and
endosteal circumferences (cm) and cross-sectional moment of
inertia (cm4) at the midshaft (50%) between groups. Similarly,
there were no differences for trabecular area (cm2), total bone
area (cm2), and total density (TotD, mg/cm3) at the distal
(10%) site between groups.

In summary, the studies referred to, and others, provide
convincing evidence that both moderate and high impact
physical activity can augment bone mass in children. Data sug-
gest that the response is sex-, site-, and maturity-specific. Also,
bone appears to respond to childhood exercise by changing
bone structure as well as by altering material properties.

References

1. Bailey D, McKay HA, Mirwald RL, Crocker PRE,
Faulkner RA. A six-year longitudinal study of the rela-
tionship of physical activity to bone mineral accrual in

Figure 1.

Figure 2. (left) Percent change in bone-mineral content (BMC),
area bone mineral density (aBMD) and volumetric bone mineral
density (vBMD) at the femoral neck in prepubertal girls (left) and
early pubertal girls (right). (UBC Healthy Bones II)16.



H.A. McKay: School-based exercise programs for child bone health

343

growing children: The University of Saskatchewan
Bone Mineral Accrual Study. J Bone Miner Res 1999;
14:1672-1678.

2. Bailey DA, Wedge JH, McCulloch RG, Martin AD,
Bernhardson SC. Epidemiology of fractures of the dis-
tal end of the radius in children as associated with
growth. J Bone Joint Surg Am 1989; 71:1225-1231.

3. Parfitt AM. The two faces of growth: benefits and risks
to bone integrity. Osteoporos Int 1994; 4:382-398.

4. McKay HA, Khan KM. Bone mineral acquisition during
childhood and adolescence: physical exercise as a pre-
ventative measure. In: Henderson JE, Goltzman D (eds)
The Osteoporosis Primer. Cambridge University Press;
Cambridge, UK; 2000:170-185.

5. Khan K, McKay H, Haapasalo H, Bennell KL, Forwood
MR, Kannus P, Wark J. Does childhood and adolescence
provide a unique opportunity for exercise to strengthen
the skeleton? J Sci Med Sport 2000; 3:150-164.

6. Barr S, McKay H. Nutrition, exercise and bone status in
youth. Int J Sport Nutr 1998; 8:124-142.

7. Khan K, McKay H, Kannus P, Bailey D, Wark J,
Bennell K. Physical Activity and Bone Health: Human
Kinetics; Champaign, IL; 2001.

8. Khan K, Bennell K, Hopper J, Flicker L, Nowson CA,
Sherwin AJ, Crichton KJ, Harcourt PR, Wark JD. Self-
reported ballet classes undertaken at age 10–12 years
and hip bone mineral density in later life. Osteoporos
Int 1998; 8:165-173.

9. Bass S, Pearce G, Bradney M, Hendrich E, Delmas PD,
Harding A, Seeman E. Exercise before puberty may
confer residual benefits in bone density in adulthood:
studies in active prepubertal and retired female gym-
nasts. J Bone Miner Res 1998; 13:500-507.

10. Kannus P, Haaspasalo H, Sankelo M, Sievänen H,

Pasanen M, Heinonen A, Oja P, Vuori I. Effect of start-
ing age of physical activity on bone mass in the domi-
nant arm of tennis and squash players. Anns Intern
Med 1995; 123:27-31.

11. Morris FL, Naughton GA, Gibbs JL, Carlson JS, Wark
JD. Prospective 10-month exercise intervention in pre-
menarcheal girls: positive effects on bone and lean
mass. J Bone Miner Res 1997; 12:1453-1462.

12. Bradney M, Pearce G, Naughton G, Sullivan C, Bass S,
Beck T, Carlson J, Seeman E. Moderate exercise during
growth in prepubertal boys: changes in bone mass, size,
volumetric density and bone strength:a controlled
study. J Bone Miner Res. 1998; 13:1814-1821.

13. McKay HA, Petit MA, Schutz R, Barr SI, Prior JE,
Khan KM. Augmented trochanteric bone mineral densi-
ty after modified physical education classes: a random-
ized, school-based exercise intervention study in pre-
and early-pubescent children. J Pediatr 2000; 136:156-
162.

14. Heinonen A, Sievanen H, Kannus P, Oja P, Pasanen M,
Vuori I. High-impact exercise and bones of growing
girls: a 9-month controlled trial. Osteoporos Int 2000;
11:1-8.

15. Fuchs RK, Bauer JJ, Snow CW. Jumping improves hip
and lumbar spine bone mass in prepubescent children:
a randomized controlled trial. J Bone Miner Res 2001;
16:148-156.

16. MacKelvie K, McKay HA, Khan KM, Crocker PRE. A
school-based loading intervention augments bone min-
eral accrual in early pubertal girls. J Pediat 2001;
139:501-507.

17. MacKelvie KJ, Khan KM Petit MA, Crocker PRE,
Janssen P, McKay HA. A school-based exercise inter-
vention elicits substantial bone health benefits: a 2-Year

Figure 3. Percent change in femoral neck BMC in exercise and control boys across 20 months.



H.A. McKay: School-based exercise programs for child bone health

344

randomized controlled trial in girls. J Pediatr 2003;
112:447-452.

18. MacKelvie K, McKay HA, Petit MA, Moran O, Khan
KM. Bone mineral response to a 7-month randomized
controlled, school-based jumping intervention in 121
prepubertal boys: associations with ethnicity and body
mass index. J Bone Miner Res 2002; 17:834-844.

19. McKay HA, Tsang GC, MacKelvie K, Heinonen A,
Sanderson D, Khan KM. Ground reaction forces associ-
ated with an effective school-based jumping intervention
in pre- and early-pubertal boys and girls. Br J Sports
Med (in press). 

20. Jarvinen T, Kannus P, Sievanen H. Have the DXA-

based exercise studies seriously underestimated the
effects of mechanical loading on bone? J Bone Miner
Res 1999; 14:1634-1635.

21. Petit M, McKay HA, MacKelvie KJ, Heinonen A, Khan
KM, Beck TJ. A randomized school-based jumping inter-
vention confers site and maturity specific benefits on
bone structural properties in girls: a hip structural analy-
sis (HSA) study. J Bone Miner Res 2002; 17:363-372.

22. Macdonald HM, MacKelvie KJ, MacLean LB, McKay
HA. Do bone structural parameters differ at the tibia
between girls who completed a 20-month exercise inter-
vention and those who did not? Med Sci Sport Exerc
2003; 35:5, S360.


