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Definition of the problem

Osteoporosis is a condition in which bones fracture with-
out a major trauma. In a strict sense, therefore, osteoporosis
can be diagnosed only a posteriori, i.e., after the fracture has
occurred. This is obviously unsatisfactory for both sides, the
patient and the doctor. As an attempt to predict an increased
risk of fracture, osteodensitometry has been developed. It is
fundamental to bear in mind that this is an attempt to diag-
nose osteoporosis a priori, i.e., before the fracture occurs.

Conventionally, osteoporosis is diagnosed by dual X-ray
absorptiometry (DXA). This is problematic because it yields
only bone mineral content (BMC) and areal bone mineral
density (aBMD), but disregards the structure, geometry and
mechanical properties of bone1, all of which are known to
affect bone strength and to change with age. However, clini-
cians and many scientists rely upon DXA measurements in
succession of a WHO study group2, which defined osteo-

porosis as a decrease in bone mass or in bone mineral densi-
ty, and a deterioration in bone ‘structure’. By the same defi-
nition, osteopenia is regarded as a precursor of osteoporosis
that differs from osteopenia in quantitative, but not in qual-
itative terms.

An alternative view has been proposed by H.M. Frost,
who discerns between physiologic osteopenia and true osteo-
porosesa (see Table 1 and p.302 ff.3). Here, osteopenia
denotes a state in which bones are weak due to a lack of
mechanical usage. Fractures are therefore more likely as a
result of trauma, but the bones do resist their habitual loads.
Conversely, true osteoporoses are characterised by the
inability of bones to adapt their strength to the patient’s vol-
untary mechanical usage. As a consequence, fractures occur
with very little trauma or no trauma at all.

The difference between those two definitions is succinct.
Whereas the conventional view considers bone mass (and
sometimes bone strength) as a predictor of fracture, the
Frostian approach distinguishes between primary bone dis-
orders (=osteoporoses) and secondary bone problems
(=osteopenia). A similar distinction has successfully been
established in the field of paediatric bone disease4. The
potential superiority of the Frostian concept is not only aca-
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a Importantly, H.M. Frost anticipated that there may be different
kinds of osteoporoses, each with its own pathogenetic mechanism.
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demic. Attempting to understand the pathophysiological
determinants of brittle bones, it constitutes a rationale to
guide our research and therapeutic decisions.

Exercise and osteoporosis

How do true osteoporoses (in Frost’s sense) relate to
exercise? The mechanical stimuli that come with the exercise
have at least two opposing effects upon bone. As a tissue,
strains that exceed a certain threshold induce modelling and
thereby adapt the bone’s strength to the loads habitually
applied5-9. This constitutes a negative feedback loop which is
commonly referred to as the ‘mechanostat’10.

On the other hand, bone as a material will be weakened
by repetitive strains, which cause microdamage, i.e., materi-
al fatigue. As a result, fatigue fractures are not uncommon in
recruits, athletes, or in race horses11,12. It is thought that
remodelling, i.e., the replacement of old material with newly
formed bone acts as a repair mechanism in order to prevent
microdamage accumulation13,14.

It is currently unknown whether the efficacy of that repair
mechanism is affected by age. However, it has been argued
that material fatigue plays an important role in hip fractures
in the elderly15, and Frost suspected that the inability to
repair microdamage is the hallmark of at least one kind of
true osteoporosis (p. 2493). If this is so, and if, indeed, this
osteoporosis becomes increasingly prevalent with age, then,
quite in contrast with the conventional view, exercise would
facilitate rather than ameliorate the occurrence of osteo-
porotic fractures. Other types of true osteoporoses may
exist, in which the mechanostat malfunctions for other rea-
sons. Again, it is hard to see how, under such conditions,
exercise would be beneficial.

Exercise and osteopenia

In the following, I will briefly discuss some controversial
and recent evidence as to whether specific kinds of exercise
are likely to prevent physiological osteopenia in the elderly
(for more detailed reviews see16-20). Unfortunately, many of
these studies are focused on areal bone mineral density

(aBMD). This is error prone, since the bone geometry may
change independently of bone mass. It is well documented,
for example, that the diameters of long bones get larger as
we age21. Consider that, during such an enlargement, the
bone mineral content remains unchanged. As a conse-
quence, the section modulus and thus bending strength of
the bone would increase, but aBMD would decrease.

As the differential effects of exercise and ageing upon
bone mass and bone geometry are unknown, increases in
aBMD in response to exercise may therefore be judged to
reflect a modelling response, but they do not necessarily
indicate that bone strength has increased.

In aerobic exercise, the muscles power output is compar-
atively low, and the developed forces are small. Endurance
running was formerly thought to be detrimental to bone
health. This notion was based on the observation that, in
young to middle aged men, the bone mineral content of the
spine and of the hip was 20% lower than in their age peers,
and bone turnover was found to be low22. However, this
ought to be seen as an adaptation of the bones to different
loads and body types23, rather than a negative effect of run-
ning. Indeed, if controlled for stature, male endurance run-
ners appear to have higher aBMD values in the spine, hip
and calcaneus than sedentary people24.

These benefits of endurance running appear to be effec-
tive also at old age, as suggested by a longitudinal study of 54
Master runners aged between 40 and 80 years25. During an
observational period of almost 5 years, values of aBMD at
the spine and the hip were stable, although aerobic fitness
declined significantly. Although not understood in detail, the
latter alludes to the relative unimportance of aerobic fitness
in determining bone strength. Little is known as to other
types of aerobic exercise and bone strength at old age.

Although resistive exercise is known to increase bone mass
at a young age26-28, its efficacy in old age is controversial. Some
studies report an increased aBMD of the spine as a response
to resistive exercise29,30, others found no such effect31,32. Even
in the studies with a positive outcome, the effects were rather
small (1-2%). It seems fair to say, thus, that although effective
at a young age, resistive exercise is probably not overtly attrac-
tive to increase bone strength in old age.

Conventional view Harold Frost’s view

Based on WHO study group2, Harrison’s Principles Practical experiences as an orthopaedic surgeon3,47

of Internal Medicine46, and many others
Osteopenia BMD is only slightly lower than average Bone strength is lower than in other people, but

appropriate for the mechanical usage in that individual
Osteoporosis BMD is significantly lower than average Bone strength is inappropriate for the mechanical usage;

fractures evolve with very little trauma

Table 1. Different views and definitions of osteoporosis/osteopenia. Please note that Frost’s definition focuses on bone strength (rather than
on bone mineral density=BMD), and it sees a qualitative (rather than a quantitative) difference between osteoporosis and osteopenia. The
conventional view is currently bound to change, but is still governing medical practice.
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There is quite some evidence that high impact exercise,
such as gymnastics, is particularly beneficial to increase bone
mass. In young women, accrual of bone mass was significant-
ly greater in well-trained gymnasts than in either cyclists or
swimmers33. Interestingly, adding impact to resistive exercise
seems to enhance its effects upon bone34. With two groups of
postmenopausal women performing resistive exercise with
the same weight loads, number of sets, number of repetitions
etc., those who worked at a greater speed were able to main-
tain their aBMD at the spine and the hip, whereas the others
lost about 2%. This again highlights the importance of strain
rate as a signal for adaptive processes in bone.

Recently, vibration exercise has been proposed as a new
type of exercise. There are two different ‘camps’ propagating
vibration exercise for the improvement of bone health. One
‘camp’ suggests that vibrations of low magnitude, but high
frequency would elicit an osteogenic response by direct
mechanisms in the bone35. It is maintained that, because of
the small strains involved, these benefits come without the
risk of mechanical damage to the bones. The validity of this
concept has been shown in sheep, where vibration of the
hind limb elicited an increase by 34% in trabecular density in
the proximal femur36,37. That kind of vibration was able to
increase the trabecular bone mineral density in the proximal
tibia in children with cerebral palsy who, without treatment,
would have lost bone38. Furthermore, another recent study
suggests benefits of whole body vibration exercise in post-
menopausal women39. Good compliance provided, the
women had a benefit of 2.2% in areal bone mineral density
at the femoral neck and of 1.7% at the spine by the treat-
ment.

The second ‘camp’ considers the important role that mus-
cles seem to play for the accrual and maintenance of bone40-42.
In consequence, ‘high magnitude vibration’ exercise is sug-
gested to strengthen the bones by eliciting forceful muscle
contractions. In rats, such vibrations were able to partly pre-
vent the ovariectomy-induced bone loss43. In post-
menopausal women, areal bone mineral density was
observed to increase by 1% in response to a six-month pro-
gram of vibration exercise, paralleled by increases in muscle
strength44. However, these changes were comparable to a
control group, which practised conventional resistive exer-
cise, without vibration. Finally, in the Berlin bed rest study,
vibration in combination with resistive exercise was able to
almost completely prevent the bone loss induced by bed rest
in young healthy males45.

Conclusion

It is currently unclear which kind of exercise is most effec-
tive to increase bone strength. Recent evidence suggests that
osteogenic responses by exercise can be elicited even at older
age. This has been denied in the past. Exercises that involve
high strain rates seem to be more effective than others. How-
ever, all these benefits are comparatively small. It may there-
fore be much easier to prevent bone loss throughout life,

potentially by exercising, than to increase it in the second
half of life.

Hence, it seems that exercise may ameliorate or even pre-
vent osteopenia as defined by Harold Frost. As explained
above, that is most probably not the case for true osteo-
poroses.

References 

1. Forwood MR. Mechanical effects on the skeleton: are
there clinical implications? Osteoporos Int 2001; 12:77-83.

2. WHO Study Group. Assessment of fracture risk and its
application to screening for postmenopausal osteoporo-
sis. Geneva, Switzerland, WHO. WHO Technical
Report Series; 1994:843.

3. Frost HM. The Utah Paradigm of Skeletal Physiology.
ISMNI, Athens, Greece; 2004.

4. Schönau E, Schwahn B, Rauch F. The muscle-bone
relationship: methods and management - perspectives
in glycogen storage disease. Eur J Pediatr 2002;
161(Suppl. 1):S50-S52.

5. D'Arcy T. On Growth and Form. Cambridge Universi-
ty Press, Cambridge; 1917.

6. Frost HM. Vital biomechanics: proposed general con-
cepts for skeletal adaptations to mechanical usage. Cal-
cif Tissue Int 1988; 42:145-156.

7. Galilei G. Discorsi e dimonstrazioni matematiche, intorno
a due nuove scienze attentanti alla meccanica ed a movi-
menti locali. University of Wisconsin Press, Madison; 1638.

8. Lanyon LE, Baggott DG. Mechanical function as an
influence on the structure and form of bone. J Bone
Joint Surg Br 1976; 58-B 436-443.

9. Wolff J. Über die innere Architectur und ihre Bedeutung
für die Frage vom Knochenwachstum. Archiv für pathol-
ogische Anatomie und Physiologie 1870; 50:389-450.

10. Frost HM. Bone "mass" and the "mechanostat": a pro-
posal. Anat Rec 1987; 219:1-9.

11. Frost HM. A brief review for orthopedic surgeons:
fatigue damage (microdamage) in bone (its determi-
nants and clinical implications). J Orthop Sci 1998;
3:272-281.

12. Nunamaker DM, Butterweck DM, Provost MT. Fatigue
fractures in thoroughbred racehorses: relationships
with age, peak bone strain, and training. J Orthop Res
1990; 8:604-611.

13. Frost HM. Skeletal structural adaptations to mechani-
cal usage (SATMU): 2. Redefining Wolff's Law: the
remodeling problem. Anat Rec 1990; 226:414-422.

14. Mori S, Burr DB. Increased intracortical remodeling
following fatigue damage. Bone 1993; 14:103-109.

15. Freeman MA, Todd RC, Pirie CJ. The role of fatigue in
the pathogenesis of senile femoral neck fractures. J
Bone Joint Surg Br 1974; 56-B:698-702.

16. Kannus P, Uusi-Rasi K, Palvanen M, Parkkari J. Non-
pharmacological means to prevent fractures among



J. Rittweger: Can exercise prevent osteoporosis?

165

older adults. Ann Med 2005; 37:303-310.
17. Kohrt WM, Bloomfield SA, Little KD, Nelson ME,

Yingling VR. American College of Sports Medicine
Position Stand: physical activity and bone health. Med
Sci Sports Exerc 2004; 36:1985-1996.

18. Marcus R. Role of exercise in preventing and treating
osteoporosis. Rheum Dis Clin North Am 2001; 27:131-41.

19. Sheth P. Osteoporosis and exercise: a review. Mt Sinai
J Med 1999; 66:197-200.

20. Turner CH, Robling AG. Designing exercise regimens
to increase bone strength. Exerc Sport Sci Rev 2003;
31:45-50.

21. Riggs BL, Melton IL III, Robb RA, Camp JJ, Atkinson
EJ, Peterson JM, Rouleau PA, McCollough CH, Boux-
sein ML, Khosla S. Population-based study of age and
sex differences in bone volumetric density, size, geome-
try, and structure at different skeletal sites. J Bone
Miner Res 2004; 19:1945-1954.

22. Hetland ML, Haarbo J, Christiansen C. Low bone mass
and high bone turnover in male long distance runners. J
Clin Endocrinol Metab 1993; 77:770-775.

23. Frost HM. Why do marathon runners have less bone
than weight lifters? A vital biomechanical view and
explanation [see comments]. Bone 1997; 20:183-189.

24. Kemmler W, Engelke K, Baumann H, Beeskow C, von
Stengel S, Weineck J, Kalender WA. Bone status in
elite male runners. Eur J Appl Physiol 2005; 96:78-85.

25. Wiswell RA, Hawkins SA, Dreyer HC, Jaque SV. Main-
tenance of BMD in older male runners is independent
of changes in training volume or VO(2)peak. J Geron-
tol A Biol Sci Med Sci 2002; 57:M203-M208.

26. Heinonen A, Sievanen H, Kannus P, Oja P, Vuori I.
Site-specific skeletal response to long-term weight
training seems to be attributable to principal loading
modality: a pQCT study of female weightlifters. Calcif
Tissue Int 2002; 70:469-474.

27. Tsuzuku S, Ikegami Y, Yabe K. Effects of high-intensi-
ty resistance training on bone mineral density in young
male powerlifters. Calcif Tissue Int 1998; 63:283-286.

28. Tsuzuku S, Shimokata H, Ikegami Y, Yabe K, Wasnich
RD. Effects of high versus low-intensity resistance
training on bone mineral density in young males. Calcif
Tissue Int 2001; 68:342-347.

29. Maddalozzo GF, Snow CM. High intensity resistance
training: effects on bone in older men and women. Cal-
cif Tissue Int 2000; 66:399-404.

30. Vincent KR, Braith RW. Resistance exercise and bone
turnover in elderly men and women. Med Sci Sports
Exerc 2002; 34:17-23.

31. Milliken LA, Going SB, Houtkooper LB, Flint-Wagner
HG, Figueroa A, Metcalfe LL, Blew RM, Sharp SC,
Lohman TG. Effects of exercise training on bone
remodeling, insulin-like growth factors, and bone min-
eral density in postmenopausal women with and with-
out hormone replacement therapy. Calcif Tissue Int
2003; 72:478-484.

32. Rhodes EC, Martin AD, Taunton JE, Donnelly M,
Warren J, Elliot J. Effects of one year of resistance
training on the relation between muscular strength and
bone density in elderly women. Br J Sports Med 2000;
34:18-22.

33. Taaffe DR, Robinson TL, Snow CM, Marcus R. High-
impact exercise promotes bone gain in well-trained
female athletes. J Bone Miner Res 1997; 12:255-260.

34. Stengel SV, Kemmler W, Pintag R, Beeskow C, Wei-
neck J, Lauber D, Kalender WA, Engelke K. Power
training is more effective than strength training for
maintaining bone mineral density in postmenopausal
women. J Appl Physiol 2005; 99:181-188.

35. Rubin C, Turner AS, Bain S, Mallinckrodt C, McLeod
K. Anabolism. Low mechanical signals strengthen long
bones. Nature 2001; 412:603-604.

36. Rubin C, Turner AS, Mallinckrodt C, Jerome C,
McLeod K, Bain S. Mechanical strain, induced non-
invasively in the high-frequency domain, is anabolic to
cancellous bone, but not cortical bone. Bone 2002;
30:445-452.

37. Rubin C, Turner AS, Muller R, Mittra E, McLeod K,
Lin W, Qin YX. Quantity and quality of trabecular
bone in the femur are enhanced by a strongly anabolic,
noninvasive mechanical intervention. J Bone Miner Res
2002; 17:349-357.

38. Ward k, Alsop C, Caulton J, Rubin C, Adams J, Mughal
Z. Low magnitude mechanical loading is osteogenic in
children with disabling conditions. J Bone Miner Res
2004; 19:360-369.

39. Rubin C, Recker R, Cullen D, Ryaby J, McCabe J,
McLeod K. Prevention of postmenopausal bone loss by
a low-magnitude, high-frequency mechanical stimuli: a
clinical trial assessing compliance, efficacy, and safety. J
Bone Miner Res 2004; 19:343-351.

40. Rauch F, Schönau E. Changes in bone density during
childhood and adolescence: an approach based on
bone's biological organization. J Bone Miner Res 2001;
16:597-604.

41. Rittweger J, Beller G, Ehrig J, Jung C, Koch U, Ramol-
la J, Schmidt F, Newitt D, Majumdar S, Schiessl H,
Felsenberg D. Bone-muscle strength indices for the
human lower leg. Bone 2000; 27:319-326.

42. Schiessl H, Frost HM, Jee WSS. Estrogen and bone-
muscle strength and mass relationships [see comments].
Bone 1998; 22:1-6.

43. Flieger J, Karachalios T, Khaldi L, Raptou P, Lyritis G.
Mechanical stimulation in the form of vibration pre-
vents postmenopausal bone loss in ovariectomized rats.
Calcif Tissue Int 1998; 63:510-514.

44. Verschueren SM, Roelants M, Delecluse C, Swinnen S,
Vanderschueren D, Boonen S. Effect of 6-month whole
body vibration training on hip density, muscle strength,
and postural control in postmenopausal women: a ran-
domized controlled pilot study. J Bone Miner Res 2004;
19: 352-359.



J. Rittweger: Can exercise prevent osteoporosis?

166

45. Rittweger J, Felsenberg D. Resistive vibration exercise
prevents bone loss during 8 weeks of strict bed rest in
healthy male subjects: Results from the Berlin Bed Rest
(BBR) study. J Bone Miner Res 2004; 19(Suppl.
1):1145.

46. Lindsay R, Cosman F. Ostoporosis. In: Harrison TR,

Kasper D, Braunwald E, Fauci A, Hauser S, Longo DL,
Jameson JL (eds) Harrison's Principles of Internal
Medicine. Mc Graw-Hill, New York; 2004:2226-2237.

47. Frost HM. Defining osteopenias and osteoporoses:
another view (with insights from a new paradigm). Bone
1997; 20:385-391.


