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Research on the bone effects of natural phyto-oestrogens after menopause is at a relatively early
stage. Published studies are few, difficult to compare and often inconclusive, due in part to
design weaknesses. Currently, many questions remain to be answered including to what
extent a safe daily intake may prevent postmenopausal bone loss. These questions can only
be addressed by conducting well-planned, randomised clinical trials that take into consideration
present knowledge in the oestrogen, phyto-oestrogen and bone fields. This review is intended to
provide hints for critical decision-making about the selection of subjects, type of intervention,
suitable outcome measures and variables that need to be controlled.

Isoflavones: Menopause: Clinical trials

Introduction

Osteoporosis, one of the most prevalent diseases in the
Western Hemisphere (Cooper & Melton, 1996), is also a
leading cause of disability among the elderly in developed
countries (Kanis, 1993; Chrischilles et al. 1994) and its
related care and rehabilitation expenses pose a major
socio-economic burden. While there is no cure, the
progression of osteoporosis can be delayed and its onset
prevented (Dawson-Hughes et al. 1997; McClung et al.
1998). Although usually diagnosed between the ages of
50 and 70 years, osteoporosis is increasingly regarded as
a lifetime disease that affects predominantly women, for
whom the incidence of osteoporotic fractures is twice
that for men (Valtuena et al. 2001). Consequently, the
urgent need for suitable preventive strategies has intensi-
fied bone mineral research, especially in the population
subgroups that are in the process of achieving peak bone
mass (children) or at the highest risk for bone loss (peri-
and postmenopausal women).

In postmenopausal women, oestrogen deficiency is
associated with enhanced bone turnover and accelerated
bone loss, leading to increased susceptibility to bone frac-
tures (Riggs & Melton, 1986; Nguyen etal. 1995). Although
several intervention strategies have been tested to attenuate
menopausal bone loss, including selective oestrogen recep-
tor modulators, bisphosphonates and nutritional suppl-
ements, hormone replacement therapy (HRT) appears the
single most effective treatment (Lindsay et al. 1976; Riggs
& Melton, 1986; Komulainen et al. 1999). However, even
though HRT is still a first-choice option in the prevention
of postmenopausal osteoporosis, alternatives are continually
being sought because low acceptance, relevant side-effects
and contra-indications are limiting its use to no more than
10-30% of postmenopausal women in Europe (Colditz
etal. 1995;Beresfordefa/. 1997), of whom only a small pro-
portion comply with the treatment for more than a year.

Recently, attention has focused on the so-called phyto-
oestrogens, non-steroidal compounds occurring naturally
in foods of plant origin (especially soya foods) that are
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able to compete with the principal oestrogens of most
mammals (17|3-oestradiol and oestrone) for binding to oes-
trogen receptors (ER). Because of their low, but significant,
oestrogenic activity, natural phyto-oestrogens have been
proposed as a safe alternative to HRT in attenuating meno-
pause-related symptoms including bone loss, although data
supporting an eventual bone-sparing effect of phyto-oestro-
gens is limited essentially to in vitro experiments, animal
studies and epidemiological associations. Only a few
human studies have been conducted that generally were
of short duration, small in size and, since they used vari-
able doses of soya foods, are difficult to compare. In
addition, this preliminary evidence took no account of
the potential bioavailability of phyto-oestrogens in foods,
nor were studies conducted to define the optimal dose for
bone-preserving effects.

The present review aims to provide hints in planning
future research on the effect of natural phyto-oestrogens
on bone metabolism in Caucasian, menopausal women,
with typically low intakes of soya and soya products.
The rationale for decision-making regarding subject selec-
tion, study design, type of intervention, suitable endpoints
and possible confounding factors is presented.

Current evidence on the bone-sparing effects of natural
phyto-oestrogens after menopause

Phyto-oestrogens have shown a relative molar binding affi-
nity for the a subtype of ER, ERa, between 100 and 1000
times lower than that of 17(3-oestradiol (Martin et al.
1978). However, they generally have a higher specificity
for the recently cloned (3 subtype, ER(3 (Kuiper et al.
1997), which is preferentially expressed in tissues such
as bone, brain, vascular endothelia and bladder. Genistein
and coumestrol are able to stimulate the transcriptional
activity of both ER subtypes at concentrations of
l-10nMand 10-100 nM (Kuiper et al. 1998), respectively,
to generate a response similar in magnitude to that of phys-
iological levels of oestradiol. In oestrogen-deficient rat
models, low doses of soya isoflavones, one class of
phyto-oestrogens, prevent ovariectomy-induced bone loss
as effectively as 5 |xg/d of conjugated equine oestrogens
(Anderson & Ambrose, 1995; Arjmandi et al. 1996,
1998a,fc; Draper et al. 1997; Fanti et al. 1998; Ishimi
et al. 1999; Coxam, 2003), but data in primates are less
consistent in this direction (Jayo et al. 1997).

Human studies documenting the effects of phyto-
oestrogen intake on bone are strikingly few, mostly limited
to epidemiological associations (Ross et al. 1991; Melton,
1995; Horiuchi et al. 2000; Somekawa et al. 2001) and
focused primarily on postmenopausal women (Dalais
et al. 1998; Kardinaal et al. 1998; Potter et al. 1998).
A number of short-term interventions suggest beneficial
effects of phyto-oestrogen-enriched diets on bone turnover
after menopause. A 12-week study on forty-three post-
menopausal women who consumed soya milk or soya
nuts to deliver 60-70 mg of total isoflavones/d showed a
14% decrease in urinary excretion of the bone resorption
marker N-terminal cross-linked peptide of type I collagen
(NTX); serum osteocalcin, a marker of osteoblastic
activity, increased significantly, whereas another marker

of bone formation, bone-specific alkaline phosphatase
(ALP), was unaffected (Scheiber et al. 2001). These find-
ings are consistent with reduced bone resorption and
increased bone formation, and resemble the effects of the
synthetic isoflavone ipriflavone, rather than the oestrogens
in HRT, which have little effect on osteoblastic activity
(Arjmandi et al. 2000). No effects on bone ALP or NTX
were observed in a 24-week, randomised, whey-controlled
intervention trial with either an isoflavone-rich (80-4 mg
aglycones/d) or an isoflavone-poor (4-4 mg aglycones/d)
soya protein diet (Alekel et al. 2000). Similar results
were obtained from a three-arm, randomised crossover
trial with soya protein isolates providing 7, 65 and
132 mg isoflavones/d in seventeen postmenopausal
women. Osteocalcin tended to decrease in the high isofla-
vones diet, bone ALP decreased significantly in the 65
and 132 mg isoflavones/d diets and no diet effects were
observed in the urinary excretion of deoxypyridinoline or
C-terminal cross-linked peptide of type I collagen (CTX),
both markers of bone resorption (Wangen et al. 2001).

Some conflicting data have also been obtained for inter-
vention studies with bone mineral density (BMD) or bone
mineral content (BMC) as primary endpoint. A longitudi-
nal, non-randomised, non-controlled study conducted in
thirty-seven postmenopausal women taking isoflavone sup-
plements twice daily for 6 months (150mg/d) reported no
significant changes in calcaneous BMD (Hsu et al. 2001).
Dalais et al. (1998) reported a significant increase of
5-2% in total body BMC after a 12-week diet with soya
grits containing 52 mg isoflavones/d. However, these
results should be interpreted with caution because total
body BMC also increased by 3-8 % in the control (wheat)
group, an effect that is unlikely in untreated postmenopau-
sal women (Greendale et al. 2000).

Postmenopausal women consuming isolated soya protein
over a 6-month period were found to have significant
increases in BMC compared with women on a diet with
casein (Potter et al. 1998). Daily intake of 40 g isolated
soya protein with 2-25 g isoflavones/g protein was associ-
ated with significant increases in BMC and lumbar spine
BMD, but isolated soya protein with l-29mg isoflavones/g
protein was not protective (Potter et al. 1998). It should
be remembered that, although frequently cited as a reference
in the bone field, the study of Potter et al. was
originally designed to investigate the effects of isoflavone
intake on blood lipids. Similarly, soya isoflavones, and not
soya protein per se, were identified as responsible for the
bone-sparing effect in the only study available on perimeno-
pausal women: a 24-week, double-blind, randomised con-
trolled trial where sixty-nine subjects were assigned to
consume 40 g of whey protein/d (controls) or 40 g of soya
protein isolate/d with either high (80-4 mg aglycones/d) or
low (4-4 mg aglycones/d) isoflavone content (Alekel et al.
2000). BMD and BMC of the lumbar spine did not change
in the soya groups, whereas they decreased in controls by
1-28 % and 1-73 %, respectively. After adjustment for cov-
ariates by regression analysis, only the soya protein with
high isoflavone content showed a positive effect on
change in BMD (5-6%) and BMC (10-1%). This obser-
vation is consistent with previous studies in oestrogen-
deficient rats (Arjmandi et al.
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Planning future research on the effects of
dietary phyto-oestrogens on bone health

in postmenopausal women

The ultimate research question about the role of phyto-
oestrogens in osteoporosis prevention is whether these
compounds may decrease the incidence of osteoporotic
bone fractures, either by preventing postmenopausal bone
loss or by other mechanisms. A satisfactory answer,
which is anticipated to be complex, requires multiple
studies designed to address not only the effects of phyto-
oestrogens on a certain outcome, but also the circum-
stances in which that positive or negative result has been
achieved, as well as its biological relevance.

The generic term 'postmenopausal women' is used to
describe a subgroup of the population that is tremendously
heterogeneous with respect to variables that may well
modulate, or even determine, the susceptibility of bone to
the action of natural phyto-oestrogens, such as genetic
background, endocrine status and life-style. Similarly, the
phyto-oestrogens family includes a large group of com-
pounds with diverse chemical structures that are contained
in a variety of food matrices and are likely to differ in bio-
availability, metabolism, oestrogenic action, effects on
bone and minimum dose at which those effects might be
observed (Messina, 1999; Setchell & Cassidy, 1999).
On the other hand, several markers are available to
measure the bone response to natural phyto-oestrogens in
terms of the magnitude, type, nature, size and preferential
location of the effect (Faulkner, 2001; Faulkner & Pocock,
2001) that, in turn, may depend on the population studied
and the phyto-oestrogen source used. Therefore, the
research question above may be broken down as
follows. Have phyto-oestrogens a bone-sparing effect in
postmenopausal women? Which compounds, dose and
mode of delivery achieve that effect? How big is the
effect? Is it transient or sustained? When should the inter-
vention start — after menopause occurs? Is it the result of
reduced bone breakdown, increased formation, or both?
Which sites of the skeleton receive the largest benefit?
Are the changes in bone metabolism and density relevant
in terms of fracture risk reduction?

Selection of subjects

Postmenopausal status is associated with low circulating
levels of endogenous oestrogens. At the beginning of
menopause, oestrogen levels are unstable and drop defini-
tively by the time of the last menses. Postmenopausal is
denned as starting 12 months after the last menses. Bone
loss increases discretely with the irregular bleedings
phase, further during the menopausal transition, and over-
whelmingly in the first year after menopause, mainly due
to an increase in bone resorption. However, as the skeleton
adapts to the low oestrogen concentration, the rates of bone
loss decline as well. By the sixth year after last menses, the
bone loss rate stabilises at about 1 % per annum until
the process is completed, generally before the age of
70 years (Nilas, 1993; Mazzuoli et al. 2000). Overall,
30-50 % of the peak bone mass will be lost due to meno-
pause (Hui et al. 1982), about half of which occurs within
the first 5 years (Mazzuoli et al. 2000).

It is well established that the responsiveness of bone to
oestrogen deficiency changes markedly over the natural
history of menopause, as does its sensitivity to HRT and,
probably, to natural phyto-oestrogens. The benefit to be
obtained from treatment, as the relative amount of bone
mass that can be 'spared' with the intervention, also
depends on the time after menopause, together with the
biological significance of a given effect. For example, the
greatest benefit from HRT is achieved within the first
12 months after menopause probably because the body is
not yet well adapted to low oestrogen levels and the
bone loss rate, in the absence of treatment, would be
higher at that time than later on. In other words, evaluation
of the efficacy of natural phyto-oestrogens in preventing
postmenopausal bone loss requires complete characteris-
ation of the population being studied with regard to their
hormonal status and expected rate of bone loss, since
these characteristics will strongly affect both the results
and their interpretation (Hadjidakis et al. 1999). For
research purposes, the following cut points may be used
to make study populations homogeneous:

1. Perimenopausal women. This category will include
any women 45 years of age or older with irregular
menses and presence of spontaneous vaginal bleeding
within the last 6 months. Rates of bone loss are
increased with respect to premenopausal women, but
not as high as in early menopause.

2. Early postmenopausal women. Women within 6 and
60 months since last menses. Phase of rapid bone
loss. Menopausal status should be confirmed by
biochemical assessment of the hormonal profile.

3. Late postmenopausal women. Any women more than
60 months postmenopausal, 65 years of age or younger.
Studies in the elderly assessing age-related bone loss
have traditionally used this age as cut-off point.

Study design

Only randomised, controlled clinical trials are appropriate to
establish a cause-effect relationship between an interven-
tion and an outcome. In clinical studies on bone metabolism
including postmenopausal women, block randomisation is
essential to ensure comparability between control and inter-
vention groups regarding age, race, hormonal status and
BMI, all known to have an important effect on bone mass
(National Institutes of Health Consensus Statement, 2000).

When the effects of a nutrient in food are to be tested,
the control group should ideally be given the same food
without the nutrient of interest, in a double-blind fashion,
to control for the influence that the research conditions
themselves, independent of the intervention, may have on
subjects' behaviour and therefore on the outcome. Clinical
studies on the effects of natural soya isoflavones on bone
use wheat as the control equivalent of soya flour (Dalais
et al. 1998) and isoflavone-free whey or casein as the
soya protein control (Potter et al. 1998; Alekel et al.
2000). In both cases, foods introduced in the study
groups can easily be matched regarding calories and
macronutrients, which is important in the eventuality of
weight gain or loss due to the novel diet. It should be
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remembered that weight changes not only may have an
effect on bone mass by themselves, but also make difficult
the interpretation of BMD fluctuations measured by dual-
energy X-ray absorptiometry (DXA; Gotfredsen et al.
1997; Van Loan et al. 1998). However, protein itself
modulates bone metabolism in many ways, one of which
is the acid load that sulphur amino acids generate
(Massey, 1998). Animal protein, such as casein, promotes
Ca excretion to a greater extent than vegetal protein, and
therefore is likely to have a negative impact on bone
metabolism, while soya protein is basic and will not have
this effect (Heaney, 1998; Valtuena et al. 2001). A possible
solution to this problem lies in the recently marketed soya
isoflavone concentrates, which contain up to 40 % isofla-
vones by weight and can be incorporated into a wide
range of foods without changing substantially their compo-
sition in macronutrients.

Type of intervention

With regard to the intervention arm, comprehensive analyses
of the isoflavone level in numerous soya foods (the richest
identified source of the isoflavone phyto-oestrogens) have
been reported in the literature and generally indicate that
most contain 0-1-3-0 mg of total isoflavones/g (Reinli &
Block, 1996; Kiely et al. 2003). Soya germ products derived
from the hypocotyledon provide one of the most concen-
trated sources (>20mg/g) of isoflavones. In addressing the
matrix effect, studies are currently underway to determine
the effect of varying the dietary intake of isoflavones in a
single food on the resulting plasma and urinary levels and
on the pharmacokinetics. Further studies will address the
effects of chemical composition, and liquid v. solid matrix
from a known dose of isoflavones, on these parameters.
These data will help determine what level of intake is
required to deliver physiologically relevant levels of these
compounds to target tissues.

Numerous isoflavone supplements (from soya and red
clover) are commercially available. However, recent data
suggest that, in some products, the actual contents differ
significantly from the levels documented on the packaging
(Setchell et al. 2001). In addition, the supplements have not
been fully evaluated in relation to their biological or clini-
cal efficacy and recent evidence suggests they have a differ-
ent pharmacokinetic profile to soya isoflavones in foods
(Setchell et al. 2001). Furthermore, there are obvious con-
cerns regarding the potentially adverse effects that could
result from megadosing with these bioactive compounds,
a practice all too common in the supplements area.

Numerous short-term studies have been conducted in
the phyto-oestrogen field to address the potential health
benefits of phyto-oestrogen-rich diets. The interest in the
field has been caused predominantly by the early data
suggesting that feeding diets rich in phyto-oestrogens
resulted in significant endocrine effects in healthy preme-
nopausal women (Cassidy et al. 1994). A recent consensus
statement collated by key international experts in the
phyto-oestrogen field suggested specific levels of food for-
tification for specific health effects, based on the current
scientific information. For example, for the relief of meno-
pausal symptoms, 60 mg aglycones/d were proposed,

while, for improvement in bone density, consumption of
60-100mg aglycones/d over a minimum period of 6
months was suggested for any potential gains.

In determining the choice of food, matrix or supplement
in designing a clinical study, many lessons can be learned
from the cardiovascular research that has been carried out
in this area (Potter et al. 1998; Scheiber et al. 2001).
Although it is well established that dietary soya modifies
risk factors for cardiovascular disease, the component of
soya responsible for the heart benefits is not clearly estab-
lished. Strong evidence exists to suggest that the intact
soya isoflavones (when interacting with the protein) are
important for cardiovascular protection, as studies con-
ducted with alcohol-washed soya (alcohol washing
removes the isoflavones and also other molecules like the
saponins) do not show CHD benefits. However, although
there is a general consensus that soya protein in combi-
nation with the isoflavones has potential health benefits
on the cardiovascular system, little experimental evidence
exists to suggest that the purified isoflavone supplements
modify cardiovascular risk factors (Vitolins et al. 2001).

Outcomes

The ultimate objective of intervention strategies in osteo-
porosis research is to reduce the risk of bone fractures.
However, large sample sizes and long follow-ups are
needed to prove such a benefit, especially in individuals
younger than 65 years. Repeated measurements of BMD
by DXA have been the primary means of assessing
future fracture risk, and are now accepted as an intermedi-
ate endpoint in the evaluation of nutritional and pharmaco-
logical regimens (Cummings et al. 1993, 1995; WHO,
1994; National Institutes of Health Consensus Statement,
2000). Changes in BMD can often be measured meaning-
fully by DXA as early as 6 to 12 months from baseline
at low radiation exposure in almost all population groups
(Roubenoff et al. 1993). Recent data from large prospec-
tive studies have, however, indicated that biochemical
markers represent independent fracture risk predictors
(Garnero et al. 1996a, 1999; van Daele et al. 1996), and
that combination of the two techniques enhances the risk
prediction (Garnero et al. 1996a). It is clear that increased
bone turnover in itself constitutes a high risk for frac-
ture and that this trend increases progressively with age
(Garnero et al. 1996b). As with most assessment tech-
niques, however, the performance of biochemical markers
as fracture risk predictors in the individual is rather weak
(Bauer et al. 1999).

To evaluate the efficacy of natural phyto-oestrogens in
preventing osteoporosis-related disability, it is essential to
select the outcome variables providing the most relevant
information at the lowest cost for both the patient and
researcher. Since markers of efficacy are many but the
resources available usually scarce, the selection process
may be difficult. Here we present a brief overview.

Short-term endpoints: bone turnover markers. Moni-
toring bone metabolism involves measurements of bone
formation and bone resorption markers, which reflect
osteoblastic and osteoclastic activities, respectively.
Although bone is a relatively active tissue with a turnover
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rate through remodelling of about 10% per annum in
adults and much higher rates with the additional modelling
processes in children, the changes in balance that lead to
bone loss or accretion are long-term. Thus, when measur-
ing markers of bone turnover to predict future changes in
the rates of bone loss, all possible sources of variation
need to be minimised. Considerable advances in the devel-
opment of new markers have been made in recent years.
Generally, however, each marker has different advantages
and disadvantages that have to be taken into account in
selecting the most appropriate ones for monitoring dietary
supplementation with phyto-oestrogens. A summary of the
primary bone markers and their characteristics is given in
Table 1 (for recent recommendations on bone marker
nomenclature, see Delmas, 2001).

For bone formation, attention has focused on specific
proteins or enzyme activities produced by osteoblasts,
such as osteocalcin (Delmas, 1990) or bone-specific ALP
(Gomez et al. 1995), or on production of the N-terminal
(Melkko et al. 1996) or C-terminal (Melkko et al. 1990)
precursors of collagen type I, since this protein represents
over 90 % of bone matrix proteins. The procollagen type
I C-propeptide has proved to be rather insensitive to
changes in bone remodelling, whereas more recent data
using procollagen type I N-propeptide (PINP) have been
more encouraging. These differences are probably associ-
ated with the way in which the two analytes are cleared
from the circulation. Interpretation of osteocalcin results
is often difficult, particularly for dietary studies, because
of the influence of vitamins D and K on osteocalcin
expression. Also, as osteocalcin is relatively unstable in
serum and is cleaved within a C-terminal site, it is import-
ant to use assays that recognise the cleaved products
(termed N-terminal mid fragments or OC [1-43]; Garnero
et al. 1994). Bone ALP has traditionally been a difficult
assay to perform technically, but the advent of relatively
specific monoclonal antibodies (Garnero & Delmas,
1993) has led to new immunoassays (Gomez et al. 1995)
that appear to be sensitive to changes in bone metabolism.

Because of its preponderance in bone matrix, collagen
type I is the primary source of analytes for monitoring
bone resorption, including not only pyridinium collagen
cross-links (Robins et al. 1994; Gomez et al. 1996) but
also peptides associated with cross-linking at the N-term-
inal (NTX; Hanson et al. 1992) or C-terminal (CTX;
Bonde et al. 1994) end. The recent discovery of age-related
changes in the cross-linking regions involving isoaspartyl
transformations (Fledelius et al. 1997; Brady et al. 1999)
has provided an opportunity to gain additional information
on bone collagen metabolism with specific assays that
reflect the age of the molecules being degraded. Recent
data on the equilibration rates of isoaspartyl formation
(Cloos & Fledelius, 2000) suggest, however, that the appli-
cation of these types of assay may be limited to situations
involving high turnover rates and they should not be con-
sidered for monitoring subtle changes in normal bone
remodelling in adults. By contrast, it has been shown that
the ratio of (3- to a-aspartyl is distinctly different in chil-
dren compared with adults (Brady et al. 1999) and these
types of assay may have significant applications in moni-
toring growth.

Most pyridinium cross-link and telopeptide assays have
been performed in urine and the results expressed relative
to creatinine. Serum assays for NTX (Clemens et al. 1997)
and CTX (Rosenquist et al. 1998) are now available and
methods for the measurement of both free and total pyridi-
nium cross-links in serum have been described (James &
Perrett, 1998). However, the latter are technically demand-
ing and unsuitable for large-scale clinical trials. It was
hoped that, because of their lower intrinsic variability
compared with urinary assays, serum measurements could
provide more reliable assessments of bone metabolism.
Initial data for serum NTX, however, indicated that the
lower variability of the serum assay is matched by smaller
differences between groups and in response to a change
(Eastell et al. 2000). Serum assays of bone cross-linking
components may not, therefore, provide any real advan-
tages over urinary measurements.

Newer markers such as bone sialoprotein are also being
developed (Seibel et al. 1996; Karmatschek et al. 1997)
and, although interpretation of the data is still not fully
understood, the serum assay appears to represent a
marker better suited to monitoring pathological bone
resorption. Bone sialoprotein and other acidic proteins
may be bound in serum by the complement component,
factor H (Fedarko et al. 2000), and a modified assay for
total bone sialoprotein has been devised (Fedarko et al.
2001). Tartrate-resistant acid phosphatase (TRAP) rep-
resents another serum resorption marker that has been
improved markedly recently through optimisation of
assays using antibodies specific for the osteoclast-derived,
TRAP 5b isotype (Halleen et al. 2000).

With current knowledge, the most appropriate markers to
study the potential effects of phyto-oestrogens on bone
metabolism are bone ALP, PINP and total urinary pyridi-
nium cross-links. The latter are chosen because many of
the peptide-fragment assays are crucially dependent on
potential changes in degradative metabolism of the
collagen released from bone. Interpretation of the
results obtained with the cross-links assay has fewest uncer-
tainties, and data can be related to absolute rates of bone
resorption.

Medium-term endpoints: markers of bone strength.
The use of areal BMD alone to predict bone strength has
been questioned lately for several reasons. First, bone
strength is proportional to the square of volumetric bone
density (not measured directly by conventional DXA)
which could be very different in bones with identical areal
BMD but different depth. Second, small errors in the calcu-
lation of BMD imply a larger error in the prediction of bone
strength, given the exponential relationship that exists
between both variables (Ebbsesen et al. 1999). Third,
bone strength is determined not only by the composition
(degree of mineralisation), but also by the shape, size and
organisation (architecture) of the bone structure. Actually,
bone mass alone can account for about 65 to 80 % of the
observed variation in strength of human bones from cada-
vers, whereas the incorporation of bony architecture
parameters may increase the predictability up to 94%
(Siffert et al. 1996; Jiang et al. 1998).

In vitro studies reveal that geometrical indices of
mechanical strength that can be calculated from areal
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measurements provided by DXA, such as the breaking
bending resistance index (BBRI), discriminate better
between postmenopausal patients with hip and vertebral
fractures than BMD (Augat et al. 1996). Interestingly,
BMC correlates better with BBRI than BMD in elderly
populations (Bouxein et al. 1994). Additional exploration
of the shape, size and organisation of bone structures,
which may have an independent effect on fracture risk
and are susceptible to modification by the ageing process
and (probably) by nutritional interventions, is now possible
in vivo by using three-dimensional imaging techniques
(Lang et al. 1998). The latest advances in quantitative com-
puted tomography allow precise assessment of volumetric
trabecular and cortical density in peripheral bones (periph-
eral quantitative computed tomography), whereas ultra-
high resolution computed tomography scanners can image
the trabecular structure of vertebrae and some peripheral
locations (Lang et al. 1997; Augat et al. 1998). Similarly,
high-resolution magnetic resonance can be used to assess
trabecular texture peripherally, which, when combined
with BMD estimates, improves discrimination between sub-
jects with osteoporotic fractures and normal controls
(Majumdar et al. 1999). The sensitivity and specificity of
these techniques, compared with DXA-derived areal
BMD, as predictors of fracture risk and their utility as mar-
kers of bone status in longitudinal studies are, however, a
matter of controversy and intense research (Ross et al.
1989; Lang et al. 1997; Formica et al. 1998).

BMD and BMC, measured by DXA, are the variables
that have been used most widely to estimate changes in
bone mineral as a surrogate of bone strength over time.
New DXA instruments are relatively easy to use and
allow detection of small changes in BMD, but the collec-
tion of meaningful longitudinal BMD data and their correct
interpretation require a profound knowledge of the DXA
technology and bone dynamics. It is currently accepted
that changes in BMD occurring over a period shorter
than 6-12 months would not reflect the effects of an inter-
vention on steady-state bone balance, but rather a change
in the bone remodelling space (Heaney, 1996). Therefore,
follow-up BMD measurements should be conducted at
least 6-12 months after the phyto-oestrogen-rich diet or
phyto-oestrogen supplementation has been started. In
addition, it is important to remember that estimation of
the significance of bone loss or gain over time relies on
precision errors greater than the CV for repeated measure-
ments provided by DXA manufacturers. These need to be
calculated by each laboratory, including also the potential
changes in soft tissue overlying bone (subject variability),
subject's positioning, differences in scan area and
interpretation (operator variability) and stability of the
instrument over time (technical error; Fuleihan et al.
1995; Nielsen et al. 1998).

Direct comparability of results obtained with different
DXA instruments, calibration phantoms and software pro-
grams is not yet possible, although this is a much desired
goal for large, multi-centre intervention trials. Cross-cali-
bration procedures between different DXA machines and
software versions using the same phantom are giving rela-
tively promising results (Pearson et al. 1995; Cawte et al.
1999).

Factors that may modulate the individual
responsiveness of bone to phyto-oestrogen intake

Impact of individual genetic variation

Although postmenopausal HRT is effective in preventing
bone loss, individual variation exists in the response to
HRT and several studies have demonstrated the existence
of non-responders (Hassager et al. 1994; Han et al. 1997;
Salmen et al. 2000). Although non-responders have not
been reported with regard to the effect of phyto-oestrogen
therapy on bone, there is variation in individuals' skeletal
response to dietary phyto-oestrogen supplementation
(Dalais et al. 1998; Potter et al. 1998) or to synthetic
phyto-oestrogen therapy (e.g. ipriflavone; Gambacciani
et al. 1997; Gennari et al. 1997, 1998a). This variation
could be explained by a genetically determined response
to HRT and phyto-oestrogen therapy. One possible expla-
nation that has been widely investigated is that variants
in the ER gene could be related to oestrogenic (and
possibly phyto-estrogenic) resistance.

Most studies have focused on the ERa gene, which has
two restriction fragment length polymorphisms (RFLP)
located in the first intron. Following an initial report
demonstrating a relationship between these RFLP and
BMD in healthy, postmenopausal Japanese women
(Kobayashi et al. 1996), there has been much conflicting
evidence on the influence of ERa genotype on BMD
and/or bone loss and/or bone turnover. For example, posi-
tive associations were reported between ERa genotype and
BMD in pre-/perimenopausal (Mahonen et al. 1997; Mizu-
numa et al. 1997; Ongphiphadhanakul et al. 1998; Willing
et al. 1998) and postmenopausal (Sano et al. 1995; Deng
et al. 1998, 1999; Ongphiphadhanakul et al. 2000)
women, whereas other studies have found no such associ-
ations (Han et al. 1997, 1999; Gennari et al. 1998&; Van-
devyver et al. 1999; Bagger et al. 2000). Significant
gene-gene interactions between polymorphisms at the
ER genotypes and other locations may also be a significant
factor contributing to variable responses. The vitamin D
receptor has been studied extensively in this respect
(Deng et al. 1998; Gennari et al. 1998b; Willing et al.
1998) and associations with P450 aromatase, known to
be regulated by vitamin D (Nawata et al. 1995), may com-
bine to influence the balance between androgens and
oestrogens in peripheral tissues (Willing et al. 1998).
These studies suggest that genetic variation at the ERa
locus, singly and in relation to the vitamin D receptor
gene, influences attainment and maintenance of peak
bone mass in younger women and changes in bone mass
in elderly women, which in turn may render some individ-
uals more susceptible to osteoporosis than others.

To date, no studies have investigated the influence of
ERa genotype on the responsiveness of bone to phyto-
oestrogen therapy. For the ER(3 gene, known to reside on
human chromosome 14 (Enmark et al. 1997), a dinucleotide
(cytosine-adenine) repeat polymorphism located in the
flanking region has been linked to differences in BMD in
healthy postmenopausal women (Ogawa et al. 2000).
In addition, several other mutations and polymorphisms in
the ER(3 gene have been reported (Rosenkranz et al.

https://doi.org/10.1079/BJN
2002799  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2002799


S94 S. Valtuena et al.

1998). However, association studies attempting to link these
polymorphisms to BMD have yet to be carried out.

From current evidence we may conclude that, as phyto-
oestrogens bind to both ERa and ER|3, polymorphisms in
both receptor subtypes may influence the response of
bone to phyto-oestrogen therapy. However, future research
is needed to investigate the potential impact of genetic
variation at the ER gene loci on the responsiveness of
bone to phyto-oestrogen therapy.

Overall diet

When investigating the relationship between phyto-oestro-
gens and bone health in a (double-blind) placebo-
controlled study, the effects of the diet need to be
considered in several respects, as summarised in Table 2:

1. as carrier of the phyto-oestrogens (test product) and
the control product;

2. intake of phyto-oestrogens in the background diet; and
3. intake of other nutrients as potential confounders of

the relationship between phyto-oestrogens and bone.

Test and control product. An adequate description of
the food products used to provide isoflavones is essential
with respect to the chemical composition (aglycones v.
glycones), the food matrix or purified supplement, and the
actual content of isoflavones (preferably analysed values).
In a double-blind study, compliance should be monitored
by counting the portions of test and control products that
have not been consumed.

Phyto-oestrogen intake in the background diet.
Available data suggest that habitual Western diets contain
very low levels (about 1 mg/d) of phyto-oestrogens (both
isoflavones and lignans; Valsta et al. 2003; van Erp-Baart
et al. 2003). These levels are unlikely to interfere with
the higher doses of an active intervention (above
60 mg/d; North American Menopause Society, 2000).
Moreover, randomisation of study subjects will result in
random distribution of background dietary intake over
the active and placebo treatment groups. Special cases
are subjects with deviating dietary habits and/or high base-
line intake of phyto-oestrogens, either from natural food or
as supplements. These should be either excluded from the

study or asked to restrict their consumption of specific
phyto-oestrogen-rich foods, although populations with
background phyto-oestrogen-rich diets may be not the
most suitable for investigating the effect of increasing
phyto-oestrogen intake.

To control for background consumption of phyto-oestro-
gens, information about the isoflavone or lignan content of
generic foods is available in several databases (Kiely et al.
2003). High intakes of phyto-oestrogens can, therefore,
easily be screened and monitored by using a food frequency-
type questionnaire for specific phyto-oestrogen-rich foods,
whereas high phyto-oestrogen consumption can be easily
avoided by restricting consumption of relatively few well-
defined products (foods and supplements).

Confounding influence of other dietary compounds.
A large number of macro- and micronutrients are known to
affect bone metabolism. As for other conditions being modu-
lated by several nutritional factors (e.g. hypertension; Appel
et al. 1997), intervention studies on diet and bone focusing
on a single nutrient are challenging. On one hand, single
nutrients may have an effect on bone too small to be detected
clinically, but be relevant collectively to bone health in the
context of an entire diet. Moreover, the individual effects
of nutrients that tend to cluster into food groups (e.g.
phyto-oestrogens, minerals K and Mg, fibre and vitamin C
in fruits and vegetables) are difficult to isolate. On the
other hand, the precision of current tools for dietary assess-
ment in outpatients is generally low and food composition
tables available for analysis of intake contain imprecise
and/or insufficient information relative to some nutrients
of interest (e.g. phyto-oestrogens, vitamin K).

Of several methods available to compare dietary
intake between the intervention groups, validated food
frequency questionnaires, dietary records and diet
histories are all appropriate, but have differing advantages
and disadvantages. This topic has recently been extensively
reviewed (Biro et al. 2002).

In multi-centre studies where data are collected in differ-
ent countries, the comparability of dietary intake data is
somewhat complicated (Biro et al. 2002). The most rele-
vant variable is the validity of intake assessment methods
within a country, which should allow comparison of
intake between the intervention and control groups in

Table 2. Factors to be considered in human dietary studies on phyto-oestrogens

Factor Important considerations Reference

Test and placebo product characteristics
Background phyto-oestrogen intake

Compliance and monitoring

Confounding influence of other dietary
components

Assessments of dietary intakes

indistinguishable in appearance and taste
unlikely to be significant in Western diets

serum/urine monitoring may be misleading due to
interindividual variability monitoring not appropriate
for a blinded study

effects on bone of many macro- and micronutrients
(e.g. protein, Ca, vitamins K, C and A, Zn, Cu, etc.)
many components cluster in food groups which
makes it difficult to characterise their effects individually

stability and reliability needed for long-term studies, with
extra precautions for multi-centre studies in different countries

Valsta et al. (2003);
van Erp-Baart et al. (2003)

Rowland et al. (2003)

Heaney (1996)

Biroefa/. (2002)
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that country. These intake assessment methods should
focus on the dietary habits and common foods of that
country, and make use of local food composition databases
for intake calculations. It may be more difficult quantitat-
ively to compare intakes of specific nutrients or other
diet compounds among countries because, when dietary
habits differ, intake questionnaires must differ as well.
This is especially the case for food frequency question-
naires that have not been properly validated for cross-
comparisons between the populations considered. Diet
record methods are more suitable for international com-
parisons of intake but some variation may be introduced
by a persistent lack of harmonisation of food composition
tables.

Physical activity

Weight-bearing physical activity is known to modulate the
architecture, geometry, mass and turnover of bone by stimu-
lating matrix deposition and mineralisation (Lanyon,
1996). Exercise training of moderate intensity induces
changes in serum levels of bone collagen markers (Thorsen
et al. 1996) and consistently prevents bone loss by 1 % per
annum in postmenopausal women, as assessed by DXA-
measured BMD (Wolff et al. 1999). The bone-sparing
effect of exercise is evidenced mostly at the weight-bearing
sites of the skeleton and especially at the lumbar spine,
where oestrogen-related bone loss is more pronounced
(Berard et al. 1997). At present, the precise inter-relation-
ship between oestrogens (and probably phyto-oestrogens)
and mechanical stress in menopausal women is unclear.
As a precaution, however, physical activity patterns
should be recorded accurately and, if possible, controlled
for, in clinical trials on phyto-oestrogens and bone loss
during menopause.

Conclusion

Natural phyto-oestrogens (especially the isoflavones class)
show some promise in the prevention of menopausal
osteoporosis, but convincing evidence for their bone-spar-
ing efficacy is still lacking in man. Further intervention
studies should clarify the minimal effective dose and the
magnitude of the effect in well-characterised subjects
with respect to their usual dietary intake, physical activity
and menopausal status. Background isoflavone intake in a
typical Western diet is too low to be a concern in interven-
tion trials. High phyto-oestrogen intakes can easily be
screened and monitored by using a food frequency-type
questionnaire for specific phyto-oestrogen-rich foods,
whereas high phyto-oestrogen consumption can easily be
avoided by restricting consumption of relatively few
well-defined products (foods and supplements). Regarding
the outcomes, the most appropriate markers to study the
potential effects of phyto-oestrogens on bone metabolism
are bone ALP, PINP and total urinary pyridinium cross-
links. BMD by DXA is the method of choice to monitor
bone changes, especially when combined with new tech-
niques to assess the micro-architecture of bone. Finally,
polymorphisms in ERa and ER(3, usual diet and the
pattern of physical activity may be partially responsible

for variations between individuals in the response to nutri-
tional phyto-oestrogens.
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