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Abstract. The ability to assess a patient’s risk of fracture
is fundamental to the clinical role of bone densitometry.
Fracture discrimination is quantified by the relative risk
(RR), defined as the increased risk of fracture for a 1
standard deviation decrease in bone mineral density
(BMD). The larger the value of RR, the more effective
measurements are at identifying patients at risk of
fracture. Epidemiological studies show that RR values
for predicting the risk of any fracture are approximately
the same for all BMD measurement sites. In this study,
we show theoretically that this interesting observation is
predictable and a consequence of two related observa-
tions: (1) that fracture prediction by BMD measurement
sites distant from the fracture site is quantitatively ex-
plained by the correlation of BMD measurements and
(2) that all correlation coefficients between distant BMD
sites are comparable, with values in the range
r = 0.55—0.65. The first of these conditions (referred to
as the correlation hypothesis) is important because it sets
a lower limit on the RR values at distant BMD sites on
the assumption that measurements at these sites contain
no independent information about fracture risk over
and above that provided by their correlation with the
fracture site BMD. If the correlation hypothesis is true,
the present study points to the importance of the cor-
relation coefficient between BMD sites as a key index
that is indicative of the ability of different types of
measurement to predict fracture risk. If, on the contrary,
the correlation hypothesis is not valid, there is scope to
improve bone densitometry by further studies to better
identify those measurements that do provide indepen-
dent information about fracture risk and how best to
integrate this information with existing techniques to
improve decision making.
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Osteoporosis is widely recognised as a serious problem
in public health. Increased awareness of the impact of
fractures on the lives of elderly people [1], the costs of
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healthcare [2], and the availability of new treatments
[3—5] have all contributed to a growing demand for
bone densitometry services. Today, scans to measure
bone mineral density (BMD) have an essential role in
the evaluation of patients with osteoporosis [6]. Often,
the preferred method of investigation is to measure hip
and spine BMD using dual X-ray absorptiometry
(DXA) [6—8]. The reasons for this choice include the
fact that hip BMD is the best predictor of hip fracture
risk [9, 10], the use of spine BMD for monitoring
treatment [11], and the consensus that spine, hip, and
forearm BMD results should be interpreted using the
World Health Organisation (WHO) definition of oste-
oporosis of a T-score of —2.5 or below [8, 12].

In addition to axial DXA systems that measure spine
and hip BMD, a variety of devices for measuring sites in
the peripheral skeleton are available [13, 14]. These in-
clude peripheral DXA (pDXA) systems for the forearm,
heel, or hand and quantitative ultrasound (QUS) devices
for measurements in the heel and other peripheral sites.
Because osteoporosis is common and usually managed
in primary care, there is a need for cheaper and more
convenient methods of evaluating BMD than axial
DXA, and it is widely believed that peripheral devices
might fulfil this role [15, 16].

Fundamental to the clinical role of BMD scans is the
ability to assess a patient’s risk of fracture. The most
reliable way of evaluating the effectiveness of any bone
densitometry technique is through prospective studies of
incident fractures [9, 10]. Such studies are analysed using
a proportional hazards model in which the findings are
expressed as the relative risk (RR), defined as the in-
creased risk of fracture for a 1 standard deviation (SD)
decrease in BMD [9]. The greater the value of RR, the
more effective a technique is at identifying patients at
risk of fracture [17].

One of the important findings to emerge from frac-
ture studies is that when it comes to the ability to predict
the risk of fracture at any site in the skeleton, different
types of BMD measurement appear to be equally
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Fig. 1. Bar charts showing RR values and 95% CI for the
prediction of any fracture by bone densitometry measurements
at different skeletal sites. (A) Figures from the meta-analysis of
Marshall et al. [9]. (B) Results from the NORA study [18]. (C)

effective (Fig. 1). This is in contrast to the prediction of
fracture risk at a specific site when the best measurement
is one made at the fracture site itself [9, 10]. The fact that
RR values for the prediction of any fracture are
approximately the same for all BMD sites was first
suggested by the meta-analysis of Marshall et al. [9],
which found RR values of around 1.5 for spine, hip,
forearm, and heel BMD as well as heel QUS (Fig. 1A).
Subsequently, the National Osteoporosis Risk Assess-
ment (NORA) study [18] reported a similar result for
heel, forearm, and finger BMD as well as heel QUS
(Fig. 1B). These findings were confirmed by the publi-
cation of the 10-year follow-up data for the Study of
Osteoporotic Fractures (SOF) [10], which reported RR
values of around 1.4 for six different BMD sites
(Fig. 1C). With the longer follow-up time, the new SOF
study data show slightly smaller RR values than earlier
studies, although with the larger number of fractures the
statistical errors are smaller. While some sites may per-
form slightly better or worse than others, overall the
different RR values in Figure 1C are remarkably
consistent.

In this study, we show that the observation that RR
values for predicting any fracture are broadly equal for
all BMD sites is a consequence of two related observa-
tions: (1) fracture prediction by BMD sites distant from
the fracture site is quantitatively explained by the cor-
relation of the BMD measurements [19] and (2) all
correlation coefficients between distant BMD sites are
comparable, with values in the range r = 0.55—0.65
[20]. On this basis, we show that the findings
presented in Figure 1 are predictable and have a simple
explanation.
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Results from the SOF 10-year follow-up [10]. RR values are
defined as the increased risk of fracture for a 1 SD decrease in
BMD. SXA, single X-ray absorptiometry.

Material and Methods
Theoretical Analysis of Fracture Risk Prediction

We begin by considering the prediction of fracture risk at a
single site i in the skeleton by a BMD measurement made at
site j. It is convenient to express BMD measurements in terms
of their Z-scores. Z-scores are calculated by taking the differ-
ence between the measured BMD and the mean BMD for
healthy subjects matched for age, gender, and ethnic group
and dividing by the population SD. We assume that for a
group of subjects representative of the nonfracture population,
the distribution of Z-score values for the measurement site j
approximates a gaussian curve, with its peak at Z; = 0 and
SD; = 1.0 [21]: '

N(Z;) = \/Lz_nexp(—Zf/ 2)

The proportional hazards model used to analyse fracture
studies gives the following exponential equation between the
fracture risk at site i and the Z-score at site j:

7/2) » exp(—$;Z)) )

In equation 2, P;is the mean fracture risk at site / averaged over
the whole populatlon Bi; is the logarithm of the RR for the
measurement at site j to predlct a fracture at site i
[B; = In(RR;)], and the factor exp(— /3,//2) ensures that the total
number of fractures at site i is independent of the value of f8;;.
The Z-score distribution of the fracture population, N(Z)), is
found by multiplying equation 1 by equation 2. After rear-
rangement, one obtains the following:

(1)

Py(Z;) = Piexp(—

1 2
Ni(Z)) = \/—2—7_[Pi exp[—(Z; + /34'/) /2] (3)
Equation 3 shows that the Z-score distribution of the fracture
population is a gaussian curve with the same SD as the non-
fracture population and a mean Z-score of Z; = —f;

Equation 3 can be used to predict the risk of fracture at any
site in the skeleton by adding the contribution of each fracture
site. For fracture site 7, the mean Z-score of the fracture cases

at the measurement site j is Z; = —f;. The mean Z-score for
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all fracture cases is therefore equal to the sum over all sites of
the mean Z-score —f3; weighted by the fraction f of all fractures
that occur at the site (f; = P;/>_ P)):

Zjan = *Zﬁ By 4)

It follows from equation 3 that the § value f3;,, for predicting
any fracture from a BMD measurement at site j is found by
substituting f;,.; for =Z ;,,; in equation 4:

Bran="_/iBy (5)

In a previous study [19], we showed that data from frac-
ture studies are consistent with the hypothesis that fracture
prediction by BMD measurements made at sites distant from
the fracture site is explained by the correlation between the
BMD measurements at the two sites. We refer to this
assumption as the correlation hypothesis. The correlation
hypothesis is useful because it sets a lower limit on the RR
value for fracture prediction by distant BMD sites on the null
hypothesis that measurements at distant sites contain no
information about fracture risk over and above that ex-
plained by their correlation with the BMD measurement at
the fracture site. The correlation hypothesis predicts the fol-
lowing relationship between the f value f; for a BMD
measurement at the fracture site, the f value f; for a distant
BMD site, and the correlation coefficient r; between the Z-
scores of the two BMD measurements [19]:

ﬁfj =Trj ﬁij (6)

This basic prediction must be modified to allow for the
effects of the random BMD measurement errors caused by
inhomogeneities in soft tissue composition [22]. The effect of
random errors in the distant BMD measurement is to decrease
B and r;; by equal factors so that the underlying relationship in
equation 6 is unchanged [19]. In contrast, the effect of the
errors in the BMD measurements at the fracture site is to
decrease r;; and fB; by equal factors such that the relationship
for the distant BMD sites becomes f; = r; s; fis, where
s; = 6°/(c°-¢) is the ratio of the population variance o> with
and without the contribution & of the random measurement
errors [19]. After substitution in equation 5, we derive the
following relationship:

Bian = Zfi riisi Bi +Ji B (7
i#j

where the first term represents the sum over the fractures
occurring at all the distant skeletal sites and the second term,
the contribution of fractures occurring at the BMD measure-
ment site itself.

In practice, all correlation coefficients between BMD mea-
surements made at distant sites in the skeleton have similar
values, with figures in the range r = 0.55—0.65 [20]. Substi-
tuting the mean value 7 for r; in equation 7 and taking the
appropriate part of the contribution from fractures at the
measurement site into the sum over all sites, we finally obtain:

Bi.an = V(fo si Bir) + (1 = 75))f; B (8)

The random errors in BMD due to inhomogeneities in soft
tissue composition are typically about 50% of the total popu-
lation SD [22]. It follows that the value of the factor s; in
equation 8is 1/(1 — 0.5%) = 1.33. Assuming 7 = 0.6, this gives
a value of 0.2 for the coefficient (/ — 7s;) in the second term in
equation 8.

Calculation of RR for All Fractures

The estimate of f,,, given in equation 8 is dominated by the
first term, which is a sum over all fracture sites i whose value is
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independent of the particular choice of BMD measurement site

j. It follows that, with the exception of a small additional

contribution from those fractures that occur at the measure-
ment site itself expressed in the second term in equation 8, the
RR value for all fractures is constant across all BMD sites. To
evaluate this common RR value, we used data from the SOF
listing the frequency of different types of fracture and their RR
values [23]. We also used published SOF data [20] to examine
the assumption of a common value of the correlation coeffi-
cient.

There is an important proviso to the inference above that
the f value for all fractures can be calculated using equation
5. Unlike the contributions from the individual fracture
sites, the modelled curve of fracture risk against Z-score for
all fractures is not a single exponential. To evaluate the
consequences of this, the SOF data were used to calculate
the Z-score distribution of the entire fracture population.
The fracture risk curve for all fractures was fitted by a single
exponential between the Z-score limits representing the Sth
and 95th centiles of all fracture cases and the resulting value
of RR compared with the prediction from equation 5.

Value of the Correlation Coefficient between Distant BM D Sites

The explanation of the constant RR value for all fractures
across different BMD sites depends on the assumption that the
correlation coefficient between BMD measurements made at
distant sites in the skeleton is approximately the same for all
pairs of sites. While there is substantial evidence to support
this assumption [20, 24], it is restricted to comparisons between
a small number of sites such as the spine, hip, heel, and fore-
arm. To examine the evidence for a larger number of sites, we
examined BMD measurements obtained from spine, hip,
forearm, and total body DXA scans in a study of 422 healthy
white female twins aged 21—80 years [25]. The scans were
performed on a QDR4500 (Hologic, Bedford, MA) and the
data examined to determine values of the Z-score correlation
coefficient between the measurements at the different BMD
sites including all the subregions of the total body scans
(lumbar spine, thoracic spine, pelvis, head, ribs, arms, and
legs). Since reference data were not available for the total body
subregions, Z-scores were calculated using the 10-year running
mean of the BMD data.

Results

Data on the incidence of fractures at different sites, the
values and 95% confidence intervals (Cls) taken from
the SOF study 2-year follow-up [23] were substituted in
equation 5 to calculate RR values for prediction of any
fracture for measurements of BMD at the distal radius,
proximal radius, and calcaneus. The results (and 95%
CIs) were as follows: distal radius BMD = 1.54
(1.44—1.66), proximal radius BMD = 1.44 (1.35—1.54),
and calcanecus BMD = 1.55 (1.44—1.66) (Table 1). As
explained above, equation 5 does not allow for the fact
that the dependence of fracture risk on Z-score for all
fractures is no longer exactly a single exponential. RR
values were therefore recalculated by substituting the
same data in equation 2, adding the contributions from
all the different fracture sites and fitting the resulting
curves of total fracture risk against Z-score with a single
exponential between the 5th and 95th centiles for all
incident fractures. The three curves showed a close fit to
a single exponential (> = 0.9981, 0.9988, and 0.9986
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Table 1. An example of the use of equation 5 to calculate RR values for calcaneus, proximal radius, and distal radius BMD for

prediction of any osteoporotic fracture®

Fracture site  Number of women (%) Calcaneus RR (95% CI) Proximal radius RR (95% CI) Distal radius RR (95% CI)

Wrist 171 (19.3%) 1.76 (1.49-2.09)
Foot 91 (10.3%) 1.39 (1.11-1.75)
Ankle 81 (9.2%) 1.11 (0.88—1.39)
Humerus 79 (8.9%) 1.85 (1.44—2.38)
Hip 78 (8.8%) 1.70 (1.32—2.19)
Vertebra 67 (7.6%) 1.70 (1.30—-2.22)
Rib 62 (7.0%) 1.53 (1.16—2.01)
Toe 56 (6.3%) 1.39 (1.04—1.85)
Elbow 43 (4.9%) 1.25 (0.90—1.72)
Finger 29 (3.3%) 1.15 (0.78—1.70)
Leg 27 (3.1%) 1.73 (1.12—-2.67)
Patella 27 (3.1%) 1.77 (1.14-2.75)
Pelvis 26 (2.9%) 2.44 (1.55-3.84)
Hand 22 (2.5%) 1.63 (1.00—2.63)
Face 15 (1.7%) 1.10 (0.64—1.88)
Clavicle 10 (1.1%) 1.10 (0.57-2.11)
Any site 884 (100%) 1.55 (1.44—1.66)

1.63 (1.39—1.90)
1.29 (1.04—1.59)
1.14 (0.90—1.43)
96 (1.56—2.47)
42 (1.12—1.80)
40 (1.09—1.80)
.54 (1.19-2.00)
39 (1.06—1.82)
.18 (0.87—1.61)
.08 (0.74—1.59)
52 (1.03-2.25)
32 (0.89—1.97)
61 (1.08—2.40)
1.69 (1.10—2.62)
0.99 (0.58—1.69)
1.96 (1.03—3.72)
1.44 (1.35-1.54)

1.82 (1.53-2.16)
1.43 (1.14—1.80)
1.11 (0.88—1.39)
2.04 (1.57-2.65)
1.46 (1.13—1.88)
1 (1.15-1.98)
0 (1.35-2.41)
4 (1.15-2.05)
5(0.84—1.59)
2 (0.83—1.79)
7 (1.27-3.05)
5(0.82—1.91)
30 (0.86—1.97)
1.87 (1.15—1.68)
0.99 (0.59—1.68)
2.63 (1.23-5.62)
1.54 (1.44—1.66)

1.
1.
1.
1.
1.
1.
1.
1.

? Data for RR values at individual fracture sites taken from the SOF 2-year follow-up [23]

for distal radius, proximal radius, and calcaneus,
respectively), and the RR values agreed well with those
calculated from equation 5 (distal radius BMD 1.54,
proximal radius BMD 1.44, calcaneus BMD 1.54).

If it is accepted that equation 5 gives a reasonably
accurate estimate of the RR values for the prediction of
any fracture, we have shown that two further steps are
required to explain the observation in Figure 1 that RR
values for the prediction of any fracture are approxi-
mately constant for different BMD measurement sites.
These are the correlation hypothesis and the constant
value of the correlation coefficient between distant BMD
sites. The evidence for the correlation hypothesis has
been presented previously [19] and will not be discussed
in detail again here. Instead, we concentrate on the
second requirement, the constant value of the BMD
correlation coefficient.

Statistically, some of the most accurate data for
correlation coefficients between different BMD sites are
those published for over 7,600 postmenopausal white
women enrolled in the SOF [20]. It is notable that the
SOF correlation coefficients between the more distant
BMD sites in the skeleton (spine, hip, forearm, and heel)
fall within a relatively narrow range (r = 0.53—0.67,
Fig. 2). In contrast, the correlation coefficients for
adjacent sites (e.g., the different regions of interest in the
hip) are consistently larger (r = 0.76—0.90) [20].

Data for a wider range of sites across the skeleton
were provided by the twin study. However, since sub-
jects in the latter study had a wide range of ages (21—81
years) compared with the SOF (age 65 years and over),
the effect of the age difference on the resulting correla-
tion coefficients was examined by comparing the results
for the twin and SOF studies for the measurement sites

they had in common (spine, femoral neck, total hip, and
distal radius) (Fig. 3). The results showed that, provided
the Z-score correlation coefficient data were used for the
twin study, the effects of the wide age range were
minimised and the two sets of correlation coefficients
were consistent within the limits set by the statistical
errors.

Results from the twin study for the Z-score correla-
tion coefficient between the different subregions in the
total body scans (Fig. 4A) and between the total body
subregions and PA spine, hip, and forearm BMD
(Fig. 4B) were plotted for comparison with the SOF
data in Figure 2. Results for head BMD were system-
atically low compared with the other correlation coeffi-
cients and varied from r = 0.38 (head vs. femoral neck
BMD) to r = 0.53 [head vs. posteroanterior (PA) spine
BMD]. However, when the head site was excluded, the
values between the other six total body subregions
(arms, ribs, thoracic spine, lumbar spine, pelvis, and
legs) varied between r = 0.51 and 0.69 (Fig. 4A), in
good agreement with the SOF data (r = 0.53-0.67,
Fig. 2). When the spine, hip, and forearm BMD Z-
scores were compared with the total body subregions,
the correlation coefficients were r = 0.49-0.74
(Fig. 4B, excluding the high value r = 0.90 between the
PA spine BMD and the equivalent lumbar spine region
on the total body scans).

Values of the correlation coefficients were smoothed
by plotting the mean value of r between each total body
subregion and each of the other six subregions
(Fig. 5A). The mean values of the correlation coefficient
between the PA spine, femoral neck, total hip, and distal
forearm and the seven total body subregions are also
shown in the same figure. As noted above, the lowest
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value was for head BMD (r = 0.47), while for other
regions the mean varied between r = 0.53 and 0.61 for
the total body subregions and r = 0.53 and 0.66 for the
PA spine, hip, and forearm BMD. There is a trend in the
data shown in Figure 4A for correlation coefficients
between adjacent total body subregions to be slightly
larger than those between more distant sites. Subregions
were therefore ranked in the order arms, ribs, T spine, L
spine, pelvis, and legs; and values of the mean correla-
tion coeflicient for adjacent sites (i.e., pelvis and legs),
sites twice removed (i.e., lumbar spine and legs), etc.
were plotted (Fig. 5B). Values decreased from r = 0.63
for adjacent sites to r = 0.55 for the most distant pairs.

Discussion

The ability to assess a patient’s risk of fracture is fun-
damental to the clinical role of bone densitometry. The
most reliable way of establishing the effectiveness of any
type of BMD measurement is through prospective
studies of incident fractures. Epidemiological studies
verify fracture discrimination by showing that the RR
value is statistically significantly greater than 1.0. The
statistical quality of the available data was improved by
the publication of the SOF 10-year follow-up study [10].
With several hundred fractures recorded at each of the
principal sites (hip, wrist, and spine) and over 2,000
fractures at all sites, the errors in the RR values are
smaller than those of previous studies. The new data
confirm with a high degree of statistical significance that
hip BMD is the most effective predictor of hip fracture
risk. They also allow for the first time evaluation of the
quantitative contribution of the correlation between

Calcaneus

Distal radius

Femoral neck

Fig. 2. Values of the correlation coefficient
between BMD measurements in four distant
regions of interest in the skeleton (hip, spine,
forearm, and heel) for 7,600 white women

aged 65 years and over enrolled in the SOF
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Fig. 3. Comparison of correlation coefficient values between
the same four regions of interest in the skeleton (PA spine,
femoral neck, total hip, and distal forearm) for the SOF pop-
ulation [20] and the twin study population [25]. For the twin
study population, the Z-score correlation coefficient was plot-
ted to reduce the effect of the wide age range of the subjects.
The dashed line shows the line of identity.

BMD measurements to fracture prediction by mea-
surement sites distant to the fracture site. After allowing
for the effect of random errors arising from variations in
soft tissue composition on the estimates of RR and
measurements of the correlation coefficients between
different BMD sites, the SOF 10-year data for hip, wrist,
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and spine fractures were shown to be consistent with the
predictions of the correlation hypothesis [19].

The SOF 10-year data confirm with improved sta-
tistical accuracy earlier reports that RR values for the
prediction of any fracture are approximately constant
for different BMD measurement sites (Fig. 1C). The
average RR value of 1.4 is rather smaller than the figures
from the Marshall et al. meta-analysis [9] and the
NORA study [18] and reflects the longer follow-up
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Fig. 4. (A) Values of the Z-
score correlation coefficient
between BMD measurements
in the seven subregions of the
total body DXA scans (head,
arms, ribs, thoracic spine,
lumbar spine, pelvis, and legs)
for the twin study population.
(B) Values of the Z-score
correlation coefficient
between BMD measurements

PA Spine in the PA spine, femoral neck,
Femoral Neck  and distal forearm and the
Forearm same seven subregions of the

total body scans for the twin

Legs study population.

period. Although there is evidence in the data that there
may be small but real differences between some BMD
sites, it is the relative constancy of the RR values that is
the most striking feature of Figure 1C.

The present study has shown that the constant RR
values at different BMD sites for predicting any fracture
can be explained if (1) the correlation hypothesis is valid
and (2) the correlation coefficients between distant BMD
sites are equal. Although both these propositions are
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Fig. 5. (A) Mean values of the Z-score correlation coefficient
between each total body subregion and the remaining six
subregions. Mean values of the correlation coefficient between
the PA spine, femoral neck, total hip, and distal forearm and
the seven total body subregions are also shown. (B) Mean

approximations, they are useful because they provide
insight into some of the limitations that constrain the
clinical effectiveness of bone densitometry.

The evidence for the correlation hypothesis has been
discussed elsewhere [19] and will not be repeated here.
Instead, we concentrate on the values of the correlation
coefficient between different BMD measurement sites.
Values for distant sites in the skeleton, such as the hip,
spine, forearm, and heel, lie in the range r = 0.55—0.65
(Fig. 2), while correlations between adjacent sites are
rather higher. The SOF data plotted in Figure 2 were
included here because of their small statistical errors due
to the large number of subjects [20]. For the data plotted
in Figure 2, the 95% ClIs in the correlation coefficients
are approximately £ 0.015. With such small errors, there
are undoubtedly real differences in the correlation
coefficients between the different sites in Figure 2.
Nevertheless, as with the RR data in Figure 1C, it is the
relative constancy of the correlation coefficient that is
the most striking feature of Figure 2.

To examine the values of the correlation coefficient
over a wider range of skeletal sites, total body BMD
data from a study of white female twins [25] were
analysed. There were not enough older twins in the same
age range as the SOF subjects to allow an analysis with
sufficiently small statistical errors. However, by analy-
sing the twin study data over the whole age range to
evaluate Z-score rather than T-score correlation coeffi-
cients, the effects of the wide age range were minimised
(Fig. 3). We were thus able to show that the correlation
coefficients between the different total body subregions
(Fig. 4A) and between the PA spine, hip, and forearm
BMD and the total body subregions (Fig. 4B) lay in the
same range as the SOF data in Figure 2. There are some

values of the Z-score correlation coefficient between adjacent
(i.e., once removed) subregions on the total body DXA scans,
twice removed, etc. For this analysis, the total body subregions
were placed in the order arms, ribs, thoracic spine, lumbar
spine, pelvis, and legs and the head was excluded.

provisos to this general conclusion. Correlations
including head BMD were lower than the general trend
(Fig. 5A) and, as with the SOF data, there was a trend
for adjacent sites to correlate slightly better than more
distant sites (Fig. 5B).

The present study has important limitations. The
three propositions we have attempted to relate are only
approximations: (1) the constancy of the RR values at
different BMD sites for predicting fracture risk at any
skeletal site; (2) the explanation of RR values for pre-
dicting fracture risk at distant sites by BMD correlation;
and (3) the constancy of the correlation coefficient be-
tween distant BMD sites. As stated previously [19], it is
important that the correlation hypothesis is examined
using raw fracture data from the SOF. In addition, we
were not able to examine the probable variation of both
the RR values and the BMD correlation coefficients
with the age of the subjects. Other limitations include
the assumptions that the distribution of Z-score values
follows a gaussian function and that the variation of
fracture risk with Z-score is exponential, which are also
approximations. Finally, we have assumed that total
body DXA scans provide subregion BMD results that
are accurate enough to obtain reliable values of the
correlation coefficients.

If the arguments provided in the present study are
valid, they point to the importance of the correlation
coefficient between different BMD measurement sites as
a key index that is predictive of the ability of different
techniques to identify patients at risk of fracture. For
example, it is the narrow range of values of the corre-
lation coefficient between BMD measurements at dif-
ferent sites that leads to the prediction that such
measurements should have comparable power to predict
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the risk of any fracture. Conversely, types of measure-
ment that correlate significantly better or worse with hip
and spine BMD than those discussed here would be
expected to perform better or worse in the prediction of
fractures at distant sites. Consistent with this expecta-
tion, some types of ultrasound measurement that cor-
relate poorly with central BMD have also been shown to
be less effective at predicting fracture risk [26, 27]. For
the same reason, we expect that the ability of bone
densitometry techniques to predict fracture risk could be
improved by the development of new methods that
correlate better with BMD in the central skeleton. This
might be achieved, for example, by novel methods that
attempt to reduce the accuracy errors associated with
the variations in soft tissue composition [28].

If, on the contrary, the correlation hypothesis is not
valid, the clinical effectiveness of bone densitometry
could be improved through further studies to more
reliably identify those techniques that are capable of
providing independent information about fracture risk
and how best this information might be integrated with
existing methods. The best-known counterexample to
the correlation hypothesis is the use of heel ultrasound
measurements to predict hip fracture risk. Two reports
have presented evidence that, after correction for fem-
oral neck BMD, heel QUS is an independent predictor
of hip fracture risk [29, 30]. However, more recent QUS
data with larger numbers of fracture cases show smaller
RR values that appear to be consistent with the corre-
lation hypothesis [31].

In summary, we have shown that the well-known
observation that RR values for predicting the risk of any
fracture are comparable for different BMD measure-
ment sites has a simple explanation. If valid, this
explanation provides further evidence to support the
correlation hypothesis. If the correlation hypothesis is
true, it points to the correlation coefficient between
different bone densitometry techniques as a useful guide
to their likely effectiveness at predicting fracture risk.
Bone densitometry techniques can be improved either by
developing novel methods that correlate better with
existing measurements or by studies to more reliably
identify methods that provide independent information
about fracture risk.
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