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Abstract

Introduction—In order to circumvent the inconsistencies and limitations with using the T-score
when defining osteoporosis we propose using 95% Lower Limit of Normal (LLN) values derived
from centered polynomial models using the NHANES Il BMD measures. The main aim of this
study was to compare the two methods in prediction of fracture and agreement in osteoporosis
classification using cohort data.

Methods—We compared the fracture prediction ability of the two methods using a single BMD
measurement in 4,948 white women aged 67-74 years in the SOF employing kappa statistics,
sensitivity and specificity.

Results—The T-score provided inconsistent osteoporosis classification (46.6%) across the five
hip regions of interest (ROIs) and this was significantly (p<0.0001) reduced when using the LLN
method (36.5%). Kappa statistics of incident fracture during 12 years of follow up related to the
prevalence of osteoporosis at baseline was significantly improved using the LLN method
compared to using T-score. Sensitivity and specificity for fracture based on a single BMD
measurement of different hip ROIs were more consistent using the LLN method.

Conclusion—The LLN method provides a more consistent and efficient method for osteoporosis
fracture prediction than the T-score in 67—74 years old white women.
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Introduction

Bone mineral density (BMD) has been recognized as the best predictor of a future
osteoporotic fracture [1]. The original WHO classification system using T-score as a method
to define osteoporosis, was devised as a public health tool for evaluating the prevalence of
osteoporosis in populations of postmenopausal women, was initially not intended to be used
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to make clinical treatment decisions [2, 3]; however, in the absence of a better diagnostic
tool, it has been widely used clinically to classify individual patients [4].

Several studies have questioned the efficiency of the T-score in clinic practice [5-11]. In
recognizing BMD as most important component when defining osteoporosis, we attempted
to seek a better method to interpret BMD in term of osteoporosis and fracture risk. Our
previous study explored the best statistical model to derive normative BMD values at
various hip ROIs using the data from a “bone healthy” population in NHANES |11, and we
proposed the 95% lower limited of normal (LLN) method derived from the best centered
polynomial model as a new osteoporosis diagnosis method [12]. The aim of the current
study was to investigate the magnitude of discordance in the prediction of osteoporosis
fracture in white women using a single BMD measure by applying these two diagnostic
approaches to a prospective cohort from the Study of Osteoporotic Fracture (SOF) study.
We also examined whether combining BMD values derived from different hip ROls could
increase the prediction power of a single DXA BMD measure of future fractures in a
screening setting.

Materials and Methods

The Third National Health and Nutrition Examination Survey (NHANES lIIl)

NHANES 111 include a representative sample of the civilian, non-institutionalized US
population collected by the National Center for Health Statistics and Centers for Disease
Control and Prevention between 1988 and 1994. The plan of operation and sampling scheme
are described in detail elsewhere [13]. The BMD measurements of the total region, femoral
neck, trochanter, intertrochanter, and Ward’s triangle, were made by dual-energy X-ray
absorptiometry (DXA) using Hologic QDR 1000 densitometers (Hologic, Waltham, Mass,
USA). All of these hip regions of interest (ROI) have been used in the present study. BMD
from other regions are not available in NHANES I11. Subjects who reported smoking fewer
than 100 cigarettes in their lifetime were classified as non-smokers; otherwise, subjects were
classified as smokers. Physical inactivity was defined as no leisure-time physical activity
during the month prior to the survey. Subjects were regarded as physically inactive if they
had not participated in any activities the prior month.

Only “bone healthy” white women in NHANES 111 were included in this study to develop
the best model to predict normative BMD and to derive the LLN model. Subjects not
considered as “bone healthy” were excluded; if they had conditions affecting bone
metabolism, such as rheumatoid arthritis, osteoporosis, osteoporotic fracture, thyroid
disease, diabetes, cancer, kidney diseases, ovaries removed or menopause before age 40.
Also excluded were subjects who had been receiving estrogens, insulin or diabetes or
osteoporosis medication. Subjects under 20 years of age were excluded because BMD
measurements were not available. Considering that the mean life expectancy of white
females is 81 years in the USA [14], subjects over 74 years of age were excluded to omit
“supernormal” elderly survivors. To ensure sufficient sample size, smoker and persons with
sedentary life styles were not excluded, but smoking and physical inactivity were adjusted in
the models.

Study of Osteoporotic Fractures (SOF)

The SOF data up to 7! clinic visit were employed to have sufficient power to compare the
ability of predicting fracture between the LLN and the-score. Sampling procedure, inclusion
and exclusion criteria, data collection procedures are referenced elsewhere [15, 16]. Only the
BMD measurements (g/cm?) of total hip and its sub-regions (the femoral neck,
intertrochanteric region, trochanter, and the Ward’s triangle) were used in this study. DXA
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BMD measurements from the 2" SOF clinic visit are used as baseline for the data analysis
presented in the current study since single photon absorptiometry were used at the first visit
[16]. The method for identifying fractures in SOF has been described in detail elsewhere
[15]. In the current study, fractures that occurred because of major trauma such as motor
vehicle accidents were excluded, all other non-vertebral fractures occurring after the 2nd
clinic visit were included. Non-smokers were defined as the same as in NHANES I1I.
Sedentary life style was defined as no physical activities or sports during the past 12 months.

Modeling in NHANES Ill—Separate models were developed for each hip ROIs. For all
models body weight was selected instead of height or body mass index (BMI) during the
variable selection process. The appropriate formulas of the normative regression models
were developed using traditional statistical model selection techniques based on partial F-
tests. The interaction term of age and body weight, the quadratic term of age, and the cubic
term of age were added in turn and tested until no further significant polynomial terms were
accepted in the model. Various powers of body weight were not included in the model,
because partial F-tests for these terms indicated that they were not significant.

STATA 10 (College Station, TX) was used to take into account the sampling weight and
design effects of the NHANES 111 data. Residual diagnostic plots were developed to check
model assumptions. Centered predictors were used as a special solution addressing
multicollinearity problems in polynomial regression models. The Variance Inflation Factor
(VIF) measures the impact of collinearity among the variables in a regression model. In this
study, a VIF <10 was considered to be acceptable.

BMD Normative Value and LLN method—The Normative BMD values were derived
from the best model in non smokers and physical active subjects. One-sided lower 95%
prediction intervals from the best model in non smokers and physical active subjects were
considered as the threshold of low BMD, and were used to determine Lower Limits of
Normal (LLN) of BMD for intervention threshold of osteoporosis. Plots of residuals versus
age were employed to check homogeneity of variance for residuals in the model.
Logarithmic transformations were used to stabilize the variance when necessary. The
equation to calculate LLN is: LLN=predicted value-1.645*standard error. The trends of
normative value (or LLN) versus age (or weight) were explored by setting body weight (or
age) at different fixed levels.

Analysis of SOF data—We used the WHO criteria as well as the LLN method to classify
the white women in the SOF study as osteoporotic or non osteoporotic according to the
DXA BMD taken at their 2" clinical visit. With the T-score method, using the WHO
criteria and the reference BMD values presented by Looker et al [17] from the NHANES
study, women were classified as having osteoporosis if the T-score was less than -2.5. The
young adult mean reference BMD values in Ward’s triangle were not available in the
Looker et al study, so it was calculated using the method described in their original study.
The mean and standard deviation of reference Ward’s triangle BMD values in white women
(20-29 years old) in NHANES 111 are 0.734 and 0.117 (g/cm?), respectively. Using the LLN
method, women were classified as osteoporosis if her BMD was below the corresponding
age and weight adjusted LLN value.

Mean and standard deviation were used to describe the distribution of BMD in the SOF
study population. Pearson’s correlation coefficients were used to evaluate the association of
BMD values from the different hip ROls. Kappa statistics were used to study the agreement
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between the later fracture occurrence in this cohort and the classification of osteoporosis at
the 2" visit by the T-score and the LLN methods.

SAS 9.0 (SAS Institute, Cary, NC, USA) was employed to conduct the data analysis for the
SOF data. The statistical significance level was set at 0.05 throughout the study.

Modeling in white women aged 20-74 years in NHANES IlI

The best model derived from “bone healthy” white women age 20—74 years in NHANES is
age centered polynomial model for all five hip ROIs studied. Plots of residuals versus age
show homogeneity of variance for residuals in each model (data are not shown).
Multicollinearity problems between age and its quadratic term were presented in polynomial
models yielding VIFs much larger than 10, however, these multicollinearity problems were
greatly reduced using centering methods resulting in final VVIFs below 10. The coefficients
of the best models identified in white women aged 20-74 years in NHANES 111 are
summarized in table 1.

BMD Normative Value and LLN value

Using the best models identified in this study and by setting body weight at the mean level
of white women for each age category, normative BMDs at various hip ROIs were plotted
against age (figure 1A). Different patterns of hip ROl BMDs versus age indicate different
BMD declining patterns with age for each ROI at the hip. As shown in figure 1B, there is a
significant decline in the normative BMD and the corresponding LLN value with age for
body weight, here illustrated with weight set at 60, 80 and 100kg. Figure 1C demonstrates
that the normative BMD of femur neck and the respective LLN increase with increasing
weight in white women when age is set at 20, 40 and 60 years. These data demonstrate that
normative BMD and LLN values are determined by both age and weight. This highlights the
importance that two women would need the same age and weight to have the same BMD cut
point for an osteoporosis diagnosis. Tables and formulas providing the normative BMD and
corresponding LLN that we proposed as a new diagnostic BMD cut-point can be developed
for each ROI for osteoporosis diagnostics.

BMD measurements in SOF study

A total of 4,948 white women in the SOF study were between 67 and 74 years of age at the
24 visit. Mean BMD values with corresponding standard deviation are shown in the first
row of table 2. Correlation coefficients between BMD parameters measured at different hip
ROIs are shown in the second row of table 2. The correlation coefficients ranged from 0.764
between the trochanter ROl BMD and the femur neck BMD to 0.984 between the
intertrochanter ROI BMD and total region BMD, which shows strong correlation between
the BMD mean values of different hip ROIs.

Classification of osteoporosis

As shown in figure 2, using the T-score method, the prevalence of osteoporosis varied in this
study population from 12.4% (total hip BMD) to 52.0% (Ward’s triangle BMD). However,
using the LLN method, the prevalence of osteoporosis at different ROISs is less variable,
between 27.7% (total region) and 33.4% (Ward’s triangle). The overall incidence of non-
spinal non-traumatic osteoporosis fracture during the 12 years of follow-up in this
population was 30.2%. This is more consistent with the predictions of the DXA BMD value
using the LLN method than the T-scores (Figure 2). As shown in figure 3, using the LLN
method, the percentage of women consistently classified by all five measurement sites is
63.6%: 48.6% were classified as normal and 14.9% classified as osteoporotic; however if
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using the WHO criteria, only 53.4% of women were consistently classified by all five
measurement sites: 47.4% were classified as normal and mere 6.0% classified as
osteoporatic.

Fracture outcome versus diagnostic classification

Another important aspect is whether a diagnostic method reflects future patient prognosis.
Kappa statistics between incident fracture and earlier osteoporosis classification by T-score
and LLN methods, and correspond 95% Cls are shown in the third row of table 2. The kappa
statistics between fracture and diagnosis of osteoporosis using the LLN method are
statistically significantly higher than those using the WHO criteria. The 95% Cls do not
overlap, except for the Ward’s triangle, for which the kappa statistics are similar.

Figure 2 demonstrates that the percentage of fractures during the follow-up is more
consistent with the diagnostic classification obtained by the LLN method than with the
WHO criteria in this study population. Figure 4 compares the sensitivity, specificity, and the
positive and negative predictive values for any future osteoporotic hip and/or spine fracture
for each measurement by the two classification methods. Sensitivities, specificities and
negative predictive values of the various hip ROIs are more consistent across the ROIs when
using the LLN method compared to the WHO t-score.

The relative risk for fracture in women with low BMD compared to all the non-osteoporotic
women in the current study vary from 1.52 (femur neck) to 1.68 (total region), according to
WHO diagnostic methods. When using the LLN method, the relative risk is more consistent,
ranging from 1.52 (Ward’s triangle) to 1.56 (total region) (data not shown). The LLN
method improves agreement in classification of osteoporosis and provides homogeneity of
sensitivity.

Combination of measurements on diagnosis

Both methods provide some inconsistency in patient classification; however the results using
the LLN method are more constant with future fracture. Table 3 shows the relative risk of
osteoporotic fracture as a function of the number of osteoporotic ROI sites identified in one
hip scan, in reference to women without any osteoporotic BMD values. The risk of fracture
increased with the number of osteoporotic skeletal sites at the hip using both the WHO
criteria and the LLN method (Armitage trend test, p<0.001). This suggests that a total
assessment of all hip ROIs from a single hip DXA BMD measure improve the evaluation of
the prognosis of a patient.

Discussion

This study demonstrates that a BMD defined osteoporosis cut off value obtained by a single
BMD measurement using the LLN method provides better prediction of a future fracture
than the WHO T-score in a white postmenopausal 67—74 years old female population. The
LLN method has better agreement between the classification of the initial BMD level and
the incidence of fracture than the WHO criteria for all the hip BMD ROls except for Ward’s
triangle. This study also shows that the LLN method improves the diagnostic consistency
compared to the WHO T-score method in white women after age 65 years. Several other
studies have addressed the concerns related to diagnostic inconsistency when using the
WHO classification, particularly in the age group currently assessed [18-22]. The variable
use of normative populations to calculate the young adult BMD mean are a source of
inconsistencies in classification based on T-scores [21, 23, 24] and The International
Committee for Standards in Bone Measurement has recommended the adoption of hip BMD
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measurements from young subjects from NHANES 111 [16, 25], as the global standardized
reference population for white women.

Some studies have argued that a replacement of the T-score —2.5 criterion by more precise
cutoff levels could remedy the inconsistent diagnosis obtained by the WHO criteria [26, 27].
Given very inconsistent prevalence (figure 2) and sensitivity (figure 4) in different ROls
when using the WHO criteria, a single cut-off value of T-score is apparently no suitable. To
avoid the variation problem of the T-score on different ROIs, the International Society for
Clinical Densitometry guidelines recommended [27-29] excluding Ward’s triangle.
However, our study demonstrates that a BMD measurement in Ward’s triangle has similar
diagnostic value as other hip ROIs when appropriate statistical models are used.

Risk-based diagnostic criteria developed by Lu et al have been demonstrated to be more
consistent than the WHO criteria [30]. However, they used the same data to build and to
evaluate the model, which could introduce some biases in favor of their model. Although
they used a 10-fold cross-prediction method in order to reduce bias, potential bias could not
be eliminated. Their model can only be used for white women over the age of 65. We used
cross-sectional data from NHANES I11 to identify the best models and then derived the LLN
values, which may be applied to all gender-, race- specific populations (20-74 years for the
white women and age between 20-65 years for men and other race ethnic groups) [12]. The
presented evaluation of the LLN method using the SOF data has shown that this method
offers a more consistent diagnosis and greater accuracy in prediction of future fracture in
65-74 years old white women. Further longitudinal studies from other gender, race and age
populations are warranted to fully evaluate the LLN method vs. T-score in classification of
osteoporosis followed by a single BMD measurement. Consistent with an earlier study [30],
combining the results of BMD assessments at more than one hip ROI significantly increases
prediction of fracture risk, the relative risk increases with the number of ROIs with lower
BMD.

According to osteoporosis definition [31], both bone mass (measured by BMD) and bone
quality are major components. The reason that T-score could not well explained fracture risk
because partial risk was captured by bone quality. There are no satisfactory clinical tools
available to assess bone quality independently of bone density. LLN method used defined
bone-healthy populations of various gender, race and age as reference group (with lowest
fracture risk). In the reference groups, bone quality may be somehow different due to
genetic variation. To be eligible to enter the defined bone healthy population, people who
has lower bone quality have to have higher BMD, on the other hand, people who has higher
bone quality can enter this reference group with relative lower BMD. Therefore, LLN
method, developed from the best statistical model from the reference populations could
capture partial risk that belong to bone quality, by adjusting BMD reference value in the
bone healthy population.

For any given T-score, it has been reported that different age has different fracture risk; the
elderly has much higher risk than the young [32], which indicated an optimal interpretation
of BMD (in term of fracture risk) should incorporate age. On the other hand, different body
weight may need different BMD to support, therefore, including age and its quadratic term
(when significant) in the model, as well as body weight, are beneficial when develop a
method to classify osteoporosis basing on a single BMD measurement and might overcome
the limitations of the T-score.

In recognizing the limitation of T-score, recently WHO developed FRAX models, which
used multiple risk factors, includes T-score to predict absolute risk of fragile fracture [33].
Assessment of fracture risk should encompass all aspects of risk and the intervention should
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not be guided solely by BMD. Giving the fact that LLN method is better than T-score to
interpret BMD in term of fracture risk, using LLN instead of T-score may enhance FRAX
model performance.

In conclusion, our study presents the development of a new osteoporosis prediction model
using a national representative population and evaluates and compares the diagnostic
classification impact of the new model to the established WHO criteria. Using the SOF
cohort data providing 12 years of incidence fractures, we demonstrated that the LLN method
is more consistent and efficient for osteoporosis diagnosis in white postmenopausal women.
Unlike the lack of generalization of the T-score method to nonwhite populations, the best
statistical model and the corresponding LLN diagnosis tool could be developed from various
race/ethnicity and gender populations and could be used to diagnosis osteoporaosis in these
populations. Longitudinal studies are required to fully evaluate and compare the ability of
the LLN methods with the T-score method in predicting future fractures in men and women
of different race/ethnicity.
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Figure 1.

Plots of normative BMD and LLN values for hip ROIs versus age or weight, derived from
the best models identified using BMD measures of 20—74 years old bone healthy white
women in the NHANES 111 study.
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Figure 2.

Prevalence of osteoporosis as identified by T-score and the LLN method in 4,948 white
women aged 67~74 years at the second visit in the SOF study, and the incidence of fracture
during the 12 years follow-up.

Osteoporos Int. Author manuscript; available in PMC 2012 March 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

WU et al. Page 11

WHO

LLN

|
0 20 40 60 80 100
Distribution of low BMD sites, %

Number of ROIs with low BMD
Oo B5 K4 A3 N2 [E1

Figure 3.
Distribution of the number of osteoporotic Region of Interest (ROI) hip sites identified by T-
score and the LLN method among 4,948 white women aged 67 — 74 years in the SOF study.
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Figure 4.

Sensitivity, specificity, PPV (positive predictive values) and NPV (negative predictive
value) for osteoporosis fracture by hip Region of Interest (ROI) sites using T-score and the
LLN method in 4,948 white women aged 67—74 years in the SOF study.
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