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ABSTRACT
Osteoporosis and osteopenia are diagnosedmost commonly by evaluating the lowest T-score of BMDmeasurements, typically taken
at three sites: the L1-L4 lumbar spine, femoral neck, and total hip. This study aimed to evaluate the effect of using all three BMDmea-
surements and multivariate statistical theory to evaluate how the diagnoses of osteoporosis and osteopenia change in simulation
studies and in real data. First, it was found that the T-scores from these three BMD measurements rarely give concordant diagnoses
using the same World Health Organization (WHO) and International Society for Clinical Densitometry (ISCD) guidelines, so that the
diagnosis strongly depends on the BMD sites measured. Next, strong correlations were found between the BMD measurements at
different sites within the same person, which resulted in increased congruence/concordance between the diagnoses obtained from
the BMD T-scores. Multivariate statistical theory was used to show that the joint distribution of the BMD T-scores at different sites fol-
lows a multivariate t distribution and found that the marginal distribution of any BMD T-score follows a univariate t distribution. Con-
fidence ellipsoids were derived that are equivalent to the univariate WHO/ISCD thresholds for osteoporosis (T-score ≤−2.5) and
osteopenia (−2.5 < T-score <−1). The study found that more patients are diagnosed with osteoporosis using the multivariate version
of theWHO/ISCD guidelines rather than the current WHO/ISCD guidelines in both real data and simulation studies. Diagnoses of oste-
oporosis using the statistics derived method were also associated with higher FRAX (fracture risk assessment tool) probabilities of
major osteoporotic (p = 0.001) and hip fractures (p = 2.2 × 10−6). In conclusion, this study shows that considering all three BMD T-
scores is potentially more informative than using the single lowest BMD T-score. © 2020 The Authors. JBMR Plus published by Wiley
Periodicals LLC. on behalf of American Society for Bone and Mineral Research.
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Introduction

Bone Mineral Density (BMD) is influenced by several factors
including genetics, activity, nutrition, and medical comor-

bidities.(1,2,3) BMD naturally decreases after midadulthood and
low BMD is associated with increased risk of fractures of the
spine, forearm, andhip.(1,3) Hip fractures, for example, occur in approx-
imately 400 of 100,000 people in the United States.(4) The one-year
mortality following a hip fracture is approximately 21.9% for women
and32.5% formen.(4) Therefore, identifying and treatingpatientswith
low BMD, who are at risk for fractures, especially hip fractures, is
important. Dual-energy X-ray absorptiometry (DXA) is the most com-
monly used screening imaging test for the diagnosis of low BMD.(5,6)

The BMD is typicallymeasured at three sites: the lumbar spine, specif-
ically, the L1-L4 vertebral bodies; the femoral neck; and the total hip.(6)

Osteoporosis in the elderly is diagnosed using theWorldHealthOrga-
nization (WHO) and International Society for Clinical Densitometry
(ISCD) guidelines when the BMDmeasured at any site is 2.5 standard
deviations (SDs) or more below that of sex-matched young adults
(lowest T-score ≤−2.5); osteopenia in the elderly is diagnosed when
the BMD measured at any site is between 1 and 2.5 SDs below that
of sex-matched young adults (−2.5 < lowest T-score <−1).(6,7,8) Thus,
the WHO/ISCD method uses only one BMD measurement to diag-
nose osteopenia and osteoporosis.

These three BMD measurements (L1-L4 BMD, femoral neck
BMD, and the total hip BMD) are likely correlated because they
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are measured within the same individual and they are measuring
overall bone homeostasis within that individual. This correlation
structure has been largely ignored in clinical practice. For example,
a patient with L1-L4, femoral neck, and total hip BMD T-scores of
−1.0, −1.0, and − 1.0 respectively, is normal under the current
WHO clinical guidelines, whereas a patient with L1-L4, femoral neck,
and total hip BMD T-scores of −1.1, 1.5, and 1.5 respectively, has
osteopenia.(7,8) This results in patients with three borderline low-
BMD measurements having a more severe diagnosis than patients
with a single marginally low-BMD measurement.

The current WHODXA BMD T-score threshold values for the diag-
nosis of osteoporosiswere determinedby finding the individual areal
BMD T-scores that would give a proportion of individuals osteoporo-
sis thatmatched the knownprevalence of patients with osteoporosis
while simultaneously matching the lifetime fracture risk.(7,8,9,10) Kanis
and colleagues(7) noted that a BMD T-score threshold value of −2.5
identifies approximately 30% of postmenopausal women as having
osteoporosis using BMD measurements, and this 30% is approxi-
mately equivalent to the lifetime fracture risk (39.7%) at these sites
in postmenopausal women (Tables 1 and 2). This is why the thresh-
old T-score of −2.5 was used to define osteoporosis. A prior report
noted that this WHO/ISCD definition makes osteoporosis
population-based/statistics-based rather than BMD-based.(11)

The aim of this study was to use statistical theory to account
for the correlations between BMD measurements to create joint
thresholds using all three BMD measurements to categorize
patients into being osteoporotic or osteopenic. Simulated and
real data are used to show the potential change in the number
of osteoporosis and osteopenia diagnoses when themultivariate
method in which all three BMD measurements are used in the
diagnosis of osteopenia and osteoporosis as compared with
the current WHO/ISCDmethod in which only one BMDmeasure-
ment is used for this diagnosis.

Patients and Methods

Statistical theory

First, we show that the joint distribution of the L1-L4 lumbar spine,
femoral neck, and total hip BMD T-scores from DXA studies follow
a multivariate T-distribution.(12-16) We calculate 3-dimensional

confidence intervals (3D CIs) from the multivariate T-distribution
to be used for thresholds to diagnose osteopenia and osteoporo-
sis. We show that the marginal distribution of each BMD (L1-L4
lumbar spine, femoral neck, and total hip) remains a univariate T
distribution. We then derive the conditional distribution of any
single BMD T-score when the other two BMD T-scores are known
(Appendix).

Simulated data

We simulated random samples of 1000 postmenopausal white
women with DXA studies, evaluating the BMD of the L1-L4 lum-
bar spine, femoral neck, and total hip (see the Appendix for full
details). We assumed that the BMD of the L1-L4 lumbar spine,
the BMD of the femoral neck, and the BMD of the total hip were
normally distributed.

We simulated the DXA data of 1000 postmenopausal white
women from a trivariate normal distribution with mean, μO,and
variance covariance matrix:

ΣO =

σ2O:1 ρ12σO:1σO:2 ρ13σO:1σO:3

ρ12σO:1σO:2 σ2O:2 ρ23σO:2σO:3

ρ13σO:1σO:3 ρ23σO:2σO:3 σ2O:3

0
B@

1
CA,

where ρ12is the correlation between the L1-L4 BMD and the fem-
oral neck BMD, ρ13 is the correlation between the L1-L4 BMD and
the total hip BMD, and ρ23 is the correlation between the femo-
ral neck BMD and the total hip BMD. σO. 1 is the SD of the L1-L4
BMD, σO. 2 is the SD of the femoral neck BMD, and σO. 3 is the
SD of the total hip BMD. The simulated L1-L4 BMD, femoral neck
BMD, total hip BMD, and the mean and SDs of the young-adult
population L1-L4 BMD, femoral neck BMD, and total hip BMD
(available from the National Health and Nutrition Examination
Survey III [NHANES III] cohort for the young-adult total hip and
femoral neck BMD, and from GE Lunar Prodigy DXAs(10) for the
young-adult L1-L4 BMD) were used to calculate the BMD T-
scores in the simulated data.

There were three pairwise correlations between the L1-L4
BMD, femoral neck BMD, and total hip BMD: (i) the correlation
between the L1-L4 BMD and the femoral neck BMD (ρ12),
(ii) the correlation between the L1-L4 BMD and the total hip
BMD (ρ13), and (iii) the correlation between the femoral neck
BMD and the total hip BMD (ρ23). We considered five sets of
values for these three pairwise correlations, ρ12, ρ13, and ρ23:
(0, 0, 0), (0.2, 0.2, 0.2), (0.4, 0.4, 0.4), (0.6, 0.6, 0.6), and (0.8, 0.8,
0.8), respectively, for the simulations.

Congruence of simulated BMD measurements

We calculated the proportion of times all three simulated BMD
measurements (L1-L4 BMD, femoral neck BMD, and total hip

Table 1. Estimated Lifetime Fracture Risk in White Women (95%
CIs) at Age 50 Yearsa

Fracture site Women

Proximal femur 17.5 (16.8–18.2)
Vertebra 15.6 (14.8–16.3)
Any fragility fracture 39.7 (38.7–40.6)

aValues in the table are derived from Kanis et al(7) andMelton 3rd et al.(9)

Table 2. Prevalence of Osteoporosis and Osteopenia in Sweden Using Female-Derived Thresholds From the Young Population, Aged
20–29 Yearsa

Diagnosis Age range (years)

Women

% of population No. affected (thousands)

Osteopenia/low bone mass 50–84 49.1 721.3
Osteoporosis 50–84 21.2 310.9
Either osteopenia or osteoporosis 50–84 70.3 1032.2

aDerived from Melton 3rd et al.(9)
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BMDs) were all congruent and were consistent with a diagnosis
of osteoporosis, osteopenia, and normal BMD, respectively,
using the WHO guidelines.

Diagnoses of osteoporosis and osteopenia in the simulated data

From the simulated data, we calculated the proportion of
patients that would be diagnosed with osteoporosis, osteopenia,
and normal BMD, respectively, using the WHO/ISCD guidelines,
for the five different pairwise correlation structures examined.(17)

We compared these proportions to the proportion of patients
that would be diagnosed with osteoporosis, osteopenia, and
normal BMD, respectively, using the statistics-based method.

Real data

This retrospective study was approved by the local institutional
review board (IRB) and the need for signed informed consent
from each patient was waived (IRB #832362, date of approval,
June 29, 2019). Research carried out with human subjects com-
plied with the World Medical Association Declaration of
Helsinki–Ethical Principles for Medical Research Involving
Human Subjects. The study was compliant with the Health Insur-
ance Portability and Accountability Act (HIPAA) of 1996. DXA
studies were conducted using General Electric (GE) Lunar
(Boston, MA, USA; N = 674) or Hologic (Marlborough, MA, USA;
N = 326) DXA machines. DXA studies were performed at a single
academic tertiary care institution between January 1, 2019 and
January 1, 2020.

The L1-L4 BMD, femoral neck BMD, and total hip BMD, as well
as the L1-L4 BMD T-scores, femoral neck BMD T-scores, and total
hip BMD T-scores were obtained and recorded from a sample of
1000 white women 65 years of age who underwent routine
screening DXA studies at a single tertiary-care academic medical
center. Patient age, sex, height, weight, and BMDmeasurements
(BMD and BMD T-scores), history of diabetes mellitus, history of
adult fracture, and history of calcium/vitamin D supplementation
at the time of the DXA study were recorded. We also recorded
the patients who started pharmacologic treatment of
osteoporosis.

Congruence of BMD T-score measurements

The study sample mean and SDs of the L1-L4 BMD, femoral neck
BMD, and total hip BMD, as well as themean and SDs of the L1-L4
BMD T-scores, femoral neck BMD T-scores, and total hip BMD T-
scores were calculated. Next, we calculated the proportion of
instances where all three BMD T-score measurements were con-
gruent and were consistent with diagnoses of osteoporosis,
osteopenia, and normal BMD, respectively, using the WHO/ISCD
guidelines.

Diagnoses in the study sample

The prevalence of osteoporosis, osteopenia, and normal BMD
among 65-year-old white women in the sample data was esti-
mated using the WHO/ISCD guidelines.(17) Then, the prevalence
of osteoporosis, osteopenia, and normal BMD among these
65-year-old white women in the sample data was estimated
using the statistics-based guidelines.

Patients considered for osteoporotic therapy

The fracture risk assessment tool (FRAX) estimates the 10-year
risk of major osteoporosis-related fractures and hip fractures

based on clinical risk factors and BMD measurements obtained
at a single site: the femoral neck. Currently, treatment of osteo-
porosis is considered for patients with osteoporosis based on
the WHO guidelines (lowest T-score at any site ≤−2.5) and
patients with osteopenia based on the WHO guidelines (lowest
T-score at any site between −1.0 and −2.5) with a 10-year FRAX
risk of major osteoporosis-related fracture of ≥20% or a 10-year
FRAX risk of hip fracture ≥3%. We were asked to evaluate how
the number/proportion of patients considered for osteoporotic
treatment under the current guidelines would change using
our statistics-basedmethod utilizing all three T-scores. To answer
this question, the 10-year FRAX risk major osteoporosis-related
fracture and 10-year FRAX risk of hip fracture from the DXA out-
put when performed was collected.

All test statistics were two-sided. R statistical software was used
(R Foundation for Statistical Computing, Vienna, Austria; https://
www.r-project.org/).(18) The proportions of patients with each
diagnosis (normal, osteopenia, and osteoporosis) calculated using
the current WHO method and the statistics-based method were
compared using McNemar’s test. The type I error rate was set at
0.05, and p values <0.05 were considered statistics significant.

Results

Simulation study

Congruence of BMD T-scores

The mean and SD of each BMD measurement were the same for
each site measured, regardless of the correlation structure
between BMD measurements at different sites. However, the
congruence of the BMD T-score measurements was dependent
on the correlation between BMD measurements at different
sites. The congruence of the WHO/ISCD diagnoses using BMD
T-score measurements increased with higher correlations
between the BMD measurements at different sites (Table 3).
We found that there was poor congruence between the diagno-
ses obtained from the BMDmeasurements at each site using the
WHO/ISCD guidelines. Assuming a correlation r = 0 between
BMD measurements at different sites, 0% (0 of 14) of patients
had all three BMD measurements that were congruent for oste-
oporosis and 1.0% (4of 391) of patients had all three BMD mea-
surements that were congruent for osteopenia. Assuming a
correlation r = 0.8 between BMD measurements at different
sites, 20% (2 of 10) of patients had all three BMD measurements
that were congruent for osteoporosis and 21.2% (52 of 245) of
patients had all three BMD measurements that were congruent
for osteopenia (Table 3). This shows that the congruence of the
diagnoses at each site was poor but increases with increasing
correlation between the BMD measurements at different sites.

Diagnoses

The prevalence of osteoporosis using the WHO/ISCD guidelines
decreased with higher correlations between the BMD measure-
ments in the simulated data. We found that there was also an
increase in the prevalence of patients with normal BMD using
the WHO/ISCD guidelines when there were high correlations
between the BMD measurements. However, when using the
statistics-based method, we found that there was no change in
the numbers/proportions of patients with osteoporosis and
osteopenia regardless of the correlation structure between the
BMDmeasurements (Table 3). Confidence ellipsoids for the diag-
nosis of osteoporosis were generated assuming the correlations
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Table 3. Simulated Data

Variable

Correlation structure between all three BMD measurements

(0, 0, 0) (0.2, 0.2, 0.2) (0.4, 0.4, 0.4) (0.6, 0.6, 0.6) (0.8, 0.8, 0.8)

Congruence
No. of patients with all three BMD T-scores congruent
for a WHO diagnosis of osteoporosis (%)

0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (0.2%)

No. of patients with all three BMD T-scores congruent
for a WHO diagnosis of osteopenia (%)

4 (0.4%) 12 (1.2%) 19 (1.9%) 31 (3.1%) 52 (5.2%)

No. of patients with all three BMD T-scores congruent
for a WHO diagnosis of a normal BMD (%)

595 (59.5%) 616 (61.6%) 650 (65.0%) 690 (69.0%) 745 (74.5%)

Diagnoses
WHO diagnosis of osteoporosis (%) 14 (1.4%) 11 (1.1%) 10 (1.0%) 10 (1.0%) 10 (1.0%)
Statistics-based diagnosis of osteoporosis (%) 47 (4.7%) 47 (4.7%) 47 (4.7%) 47 (4.7%) 47 (4.7%)
WHO diagnosis of osteopenia (%) 391 (39.1%) 373 (37.3%) 340 (34.0%) 300 (30.0%) 245 (24.5%)
Statistics-based diagnosis of osteopenia (%) 343 (34.3%) 343 (34.3%) 343 (34.3%) 343 (34.3%) 343 (34.3%)
WHO diagnosis of Normal BMD (%) 595 (59.5%) 616 (61.6%) 650 (65.0%) 690 (69.0%) 745 (74.5%)
Statistics-based diagnosis of normal BMD (%) 610 (58.1%) 610 (61.0%) 610 (61.0%) 610 (61.0%) 610 (61.0%)

WHO = World Health Organization guidelines used for the diagnosis of osteopenia, osteoporosis, and normal BMD.
(0, 0, 0): correlation between L1-L4 BMD and femoral neck BMD = 0, correlation between L1-L4 BMD and total femur BMD = 0, correlation between fem-

oral neck BMD and total femur BMD = 0.
(0.2, 0.2, 0.2): correlation between L1-L4 BMD and femoral neck BMD = 0.4, correlation between L1-L4 BMD and total femur BMD = 0.4, correlation

between femoral neck BMD and total femur BMD = 0.4.
(0.4, 0.4, 0.4): correlation between L1-L4 BMD and femoral neck BMD = 0.4, correlation between L1-L4 BMD and total femur BMD = 0.4, correlation

between femoral neck BMD and total femur BMD = 0.4.
(0.6, 0.6, 0.6): correlation between L1-L4 BMD and femoral neck BMD =0.6, correlation between L1-L4 BMD and total femur BMD = 0.6, correlation

between femoral neck BMD and total femur BMD = 0.6.
(0.8, 0.8, 0.8): correlation between L1-L4 BMD and femoral neck BMD = 0.8, correlation between L1-L4 BMD and total femur BMD = 0.8, correlation

between femoral neck BMD and total femur BMD = 0.8.

Fig 1. Confidence ellipsoids for the diagnosis of osteoporosis were generated assuming the correlations between BMDmeasurements (ρ12, ρ13, ρ23) are
(0, 0, 0) (Figure 1A), (0.2, 0.2, 0.2) (Figure 1B), (0.4, 0.4, 0.4) (Figure 1C), (0.6, 0.6, 0.6) (Figure 1D), and (0.8, 0.8,0.8) (Figure 1E), respectively.
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between BMD measurements (ρ12, ρ13, ρ23) are (0, 0, 0) (Figure
1A), (0.2, 0.2, 0.2) (Figure 1B), (0.4, 0.4, 0.4) (Figure 1C), (0.6, 0.6,
0.6) (Figure 1D), and (0.8, 0.8,0.8) (Figure 1E), respectively. Simu-
lated data points are superimposed to show the clustering of
these data points. The planes corresponding to T-score thresh-
olds of −2.5 in each of the three axes are included to illustrate
the difference between using the WHO/ISCD method and the
statistics-based method. Figure 2 shows the confidence ellip-
soids for the diagnosis of osteopenia with superimposed simu-
lated data points assuming the correlations between BMD
measurements (ρ12, ρ13, ρ23) are (0, 0, 0) (Figure 2A), (0.2, 0.2,
0.2) (Figure 2B), (0.4, 0.4, 0.4) (Figure 2C), (0.6, 0.6, 0.6) (Figure
2D), and (0.8, 0.8, 0.8) (Figure 2E), respectively. The planes corre-
sponding to T-score thresholds of −1 in each of the three axes
are included to illustrate the difference between using the
WHO/ISCD guidelines and the statistics-based method.

Real data

Most patients (60.3%) were already taking a multivitamin/cal-
cium/vitamin D supplement. There were 24 patients (2.4%) with
a prior history of adult fracture before the DXA study and
71 patients (7.1%) with a history of diabetes mellitus. One hun-
dred patients (10.0%) were started on pharmacologic therapy
for osteoporosis after the DXA screening test.

Congruence of BMD T-scores

The BMD measurements were congruent at all three sites for
41.1% (411 of 1000) of the patients in the study sample. There

were 26 patients (2.6%) who had a consistent diagnosis of oste-
oporosis using the WHO/ISCD guidelines using all three of their
BMD measurements (L1-L4 BMD T-score, femoral neck BMD T-
score, and total hip BMD T-score), 18.3% (183 of 1000) of patients
had a consistent WHO/ISCD diagnosis of osteopenia using all
three of their BMD measurements, whereas 20.2% (202 of
1000) of patients had a consistent diagnosis of normal BMD
using all three of their BMD measurements (Table 4). Of the
patients with WHO/ISCD osteoporosis, 11.5% (26/226) had all
three BMD measurements that were congruent; of the patients
with WHO/ISCD osteopenia, 32.0% (183 of 572) had all three
BMD measurements that were congruent.

Correlations between BMD at different sites

The estimated correlation between the L1-L4 BMD and the fem-
oral neck BMD, r12 was 0.66 (95% CI, 0.62–0.69; p < 0.001). The
estimated correlation between the L1-L4 BMD and total hip
BMD, r13 was 0.61 (95% CI, 0.57–0.65; p < 0.001). The estimated
correlation between femoral neck BMD and total hip BMD, r23
was 0.75 (95% CI, 0.72–0.78; p < .001).

Diagnoses

Of the study sample, 22.6% (226 of 1000) had osteoporosis and
57.2% (572 of 1000) had osteopenia using the WHO/ISCD guide-
lines. However, when using the statistics-based method, we
found that approximately 373 patients would be diagnosed with
osteoporosis, a 65% increase; and 468 patients would be diag-
nosed with osteopenia, a 19.2% decrease. Table 4 gives a sum-
mary of the clinical and demographic statistics for the 1000

Fig 2. Confidence ellipsoids for the diagnosis of osteopenia in simulated data. Confidence ellipsoids were generated assuming the correlations between
BMDmeasurements (ρ12, ρ13, ρ23) are (A) (0, 0, 0), (B) (0.2, 0.2, 0.2), (C) (0.4, 0.4, 0.4), (D) (0.6, 0.6, 0.6), and (E) (0.8, 0.8, 0.8), respectively. Simulated data points
(red) are superimposed to show the clustering of these data points.
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65-year-old white women in the study. All patients with
WHO/ISCD osteoporosis were diagnosed as having osteoporosis
using the statistics-based method. We found that 79.8% of the

sample were osteopenic/osteoporotic using WHO/ISCD guide-
lines, whereas 84.1% of the sample were osteopenic/osteopo-
rotic using the statistics-based method. The greatest
difference between the statistics-based method and the
WHO/ISCD guidelines was that more patients would be classi-
fied as having osteoporosis under the statistics-based method.
McNemar’s test showed that the statistics-based metric identi-
fied more patients with osteopenia/osteoporosis than the
WHO/ISCD guidelines (χ2 = 24.16, p < 8.8 × 10−7) and the
statistics-based metric identified more patients with osteopo-
rosis than the WHO/ISCD guidelines (χ2 = 145.01,
p < 2.2 × 10−16). Confidence ellipsoids for the diagnosis of
osteopenia (Figure 3A) and osteoporosis (Figure 3B) with
superimposed data points and WHO/ISCD guidelines using
the real data. The planes corresponding to T-score thresholds
of −2.5 and −1.0 in each of the three axes are included to illus-
trate the difference between using the WHO/ISCD guidelines
and the statistics-based method on each respective plot.

Patients considered for osteoporotic therapy

Of the 572 patients with a WHO/ISCD diagnosis of osteopenia,
523 (91.4%) had 10-year FRAX risk scores. Of these 523 patientswith
osteopenia and FRAX risk scores, 57 had 10-year FRAX risk of major
osteoporosis-related fracture of ≥20% or a 10-year FRAX risk of hip
fracture≥3%; of these 57patients, 26 (45.6%)would have been clas-
sified as osteoporotic using the statistics-based method. Of the
523 patients with osteopenia, 133 (25.4%) would have been classi-
fied as osteoporotic using the statistics-basedmethod. The patients
whowould have been classified as osteoporotic using the statistics-
basedmethod had a significantly higher 10-year FRAX risk of major
osteoporosis-related fracture (13.36%) than those who were not
classified as osteoporotic using the statistics-based method
(11.58%, p = 0.001). Similarly, the patients who would have been
classified as osteoporotic using the statistics-based method had a
significantly higher 10-year FRAX risk of hip fracture (1.96%) than
those who were not classified as osteoporotic using the statistics-
based method (1.42%, p = 2.3 × 10−6).

Table 4. Real Data From 1000 65-Year-Old White Women Under-
going Screening DXA Studies

Variable Real data

Height in inches (SD) 63.9 (2.6)
Weight in lbs (SD) 156.0 (35.3)
L1-L4 BMD in g/cm2 (SD) 1.03 (0.19)
L1-L4 BMD T-score (SD) −0.90 (1.50)
Femoral neck BMD in g/cm2 (SD) 0.77 (0.13)
Femoral neck BMD T-score (SD) −1.54 (0.93)
Total hip BMD in g/cm2 (SD) 0.86 (0.13)
Total hip T-score (SD) −0.97 (1.04)
Diabetes mellitus (n, %) 71 (7.1%)
Prior fracture, n (%) 24 (2.4%)
Calcium/vitamin D supplementation 603 (60.3%)
Congruence

No. of patients with all three BMD T-scores
congruent for a WHO diagnosis of
osteoporosis (%)

26 (2.6%)

No. of patients with all three BMD T-scores
congruent for a WHO diagnosis of
osteopenia (%)

183 (18.3%)

No. of patients with all three BMD T-scores
congruent for a WHO diagnosis of a normal
BMD (%)

202 (20.2%)

Total 411 (41.1%)
Diagnoses

WHO diagnosis of osteoporosis (%) 226 (22.6%)
Statistics-based diagnosis of osteoporosis (%) 373 (37.3%)
WHO diagnosis of osteopenia (%) 572 (57.2%)
Statistics-based diagnosis of osteopenia (%) 468 (46.8%)
WHO diagnosis of normal BMD (%) 202 (20.2%)
Statistics-based diagnosis of normal BMD (%) 159 (15.9%)

Fig 3. Confidence ellipsoids for the diagnosis of osteoporosis and osteopenia in real data. Confidence ellipsoids were generated assuming the correla-
tions between BMD measurements (ρ12, ρ13, ρ23) were 0.6558, 0.6145, and 0.7508. The first subfigure (A) is for the diagnosis of osteopenia. The second
subfigure (B) is for the diagnosis of osteoperosis. Data points (red) are superimposed to show the clustering of these data points.
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Discussion

DXA studies are routinely used for the measurement of BMD.
BMD measurements are typically obtained at three sites: the
lumbar spine (L1-L4 BMD), the femoral neck, and total hip. The
current WHO/ISCD guidelines are based on the lowest BMD T-
score at any site, and the threshold BMD T-scores for the diagno-
sis of osteoporosis and osteopenia were determined based on
the population prevalence of osteoporosis and osteopenia.
Instead of using only the lowest BMD T-score for diagnosis, we
considered using all three BMD T-scores in a joint BMD T-score
threshold. The T-score thresholds were constrained to −2.5 (for
osteoporosis) and −1.0 (for osteopenia) when generating the
confidence ellipsoids. Because of this, all patients diagnosed
with osteoporosis using WHO/ISCD guidelines would be diag-
nosed with osteoporosis using the statistics-based guidelines.

We found that the BMD measurements at different sites were
highly correlated. The results of the simulated study suggest that
37 (370%) more patients would be diagnosed with osteoporosis,
and 98 (40%) more patients would be diagnosed with osteope-
nia assuming the correlation between BMD measurements was
0.8, which is closest to what the correlation is likely to be in prac-
tice. Our findings suggest that there are individuals with osteo-
porosis from a statistical viewpoint, who are untreated because
they do not satisfy current WHO/ISCD criteria for diagnosis. This
potentially has significant clinical implications because the num-
ber of individuals eligible for clinical treatment could be much
larger than currently thought. Further research is required to
determinewhether the patients, whowould have been diagnosed
as osteopenic or osteoporotic using the joint threshold BMD T-
score method but normal using the WHO/ISCD guidelines, would
have had fewer fragility fractures if they were treated.

The T-scores at all three sites do not always give the same
WHO/ISCD diagnosis, and because only the lowest T-score is
used, there is information in the other two discarded T-scores
that may be clinically relevant. In clinical practice, a patient with
L1-L4, femoral neck, and total hip BMD T-scores of −1.5, 1.5, and
1.5, respectively, on their first study and on a subsequent study
has BMD T-scores of −1.5, −1.4, −1.4, has the same diagnosis
on both studies despite the changes in the femoral neck and
total hip BMD T-scores because only the lowest T-score is consid-
ered. Therefore, there is merit in using all three BMD T-scores.
The multivariate model can be extended to include the forearm
BMD T-scores or any combination of one or more T-scores,
including trabecular bone T-scores.

Although the FRAX scores are based on clinical data and only
a single BMD measurement, we showed that there was a strong
association between FRAX scores and the statistics-based
method for the diagnosis of osteoporosis. This shows that all
BMD measurements are more predictive of fracture risk rather
than just the BMD at a single site: the femoral neck for patients
with osteopenia using the WHO/ISCD guidelines. Further
research is required to evaluate how the FRAX scores could be
improved using all three BMD measurements.

There are a few limitations regarding this analysis. The true
correlation structure between DXA measurements in young
adults is unknown and was simulated in our simulated data.
The correlation structure between BMD measurements in the
real patient data may not generalize to all ages and sexes. Our
method captures information that is likely clinically relevant
but ignored in typical interpretation of DXA studies. In particular,
the correlation structure between DXAmeasurements of BMD at

different sites (L1-L4, femoral neck, and total hip) are likely clini-
cally relevant. For example, it is known that corticosteroid use
preferentially affects and decreases lumbar spine BMD relative
to the femoral neck and total hip BMD.(19,20) Therefore, the corre-
lation structure between BMD measurements at different sites
for patients treated with corticosteroids is likely different from
that in the young, untreated adult population. Other studies
have shown that the DXA studies provide valuable data that
can be used to identify osteoblastic metastases and spinal frac-
tures through changes in this correlation structure along with
other DXA measurements.(20-22) The mean and SD BMDs for the
femoral neck and total hip were obtained from the NHANES III
cohort, but each DXA manufacturer uses slightly different mean
and SD L1-L4 BMDs because this measurement was not obtained
in the NHANES III cohort. This may influence the correlation
structure noted between the L1-L4 BMD and the femoral neck
BMD, and total hip BMD measurements. A limitation of the real
data analysis was that patients were evaluated using different
DXA machines. Although the DXA machines were calibrated
according to the International Society for Clinical Densitometry
(ISCD) guidelines, there is the possibility that variability between
machinesmay have affected the results. Finally, we acknowledge
that the WHO/ISCD guidelines use the lowest BMD T-score,
which has been validated in clinical practice; however, it remains
unclear whether the site with the lowest BMD T-score is the site
at highest risk for a fragility fracture and whether the lowest BMD
measurement is more globally informative than all three BMD
measurements.

Although we use the term “statistics-based model,” it is
important to note that the current WHO/ISCD guidelines are in
fact statistics-based but univariate because they use only one
BMD T-score, as noted by Elandt-Johnson and colleagues.(11)

Our model is a more sophisticated multivariate statistical
method used to diagnose osteoporosis and osteopenia.

In summary, the proportion of patients diagnosed with osteo-
porosis from DXA studies using one BMD T-score under current
WHO/ISCD guidelines is less than the proportion of patients
diagnosed with osteoporosis using a statistics-based multivari-
ate method in which all three BMD T-scores are used. Further
research needs to be performed to assess whether the multivar-
iate method predicts fracture risk better than the univariate
method.

Disclosures

The authors declare no conflicts of interest.

Acknowledgments

None.

Peer Review

The peer review history for this article is available at https://
publons.com/publon/10.1002/jbm4.10444.

Data accessibility

Data are freely available upon request from the corresponding
author.

JBMR® Plus DIAGNOSIS OF OSTEOPOROSIS AND OSTEOPENIA FROM DXA 7 of 10 n

https://publons.com/publon/10.1002/jbm4.10444
https://publons.com/publon/10.1002/jbm4.10444


References

1. Christiansen C. Osteoporosis: diagnosis and management today and
tomorrow. Bone. 1995;17(5 suppl):513S–6S.

2. Kenny AM, Prestwood KM. Osteoporosis, pathogenesis, diagnosis,
and treatment in older adults. Rheum Dis Clin North Am. 2000;26
(3):569–91.

3. Lau EM. Epidemiology of osteoporosis. Best Pract Res Clin Rheuma-
tol. 2001;15(3):335–44.

4. Brauer CA, Coca-Perraillon M, Cutler DM, Rosen AB. Incidence and
mortality of hip fractures in the United States. JAMA. 2009;302(14):
1573–9.

5. Mazess RB, Barden HS. Measurement of bone by dual-photon
absorptiometry (DPA) and dual-energy X-ray absorptiometry (DXA).
Ann Chir Gynaecol. 1988;77(5–6):197–203.

6. Syed Z, Khan A. Bone densitometry: applications and limitations.
J Obstet Gynaecol Can. 2002;24(6):476–84.

7. Kanis JA, Melton LJ 3rd, Christiansen C, Johnston CC, Khaltaev N. The
diagnosis of osteoporosis. J Bone Miner Res. 1994;9:1137–41.

8. Melton LJ 3rd. How many women have osteoporosis now? J Bone
Miner Res. 1995;10:175–7.

9. Melton LJ 3rd, Chrischilles EA, Cooper C, Lane AW, Riggs BL. Perspec-
tive. Howmany women have osteoporosis? J Bone Miner Res. 1992;7
(9):1005–10.

10. Kanis JA, Johnell O, Oden A, Jonsson B, De Laet C, Dawson A. Risk of
hip fracture according to the World Health Organization criteria for
osteopenia and osteoporosis. Bone. 2000;27(5):585–90.

11. Elandt-Johnson RC, Lester GE. A mathematical approach to the defi-
nition of osteoporosis. J Bone Miner Res. 1996;11(8):1199–201.

12. Nadarajjah S, Kotz S. Mathematical properties of the multivariate t
distribution. Acta Appl Math. 2005;89:53–84.

13. Lin P. Some characterizations of the multivariate t distribution.
J Multivar Anal. 1972;2:339–44.

14. Dickey JM. Matricvariate generalizations of the multivariate t distri-
bution and the inverted multivariate t distribution. Ann Math Stat.
1967;38(2):511–8.

15. Roth M. On the multivariate t distribution. Technical report LiTH-ISY-
R-3059. Linköping, Sweden: Linköping University; 2013.

16. Cornish EA. The multivariate t-distribution associated with a set of
normal sample deviates. Aust J Phys. 1954;7:531–42.

17. Looker AC, Orwoll ES, Johnston CC Jr, et al. Prevalence of low femoral
bone density in older U.S. adults from NHANES III. J Bone Miner Res.
1997;12(11):1761–8.

18. R Core Team. R: A Language and Environment for Statistical Comput-
ing. Vienna, Austria: R Foundation for Statistical Computing; 2019.
Available at: https://www.R-project.org/.

19. Salem D, Talaat S, Abdel-Halim MR, Mohsen KM. Assessment of bone
mineral density by dual x-ray absorptiometry in dermatological
patients treated by corticosteroids. Indian J Dermatol. 2010;55(3):
238–45.

20. Steinbuch M, Youket TE, Cohen S. Oral glucocorticoid use is associ-
ated with an increased risk of fracture. Osteoporos Int. 2004;15(4):
323–8.

21. Mehta SD, Sebro R. Computer-aided detection of incidental lumbar
spine fractures from routine dual-energy X-ray absorptiometry
(DXA) studies using a support vector machine (SVM) classifier.
J Digit Imaging. 2020;33(1):204–10.

22. Mehta SD, Sebro R. Random forest classifiers aid in the detection of
incidental osteoblastic osseousmetastases in DXA studies. Int J Com-
put Assist Radiol Surg. 2019;14(5):903–9.

Appendix

Statistical derivation showing the joint distribution of BMD
T-scores is a multivariate T distribution

Assume YO = (YO1, YO2, YO3), μO = (μO1, μO2, μO3), YY = (YY1,
YY2, YY3), μY = (μY1, μY2, μY3), and 0 = (0,0,0) are 3 × 1 vectors,

and that ΣO and ΣY are 3 × 3 positive definite symmetric
matrices.

Let YO1 be the L1-L4 BMD, YO2 be the femoral neck BMD, and
YO3 be the total hip BMD of a 65-year-old white woman. Assume
that YO1, YO2, and YO3 are each normally distributed. Then, YO1,
YO2, and YO3 are jointly distributed as a multivariate normal distri-
bution with mean μO = (μO1, μO2, μO3) and variance–covariance
matrix.

ΣO =

σ2O1 ρ12σO1σO2 ρ13σO1σO3

ρ12σO1σO2 σ2O2 ρ23σO2σO3

ρ13σO1σO3 ρ23σO2σO3 σ2O3

0
B@

1
CA,

where YO1 �N(μO1, σO1), YO2 �N(μO2, σO2), YO3 � N(μO3, σO3), and
ρ12 is the correlation between the L1-L4 BMD and femoral neck
BMD (YO1 and YO2), ρ13 is the correlation between the L1-L4
BMD and total hip BMD (YO1 and YO3), and ρ23 is the correlation
between the femoral neck BMD and total hip BMD (YO2 and
YO3). Let XO = ( YO − μO), then, XO�MVN(0, ΣO).

Let YY1i be the L1-L4 BMD, YY2i be the femoral neck BMD, and
YY3i be the total hip BMD of the ith normal 20- to 29-year-old
white woman in the NHANES III data. Estimates of the mean
and SDs of the National Health and Nutrition Examination Survey
(NHANES III) young non-Hispanic white women aged 20 to
29 years, femoral neck BMD, and total hip BMD were calculated
from the T-scores.(10) NHANES III participants were excluded from
the DXA studies if they reported radiographic contrast material
(barium) use within the past 7 days or nuclear medicine studies
within the past 3 days, or if they weighed over 300 pounds or
were taller than 6 feet 5 inches. The L1-L4 BMDwas not obtained
as part of NHANES III.(10) Instead, each DXA scannermanufacturer
provided its own estimates of the L1-L4 BMD in the young adult
population. The mean and SDs of the L1-L4 BMD in the young
adult population were also derived from the L1-L4 BMD T-scores
similarly.

Assume that YY1i, YY2i, and YY3i are normally distributed. Then,
YY1i, YY2i, and YY3i are jointly distributed as a multivariate normal
distribution with mean μYi = (μY1i, μY2i, μY3i) and variance–
covariance matrix

ΣY =

σ2Y1 ρ012σY1σY2 ρ013σY1σY3
ρ012σY1σY2 σ2Y2 ρ023σY2σY3
ρ013σY1σY3 ρ023σY2σY3 σ2Y3

0
B@

1
CA,

where YY1i�N(μY1, σY1), YY2i�N(μY2, σY2), and YY3i�N(μY3, σY3),
and where ρ012 is the correlation between the L1-L4 BMD and
femoral neck BMD (YY1i and YY2i), ρ013 is the correlation between
the L1-L4 BMD and total hip BMD (YY1i and YY3i) and ρ023 is the cor-
relation between the femoral neck BMD and the total hip BMD
(YY2i and YY3i). Assume that the correlation structure between
the BMD measurements in the 20- to 29-year-olds is unchanged
in the older populations, so that ρ012, ρ013, ρ023

� �
= (ρ12, ρ13, ρ23).

The values of μY and ΣY are unknown for young white women
aged 20- to 29-years-old, and were estimated from the NHANES
III sample of young white women 20- to 29-years-old (409 sub-
jects) for the femoral neck and the total hip BMD. The NHANES

III sample mean femoral neck BMD, �YY2 = 1
N

PN
i = 1YY2i was

1.052 g/cm2, and the sample mean total hip BMD is
�YY3 = 1

N

PN
i =1YY3i, (1.016 g/cm

2). The estimated mean L1-L4 BMD,
�YY1 from GE Lunar is 1.176 g/cm2.
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Let �YY = �YY1,�YY2,�YY3ð Þ , ZY1i = (YY1i−�YY1 ), ZY2i= (YY2i−�YY2 ),
ZY3i= (YY1i−�YY3), ZYi = (ZY1i, ZY2i, ZY3i), �ZY = �ZY1,�ZY2,�ZY3ð Þ, and let

S= 1
N−1 ZYi−�ZYð Þ ZYi−�ZYð ÞT . Then (N− 1)S�W3( N− 1,ΣY), where

W is a Wishart distribution, and S is independent of XO.

f S;N−1,ΣYð Þ= N−1ð ÞSj j N−1ð Þ−3−1
2

2
N−1ð Þ3

2 ΣYj j N−1ð Þ
2 Γ N−1

2

� �e −1
2tr Σ−1

Y S N−1ð Þð Þ½ �

where tr Σ−1
Y S N−1ð Þ� �

is the sum of the diagonal elements of the
matrix; j(N− 1) Sj is the determinant of the square matrix,
(N− 1) S.

N−1ð Þ−1
2 N−1ð ÞS½ � N−1ð Þ−1

2 � χ2N−1:

Consider a random variable X that has a gamma distribution,
Gam (α, β), with shape parameter α, and scale parameter β, so
that α > 0 and β > 0. A chi-squared distribution with ν degrees
of freedom (ν > 0) can be written as χ2υ =Gam υ

2 ,
1
2

� �
:

f x;α,βð Þ=
βα

Γ αð Þ
0

8<
: xαe−βx , x > 0

where Γ αð Þ= Ð∞0 e−xxα−1dx
S

N−1�
χ2N−1
N−1. Therefore,

S
N−1�Gamma N−1

2 , N−1
2

� �
.

Under the null hypothesis,

μY1
μY2
μY3

0
B@

1
CA=

μO1
μO2
μO3

0
B@

1
CA, and

ρ012, ρ013, ρ023
� �

= (ρ12, ρ13, ρ23), so that (YO− μY)�MVN(0,ΣY)

T =
ffiffiffiffiffiffiffiffiffiffi
N−1

p
Y0−μYð ÞTS−1 �MVT 0,ΣY ,N−1ð Þ ð1Þ

A.1. Confidence ellipsoids

YO−μYð Þ�MVN 0,ΣYð Þ
YO−μYð ÞTΣ−1

Y YO−μYð Þ� χ23

d YO−μYð ÞTΣ−1
Y YO−μYð Þ=d

h i
� χ23

Consider,

YO−μYð Þffiffiffiffiffiffiffi
S

N−1

q
0
B@

1
CA

T

Σ−1
Y

YO−μYð Þffiffiffiffiffiffiffi
S

N−1

q
0
B@

1
CA

Then,

d YO−μYð ÞTΣ−1
Y YO−μYð Þ=d

h i
S= N−1ð Þ � dχ2d=d

χ2N−1= N−1ð Þ
χ2d=d

χ2N−1= N−1ð Þ� dF d,N−1ð Þ

Therefore,

TΣ−1
Y T ≤ d*thresholdp, where,

Ð thresholdp
0 F d,N−1ð Þ= P=100

and d = 3.
The threshold statistic (d * thresholdp) that corresponds to a

T-score of −2.5 is 6.25. The threshold statistic that corresponds to a
T-score of −1 is 1. The axes of the confidence thresholds are the
eigenvectors of the variance–covariance matrix. An online tool to
evaluate the statistics-based diagnosis based on user-provided
BMD T-scores is available at http://www.ronniesebro.com/dxa/.

A.2. Marginal distribution of the multivariate T
distribution

Let T = (T1, T2, T3), where T has a multivariate distribution with υ
degrees of freedom.

p Tð Þ= p

T1
T2
T3

0
B@

1
CA=MVT

T1
T2
T3

0
B@

1
CA;

0

0

0

0
B@

1
CA;

1 ρ012 ρ013
ρ012 1 ρ023
ρ013 ρ023 1

0
B@

1
CA;υ

0
B@

1
CA

The marginal probability density function (pdf) of T1, T2, or T3
can be obtained by applying a linear transformation. For exam-
ple, consider a column vector A = (0, 0, 1). Let Z = AT.

Then Z has a MVT distribution,

p Zð Þ= p

Z1

Z2

Z3

0
BB@

1
CCA

=MVT

Z1

Z2

Z3

0
BB@

1
CCA;

0

0

0

0
BB@

1
CCA;A

1 ρ012 ρ013
ρ012 1 ρ023
ρ013 ρ023 1

0
BB@

1
CCAAT ;υ

0
BB@

1
CCA

and p Zð Þ= p

0

0

T3

0
B@

1
CA= p T3ð Þ= T T3;

0

0

0

0
B@

1
CA;1;υ

0
B@

1
CA

Therefore, the marginal distribution of a multivariate T distri-
bution is a univariate T-distribution.

A.3. Conditional distribution of the multivariate T
distribution

The variance–covariance matrix of the femoral neck BMD
and total hip BMD in the NHANES III young adult female
cohort and the L1-L4 BMD, ΣY can be partitioned into a
2 × 2 matrix:

ΣY =

σ2Y1 ρ012σY1σY2 ρ013σY1σY3
ρ012σY1σY2 σ2Y2 ρ023σY2σY3
ρ013σY1σY3 ρ023σY2σY3 σ2Y3

0
B@

1
CA=

Σ11 Σ12

Σ21 Σ22

� �
,

where,

Σ11 = σ2Y1
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Σ22 =
σ2Y2 ρ023σY2σY3

ρ023σY2σY3 σ2Y3

 !

Σ21 =ΣT
12 =

ρ012σY1σY2
ρ013σY1σY3

� �

The conditional probability density function is given by,

p T1jT2 = t2,T3 = t3ð Þ= p Tð Þ
p T2,T3ð Þ =MVT T1;μ1j2,3;Σ1j2,3;ν1j2,3

� �

where,

μ1j2,3 = 0 +Σ12Σ−1
22

t2
t3

� �
−

0

0

� �� �

Σ1j2,3 =

ν+
t2

t3

 !
−

0

0

 ! !T

Σ−1
22

t2

t3

 !
−

0

0

 ! !

ν+ 2
Σ11−Σ12Σ−1

22 Σ
T
12

� �
ν1j2,3 = ν+ 2
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