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Background: There is increased interest in quantitative ultrasound
for osteoporosis screening because it predicts fracture risk, is por-
table, and is relatively inexpensive. However, there is no consensus
regarding its accuracy for identifying patients with osteoporosis.

Purpose: To determine the sensitivity and specificity of calcaneal
quantitative ultrasound for identifying patients who meet the World
Health Organization's diagnostic criteria for osteoporosis. Dual-en-
ergy x-ray absorptiometry (DXA) was used as the reference stan-
dard.

Data Sources: MEDLINE (1966 to October 2005), EMBASE (1993
to May 2004), Cochrane Central Register of Controlled Trials and
Cochrane Database of Systematic Reviews (1952 to March 2004),
and the Science Citation Index (1945 to April 2004).

Study Selection: English-language articles that evaluated the sen-
sitivity and specificity of calcaneal quantitative ultrasound for iden-
tifying adults with DXA T-scores of —2.5 or less at the hip or spine.

Data Extraction: Two authors independently reviewed articles and
abstracted data.

Data Synthesis: The authors identified 1908 potentially relevant
articles, of which 25 met the inclusion criteria, and calculated the
sensitivity and specificity of quantitative ultrasound over a range of
thresholds. For the quantitative ultrasound index parameter T-score

cutoff threshold of —1, sensitivity was 79% (95% Cl, 69% to
86%) and specificity was 58% (Cl, 44% to 70%) for identifying
individuals with DXA T-scores of —2.5 or less at the hip or spine.
For a T-score threshold of O, sensitivity improved to 93% (CI, 87%
to 97%) but specificity decreased to 24% (Cl, 10% to 47%). At a
pretest probability of 22% (for example, a 65-year-old white
woman at average risk), the post-test probability of DXA-deter-
mined osteoporosis was 34% (Cl, 26% to 41%) after a positive
result and 10% (Cl, 5% to 12%) after a negative result when
using a T-score cutoff threshold of —1. Analysis of other quantita-
tive ultrasound parameters (for example, broadband ultrasound at-
tenuation) revealed similar estimates of accuracy.

Limitations: The relatively small number of included studies limited
the authors’ ability to evaluate the effects of heterogeneous study
characteristics on the diagnostic accuracy of quantitative ultrasound.

Conclusions: The currently available literature suggests that results
of calcaneal quantitative ultrasound at commonly used cutoff
thresholds do not definitively exclude or confirm DXA-determined
osteoporosis. Additional research is needed before use of this test
can be recommended in evidence-based screening programs for
osteoporosis.
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steoporosis, “a systemic skeletal disease characterized

by low bone mass and microarchitectural deteriora-
tion of bone tissue, with a consequent increase in bone
fragility and susceptibility to fracture” (1), affects approxi-
mately 200 million people worldwide (2). In the United
States, osteoporosis affects approximately 10 million per-
sons, contributes to 1.5 million fractures annually, and ac-
counted for direct costs of $18 billion in 2002 (3). Al-
though medical therapies for patients with osteoporosis are
available and reduce fracture risk (4—10), most affected
individuals are asymptomatic, undiagnosed, and untreated
(11). Several organizations, including the U.S. Preventive
Services Task Force (12), recommend screening; however,
there is no consensus on how to screen patients for osteo-
porosis.

Dual-energy x-ray absorptiometry (DXA) is the most
widely used method for diagnosing osteoporosis in most
countries (13). This test involves positioning the body site
of interest in the path of an x-ray beam and measuring
beam attenuation, which is related to bone mineral con-
tent. Bone mineral density (BMD) is calculated as the ratio
of bone content to the scanned area (14). The World
Health Organization’s (WHO) operational definition for
osteoporosis is a BMD that is 2.5 SDs (T-scores) or more
below the mean for young healthy adult women; the
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WHO’s operational definition of osteopenia is a T-score
between —1 and —2.5 (15). Numerous DXA devices are
currently in use. Correlation between DXA BMD mea-
surements obtained at the same central site (lumbar spine
or femoral neck) with different devices has been reported
to be 0.92 to 0.99 in several studies (16-19).

Recently, there has been increased interest in the use
of quantitative ultrasound for osteoporosis screening. Cal-
caneal quantitative ultrasound for bone assessment typi-
cally involves placing ultrasound transducers on either side
of the calcaneus; one acts as a wave transmitter, and the
other acts as the receiver (20). These devices assess 3 main
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types of parameters: broadband ultrasound attenuation,
speed of sound or velocity of sound, and quantitative ul-
trasound index stiffness. Broadband ultrasound attenuation
measures the frequency dependence of attenuation of the
ultrasound signal that occurs as energy is removed from the
wave, primarily by absorption and scattering in the bone
and soft tissue (21). Speed of sound and velocity of sound
measure the distance the ultrasound signal travels per unit
of time (22). Quantitative ultrasound index and stiffness
are composite parameters derived from broadband ultra-
sound attenuation and speed of sound or velocity of sound
(21, 22). Ultrasound parameter values are typically lower
in osteoporotic bone than in healthy bone (22). There are
numerous calcaneal quantitative ultrasound devices in use,
but there are no universal guidelines establishing normal
versus abnormal measurement values. In addition, studies
have reported correlation coefficient values between 0.44
and 0.93 for measurements of the same parameters by dif-
ferent quantitative ultrasound devices (23, 24).

Several large prospective studies have shown that cal-
caneal quantitative ultrasound can predict future fracture
risk nearly as well as DXA (25-28). Quantitative ultra-
sound also has several potential advantages over DXA: It is
less expensive, is portable, does not involve ionizing radia-
tion, and does not require specially trained personnel (29—
32). Also, unlike DXA, quantitative ultrasound may be
able to assess bone quality in addition to BMD (33-35).
However, 2 key gaps in the evidence limit the use of quan-
titative ultrasound as a first-line diagnostic tool in clinical
practice. First, there are no consensus diagnostic criteria for
osteoporosis using this technique. The WHO’s operational
definition for osteoporosis was derived in the context of
DXA and has typically been applied to DXA (36). Direct
application of this definition to quantitative ultrasound is
not advisable (37, 38). Second, clinical trials of the efficacy
of medical therapies for reducing fracture risk in persons
without a history of osteoporotic fracture have used DXA
rather than quantitative ultrasound to select patients (39).
It is not known whether the results of these trials can be
generalized to patients identified by quantitative ultra-
sound as having high risk for fracture (39). Some evidence
suggests that women selected for osteoporosis therapy on
the basis of fracture risk factors rather than low DXA
BMD may not benefit similarly from treatment (7). In the
absence of direct evidence of treatment efficacy for patients
identified by quantitative ultrasound as having high risk for
fracture, the clinical utility of this test for improving osteo-
porosis outcomes lies with its degree of correlation with
DXA results (40). Correlation coefficients between calca-
neal quantitative ultrasound measurements and DXA
BMD at the spine or the hip have ranged between 0.27
and 0.7 in several larger studies (41-51). Thus, several
researchers have suggested that quantitative ultrasound
could be used as a prescreening test to reduce the number
of patients who require additional DXA testing (52—61).

We performed a systematic review to address 3 ques-

www.annals.org

Quantitative Ultrasound for Osteoporosis Diagnosis REVIEW

Context

Can calcaneal quantitative ultrasound accurately identify
adults with osteoporosis?

Contribution

This meta-analysis of 25 studies summarizes current
knowledge about the accuracy of calcaneal quantitative
ultrasound for identifying adults with a dual-energy x-ray
absorptiometry (DXA) T-score of —2.5 or less at the hip or
spine. The authors found no quantitative ultrasound
thresholds at which sensitivity or specificity was sufficiently
high to rule out or rule in DXA-determined osteoporosis.

Cautions

These studies did not evaluate benefits or harms of includ-
ing quantitative ultrasound in screening programs.

Implications

Calcaneal quantitative ultrasound results at commonly
used thresholds do not definitively exclude or confirm
DXA-determined osteoporosis.

—The Editors

tions relevant to such a strategy. First, what are the sensi-
tivity and specificity of calcaneal quantitative ultrasound
for identifying patients who meet WHO DXA osteoporo-
sis criteria at the hip or the spine? Second, given a pretest
probability of osteoporosis (for example, on the basis of
risk factors, such as age and sex) and quantitative ultra-
sound results, what is the post-test probabilicy of DXA-
determined osteoporosis? Third, what do these findings tell
us about the strength of the evidence supporting the use of
calcaneal quantitative ultrasound to screen for osteopo-
rosis?

METHODS
Data Sources

We searched MEDLINE (1966 to October 2005),
EMBASE (1993 to May 2004), Cochrane Central Register
of Controlled Trials and Cochrane Database of Systematic
Reviews (1952 to March 2004), and the Science Citation
Index (1945 to April 2004) with assistance from a profes-
sional research librarian (Figure 1). We supplemented our
searches by manually reviewing bibliographies of eligible
studies and relevant review articles.

Study Selection

We included English-language studies that evaluated
the sensitivity and specificity of calcaneal quantitative ul-
trasound for identifying adults with DXA T-scores of —2.5
or less at the hip or spine. We required that both sites be
tested, with a T-score of —2.5 or less at either site indica-
tive of osteoporosis (62, 63), because T-scores can differ at
the lumbar spine and the hip (62-64) and the spine is
often affected by bone loss earlier than the femoral neck.
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Figure 1. Literature search strategies and reasons for study exclusion.

Articles retrieved in
MEDLINE search
(n =1732)*

Articles retrieved in
EMBASE search
(n = 140)1'

Articles retrieved in
Science Citation Index
search (n = 28)*

Articles retrieved in
Cochrane search
(n=1)8§

Articles retrieved in
manual search
(n=7)

Potentially relevant articles (n = 1908)

Excluded articles (n = 1883)!

Did not test accuracy of calcaneal quantitative ultrasound for
identifying patients with osteoporosis: 1602

Not a primary study (e.g., was a review article): 180

Not published in English: 35

Did not use DXA T-score of less than -2.5 at spine and/or femoral
neck/total hip as the reference standard to determine presence or
absence of osteoporosis: 38

Did not report sufficient information to determine sensitivity and
specificity: 15

Included children: 5

Not published as a full-text journal article (e.g., abstract only): 4

Presented duplicate data from a study published in another journal: 2

Did not include at least 10 study participants with osteoporosis and
10 without osteoporosis: 1

Included nonhuman subjects: 1

Articles included in the analyses (n = 25)

The number of unique articles found from each database is shown in the top row of boxes. DXA = dual-energy x-ray absorptiometry. 'MEDLINE search
strategy: (osteoporo™ AND ultraso*) OR (bone density AND ultraso*) OR (osteoporo* AND sonogra*). TEMBASE search strategy: ((osteoporosis/DE
OR bone density/DE) OR (osteoporo? OR (bone density)) AND (ultrasound or ultrason? or sonogr?) AND (heel or calcaneus). $Science Citation Index
search strategy: (osteoporo® <or> “bone density”) and (ultrasound <or> ultrason* <or> sonogra*) and (heel <or> calcan*). §Cochrane search
strategy: (bone density.mp or osteoporosis.mp) and (ULTRASOUND or ultraso$ or sonogra$).mp and (heel or calcaneous or calcaneal).mp. ||Several

articles met more than 1 of the exclusion criteria.

Thus, if only hip BMD was tested, some individuals at risk
for vertebral fracture may have been missed. We chose to
focus on studies with a DXA T-score of —2.5 or less as the
reference standard because we felt this was the clinical pop-
ulation of most interest. Most of the randomized, con-
trolled trials that have demonstrated efficacy of pharmaco-
logic therapies for reducing fracture risk in persons without
a history of fracture have done so in this population. In
addition, several guidelines agree that persons with
T-scores of —2.5 or less should be treated (65-67), al-
though there is more controversy surrounding treatment of
those without a history of fracture and T-scores greater
than —2.5. We excluded studies that did not use DXA as
the reference standard because the bulk of the evidence
showing that medical therapy reduces fracture risk in per-
sons without a history of osteoporotic fracture has been
based on patient selection by DXA criteria. We limited
inclusion to studies that performed quantitative ultrasound
and DXA testing in all participants, had at least 10 partic-
ipants with and 10 participants without DXA-determined
osteoporosis, and reported at least 1 pair of sensitivity and
specificity values (Figure 1).
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Data Extraction

Two authors independently abstracted study design
information, study participant information, results, and in-
formation about potential sources of bias from included
studies (Appendix Table 1, available at www.annals.org).
We resolved abstraction discrepancies by repeated review
and discussion.

Data Synthesis

All of the studies that met our inclusion criteria re-
ported quantitative ultrasound thresholds (cutoff values
used to separate positive results from negative results) cor-
responding to each pair of sensitivity and specificity values.
We used this information to determine the relationship
between threshold and sensitivity and specificity. We com-
puted random-effects regression models with sensitivity or
specificity as the dependent variable and threshold as the
independent variable, as will be explained. We also calcu-
lated summary receiver-operating characteristic (ROC)
curves using the sensitivity and specificity estimates re-
ported by the included studies. We used MATLAB, ver-
sion 7.0, release 14 (The MathWorks, Inc., Natick, Mas-
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sachusetts), and STATA, version 8.1 (StataCorp LP,
College Station, Texas), to perform our data analyses.

Regression Analysis

To predict how sensitivity changed as a function of
threshold, we first calculated a summary estimate of sensi-
tivity at each reported threshold using a standard random-
effects model (that is, we pooled all studies reporting sen-
sitivity at a given threshold) (68, 69). We then used
weighted least-squares regression to predict sensitivity as a
function of threshold, weighting each summary estimate of
sensitivity by its inverse variance. We used the Working—
Hotelling method (70) to compute a 95% CI on the re-
gression model. We repeated this process to calculate a
regression equation for specificity as a function of thresh-
old. Detailed information about these methods is shown in
the Appendix (available at www.annals.org). To evaluate
the influence of individual studies on the results of our
regression analysis, we removed studies 1 at a time and
compared these results with those of all studies combined.

Summary ROC Curve Analysis

We calculated summary ROC curves using the pairs of
sensitivity and specificity values reported in the original
studies (71, 72). We characterized these curves by area
under the curve (AUC), a measure of test accuracy; a per-
fect test has an AUC of 1, and a test with no diagnostic
value has an AUC of 0.5. We calculated 95% Cls on the
linear regressions in the logit transform space by using the
Working—Hotelling method (70-72). We constructed cor-
responding upper and lower confidence bounds for the
summary ROC curves and integrated the curves to calcu-
late CIs for the AUCs.

Calculation of Post-test Probabilities of DXA-Determined
Osteoporosis

We calculated post-test probabilities of DXA-deter-
mined osteoporosis for pretest probabilities ranging from 0
to 1 by using Bayes theorem (73). We used sensitivity and
specificity estimates that we determined with the regression
analyses to perform these calculations.

Role of the Funding Sources

The Department of Veterans Affairs, the Agency for
Healthcare Research and Quality, and the National Sci-
ence Foundation supported parts of this work. The fund-
ing agencies had no role in the design of the study; the
collection, analysis, or interpretation of the data; or the
approval of publication of the finished manuscript.

RESULTS

Our search identified 1908 articles. Twenty-five stud-
ies met our inclusion criteria (50, 52—-56, 74-92). The
included studies evaluated broadband ultrasound attenua-
tion, speed of sound, velocity of sound, quantitative ultra-
sound index, and stiffness parameters. Several studies eval-

www.annals.org

Quantitative Ultrasound for Osteoporosis Diagnosis REVIEW

uated more than 1 of these parameters. We focused our
analysis on the quantitative ultrasound index parameter
because there were more data available for this parameter.

Study Design Characteristics

All of the studies that evaluated the quantitative ultra-
sound index parameter used the Hologic Sahara quantita-
tive ultrasound device (Hologic, Inc., Bedford, Massachu-
setts). This parameter is specific to the Hologic Sahara
device, one of the most commonly used quantitative ultra-
sound devices in the United States. The studies that eval-
uated the other parameters used various devices. Because
previous studies have indicated that there can be diagnostic
discordance between different types of quantitative ultra-
sound devices using equivalent T-score thresholds (93-95),
we restricted our regression analysis to the studies that eval-
uated the quantitative ultrasound index parameter. How-
ever, we performed summary ROC curve analyses for all
parameters.

The 11 studies that evaluated the quantitative ultra-
sound index parameter were heterogeneous with respect to
population location (5 studies were done in Europe, 4 were
done in the United States, and 2 were done in Asia), sam-
ple size (range, 110 to 722 participants), osteoporosis prev-
alence by WHO DXA criteria (range, 7% to 38%), and
mean age of participants (range, 46 to 64 years) (Appendix
Table 1, available at www.annals.org). Seven studies (54—
56, 75, 80, 82, 88) exclusively enrolled women, including
6 that exclusively enrolled postmenopausal women, and 2
studies (74, 89) exclusively enrolled men. Six studies (56,
74,75, 80, 88, 89) used T-scores at DXA reference sites of
the lumbar spine, total hip, or femoral neck to determine
the presence or absence of osteoporosis, 4 studies (55, 77,
82, 84) used DXA reference sites of the lumbar spine or
femoral neck, and 1 study (54) used DXA reference sites of
the lumbar spine or total hip. Some studies used manufac-
turers’ reference populations to determine quantitative ul-
trasound or DXA T-scores, some used National Health
and Nutrition Examination Survey reference data, some
used local reference populations, and others did not report
the reference populations used to determine T-scores.
Most studies did not report the race or ethnicity of their
participants. Of the 6 studies that revealed their funding
source, none were funded by device manufacturers.

Assessment of Potential Sources of Bias

All of the studies that evaluated the quantitative ultra-
sound index parameter enrolled participants prospectively,
recruited participants as a cohort unclassified by disease
state, had more than 30 participants with DXA-deter-
mined osteoporosis and 30 participants without DXA-de-
termined osteoporosis, and had participant completion
rates of greater than 90% (Appendix Figure and Appendix
Table 2, available at www.annals.org). Three studies se-
lected patients either consecutively or by random sample
(54, 80, 88). The other studies did not provide sufficient

information to determine participant selection method.

6 June 2006 | Annals of Internal Medicine | Volume 144 * Number 11|835




REVIEW Quantitative Ultrasound for Osteoporosis Diagnosis

Figure 2. Results of meta-analysis of sensitivity versus
threshold and specificity versus threshold for the
quantitative ultrasound index parameter.
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The points represent summary estimates of sensitivity (zop) and specific-
ity (bottom) at particular T-score thresholds, obtained by using a ran-
dom-effects meta-analysis model at each threshold. The bars represent
95% CIs. The solid lines represent regression models for sensitivity (z0p)
and specificity (bortom) as functions of threshold. The dotted lines rep-
resent 95% Cls for the regression models.

Most studies did not report the time that elapsed between
quantitative ultrasound and DXA test performance. None
of the studies reported whether quantitative ultrasound
and DXA results were interpreted independently of each
other.
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Diagnostic Sensitivity and Specificity of the Quantitative
Ultrasound Index Parameter

Nine of the 11 studies that evaluated the quantitative
ultrasound index parameter presented threshold informa-
tion in the same units (T-score units) (54, 74, 75, 77, 80,
82, 84, 88, 89). We included these 9 studies in our regres-
sion analysis. Figure 2 shows the regression models that
relate sensitivity and specificity to threshold.

Figure 3 shows the summary ROC curve that we cal-
culated using all 11 studies that evaluated the quantitative
ultrasound index parameter (AUC, 0.76 [95% CI, 0.72 to
0.79]). We also calculated summary ROC curves and
AUG: for subgroups of women only (AUC, 0.76 [CI, 0.70
to 0.82]) and postmenopausal women only (AUC, 0.75
[CI, 0.66 to 0.82]).

Robustness Analysis

Table 1 shows the ranges of summary estimates of
sensitivity and specificity that we calculated for quantita-
tive ultrasound index parameter T-score thresholds from 0
to —2.5 with all studies included in the regression analysis
and when removing individual studies from the analysis.
Our results were most robust to removal of individual
studies at T-score thresholds of —0.5, —1.0, and —1.5.
These thresholds are clinically relevant for screening be-
cause calcaneal quantitative ultrasound has higher sensitiv-
ity at these thresholds than it does at thresholds of less
than —1.5. The ranges of sensitivity and specificity esti-
mates that we calculated at clinically relevant thresholds
after removal of individual studies fall within the confi-
dence ranges that we calculated for our regression models
of sensitivity and specificity and do not affect our overall
conclusions about the predictive value of calcaneal quanti-
tative ultrasound results.

Post-test Probability of DXA-Determined Osteoporosis
at the Hip or Spine

We estimated post-test probabilities of DXA-deter-
mined osteoporosis as functions of pretest probabilities
(96) for positive and negative quantitative ultrasound re-
sults when using quantitative ultrasound index T-score
thresholds of —0.5, —1, and —1.5 for women 50 years of
age and older at average risk for osteoporosis (Table 2). We
estimated post-test probabilities for these particular thresh-
olds because they are in the range of thresholds that have
been recommended for screening with quantitative ultra-
sound (84, 97, 98).

To apply the information in Table 2 clinically, sup-
pose we screened a white woman 60 to 69 years of age
from the general U.S. population (prevalence of osteopo-
rosis, approximately 22% [96]) using a quantitative ultra-
sound index T-score threshold of —1. Her post-test prob-
ability of DXA-determined osteoporosis, given a positive
quantitative ultrasound result (that is, T-score =—1),
would be approximately 34% (CI, 26% to 41%). Alterna-
tively, if this patient had a negative quantitative ultrasound
result (that is, T-score >—1), then her post-test probabil-
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ity of having DXA-determined osteoporosis would be ap-
proximately 10% (CI, 5% to 12%). When lower quanti-
tative ultrasound index T-score cutoff thresholds (for
example, —1.5) are used, the false-negative rate increases
and positive quantitative ultrasound results still do not
conclusively rule in DXA-determined osteoporosis. Like-
wise, when pretest probability of DXA-determined osteo-
porosis is higher (for example, in older patients) at any
given quantitative ultrasound cutoff threshold, the number
of false-negative results increases and positive quantitative
ultrasound results still do not confirm DXA-determined
0Steoporosis.

Analysis of Other Quantitative Ultrasound Parameters

Appendix Table 1 (available at www.annals.org) de-
scribes the studies that evaluated broadband ultrasound at-
tenuation, speed of sound, velocity of sound, and stiffness
parameters. We calculated summary ROC curves for each
of these parameters and found that their average accuracy
across devices was not statistically significantly different
from that of the quantitative ultrasound index parameter.
The AUC was 0.77 (CI, 0.73 to 0.81) for broadband ul-
trasound attenuation, 0.74 (CI, 0.71 to 0.77) for speed of
sound and velocity of sound, and 0.79 (CI, 0.71 to 0.86)
for stiffness.

Discussion

Our systematic review found that the sensitivity and
specificity of calcaneal quantitative ultrasound at com-
monly used cutoff thresholds seem to be too low to con-
clusively rule out or rule in DXA-determined osteoporosis
for persons with pretest probabilities within the range typ-
ically encountered in clinical practice. Because most of the
studies included in our analysis exclusively enrolled women
and many exclusively enrolled postmenopausal women, we
believe that our conclusions are most relevant to these pop-
ulations. Although current evidence is limited to relatively
few heterogencous studies and there is uncertainty in our
results, it is notable that our conclusions are robust to the
95% Cls that we calculated for sensitivity and specificity

Quantitative Ultrasound for Osteoporosis Diagnosis REVIEW

Figure 3. Summary receiver-operating characteristic curve of
sensitivity (true-positive rate) versus 1 — specificity
(false-positive rate) for the quantitative ultrasound index
parameter.

Sensitivity (True-Positive Rate)
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0 0.25 0.50 0.75 1.00

1 - Specificity (False-Positive Rate)

Individual study estimates of sensitivity and 1 — specificity are repre-
sented by the circles. Circle sizes are proportional to study weights; how-
ever, sizes are not to scale. The dotted lines represent 95% Cls.

and post-test probabilities of DXA-determined osteoporo-
sis over several quantitative ultrasound cutoff thresholds.
Thus, the overall body of evidence that we reviewed pro-
vides a reasonable basis to support our conclusions. Given
our results and the lack of data on therapeutic efficacy for
fracture risk reduction in persons selected by quantitative
ultrasound results, additional information is needed before
quantitative ultrasound can be recommended as part of a
screening program to identify those most likely to benefit
from osteoporosis therapy.

Researchers have suggested several different calcaneal

Table 1. Robustness Analysis Results for the Quantitative Ultrasound Index Parameter*

Quantitative Ultrasound
T-Score Threshold

Summary Estimate of Sensitivity,
All Studies Included (95% Cl), %

0.0t 93 (87-97) 90-94
—0.5t 88 (80-93) 84-89
-1.0 79 (69-86) 76-82
-1.5% 66 (53-77) 58-70
-2.0 49 (33-66) 37-57
-25 33 (17-55) 21-45

Range of Summary Estimates of
Sensitivity, Individual Studies
Removed, %

Summary Estimate of
Specificity, All Studies
Included (95% CI), %

Range of Summary Estimates
of Specificity, Individual
Studies Removed, %

24 (10-47) 15-32
39 (23-59) 32-45
58 (44-70) 56-60
74 (66-81) 72-77
86 (80-90) 81-90
93 (87-96) 88-96

* Summary estimates of sensitivity and specificity are shown with all studies included in the regression analysis and when individual studies are removed from the analysis.
T Our results at these thresholds were most sensitive to removal of studies by Lépez-Rodriguez et al. (84), Varney et al. (88), and Kung et al. (82). Removal of the study by
Lépez-Rodriguez et al. (84) increased our estimates of specificity at thresholds of 0 and —0.5 by 0.08 and 0.06, respectively; removal of the study by Varney et al. (88) reduced
our estimates of specificity at thresholds of 0 and —0.5 by 0.09 and 0.07, respectively; and removal of the study by Kung et al. (82) reduced our estimate of sensitivity at

a threshold of —1.5 by 0.08.
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Table 2. Estimated Post-test Probabilities of Dual-Energy X-Ray Absorptiometry—-Determined Osteoporosis at the Hip or Spine in
Women after Testing with the Quantitative Ultrasound Index Parameter*

Estimated Post-test Probability of DXA-Determined Osteoporosis

Age Pretest
Group, y Probability,
%t Threshold of —0.5 (95% CI)

Positive Negative
Result Result

50-59 15 20 (16-25) 5 (1-8)

60-69 22 28 (23-35) 8 (2-13)

70-79 39 47 (41-56) 16 (6-25)

>80 70 77 (72-83) 42 (23-58)

Threshold of —1 (95% Cl) Threshold of —1.5 (95% Cl)

Positive Negative Positive Negative
Result Result Result Result

25 (18-30) 6 (3-8) 31 (23-37) 7 (5-10)
34 (26-41) 10 (6-12) 41 (32-49) 11 (7-15)
54 (45-62) 18 (10-24) 61 (53-69) 22 (15-28)
81 (76-86) 46 (33-56) 86 (81-89) 52 (42-60)

* Estimated post-test probabilities of DXA-determined osteoporosis are shown for average-risk U.S. white women in 4 age groups, for positive and negative results obtained
with calcaneal quantitative ultrasound at T-score thresholds of —0.5, —1, and —1.5. DXA = dual-energy x-ray absorptiometry.

T From reference 96. This study presents the proportions of women in an age-stratified random sample from Rochester, Minnesota (none of whom had a known disorder
influencing bone metabolism), who met the World Health Organization’s operational definition for osteoporosis. We used the proportions presented in this paper as estimates
of pretest probability of DXA-determined osteoporosis in different age groups of U.S. white women. We rounded off the proportions presented in reference 96 to the nearest
one in this table; however, we used the nonrounded numbers presented in reference 96 in our calculations.

quantitative ultrasound cutoff thresholds, including quan-
titative ultrasound index T-scores of 0, —1, and —1.5 to
determine which patients should be considered for addi-
tional testing with DXA (84, 97, 98). Clinicians currently
using quantitative ultrasound to prescreen for osteoporosis
may be using these or other thresholds to identify persons
who require additional testing with DXA. Our results sug-
gest that if 1000 women from the general population who
are 60 to 69 years of age were screened with calcaneal
quantitative ultrasound using a quantitative ultrasound in-
dex T-score cutoff threshold of —1, approximately 500
would have positive test results and would require more
testing and approximately 500 would have negative test
results and would not be tested further. Of the women
with positive results, approximately 170 would have osteo-
porosis by DXA criteria. Of the women with negative re-
sults, approximately 50 would have osteoporosis by DXA
criteria. Thus, with this prescreening strategy, 500 women
would not have additional testing with DXA; however, we
would expect to miss 50 cases of DXA-determined osteo-
porosis. For any given number of persons who are screened
with calcaneal quantitative ultrasound, the number of
false-positive and false-negative results is affected by the
pretest probability of osteoporosis in the population being
tested and by the selection of cutoff threshold.

Our findings suggest a need for additional analyses to
evaluate whether a screening strategy for osteoporosis that
incorporates calcaneal quantitative ultrasound as a pre-
screening test for DXA would be effective and cost-effec-
tive for population-level screening for osteoporosis, and, if
so, in which populations and at what cutoff thresholds.
Our results can be applied to such analyses to determine
the cost-effectiveness of prescreening strategies that use dif-
ferent quantitative ultrasound index cutoff thresholds (and
thus to help determine optimal cutoff thresholds for quan-
titative ultrasound index) in populations with various pre-
test probabilities of DXA-determined osteoporosis.

Calcaneal quantitative ultrasound predicts future os-
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teoporotic fracture risk nearly as well as central DXA (25—
28), but the 2 techniques are not highly correlated; thus, a
screening strategy with calcaneal quantitative ultrasound
used as a prescreen for DXA may not be the most efficient
way to screen for osteoporosis. Comparing quantitative ul-
trasound with an imperfect reference standard of DXA
may underestimate its potential usefulness for screening for
osteoporosis. One large prospective study showed that
most elderly women who sustain low-trauma fractures have
DXA T-scores of greater than —2.5 at the hip or spine; this
study also noted that even if the DXA cutoff point to
define osteoporosis was changed to a T-score of —1.5 or
less, at most approximately 50% of fractures would be at-
tributable to osteoporosis (99). Thus, DXA is an imperfect
reference standard by which to identify persons at risk for
fragility fractures. If we use this test alone to identify pa-
tients with osteoporosis, we may miss many individuals at
risk. However, efficacy trials of osteoporosis treatment have
primarily selected patients on the basis of low DXA T-
scores or a history of osteoporotic fracture. No trials have
evaluated the efficacy of therapy in persons identified by
quantitative ultrasound as having increased fracture risk.
Thus, there is no evidence that screening for osteoporosis
with quantitative ultrasound alone improves outcomes. If
treatment efficacy for fracture risk reduction were to be
demonstrated for patients selected on the basis of quanti-
tative ultrasound results, we would not need to compare
quantitative ultrasound with an imperfect reference stan-
dard, such as DXA. We could then evaluate the merits of
screening strategies involving quantitative ultrasound that
do not require DXA for confirmation. Thus, the efficacy of
treatment for osteoporosis in persons selected on the basis
of quantitative ultrasound results is an important topic for
future research.

Our study has several limitations. First, we were lim-
ited by the heterogeneity of the studies meeting our inclu-
sion criteria. For example, of the 25 included studies, only
those that evaluated the quantitative ultrasound index pa-
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rameter all used the same quantitative ultrasound device.
Thus, we could only perform regression analysis of the
quantitative ultrasound index parameter data. However,
our summary ROC curve analyses of the other quantitative
ultrasound parameters yielded very similar results to those
for the quantitative ultrasound index parameter. This sug-
gests that on average across devices, these other parameters
and the quantitative ultrasound index parameter are likely
to have similar diagnostic accuracy for DXA-determined
osteoporosis. Because of the small number of included
studies, we could not further evaluate the effect of differ-
ences in study attributes, such as the reference populations
used to determine quantitative ultrasound or DXA
T-scores or the DXA hip regions used to determine osteo-
porosis of the hip, on the diagnostic accuracy of quantita-
tive ultrasound. Second, we excluded non—English-lan-
guage studies. From our sensitivity analyses, we found that
our results were relatively robust in the range of T-scores
most relevant for screening; thus, unless foreign-language
articles were systematically different from English-language
studies, they probably would not have substantially
changed our results. Finally, our results may have been
subject to publication bias (the preferential publication of
studies with positive results). If publication bias existed,
our results present a more favorable assessment of the ac-
curacy of quantitative ultrasound than is warranted and
our overall conclusion would not change.

We conclude that calcaneal quantitative ultrasound re-
sults at commonly used screening thresholds seem to be
insufficient to rule out or rule in DXA-determined osteo-
porosis. This does not necessarily imply that calcaneal
quantitative ultrasound may not have a role in screening
individuals for osteoporosis. However, additional research
that evaluates treatment efficacy for persons selected on the
basis of quantitative ultrasound results and the cost-effec-
tiveness of screening strategies that incorporate quantitative
ultrasound is needed to determine whether use of this test
can improve outcomes for patients with osteoporosis.

From VA Palo Alto Health Care System, Palo Alto, California; Stanford
University, Stanford, California; University of California, San Francisco,
San Francisco, California; and Babson College, Babson Park, Massachu-
setts.

Acknowledgments: The authors thank Marilyn L. Tinsley, MLS, for
assistance with the literature searches; David B. Karpf, MD, and Douglas
C. Bauer, MD, for critical review of the manuscript; and Corinna Haber-
land, MD, MS, for contributions to data collection.

Grant Support: By a Department of Veterans Affairs Fellowship in Am-
bulatory Care Practice and Research (Dr. Nayak); by the Department of
Veterans Affairs (Dr. Owens); by the Agency for Healthcare Research
and Quality, National Research Service Award (grant number
HS000028-18) (Dr. Liu); by a National Science Foundation Interdisci-
plinary Informatics Fellowship and the Howard Hughes Medical Insti-
tute (Dr. Grabe); and by an Advanced Research Career Development
Award from the VA Health Services Research and Development Service
(Dr. Gould).

www.annals.org

Quantitative Ultrasound for Osteoporosis Diagnosis REVIEW

Potential Financial Conflicts of Interest: None disclosed.

Requests for Single Reprints: Smita Nayak, MD, Center for Primary
Care and Outcomes Research, Stanford University, 117 Encina Com-
mons, Stanford, CA 94305-6019; e-mail, smitanayak@stanford.edu.

Current author addresses are available at www.annals.org.

References

1. Consensus development conference: diagnosis, prophylaxis, and treatment of
osteoporosis. Am ] Med. 1993;94:646-50. [PMID: 8506892]

2. Lin JT, Lane JM. Osteoporosis: a review. Clin Orthop Relat Res. 2004:126-
34. [PMID: 15292797]

3. National Osteoporosis Foundation. About Osteoporosis: Fast Facts. Vol.
2005. Washington, DC: National Osteoporosis Foundation; 2005.

4. Harris ST, Watts NB, Genant HK, McKeever CD, Hangartner T, Keller M,
et al. Effects of risedronate treatment on vertebral and nonvertebral fractures in
women with postmenopausal osteoporosis: a randomized controlled trial. Verte-
bral Efficacy With Risedronate Therapy (VERT) Study Group. JAMA. 1999;
282:1344-52. [PMID: 10527181]

5. Black DM, Cummings SR, Karpf DB, Cauley JA, Thompson DE, Nevitt
MG, et al. Randomised trial of effect of alendronate on risk of fracture in women
with existing vertebral fractures. Fracture Intervention Trial Research Group.
Lancet. 1996;348:1535-41. [PMID: 8950879]

6. Liberman UA, Weiss SR, Bréll J, Minne HW, Quan H, Bell NH, et al.
Effect of oral alendronate on bone mineral density and the incidence of fractures
in postmenopausal osteoporosis. The Alendronate Phase III Osteoporosis Treat-
ment Study Group. N Engl ] Med. 1995;333:1437-43. [PMID: 7477143]

7. McClung MR, Geusens P, Miller PD, Zippel H, Bensen WG, Roux C, et al.
Effect of risedronate on the risk of hip fracture in elderly women. Hip Interven-
tion Program Study Group. N Engl J Med. 2001;344:333-40. [PMID:
11172164]

8. Ettinger B, Black DM, Mitlak BH, Knickerbocker RK, Nickelsen T, Genant
HK, et al. Reduction of vertebral fracture risk in postmenopausal women with
osteoporosis treated with raloxifene: results from a 3-year randomized clinical
trial. Multiple Outcomes of Raloxifene Evaluation (MORE) Investigators.
JAMA. 1999;282:637-45. [PMID: 10517716]

9. Delmas PD, Ensrud KE, Adachi JD, Harper KD, Sarkar S, Gennari C, et al.
Efficacy of raloxifene on vertebral fracture risk reduction in postmenopausal
women with osteoporosis: four-year results from a randomized clinical trial. ]
Clin Endocrinol Metab. 2002;87:3609-17. [PMID: 12161484]

10. Neer RM, Arnaud CD, Zanchetta JR, Prince R, Gaich GA, Reginster JY, et
al. Effect of parathyroid hormone (1-34) on fractures and bone mineral density in
postmenopausal women with osteoporosis. N Engl ] Med. 2001;344:1434-41.
[PMID: 11346808]

11. Stafford RS, Drieling RL, Hersh AL. National trends in osteoporosis visits
and osteoporosis treatment, 1988-2003. Arch Intern Med. 2004;164:1525-30.
[PMID: 15277283]

12. U.S. Preventive Services Task Force. Screening for osteoporosis in post-
menopausal women: recommendations and rationale. Ann Intern Med. 2002;
137:526-8. [PMID: 12230355]

13. American College of Radiology. Expert Panel on Musculoskeletal Imaging.
Osteoporosis and Bone Mineral Density. ACR Appropriateness Criteria. Reston,
VA: American College of Radiology; 2001.

14. Faulkner KG. Update on bone density measurement. Rheum Dis Clin North
Am. 2001;27:81-99. [PMID: 11286001]

15. Assessment of fracture risk and its application to screening for postmeno-
pausal osteoporosis. Report of a WHO study group. World Health Organ Tech
Rep Ser. 1994;843:1-129. [PMID: 7941614]

16. Faulkner KG, Roberts LA, McClung MR. Discrepancies in normative data
between Lunar and Hologic DXA systems. Osteoporos Int. 1996;6:432-6.
[PMID: 9116387]

17. Genant HK, Grampp S, Gliier CC, Faulkner KG, Jergas M, Engelke K, et
al. Universal standardization for dual x-ray absorptiometry: patient and phantom
cross-calibration results. ] Bone Miner Res. 1994;9:1503-14. [PMID: 7817795]
18. Lai KC, Goodsitt MM, Murano R, Chesnut CH 3rd. A comparison of two
dual-energy x-ray absorptiometry systems for spinal bone mineral measurement.

Calcif Tissue Int. 1992;50:203-8. [PMID: 1617493]

6 June 2006 | Annals of Internal Medicine | Volume 144 * Number 11839



REVIEW Quantitative Ultrasound for Osteoporosis Diagnosis

19. Pocock NA, Sambrook PN, Nguyen T, Kelly P, Freund J, Eisman JA.
Assessment of spinal and femoral bone density by dual x-ray absorptiometry:
comparison of lunar and hologic instruments. ] Bone Miner Res. 1992;7:1081-4.
[PMID: 1414500]

20. Prins SH, Jorgensen HL, Jorgensen LV, Hassager C. The role of quantita-
tive ultrasound in the assessment of bone: a review. Clin Physiol. 1998;18:3-17.
[PMID: 9545615]

21. Hans D, Fuerst T, Duboeuf F. Quantitative ultrasound bone measurement.
Eur Radiol. 1997;7 Suppl 2:543-50. [PMID: 9126458]

22. Danese RD, Licata AA. Ultrasound of the skeleton: review of its clinical
applications and pitfalls. Curr Rheumatol Rep. 2001;3:245-8. [PMID:
11352794]

23. Stewart A, Reid DM. Precision of quantitative ultrasound: comparison of
three commercial scanners. Bone. 2000;27:139-43. [PMID: 10865221]

24. Njeh CF, Hans D, Li ], Fan B, Fuerst T, He YQ, et al. Comparison of six
calcaneal quantitative ultrasound devices: precision and hip fracture discrimina-
tion. Osteoporos Int. 2000;11:1051-62. [PMID: 11256897]

25. Bauer DC, Gliier CC, Cauley JA, Vogt TM, Ensrud KE, Genant HK, et al.
Broadband ultrasound attenuation predicts fractures strongly and independently
of densitometry in older women. A prospective study. Study of Osteoporotic
Fractures Research Group. Arch Intern Med. 1997;157:629-34. [PMID:
9080917]

26. Hans D, Dargent-Molina P, Schott AM, Sebert JL, Cormier C, Kotzki PO,
et al. Ultrasonographic heel measurements to predict hip fracture in elderly wom-
en: the EPIDOS prospective study. Lancet. 1996;348:511-4. [PMID: 8757153]
27. Pluijm SM, Graafmans WC, Bouter LM, Lips P. Ultrasound measurements
for the prediction of osteoporotic fractures in elderly people. Osteoporos Int.
1999:9:550-6. [PMID: 10624464]

28. Khaw KT, Reeve J, Luben R, Bingham S, Welch A, Wareham N, et al.
Prediction of total and hip fracture risk in men and women by quantitative
ultrasound of the calcaneus: EPIC-Norfolk prospective population study. Lancet.
2004;363:197-202. [PMID: 14738792]

29. Wiister C, Heilmann P, Pereira-Lima ], Schlegel ], Anstitt K, Soballa T.
Quantitative ultrasonometry (QUY) for the evaluation of osteoporosis risk: refer-
ence data for various measurement sites, limitations and application possibilities.
Exp Clin Endocrinol Diabetes. 1998;106:277-88. [PMID: 9792459]

30. Brunader R, Shelton DK. Radiologic bone assessment in the evaluation of
osteoporosis. Am Fam Physician. 2002;65:1357-64. [PMID: 11996418]

31. Jorgensen HL, Warming L, Bjarnason NH, Andersen PB, Hassager C.
How does quantitative ultrasound compare to dual x-ray absorptiometry at var-
ious skeletal sites in relation to the WHO diagnosis categories? Clin Physiol.
2001;21:51-9. [PMID: 11168297]

32. Marin F, Lopez-Bastida ], Diez-Pérez A, Sacristin JA. Bone mineral density
referral for dual-energy X-ray absorptiometry using quantitative ultrasound as a
prescreening tool in postmenopausal women from the general population: a cost-
effectiveness analysis. Calcif Tissue Int. 2004;74:277-83. [PMID: 14708042]
33. Genant HK, Engelke K, Fuerst T, Gliier CC, Grampp S, Harris ST, et al.
Noninvasive assessment of bone mineral and structure: state of the art. ] Bone
Miner Res. 1996;11:707-30. [PMID: 8725168]

34. Njeh CF, Boivin CM, Langton CM. The role of ultrasound in the assess-
ment of osteoporosis: a review. Osteoporos Int. 1997;7:7-22. [PMID: 9102067]
35. Gregg EW, Kriska AM, Salamone LM, Roberts MM, Anderson SJ, Ferrell
RE, et al. The epidemiology of quantitative ultrasound: a review of the relation-
ships with bone mass, osteoporosis and fracture risk. Osteoporos Int. 1997;7:89-
99. [PMID: 9166387]

36. Kanis JA, Gliier CC. An update on the diagnosis and assessment of osteo-
porosis with densitometry. Committee of Scientific Advisors, International Os-
teoporosis Foundation. Osteoporos Int. 2000;11:192-202. [PMID: 10824234]
37. Frost ML, Blake GM, Fogelman I. Can the WHO criteria for diagnosing
osteoporosis be applied to calcaneal quantitative ultrasound? Osteoporos Int.
2000;11:321-30. [PMID: 10928222]

38. Damilakis J, Perisinakis K, Gourtsoyiannis N. Imaging ultrasonometry of
the calcaneus: optimum T-score thresholds for the identification of osteoporotic
subjects. Calcif Tissue Int. 2001;68:219-24. [PMID: 11353948]

39. Osteoporosis prevention, diagnosis, and therapy. NIH Consen Statement.
2000;17:1-45. [PMID 11525451]

40. Ultrasonography of peripheral sites for selecting patients for pharmacologic
treatment for osteoporosis. TEC Bull (Online). 2002;19:25-8. [PMID:
12166458]

41. Truscott JG, Simpson M, Stewart SP, Milner R, Westmacott CF, Oldroyd

840 | 6 June 2006 | Annals of Internal Medicine | Volume 144 * Number 11

B, et al. Bone ultrasonic attenuation in women: reproducibility, normal variation
and comparison with photon absorptiometry. Clin Phys Physiol Meas. 1992;13:
29-36. [PMID: 1563219]

42. Young H, Howey S, Purdie DW. Broadband ultrasound attenuation com-
pared with dual-energy x-ray absorptiometry in screening for postmenopausal low
bone density. Osteoporos Int. 1993;3:160-4. [PMID: 8481593]

43. Massie A, Reid DM, Porter RW. Screening for osteoporosis: comparison
between dual energy x-ray absorptiometry and broadband ultrasound attenuation
in 1000 perimenopausal women. Osteoporos Int. 1993;3:107-10. [PMID:
8453190]

44. Salamone LM, Krall EA, Harris S, Dawson-Hughes B. Comparison of
broadband ultrasound attenuation to single x-ray absorptiometry measurements
at the calcaneus in postmenopausal women. Calcif Tissue Int. 1994;54:87-90.
[PMID: 8012876]

45. van Daele PL, Burger H, Algra D, Hofman A, Grobbee DE, Birkenhiger
JC, et al. Age-associated changes in ultrasound measurements of the calcaneus in
men and women: the Rotterdam Study. ] Bone Miner Res. 1994;9:1751-7.
[PMID: 7863827]

46. Turner CH, Peacock M, Timmerman L, Neal JM, Johnson CC Jr. Calca-
neal ultrasonic measurements discriminate hip fracture independently of bone
mass. Osteoporos Int. 1995;5:130-5. [PMID: 7599449]

47. Ross P, Huang C, Davis J, Imose K, Yates J, Vogel ], et al. Predicting
vertebral deformity using bone densitometry at various skeletal sites and calcaneus
ultrasound. Bone. 1995;16:325-32. [PMID: 7786635]

48. Roux C, Fournier B, Laugier P, Chappard C, Kolta S, Dougados M, et al.
Broadband ultrasound attenuation imaging: a new imaging method in osteopo-
rosis. ] Bone Miner Res. 1996;11:1112-8. [PMID: 8854247]

49. El-Desouki MI, Sherafzal MS, Othman SA. Comparison of bone mineral
density with dual energy x-ray absorptiometry, quantitative ultrasound and single
energy x-ray absorptiometry. Saudi Med J. 2005;26:1346-50. [PMID:
16155640]

50. Pocock NA, Culton NL, Gilbert GR, Hoy ML, Babicheva R, Chu JM, et
al. Potential roles for quantitative ultrasound in the management of osteoporosis.
Med ] Aust. 2000;173:355-8. [PMID: 11062790]

51. Greenspan SL, Cheng S, Miller PD, Orwoll ES. Clinical performance of
a highly portable, scanning calcaneal ultrasonometer. Osteoporos Int. 2001;12:
391-8. [PMID: 11444088]

52. Langton CM, Ballard PA, Langton DK, Purdie DW. Maximising the cost
effectiveness of BMD referral for DXA using ultrasound as a selective population
pre-screen. Technol Health Care. 1997;5:235-41. [PMID: 9263372]

53. Langton CM, Langton DK, Beardsworth SA. Comparison of accuracy and
cost effectiveness of clinical criteria and BUA for referral for BMD assessment by
DXA in osteoporotic and osteopenic perimenopausal subjects. Technol Health
Care. 1999;7:319-30. [PMID: 10543417]

54. Boonen S, Nijs J, Borghs H, Peeters H, Vanderschueren D, Luyten FP.
Identifying postmenopausal women with osteoporosis by calcaneal ultrasound,
metacarpal digital x-ray radiogrammetry and phalangeal radiographic absorptiom-
etry: a comparative study. Osteoporos Int. 2005;16:93-100. [PMID: 15197540]
55. Lippuner K, Fuchs G, Ruetsche AG, Perrelet R, Casez JP, Neto I. How well
do radiographic absorptiometry and quantitative ultrasound predict osteoporosis
at spine or hip? A cost-effectiveness analysis. ] Clin Densitom. 2000;3:241-9.
[PMID: 11090231]

56. Nairus J, Ahmadi S, Baker S, Baran D. Quantitative ultrasound: an indica-
tor of osteoporosis in perimenopausal women. J Clin Densitom. 2000;3:141-7.
[PMID: 10871908]

57. Diez-Pérez A, Marin F, Vila J, Abizanda M, Cervera A, Carbonell C, et al.
Evaluation of calcaneal quantitative ultrasound in a primary care setting as a
screening tool for osteoporosis in postmenopausal women. ] Clin Densitom.
2003;6:237-45. [PMID: 14514993]

58. Goemaere S, Zmierczak H, Van Pottelbergh I, Kaufman JM. Ability of
peripheral bone assessments to predict areal bone mineral density at hip in com-
munity-dwelling elderly men. ] Clin Densitom. 2002;5:219-28. [PMID:
12357059]

59. Serensen HA, Jorgensen NR, Jensen JE, Rasmussen AM, Hansen B,
Nielsen SP, et al. Comparison of quantitative ultrasound and dual x-ray absorp-
tiometry in estrogen-treated early postmenopausal women. J Clin Densitom.
2001;4:97-104. [PMID: 11477302]

60. Glier CC, Hans D. How to use ultrasound for risk assessment: a need for
defining  strategies  [Editorial]. Osteoporos Int. 1999;9:193-5. [PMID:
10450405]

www.annals.org



61. Kraemer DF, Nelson HD, Bauer DC, Helfand M. Economic comparison of
diagnostic approaches for evaluating osteoporosis in older women. Osteoporos
Int. 2006; 68-76. Epub 2005 12 May. [PMID: 15889313].

62. Hamdy RC, Petak SM, Lenchik L. Which central dual x-ray absorptiometry
skeletal sites and regions of interest should be used to determine the diagnosis of
osteoporosis? ] Clin Densitom. 2002;5 Suppl:S11-8. [PMID: 12464707]

63. Leib ES, Lewiecki EM, Binkley N, Hamdy RC. Official positions of the
International Society for Clinical Densitometry. ] Clin Densitom. 2004;7:1-6.
[PMID: 14742881]

64. Deng HW, Li JL, Li ], Davies KM, Recker RR. Heterogeneity of bone
mineral density across skeletal sites and its clinical implications. J Clin Densitom.
1998;1:339-53. [PMID: 15304880]

65. Meunier PJ, Delmas PD, Eastell R, McClung MR, Papapoulos S, Rizzoli
R, et al. Diagnosis and management of osteoporosis in postmenopausal women:
clinical guidelines. International Committee for Osteoporosis Clinical Guidelines.
Clin Ther. 1999;21:1025-44. [PMID: 10440625]

66. Hodgson SF, Watts NB, Bilezikian JP, Clarke BL, Gray TK, Harris DW,
et al. American Association of Clinical Endocrinologists medical guidelines for
clinical practice for the prevention and treatment of postmenopausal osteoporosis:
2001 edition, with selected updates for 2003. Endocr Pract. 2003;9:544-64.
[PMID: 14715483]

67. Brown JP, Josse RG. 2002 clinical practice guidelines for the diagnosis and
management of osteoporosis in Canada. CMAJ. 2002;167:S1-34. [PMID:
12427685]

68. Hedges LV, Olkin I. Statistical Methods for Meta-analysis. San Diego, CA:
Academic Pr; 1985.

69. Cooper H, Hedges LV. The Handbook of Research Synthesis. New York:
Russell Sage Foundation; 1994.

70. Working H, Hotelling H. Applications of the theory of error to the inter-
pretation of trends. ] Am Stat Assoc. 1929;24:73-85.

71. Moses LE, Shapiro D, Littenberg B. Combining independent studies of a
diagnostic test into a summary ROC curve: data-analytic approaches and some
additional considerations. Stat Med. 1993;12:1293-316. [PMID: 8210827]

72. Littenberg B, Moses LE. Estimating diagnostic accuracy from multiple con-
flicting reports: a new meta-analytic method. Med Decis Making. 1993;13:313-
21. [PMID: 8246704]

73. Sox HC, Blatt MA, Higgins MC, Marton KI. Medical Decision Making.
Woburn, MA: Butterworth-Heinemann; 1988.

74. Adler RA, Funkhouser HL, Holt CM. Utility of heel ultrasound bone den-
sity in men. ] Clin Densitom. 2001;4:225-30. [PMID: 11740064]

75. Ayers M, Prince M, Ahmadi S, Baran DT. Reconciling quantitative ultra-
sound of the calcaneus with x-ray-based measurements of the central skeleton. J
Bone Miner Res. 2000;15:1850-5. [PMID: 10977005]

76. Bachman DM, Crewson PE, Lewis RS. Comparison of heel ultrasound and
finger DXA to central DXA in the detection of osteoporosis. Implications for
patient management. ] Clin Densitom. 2002;5:131-41. [PMID: 12110756]

77. Cetin A, Ertiirk H, Celiker R, Sivri A, Hascelik Z. The role of quantitative
ultrasound in predicting osteoporosis defined by dual x-ray absorptiometry.
Rheumatol Int. 2001;20:55-9. [PMID: 11269533]

78. Dubois EF, van den Bergh JP, Smals AG, van de Meerendonk CW, Zwin-
derman AH, Schweitzer DH. Comparison of quantitative ultrasound parameters
with dual energy x-ray absorptiometry in pre- and postmenopausal women. Neth
J Med. 2001;58:62-70. [PMID: 11166447]

79. Falgarone G, Porcher R, Duché A, Kolta S, Dougados M, Roux C. Dis-
crimination of osteoporotic patients with quantitative ultrasound using imaging
or non-imaging device. Joint Bone Spine. 2004;71:419-23. [PMID: 15474394]
80. Hodson J, Marsh J. Quantitative ultrasound and risk factor enquiry as pre-
dictors of postmenopausal osteoporosis: comparative study in primary care. BMJ.
2003;326:1250-1. [PMID: 12791742]

81. Ikeda Y, Iki M, Morita A, Aihara H, Kagamimori S, Kagawa Y, et al.
Age-specific values and cutoff levels for the diagnosis of osteoporosis in quantita-
tive ultrasound measurements at the calcaneus with SAHARA in healthy Japanese
women: Japanese population-based osteoporosis (JPOS) study. Calcif Tissue Int.

www.annals.org

Quantitative Ultrasound for Osteoporosis Diagnosis REVIEW

2002;71:1-9. [PMID: 12200654]

82. Kung AW, Ho AY, Sedrine WB, Reginster JY, Ross PD. Comparison of a
simple clinical risk index and quantitative bone ultrasound for identifying women
at increased risk of osteoporosis. Osteoporos Int. 2003;14:716-21. [PMID:
12897978]

83. Langton CM, Langton DK. Comparison of bone mineral density and quan-
titative ultrasound of the calcaneus: site-matched correlation and discrimination
of axial BMD status. Br ] Radiol. 2000;73:31-5. [PMID: 10721317]

84. Lépez-Rodriguez F, Mezquita-Raya P, de Dios Luna J, Escobar-Jiménez F,
Muiioz-Torres M. Performance of quantitative ultrasound in the discrimination
of prevalent osteoporotic fractures in a bone metabolic unit. Bone. 2003;32:
571-8. [PMID: 12753874]

85. Naganathan V, March L, Hunter D, Pocock NA, Markovey J, Sambrook
PN. Quantitative heel ultrasound as a predictor for osteoporosis. Med ] Aust.
1999;171:297-300. [PMID: 10560444]

86. Pearson D, Masud T, Sahota O, Earnshaw S, Hosking D. A comparison of
calcaneal dual-energy x-ray absorptiometry and calcaneal ultrasound for predict-
ing the diagnosis of osteoporosis from hip and spine bone densitometry. ] Clin
Densitom. 2003;6:345-52. [PMID: 14716047]

87. Sim MF, Stone M, Johansen A, Evans W. Cost effectiveness analysis of
BMD referral for DXA using ultrasound as a selective pre-screen in a group of
women with low trauma Colles’ fractures. Technol Health Care. 2000;8:277-84.
[PMID: 11204173]

88. Varney LF, Parker RA, Vincelette A, Greenspan SL. Classification of osteo-
porosis and osteopenia in postmenopausal women is dependent on site-specific
analysis. ] Clin Densitom. 1999;2:275-83. [PMID: 10548823]

89. Kung AW, Ho AY, Ross PD, Reginster JY. Development of a clinical
assessment tool in identifying Asian men with low bone mineral density and
comparison of its usefulness to quantitative bone ultrasound. Osteoporos Int.
2005;16:849-55. [PMID: 15611839]

90. Sim MF, Stone MD, Phillips CJ, Cheung WY, Johansen A, Vasishta S, et
al. Cost effectiveness analysis of using quantitative ultrasound as a selective pre-
screen for bone densitometry. Technol Health Care. 2005;13:75-85. [PMID:
15912005]

91. Cook RB, Collins D, Tucker J, Zioupos P. Comparison of questionnaire
and quantitative ultrasound techniques as screening tools for DXA. Osteoporos
Int. 2005;16:1565-75. [PMID: 15883661]

92. Cook RB, Collins D, Tucker J, Zioupos P. The ability of peripheral quan-
titative ultrasound to identify patients with low bone mineral density in the hip or
spine. Ultrasound Med Biol. 2005;31:625-32. [PMID: 15866412]

93. Alenfeld FE, Engelke K, Schmidt D, Brezger M, Diessel E, Felsenberg D.
Diagnostic agreement of two calcaneal ultrasound devices: the Sahara bone
sonometer and the Achillest+. Br ] Radiol. 2002;75:895-902. [PMID:
12466255]

94. Grampp S, Genant HK, Mathur A, Lang P, Jergas M, Takada M, et al.
Comparisons of noninvasive bone mineral measurements in assessing age-related
loss, fracture discrimination, and diagnostic classification. ] Bone Miner Res.
1997;12:697-711. [PMID: 9144335]

95. Zochling J, Nguyen TV, March LM, Sambrook PN. Quantitative ultra-
sound measurements of bone: measurement error, discordance, and their effects
on longitudinal studies. Osteoporos Int. 2004;15:619-24. [PMID: 14968291]
96. Melton L] 3rd. How many women have osteoporosis now? ] Bone Miner
Res. 1995;10:175-7. [PMID: 7754796]

97. Hans D, Hartl F, Krieg MA. Device-specific weighted T-score for two
quantitative ultrasounds: operational propositions for the management of osteo-
porosis for 65 years and older women in Switzerland. Osteoporos Int. 2003;14:
251-8. [PMID: 12730788]

98. The Clinical Use of Ultrasound. Bedford, MA: Hologic; 2003.

99. Stone KL, Seeley DG, Lui LY, Cauley JA, Ensrud K, Browner WS, et al.
BMD at multiple sites and risk of fracture of multiple types: long-term results
from the Study of Osteoporotic Fractures. ] Bone Miner Res. 2003;18:1947-54.
[PMID: 146065006]

6 June 2006 | Annals of Internal Medicine | Volume 144 * Number 11|841



Current Author Addresses: Drs. Nayak, Liu, and Bravata: Center for
Primary Care and Outcomes Research, Stanford University, 117 Encina
Commons, Stanford, CA 94305-6019.

Dr. Olkin: Department of Statistics, Stanford University, Sequoia Hall,
390 Serra Mall, Stanford, CA 94305-4065.

Dr. Grabe: Department of Physiology and Biochemistry, Howard
Hughes Medical Institute, University of California, San Francisco, 1550
4th Street, RH 482, San Francisco, CA 94143-0725.

Drs. Gould and Owens: VA Palo Alto Health Care System, 3801
Miranda Avenue, Palo Alto, CA 94304.

Dr. Allen: Babson College, 231 Forest Street, Babson Park, MA 02457.

APPENDIX: CALCULATIONS FOR REGRESSION ANALYSIS
We performed regression analyses to determine the relation-
ships between quantitative ultrasound cutoff thresholds and sen-
sitivity and specificity. We first weighted each reported sensitivity
value, p;, by its reciprocal variance, 1/v;: w; = 1/v; (68). For those
studies not reporting an estimate of variance for each sensitivity
value, we calculated v; = p;qi/n;, where q; = 1 — p; and n; is the
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number of participants in study i that had osteoporosis by DXA
criteria at either the hip or spine (69). Our summary estimate of
Sensitivity, pe, at a particular threshold was p., = 2w,p/Zw;.
Our estimate of variance of p, was (31/[v; + 7)), where 7 is
the random effects variance.

We used these summary estimates at each threshold to pre-
dict sensitivity as a function of threshold by using a weighted
least-squares regression model of the form sensitivity = (1 + exp
[a + b X threshold]) ™!, where a and b are constants. We
weighted each p,, value by the inverse of its variance (68). This
procedure allowed us to evaluate how sensitivity changes with
threshold. We constructed 95% Cls for the regression model
using the Working—Hotelling method (70). We repeated the pro-
cess to determine how specificity changes with threshold. The
primary differences in the specificity calculations were that p was
the specificity proportion and n was the number of participants
in the study who did not have osteoporosis by DXA criteria at
the hip or spine.
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Appendix Table 1. Study Characteristics*

Study, Year
(Reference),
Country

Quantitative
ultrasound index
parameter
Adler et al.,
2001 (74),
United States

Ayers et al.,
2000 (75),
United States

Boonen et al.,
2005 (54),
Belgium

Cetin et al.,
2001 (77),
Turkey

Hodson and
Marsh,
2003 (80),
United
Kingdom

Kung et al.,
2003 (82),
Hong Kong

Kung et al.,
2005 (89),
Hong Kong

Lippuner et al.,

Switzerland

Loépez-Rodriguez

et al.,
2003 (84),
Spain

Nairus et al.,
2000 (56),
United States

Varney et al.,
1999 (88),
United States

Broadband

ultrasound

attenuation

parameter

Cook et al.,

2005 (91, 92),
United
Kingdom

Dubois et al.,
2001 (78), the
Netherlands

Partici-
pants,
n

Sample

Men referred for 185
central DXA at a
Department of
Veterans Affairs
medical center

Postmenopausal 312
women =50 y of
age

Community-dwelling 221
postmenopausal
women referred for
bone densitometry

Patients with 123
osteoporosis or
suspected
osteoporosis

Postmenopausal 190
women referred
because of perceived
risk for osteoporosis
or interest

Community-dwelling 722
southern Chinese
women who were
=6 mo
postmenopausal

Community-dwelling 356
southern Chinese
men

Healthy 110
postmenopausal
women

Patients referred to a 300
bone metabolic unit
at an endocrinology
division with clinical
indication of DXA
determination

Perimenopausal women 420
who responded to an
advertisement to
participate in study

Ambulatory, 115
community-dwelling
postmenopausal
women referred for
bone density
evaluation

Women referred to 246
DXA scanning clinics
because of =1
clinical risk factor for
osteoporosis

Women referred for 217
screening because of
osteoporosis in =1
relative

Prevalence
of Osteo-
porosis, %t

31

30

18.5

34

16.3

37.7

15.8

30

37

7.1

28

19.1

25

Age Range
(Mean), y

25-85 (63)

50-85 (62)

50-75 (NR)

NR (46)

60-69 (NR)

43-81 (62)

50-90 (64)

44-80 (62)

26-80 (58)

45-55 (50)

NR (61)

28-84 (57)

25-75 (54)

Women,
%+

0 (NA)

100 (100)

100 (100)

Race or
Ethnicity

NR

NR

White

68 (NR)** NR

100 (100)

100 (100)

0 (NA)

100 (100)

94 (87)

100 (47)

100 (100)

100 (NR)

100 (63)

NR

Chinese

Chinese

NR

NR

99% white

White

White

NR

Quantitative True-
Ultrasound Positive
Threshold§ Results,
L

0 52
=05 49
-1 42
=15 34
=2 19
=25 4

0 84
-1 58
-2 23
—1.61 28
—1.66 28
—-1.72 27
—-25 9
=7/ 22

—2.35/75.7 187
quantitative

ultrasound
index units

1.2 45
29U 31
924U 30

0 105
-05 102
-0.75 97
=l 88
=142 72
=153 70
=2 43
=25 12
110.51t 30
99.5 27
89.2 24
87.6 21
82.1 18
79.6 15
76.2 12
71.2 9
67.1 6
63.1 3
-1.9 18
=25 6
=2 36
=315 7
58 dB/MHz 41

False-
Positive
Results,

nl|

27

136

84

40

False-
Negative
Results,
n|

85

W

11
40

True-
Negative
Results,
nl|

203

122
130

77

132

314

213

43
49

389

141
197

122
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Appendix Table I—Continued

Area under Index or Reference
the Curvefl Tests with
Indeterminate
Results, n

0.70 None

NR None

0.72 None

NR None

NR None

0.74 None

0.80 None

0.83 None

0.76 None

0.83 18; authors could not
obtain quantitative
ultrasound results
because of poor
calcaneus positioning
and excluded these
participants from
analysis

NR None

0.81 None

NR None

Quantitative
Ultrasound Device
and Manufacturer

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

CUBA Clinical,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

Sahara, Hologic Inc.,
Bedford, MA

Quantitative Ultrasound
T-Score Reference
Population

Manufacturer's reference
population

Manufacturer's reference
population

Local population
reference data

NR

NR

Peak reference values
from a young Chinese
population

Healthy young men
age 20-39 y from
local community

NA

Quantitative ultrasound
normal database of a
healthy Spanish
population

NA

NR

Manufacturer's
reference
population

NA

DXA Device

an
Manufacturer

1000-W
pencil-beam
densitometer,
Hologic Inc.,
Bedford, MA

QDR-4500,
Hologic Inc.,
Bedford, MA

QDR-4500a fan
beam system,
Hologic Inc.,
Bedford, MA

QDR-1000,
Hologic Inc.,
Bedford, MA

QDR-4500,
Hologic Inc.,
Bedford, MA

QDR-2000 plus,
Hologic Inc.,
Bedford, MA

QDR-2000 plus,
Hologic Inc.,
Bedford, MA

QDR-1000W,
Hologic Inc.,
Bedford, MA

QDR-1000,
Hologic Inc.,
Bedford, MA

QDR-4500,
Hologic Inc.,
Bedford, MA

QDR-4500A,
Hologic Inc.,
Bedford, MA

QDR-4500C,
Hologic Inc.,
Bedford, MA

Expert-XL,
Lunar Corp.,
Madison, WI

DXA T-Score Reference
Population

Manufacturer's reference
population (30-
year-old healthy men
of same ethnic group
as the patient for
spine, NHANES
reference database
for hip)

Manufacturer's reference
population (NHANES
database for femoral
neck)

Local population
reference data

NR

NR

Peak reference values
from a young Chinese
population

Healthy young men age
20-39 'y from local
community

Local healthy white
women age 20-80 y

Healthy Spanish
population

Manufacturer's reference
population for spine;
NHANES Il reference
database for femoral
neck/total hip

NR

Manufacturer's reference
population

Manufacturer's reference
population

DXA
Reference
Criteria for
Osteoporosis
Diagnosis

Lumbar spine,
femora
neck, or
total hip
T-score
=-25

Lumbar spine,
femoral
neck, or
total hip
T-score
=-25

Lumbar spine
or total hip
T-score
==205

Lumbar spine
or femoral
neck
T-score
<-25

Lumbar spine,
femora
neck, or
total hip
T-score
==2\5

Lumbar spine
or femoral
neck
T-score
=-25

Lumbar spine,
femora
neck, or
total hip
T-score
==25

Lumbar spine
or femoral
neck
T-score
<-25

Lumbar spine
or femoral
neck
T-score
==205

Lumbar spine,
femora
neck, or
total hip
T-score
=-25

Lumbar spine,
femora
neck, or
total hip
T-score
==2)5

Lumbar spine
or total hip
T-score
==25

Lumbar spine,
femoral
neck, or
total hip
T-score
=-25

Funding Source

NR

NR

Merck Sharp &
Dohme, and the
Fund for Scientific
Research, Flanders,
Belgium

NR

Center for Primary
Health Care Studies
at the University of
Warwick, Coventry,
United Kingdom

Osteoporosis and
Endocrine Research
Fund, and the
Committee on
Research and
Conference Grant
of the University of
Hong Kong, Hong
Kong, China

Osteoporosis and
Endocrine Research
Fund, and the
University of Hong
Kong, Hong Kong,
China

Merck Sharp &
Dohme-Chibret
AG, Glattbrugg,
Switzerland

Hospital Clinico
Foundation,
Barcelona, Spain

NR

American Federation
for Aging Research,
New York, NY, and
the National
Institutes of Health,
Bethesda, MD

United Kingdom
Department of
Transport, London,
United Kingdom

NR
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Appendix Table 1I—Continued

Study, Year
(Reference), Country

Falgarone et al.,
2004 (79),
France

lkeda et al,
2002 (81), Japan

Langton and
Langton,
2000 (83),
United Kingdom

Langton et al.,
1999 (53),
United Kingdom

Langton et al.,
1997 (52),
United Kingdom

Loépez-Rodriguez
et al., 2003 (84),
Spain

Naganathan et al.,
1999 (85),
Australia

Sim et al.,
2000 (87),
United Kingdom

Sim et al.,
2005 (90),
United Kingdom

Speed of sound
parameter
Dubois et al.,
2001 (78), the
Netherlands

Falgarone et al.,
2004 (79),
France

Ikeda et al.,
2002 (81), Japan

Loépez-Rodriguez
et al., 2003 (84),
Spain

Sample

Postmenopausal
women referred for
evaluation of bone
density

Healthy women
recruited from
cohorts selected from
town resident
registers

Women referred for
axial BMD
assessment by DXA

Women age 50-54 y
from the general
population

Women age 60-69 y
investigated in a
study examining the
prevalence of
osteoporosis

Patients referred to a
bone metabolic unit
at an endocrinology
division with clinical
indication of DXA
determination

Healthy women age
45-80 y who
volunteered for a
twin study

Women with low-
trauma wrist
fractures

Women referred by
§eneral practitioners
or DXA

Women referred for a
BMD measurement
because of
osteoporosis in =1
relative

Postmenopausal
women referred for
evaluation of bone
density

Healthy women
randomly recruited
from 2 cohorts
selected from
resident registers of
municipalities

Patients referred to a
bone metabolic unit
at an endocrinology
division with clinical
indication of DXA
determination

Partici-
pants,
n

106

366

91

599

107

300

326

46

115

217

106

366

300

Prevalence
of Osteo-
porosis, %t

59

385

25

7.8

24

37

58.7

46

25

59

385

37

Age Range
(Mean), y

47-85 (65)

50-79 (NR)

31-84 (57)

50-54 (52)

60-69 (64)

26-80 (58)

45-80 (59)

50-80 (67)

40-80 (69)

25-75 (54)

47-85 (65)

50-79 (NR)

26-80 (58)

Women,
%+

100 (100)

100 (92)

100 (NR)

100 (NR)

100 (100)

94 (87)

100 (78)

100 (NR)

100 (NR)

100 (63)

100 (100)

100 (92)

94 (87)

Race or
Ethnicity

NR

Japanese

NR

NR

NR

NR

NR

NR

NR

NR

NR

Japanese

NR

Quantitative
Ultrasound
Threshold§

71.7 dB/MHz
50.8 dB/MHz

59.5
dB/MHz/
—1.52

81 dB/MHz
78 dB/MHz
69 dB/MHz
64 dB/MHz
62 dB/MHz
59 dB/MHz
55 dB/MHz

75 dB/MHz

60 dB/MHz

60 dB/MHz

60 dB/MHz

1533 m/s

1551.5 m/s
1544.8 m/s

1517.7 m/s/
-1.58

True-
Positive
Results,
|

56

56

93

25

43

39

56
56

92

False-
Positive
Results,
L

31

28

70

50

31
26

79

False-
Negative
Results,
n|

a0

48

W 200N A=

N

49

True-
Negative
Results,
nl|

13
16

155

66

54

108
124
161
182
188

193
279

16

55

112

13
18

146
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Appendix Table I—Continued

Area under
the Curvefl

0.70 (Sahara),
0.71
(DTU-one)

0.71

0.79

0.76

NR

0.75

NR

NR

0.90

NR

0.74 (Sahara),
0.70
(DTU-one)

0.72

0.75

Index or Reference
Tests with
Indeterminate
Results, n

None

None

None

None

None

None

None

None

None

None

None

None

None

Quantitative
Ultrasound Device
and Manufacturer

Sahara, Hologic Inc.,
Bedford, MA;
DTU-one,
Osteometer,
Raedovre,
Denmark

Sahara, Hologic Inc.,
Bedford, MA

Cuba Mark II,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

Ultrasonic Bone
Analyzer (UBA),
Model 575,
Walker Sonix Inc.,
Waltham, MA

CUBA Clinical I,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

Sahara, Hologic Inc.,
Bedford, MA

CUBA Mark II,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

CUBA Clinical I,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

CUBA Clinical I,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA,
DTU-one,
Osteometer,
Radovre,
Denmark

Sahara, Hologic Inc.,
Bedford, MA

Sahara, Hologic Inc.,
Bedford, MA

Quantitative Ultrasound
T-Score Reference
Population

NA

Local healthy women
age 2044y

NA

NA

NA

Quantitative ultrasound
normal database of a
healthy Spanish
population

Women age 20-30 y
who volunteered to
take part in a twin
study

NA

NA

NA

NA

Local healthy women
age 20-44 y

Quantitative ultrasound
normal database of a
healthy Spanish
population

DXA Device

an
Manufacturer

QDR-4500,
Hologic Inc.,
Bedford, MA

QDR-4500A,
Hologic Inc.,
Bedford, MA

DPX-L
rectilinear
scanner,
Lunar Corp.,
Madison, WI

DPX-L
rectilinear
scanner,
Lunar Corp.,
Madison, WI

DPX-L
rectilinear
scanner,
Lunar Corp.,
Madison, WI

QDR-1000,

Hologic Inc.,
Bedford, MA

QDR-4500,
Hologic Inc.,
Bedford, MA

QDR-1000W,
Hologic Inc.,
Bedford, MA

QDR-1000W,
Hologic Inc.,
Bedford, MA

Expert-XL,
Lunar Corp.,
Madison, WI

QDR-4500,
Hologic Inc.,
Bedford, MA

QDR-4500A,
Hologic Inc.,
Bedford, MA

QDR-1000,
Hologic Inc.,
Bedford, MA

DXA T-Score Reference
Population

NR

Local healthy women
age 2044y

Manufacturer's reference
population

NR

NR

Healthy Spanish
population

Women age 20-30 y
who volunteered to
take part in a twin
study

Manufacturer's reference
population

NR

Manufacturer's reference
population

NR

Local healthy women
age 20-44 y

Healthy Spanish
population

DXA
Reference
Criteria for
Osteoporosis
Diagnosis

Lumbar spine
or total hip
T-score
==25

Lumbar spine
or total hip
T-score
<-25

Lumbar spine
or femoral
neck
T-score
==205

Lumbar spine
or femoral
neck
T-score
=-25

Lumbar spine
or femoral
neck
T-score
==2\5

Lumbar spine
or femoral
neck
T-score
=-25

Lumbar spine,
femora
neck, or
total hip
T-score
<=25

Lumbar spine
or total hip
T-score
<-25

Lumbar spine
or total hip
T-score
==25

Lumbar spine,
femoral
neck, or
total hip
T-score
==205

Lumbar spine
or total hip
T-score
=-25

Lumbar spine
or total hip
T-score
<=25

Lumbar spine
or femoral
neck
T-score
=-25

Funding Source

NR

Japan Milk Promotion
Board, Japan Daily
Council, and the
Japan Society for
the Promotion of
Science, Tokyo,
Japan

NR

NR

NR

Hospital Clinico
Foundation,
Barcelona, Spain

NR

NR

NR

NR

NR

Japan Milk Promotion
Board, Japan Daily
Council, and the
Japan Society for
the Promotion of
Science, Tokyo,
Japan

Hospital Clinico
Foundation,
Barcelona, Spain
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Appendix Table 1I—Continued

Study, Year Sample Partici- Prevalence Age Range Women, Race or Quantitative True- False- False- True-

(Reference), pants, of Osteo- (Mean), y %*¥ Ethnicity Ultrasound Positive Positive Negative Negative

Country n porosis, %t Threshold§ Results, Results, Results, Results,
n| n| nl nl|

Velocity of sound

parameter
Cook et al., Women referred to 246 191 28-84 (57) 100 (NR) White -3.25 34 55 13 144
2005 (91, 92), DXA scanning clinics -4 13 11 34 188
United at a hospital because
Kingdom of =1 clinical risk
factor for
osteoporosis
Langton and Women referred for 91 25 31-84 (57) 100 (NR) NR 1628 m/s 21 48 2 20
Langton, axial BMD 1620 m/s 20 41 3 27
2000 (83), assessment by DXA 1610 m/s 18 34 5 34
United 1606 m/s 17 27 6 41
Kingdom 1600 m/s 15 20 8 48
1588 m/s 12 14 1M 54
1576 m/s 8 7 15 61
Langton et al., Women age 60-69 y 107 24 60-69 (64) 100 (100) NR 1590 m/s 14 24 12 57
1997 (52), investigated in a
United study examining the
Kingdom prevalence of
osteoporosis
Naganathan et Healthy women age 326 14 45-80 (59) 100 (78) NR -1 45 165 2 114
al., 1999 (85), 45-80 y who —-25 22 33 25 246
Australia volunteered for a
twin study
Stiffness
parameter
Bachman et al., Women seeking DXA 314 22 45-89 (62) 100 (NR) White 0 69 208 0 37
2002 (76), evaluation for -05 68 184 1 61
United States osteoporosis -1 61 145 8 100
=15 55 113 14 132
=2 42 59 27 186
=25 23 20 46 225
=3 10 7 59 238
Naganathan et Healthy women age 326 14 45-80 (59) 100 (78) NR -25 22 25 25 254
al., 1999 (85), 45-80 y who
Australia volunteered for a
twin study
Pearson et al., Women referred from a 89 53 33-86 (69) 100 (NR) NR —2.4 33 14 14 28
2003 (86), metabolic bone clinic 2.5 30 14 17 28
United for DXA of the spine
Kingdom and hip
Pocock et al., Women referred to 1000 24.7 22-88 (59) 100 (NR) NR —2.5/70 199 189 48 564
2000 (50), teaching hospitals for stiffness
Australia assessment of bone units

mineral status and
fracture risk

* BMD = bone mineral density; DXA = dual-energy x-ray absorptiometry; MA = Massachusetts; MD = Maryland; NA = not applicable; NHANES = National Health
and Nutrition Examination Survey; NR = not reported; NY = New York; VA = Virginia; WI = Wisconsin.

T Prevalence of osteoporosis at the hip or spine by DXA criteria.

¥ The percentage of women who were postmenopausal is indicated in parentheses.

§ Values in this column are T-scores unless otherwise noted.

|| For studies that did not report numbers of true-positive results, false-positive results, false-negative results, or true-negative results, these values were calculated using
information presented in the studies.

9 Area under the summary receiver-operating characteristic curve; for studies that presented results in >2 significant digits, values are rounded to 2 significant digits.

** Subgroup data were presented for the female subset of the study population; these data were used for subgroup analysis and are available upon request.

11 Units not reported.
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Appendix Table I—Continued

Area under
the Curvefl

0.77

0.72

NR

NR

0.76

NR

0.71

NR

Index or Reference
Tests with
Indeterminate
Results, n

None

None

None

None

None

None

None

None

Quantitative
Ultrasound Device
and Manufacturer

CUBA Clinical,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

Cuba Mark II,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

CUBA Clinical II,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

CUBA Mark 11,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

Achilles, Lunar
Corp., Madison,
Wi

CUBA Mark I,
McCue Ultrasonics
Ltd., Winchester,
United Kingdom

Achilles Plus, Lunar
Corp., Madison,
Wi

Achilles-2, Lunar
Corp., Madison,
Wi

Quantitative Ultrasound
T-Score Reference
Population

Manufacturer's reference
population

NA

NA

Women age 20-30 y
who volunteered to
take part in a twin
study

Manufacturer's reference
population

Women age 20-30 y
who volunteered to
take part in a twin
study

Manufacturer's European
reference range

Manufacturer's reference
population

DXA Device

an
Manufacturer

QDR-4500C,
Hologic Inc.,
Bedford, MA

DPX-L
rectilinear
scanner,
Lunar Corp.,
Madison, WI

DPX-L
rectilinear
scanner,
Lunar Corp.,
Madison, WI

QDR-4500,
Hologic Inc.,
Bedford, MA

DPX-L
rectilinear
scanner,
Lunar Corp.,
Madison, WI

QDR-4500,
Hologic Inc.,
Bedford, MA

Expert, Lunar
Corp.,
Madison, WI

DPX-1Q and
Expert, Lunar
Corp.,
Madison, WI

DXA T-Score Reference
Population

Manufacturer's reference
population

Manufacturer's reference
population

NR

Women age 20-30 y
who volunteered to
take part in a twin
study

Lumbar spine and
femoral neck T-scores
based on
manufacturer's
database; total
proximal femur
T-scores based on
NHANES Il database

Women age 20-30 y
who volunteered to
take part in a twin
study

Manufacturer's United
Kingdom normal
reference range

NR

DXA
Reference
Criteria for
Osteoporosis
Diagnosis

Lumbar spine
or total hip
T-score
=-25

Lumbar spine
or femoral
neck
T-score
=-25

Lumbar spine
or femoral
neck
T-score
==205

Lumbar sFine,
femora
neck, or
total hip
T-score
<-25

Lumbar spine,
femora
neck, or
total hip
T-score
=-25

Lumbar srine,
femora
neck, or
total hip
T-score
<-25

Lumbar spine,
femora
neck, or
total hip
T-score
==25

Lumbar spine
or total hip
T-score
=-25

Funding Source

United Kingdom
Department of
Transport,
London, United
Kingdom

NR

NR

NR

American College
of Radiology's
Technology
Assessment
Studies
Assistance
Program, Reston,
VA

NR

NR

NR
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Appendix Table 2. Individual Study Results of Assessment of Potential Sources of Bias*

Study, Year (Reference) Data Sample Participants Patient Time Between Independence of
Collection Size Who Selection Ultrasound and Interpretation of
Completed DXA Ultrasound and
the Study, Performance, mo DXA Results
%
Adler et al., 2001 (74) Prospective A >90 NR <1 NR
Ayers et al., 2000 (75) Prospective A >90 NR NR NR
Bachman et al., 2002 (76) Prospective A >90 Consecutive NR NR
Boonen et al., 2005 (54) Prospective A >90 Consecutive <1 NR
Cetin et al., 2001 (77) Prospective A >90 NR <1 NR
Cook et al., 2005 (91, 92) Prospective A >90 NR NR NR
Dubois et al., 2001 (78) Prospective A >90 NR NR NR
Falgarone et al., 2004 (79) Prospective A >90 Consecutive NR NR
Hodson and Marsh, Prospective A >90 Consecutive NR NR
2003 (80)
lkeda et al., 2002 (81) Prospective A >90 NR <1 NR
Kung et al., 2003 (82) Prospective A >90 NR NR NR
Kung et al., 2005 (89) Prospective A >90 NR NR NR
Langton and Langton, Prospective B >90 NR NR NR
2000 (83)
Langton et al., 1999 (53) Retrospective A >90 NR NR NR
Langton et al., 1997 (52) Prospective B >90 NR NR NR
Lippuner et al., 2000 (55) Prospective A >90 NR >1 NR
Lépez-Rodriguez et al., Prospective A >90 NR NR NR
2003 (84)
Naganathan et al., 1999 (85) Prospective A >90 NR <1 NR
Nairus et al., 2000 (56) Prospective A >90 NR NR NR
Pearson et al., 2003 (86) Prospective A >90 NR NR NR
Pocock et al., 2000 (50) Retrospective A >90 Random <1 NR
Sim et al., 2000 (87) Prospective B >90 Consecutive NR NR
Sim et al., 2005 (90) Prospective A >90 Not consecutive <1 NR
or random
Varney et al., 1999 (88) Prospective A >90 Consecutive NR NR

* Participants were recruited as a cohort unclassified by disease state for all studies. A = studies that had 30 or more participants with DXA-determined osteoporosis and 30
or more participants without DXA-determined osteoporosis; B = studies that did not have 30 or more participants with DXA-determined osteoporosis and 30 or more
participants without DXA-determined osteoporosis. DXA = dual-energy x-ray absorptiometry; NR = not reported or insufficient information to determine.
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Appendix Figure. Results of assessment of potential sources of bias.
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The number of studies that fully met, did not meet, or did not report whether they met each criterion for the quantitative ultrasound index parameter
(top) and other parameters combined (broadband ultrasound attenuation, speed of sound, velocity of sound, and stiffness) (borzom) is shown. The number
of studies that fully met each criterion is shown to the right of 0, and the number of studies that did not meet each criterion or did not report whether
they met each criterion is shown to the left of 0. DXA = dual-energy x-ray absorptiometry.
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