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Introduction:A diagnostic gap exists in the current dual photonX-ray absorptiometry (DXA) based diagnostic ap-
proach to osteoporosis. Other diagnostic devices have been developed, but no comprehensive review concerning
the applicability of these diagnostic devices for population-based screening have been performed.
Material and methods: A systematic review of Embase, Medline and the Cochrane Central Register for Controlled
Trials was performed for population-based studies that focused on technical methods that could either indicate
bone mineral density (BMD) by DXA, substitute for DXA in prediction of fracture risk, or that could have an in-
cremental value in fracture prediction in addition to DXA. Quality of included studies was rated by QUADAS 2.
Results: Many other technical devices have been tested in a population-based setting. Five studies aiming to in-
dicate BMD and 17 studies aiming to predict fractureswere found. Overall, the latter studies had highermethod-
ological quality. The highest number of studies was found for quantitative ultrasound (QUS). The ability to
indicate BMD or predict fractures was moderate to minor for all examined devices, using reported area under
the curve (AUC) of Receiver Operating Characteristic curves values as standard.
Conclusions: Of the methods assessed, only QUS appears capable of perhaps replacing DXA as standalone exam-
ination in the futurewhilst radiographic absorptiometry could provide important information in areaswith scar-
city of DXA. QUSmay be of added value even after DXA has beenperformed. Evaluation of proposed cutoff-values
frompopulation-based studies in separate population-based cohorts is still lacking formost examination devices.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Osteoporosis is characterized by low bonemass andmicro-architec-
tural deterioration of bone tissue leading to increased risk of fractures
[1]. One in three women and one in six men will suffer at least one os-
teoporotic fracture during their lifetime [2]. The disease is silent until
the event of a fracture. Cross-sectional studies have consistently found
that osteoporosis is under-diagnosed both in the general population
[3] and in high-risk groups [4,5]. The diagnostic gap is further exagger-
ated by the fact that even in industrialized countries such as the US, ex-
amination rates for osteoporosis and prescription of pharmacological
therapy for osteoporosis have been declining [6]. Even though Fracure
Liasion Services are cost-effective and most likely also cost-saving [7],
these coordinated services are lacking in many institutions.

The current gold standard for diagnosing osteoporosis is dual photon
X-ray absorptiometry (DXA), defined as bone mineral density (BMD)
N2.5 standard deviations below the mean of young reference popula-
tions [8]. Fracture risk is inversely related to BMD [9], but as BMD is nor-
mally distributed, a much larger proportion of the population has
osteopenic BMD values (i.e. in the range from −1 to −2.5 SD) rather
than values in the osteoporotic range. Therefore, the majority of frac-
tures occur in the osteopenic group despite a lower individual risk of
fracture [10]. Furthermore, the elements of altered bone quality and in-
dividual risk of falling, both of which have substantial impact on the risk
of fractures [11,12], are not captured by DXA, thus potentially reducing
the predictive value of an examination. Finally, DXA is not universally
available in all countries or healthcare systems. Therefore, the search
for other tools capable of either differentiating patients at high risk of
future osteoporotic fractures or alternatively identifying the same high
risk groups as DXA by employing simpler, more accessible methods is
ongoing and could help narrow the diagnostic gap in osteoporosis. Pre-
viously, we performed a systematic review of the fracture risk predic-
tion of different algorithms based on clinical risk factors, finding that
more complex algorithms did not perform better than simpler ones
[13]. Recently, reviews of selected technical equipment designed to be
used as an alternative or adjunct to DXA have been performed [14–
16]. Though interesting, most comparisons of technical devices against
DXA have been performed in non-population based settings, or by com-
bining population-based with non population-based studies. This poses
a problem as diagnostic performance is critically dependent on the dis-
ease prevalence in the evaluated population. Furthermore, different
populations have been used as reference populations amongst manu-
factures of the same equipment, leading to differences in reported stan-
dard deviations [17]. This has further added to the confusion and made
the search for a common diagnostic T-score cutoff an act of futility. Fi-
nally, the correlation between methodologies cannot be assumed to
be independent of artifacts such as osteoarthrosis that may have an un-
even influence between devices and betweenmeasurement sites. Thus,
the utility of technical devices for population-based screening for oste-
oporosis has not been thoroughly addressed.

We aim to provide a systematic reviewof existing technicalmethods
to indicate DXA-defined osteoporosis, tested in a population-based set-
ting using a properly documentedmethodology. Specifically wewish to
answer three questions: Which technical methods may indicate DXA
defined osteoporosis? Which technical methods may substitute for
DXA for the prediction of fracture risk? Furthermore, which technical
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methods for osteoporosis have incremental value in fracture risk assess-
ment if BMD by DXA is already known? The review evaluates both the
performance of the devices and the quality of the evidence base
supporting their clinical use in osteoporosis diagnosis and risk
assessment.

2. Materials and methods

The Population, Intervention, Comparison and Outcome and Study
Design (PICOS) method was used to define research questions and
search strategy [18].

2.1. Studies

We included randomized controlled trials (RCTs), including cluster
RCTs, controlled (non-randomized) clinical trials (CCTs) and cluster tri-
als aswell as prospective, cross-sectional and retrospective cohort stud-
ies concerning humans above the age of 40 years from a population-
based setting. Included studies should state the proportion of subjects
within the defined study population with known osteoporosis and the
basis of this diagnosis. Thus, an adequate description of the examined
population in included studies was mandatory.

2.2. Interventions

All diagnostic approaches relying on devices other than biochemis-
try or the sole use of clinical risk scores were evaluated.

2.3. Comparison

Comparison with the current gold standard DXA or focusing on the
prediction of fractures as endpoint was mandatory.

2.4. Outcomes

Relevant outcomes were either prospective identification or stratifi-
cation of persons at high risk of incident fractures, alternatively identifi-
cation of persons shown by DXA to have osteoporosis. Included studies
had to provide information necessary for the calculation of performance
characteristics in the form of sensitivity and specificity or ROC curves
over a spectrum of different values of sensitivity and specificity for the
prediction of fractures or the prediction of DXA-diagnosed osteoporosis.
Authors of papers where such data weremissingwere not contacted for
supplementary information. Studies based on hypothetical cohorts and
focusing only on cost-effectiveness analyses were excluded.

Potentially eligible papers were assessed by two reviewers (MPH
and KHR). Any papers with discrepant evaluations for eligibility in the
screening process by the two reviewers were discussed in the group
to establish consensus.

2.5. Search strategy and flow

Literature search was conducted in Embase (OVID interface from
1980 and onwards), Medline (OVID interface from 1948 and onwards)
and The Cochrane Central Register for Controlled Trials to identify rele-
vant publications up to the search date of October 28, 2014, supple-
mented with an additional search in Pubmed to include papers
published within the last four months that had yet to be indexed prop-
erly in Embase andMedline. The databaseswere searched for papers in-
cluding the search-terms osteoporosis AND (screening OR comparison
OR prediction/predictive) AND one or more examination modalities in
question, using truncated search terms (see Appendix 1 for exhaustive
search strategy). Paper types were restricted to “article, randomized
controlled trial, case report, clinical trial, comparative study, controlled
clinical trial, observational study, pragmatic clinical trial, twin study or
validation studies” in Medline. Papers in other languages than English,
Nordic languages or German were excluded due to the inability of the
authors to interpret papers in full text. Reference lists of included stud-
ies and other relevant reviews identified through the search were also
screened for relevant literature missed during the initial search.

In order to rule out bias due to duplicate publications, included stud-
ies were evaluated for the existence of publications from the same co-
hort. In case of multiple duplications analyzing the same variable in
the same population, the publication using the largest proportion of
available study subjects from the cohort in question was used.
2.6. Assessment of methodological quality and data abstraction

Information about study design, inclusion- and exclusion criteria,
number of participants, setting, baseline examinations, follow-up and
data-collection aswell as results were recorded. Methodological quality
of included studies was assessed using the QUality Assessment tool for
Diagnostic Accuracy Studies (QUADAS) 2 checklist [19], as recommend-
ed by the Cochrane Handbook of Systematic Reviews [20]. In papers
reporting both developmental and validation cohorts for quality assess-
ment, the cohorts were pooled when assessing the methodological
quality. The checklists were employed independently by MPH and
KHR and discrepancies in rating scores were discussed for consensus.
Transcripts of QUADAS checklists for studies with comparison with
DXA or for prediction of fractures are found in appendix 2. As seen,
QUADAS 2 were slightly modified due to the nature of the research
questions. Thus, for studies aiming at indication of BMD results, 1 item
(signaling question 1) was slightly modified whilst item 2, 10 and 17
were found irrelevant (shown in gray tones in Appendix 2). Three
items (item 4, 18 and 20) were added to the QUADAS 2 checklist. For
studies aiming at prediction of fractures, item 1 was also rephrased,
and item 2, 10, 16 and 17 were found irrelevant and dropped (shown
in gray tones). Again, items 4, 18 and 20 were added to the checklist.

First, studies were deemed population based on the QUADAS signal-
ing question 6 (“Is there concern that the included patients do not
match the review question”), which summarizes that participants
should be recruited from the general population in an unselected mat-
ter,with description of inclusion- and exclusion criteria and avoiding in-
appropriate exclusions. Studies that included random samples of
participants from nationwide central person registries, household-,
telephone-, voter- or resident-listings were categorized as “popula-
tion-based with certainty”. Similarly, random samples from health in-
surance databases or from multiple geographic locations of the same
country were regarded as “population-based with certainty”. In con-
trast, studies including participants from secondary care centers, re-
cruited at health fairs, by local advertisement, or included on the basis
of previous examinations or the existence of known risk factors were
deemed “not population-based with certainty” and therefore not in-
cluded in the analysis.
3. Results

3.1. Identification of studies

A flowchart of the papers evaluated is shown in Fig. 1. A total of
3776 non-duplicated papers were found in Embase and Medline
and supplemented by 635 in Pubmed using the abovementioned
search strategy. The papers were screened in a two-step manner.
Firstly, all titles were examined for possible relevance. If irrelevance
could not be ruled out with certainty on title alone, papers were
screened using the abstract. In total, 4242 were found irrelevant
with certainty on the basis of title or abstract. A hand-search found
additional 14 papers, leaving 183 publications for full text review.
MPH identified 39 studies of interest fulfilling the PICO criteria listed
above and included in the initial review.



Fig. 1. Flowchart of included papers.
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3.2. General characteristics of included studies to predict osteoporosis

A total of 15 different studies tested the ability of other technical de-
vices to indicate osteoporosis as defined by DXA, supplying sensitivity
and specificity or an overall ROC curve AUC value. All of these were
cross-sectional studies. Nine of these studies used various devices
based on the technique known as quantitative ultrasound (QUS),
three used radiographic absorptiometry, two employed dental pano-
ramic radiogram and one used a hand dynamometer. The QUADAS 2
ratings of the individual studies is shown in Table 1, whilst Fig. 2 illus-
trates the distribution of overall methodological quality of rated studies
as evaluated with the QUADAS 2 checklist. Rated studies complied with
anaverage of 8.5QUADAS 2 items (range 5–11). Five of the rated studies
fulfilled QUADAS 2 criteria for being “population-based with certainty”
(score 1 on QUADAS 2 cumulative item 6), whilst the other ten studies
were found to be not population-based (gray color tone in Table 1) and
thus dropped from further analysis as shown in Fig. 1. Table 2 presents
an overview of study details on these studies, including a total of 1731
women and 363men. None of the studies included N1000 participants.
A total of 7–42% of participants had osteoporotic BMD values by DXA,
primarily depending upon method of inclusion and age-range of
participants.
3.3. General characteristics of included studies to predict fractures

A total of 24 different studies tested the ability of technical devices to
predict fractures as an outcome measure, supplying sensitivity and
specificity or an overall ROC curve AUC value. 23 studies used prospec-
tive fracture identification and one used a retrospective/cross-sectional
perspective [21]. Six of these studies employed either multiple DXA
measurements or combinations of DXA results with other measure-
ments or non-conventional cutoff-criteria for defining high risk popula-
tions. Five studies included trabecular bone score in the fracture
prediction, nine studies employed QUS, four studies used radiographic
absorptiometry (one study employing several measures) and one
study used Quantitative computed tomography (QCT) for fracture pre-
diction. Fig. 3 shows the distribution of overall methodological quality
of rated studies as evaluated with the QUADAS 2 checklist, whilst
Table 3 shows the QUADAS 2 ratings of the individual studies. On aver-
age, the studies complied with 12.5 QUADAS 2 items (range 7–16). The
methodological quality of studies aiming at prediction of fractureswere
thus on average better than studies aiming at prediction of BMD by
DXA. Eighteen of the rated 24 studies fulfilled the QUADAS criteria for
being “population-based with certainty” (score 1 on QUADAS cumula-
tive item 6). An overview of these studies is presented in Table 4. A
total of 198,739 women and 17,033 men aged 45 or above (apart
from one study including participants from the age of 18 or above) par-
ticipated in these studies. Twelve of these 18 studies included N1000
participants.
3.4. Overall quality and effect measure of included studies

In total, 23 studies fulfilling QUADAS criteria for being population
based were included for further review.



Table 1
QUADAS 2 rating of studies using other diagnostic methods to indicate DXA-defined oste-
oporosis (see Appendix 2 or Fig. 2 for Item-definitions in QUADAS). Studies with overall
score of 1 in cumulative item 6 were deemed population-based with certainty. Non-in-
cluded studies (score 2 or 3 on item 6) are shown in gray color tone [60–69].

QUADAS item no:

First Author (reference) 1 3 4 5 6 7 8 9 11 12 13 14 15 16 18 19 20

Kärkkäinen [37] 1 1 1 1 1 3 2 2 1 3 1 3 3 1 2 2 1

Leite [60] 3 1 3 1 3 1 1 1 1 1 1 1 1 3 2 2 2

Karayianni [61] 2 1 1 3 2 3 1 3 1 3 1 3 3 1 1 3 2

Massie [62] 1 1 3 3 3 3 3 3 1 3 1 3 3 1 1 3 2

Naganathan [63] 3 1 3 3 3 3 1 3 1 3 1 3 1 1 1 1 2

Nairus [64] 3 1 3 3 3 3 2 2 1 3 1 3 3 1 1 3 2

Ayers [65] 3 1 3 3 2 3 1 3 1 3 1 3 3 1 1 3 2

Kim [66] 3 1 3 3 3 1 1 1 1 1 1 1 3 1 1 1 2

Ikeda [22] 1 1 1 1 1 3 2 2 1 3 1 3 1 1 1 1 2

Kung [67] 3 1 1 1 3 3 1 3 1 3 1 3 3 1 1 3 2

Gudmundsdottir [23]

Radiographic
absorptiometry

Dental Panoramic
Radiograph

Quantitative ultrasound

Hand Dynamometer

1 1 1 1 1 2 1 2 1 2 1 2 3 1 1 3 1

Kung [68] 3 1 1 1 3 3 1 3 1 3 1 3 3 1 1 3 1

Hansen [33] 1 1 1 1 1 3 2 2 1 3 1 3 3 1 1 3 1

Gasser [69] 2 1 1 2 2 3 2 2 1 3 1 3 3 1 1 3 2

Lekamwasam [32] 1 1 1 1 1 1 2 2 1 3 1 3 3 1 1 3 2
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Fig. 4 shows the reported performance of the examined diagnostic
devices as well as the quality (QUADAS rating) of the included studies.
The size of the bubbles reflects the size of the study. On an aggregate
level, there seems to be a trend towards higher quality studies reporting
lower levels of performance overall. Apart from the QCT, no method
seems to perform significantly better than other methods.

General characteristics of 23 population based studies using techni-
cal devices other than DXA to predict osteoporosis or fractures are
discussed below according to device type.
0% 10% 20% 3

1. Use of representative sample

3. No case-control

4. Selection criteria described

5. Avoidance of inappropriate exclusions

6. Patient selection bias risk

7. Blinding of index test for reference standard result

8. Pre-specified threshold

9. Index test risk of bias

11. Reference standard correcly classifies osteoporosis

12. Reference standard results blinded for index test result?

13. Reference standard risk of bias

14. Reference standard match of review question

15. Appropriate time interval between index test and…

16. Reference standard for all participants

18. Withdrawals accounted for

19. Patient flow risk of bias

20. All patient included in analysis

Fig. 2.Methodological quality of studies (N = 15) for the indication of bone m
3.5. Quantitative ultrasound (QUS)

3.5.1. Diagnostic use: QUS for indication of BMD by DXA
A total of two studies using QUSmeasures to indicate DXA results in

a population-based setting were identified [22,23], including a total of
total of 831 women and 145 men (Table 2). Table 1 summarizes our
QUADAS rating for the quality of these studies. As shown in Table 2, in-
cluded participants had a DXA-defined osteoporosis prevalence of 27–
38% amongst women and 15% amongst men. These smaller popula-
tion-based studies of QUS for prediction of BMD found AUC values of
0.71–0.76 for the indication of osteoporosis by DXA. None of the studies
tested their cutoff-values in independent population-based samples.

3.5.2. Prognostic use: QUS for prediction of fractures
One cross-sectional [21] and eight prospective ([10,24–30] popula-

tion-based studies focusing on incident fractures were found including
34,172 women and 5607 men (Tables 3 and 4).

Two studies [24,26] described optimized sensitivities and specificities
of applied QUS examinations, both studies optimizing fracture predic-
tion by a combination of QUS and knowledge about risk factors (Table
4). With 5.1% incident fractures over 2.8 yrs, the study by Guessous et
al. [24] included participants with roughly double the risk of fractures
as compared to 3.9% fracture incidence over 4.0 yrs in the study by
Dargent-Molina et al. [26], even though the included age-groups were
similar. Using Youdens index [31] as a measure of the discriminatory
models chosen by Guessous et al. [24] and Dargent-Molina et al. [26],
values of 0.16 and 0.33 could be calculated from reported figures.
Amongst the seven studies using AUC values, the study by Durosier et
al. [27] reported higher AUC values than the other studies. However,
hereQUSmeasurementswere combinedwith either age alone or sever-
al clinical risk factors, potentially increasing the discriminatory value
of the proposed model. The six other studies reported AUC values of
0.62–0.73 despite differences in design (one cross-sectional study, five
prospective studies) and risk of fractures (2.9% yearly in the OST-PRE
study [29] compared to 1.0% in the studies by Bauer et al. [25] and Stew-
art et al. [28]). In the study by Durosier et al. [27], the discriminatory
value of the QUS-derived stiffness index combinedwith agewas not su-
perior to the model including information about risk factors only.

3.5.3. Quantitative ultrasound for fracture risk assessment when BMD by
central DXA is already known

No prospective studies had examined the effect of QUS examination
after results of DXA were known. However, regression analyses in most
0% 40% 50% 60% 70% 80% 90% 100%

Yes / Low risk of bias

Unclear

No / High risk of bias

ineral density by osteodensitometry as assessed by QUADAS 2 checklist.



Table 2
Population based studies using other diagnostic methods to indicate DXA-defined osteoporosis.
HD: Hand dynamometer QUS: Quantitative ultrasound RA: Radiographic absorptiometry NR: not reported CS: Cross-sectional.

Technical
device

First author Study
design

Recruitment method Enrolled
women/men;
total n

Proportion with
osteoporosis at
baseline (%)

Age (years),
range

AUC, mean
(range)

HD Kärkkäinen [37] CS Subsample of volunteers to postal survey 750/0 11 65+ 0.76 (NR)
QUS Gudmundsdottir [23] CS Age-stratified random sample from population-register 172/0 27 70–85 0.76 (NR)
QUS Gudmundsdottir [23] CS Age-stratified random sample from population-register 0/145 15 70–85 0.75 (NR)
QUS Ikeda [22] CS Randomly selected from resident register in two regions 659/0 38.5 20–79 0.712 (NR)
RA Hansen [33] CS Consecutive subgroup from register-based random sample 0/218 6.9 60–74 0.75 (0.58–0.86)
RA Lekamwasam [32] CS Volunteers to public announcements 150/0 42 48+ 0.76 (0.62–0.90)
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[26,28–30] but not all [25] included studies find that information de-
rived from QUS and DXA are additive and independent of the order of
investigation.
3.6. Phalangeal radiographic absorptiometry (RA) and forearm peripheral
DXA

3.6.1. Diagnostic use: phalangeal radiographic absorptiometry or forearm
peripheral DXA for indication of BMD by DXA

Two studies evaluating the ability of phalangeal radiographic
absorptiometry to indicate osteoporosis in a population-based set-
ting were found. They included 150 women [32] and 218 men [33],
respectively. A total of 42% of included women and 6.9% of includ-
ed men had osteoporosis by central DXA. Models were optimized
for discriminatory ability and not tested in separate samples. Re-
ported AUC values in the two studies were similar around 0.75 –
but both studies reported wide confidence intervals due to their
small size.
3.7. Prognostic use: phalangeal radiographic absorptiometry or forearm
peripheral DXA for prediction of fractures

Two population-based prospective studies including a total of
70,329 women and 5206 men were found [10,34]. Mean reported AUC
values for fracture discrimination were 0.64–0.71. In the study by
Friis-Holmberg et al. [34], fracture discrimination increased significantly
by the addition of data on risk factors as summarized in the FRAX risk
score.
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Fig. 3.Methodological quality of studies (N = 24) for the pre
3.7.1. Phalangeal radiographic absorptiometry or peripheral DXA for frac-
ture risk assessment when BMD by central DXA is already known

No studies had examined the ability of the device to predict fractures
as an add-on examination after central DXA.
3.8. Calcaneal single or dual X-ray absorptiometry

3.8.1. Diagnostic use: calcaneal single or dual X-ray absorptiometry for in-
dication of BMD by DXA

No population-based studies testing this hypothesis were found.
3.8.2. Prognostic use: calcaneal single or dual X-ray absorptiometry for the
prediction of fractures

A single population-based study was found, evaluating a total of
79,185womenwith theNorlandOsteoanalyzer Single X-ray absorptiom-
etry of the heel [10]. A total of 11.0% reported previous fractures, 6.4% had
osteoporotic DXA values. ROC curves for prediction of fractures during
one year of follow-up gave an AUC value of 0.67 (SE not reported).
3.8.3. Phalangeal radiographic absorptiometry or peripheral DXA for frac-
ture risk assessment when BMD by central DXA is already known

No population-based studies testing this hypothesis were found.
3.9. Quantitative computed tomography (QCT)

3.9.1. Diagnostic use: QCT for indication of BMD by DXA
No studies examining this research question were identified.
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Table 3
QUADAS rating of based studies using other diagnostic methods than DXA to predict frac-
tures (see Appendix 2 or Fig. 3 for Item-definitions in QUADAS). Studies with overall score
of 1 in cumulative item 6 were deemed population-based with certainty. Non-included
studies (score 2 or 3 on item 6) are shown in gray color tone [70–75].

QUADAS II item no:

First Author (reference) 1 3 4 5 6 7 8 9 11 12 13 14 15 18 19 20

Barr [70] 3 1 1 1 3 1 1 1 1 1 2 2 1 2 2 2

Brismar [71] 2 1 1 2 2 1 1 1 1 1 1 1 1 1 1 2

Leslie [72] 2 1 3 3 2 1 1 1 1 1 1 1 1 3 3 2

Wu [43]

Peripheral DXA

Alternative DXA
evaluation

Quantitative Computed
Tomography

Radiographic
absorptiometry

Quantitative ultrasound

Trabecular bone score

1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 2

Leslie [46] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Berry [44] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Frost [45] 1 1 1 1 1 1 1 1 1 1 1 1 1 3 3 1

Black [35] 1 1 1 1 1 1 3 3 1 1 1 1 1 3 3 1

Guessous [24] 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1

Bauer [25] 1 1 1 1 1 1 1 1 1 1 1 1 1 3 3 1

Dargent–Molina [26] 1 1 1 1 1 1 1 1 1 1 1 1 1 3 3 2

Durosier [27] 1 1 1 1 1 1 1 1 1 1 1 1 1 3 3 2

Miller [10] 1 1 1 1 1 1 1 1 1 1 3 3 1 3 3 1

Glüer [21] 1 1 1 1 1 3 2 2 2 1 1 2 2 2 2 2

Kwok [73] 3 1 1 1 3 1 2 2 1 1 1 1 1 1 1 2

Stewart [28] 1 1 1 1 1 1 3 3 1 1 1 1 1 1 1 1

Huopio [29] 1 1 1 1 1 1 3 3 3 1 1 3 1 1 1 1

Hollaender [30] 1 1 1 1 1 1 3 3 1 1 1 1 1 1 1 2

Friis–Holmberg [34] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Briot [40] 1 1 1 1 1 1 2 2 1 1 1 1 1 2 2 2

Leslie [74] 2 1 3 3 2 1 2 2 1 1 1 1 1 1 1 2

Boutroy (41) 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 2

Iki (42) 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 2

Hans [75] 2 1 3 3 2 1 1 1 1 1 1 1 1 3 3 2
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3.9.2. Prognostic use: QCT for prediction of fractures and QCT for fracture
risk assessment when BMD by central DXA is already known

Only a single study evaluating the use of QCT in a population-based
settingwas uncovered during the literature review, including 3347men
from theMrOS study [35]. No single QCT parameter had higher discrim-
inatory value (HR per SD decrease) than areal BMD by DXA, but the QCT
variables percent cortical volume and cross-sectional area of the femo-
ral neck remained predictors of future fracture after adjustment for
areal BMD. The ability to discriminate individuals with fractures from
individuals without fractures were similar between the two methods
of examination (AUC 0.85 for DXA alone and 0.86 for QCT alone (SE
not reported)). Overall, QCT did not have any additive effect on the pre-
diction of fractures (AUC values of 0.86 for QCT plus DXA (ns)).
3.10. HR-pQCT

3.10.1. Diagnostic use: HR-pQCT for indication of BMD by DXA
A single smaller (n = 72) population-based study examining the

correlation between DXA derived cortical index and HR-pQCT-derived
volumetric index was found, showing good correlation between these
indices (R = 0.798) [36]. However, this study did not focus on the pre-
diction of BMD defined osteoporosis and was therefore not included in
the review. Thus, no population-based studies examining this research
question was uncovered during the literature review.

3.10.2. Prognostic use: HR-pQCT for prediction of fractures
No population-based studies examining this research question was

uncovered during the literature review.

3.10.3. HR-pQCT for fracture risk assessment when BMD by DXA is already
known

No population-based studies examining this research question was
uncovered during the literature review.

3.11. Dental Panoramic Radiographs (PR)

3.11.1. Diagnostic use: PR for indication of BMD by DXA
No population-based studies that focused on prediction of BMD

were found in the literature review.

3.11.2. Prognostic use: PR for the prediction of fracture risk
No population-based studies were found that focused on prediction

of fracture risk.

3.11.3. PR for fracture risk assessment when BMD by central DXA is already
known

No studies focusing on this issue were found during the literature
review.

3.12. Hand dynamometer

3.12.1. Diagnostic use: hand dynamometer for indication of BMD by DXA
A single population-based study including 750 women was identi-

fied [37], evaluating the use of a hand dynamometer for prediction of
osteoporosis by BMD. Using a post-hoc defined cutoff for grip strength
of the dominant hand, prediction of osteoporosis with an AUC of 0.76
was found (SE not reported).

3.12.2. Prognostic use: hand dynamometer for the prediction of fracture risk
In the above-mentioned study, low grip strength was also a signifi-

cant predictor for future fractures during 2.9 yrs of follow-up; however
the publication did not reveal any values for the fracture prediction [37].

3.12.3. Hand dynamometer for fracture risk assessment when BMD by cen-
tral DXA is already known

No studies examining this research question was uncovered during
the literature review.

3.13. Trabecular bone score (TBS)

TBS evaluates pixel gray-level variations of a lumbar spine DXA
image [16]. It addresses the problem that fracture risk of certain sub-
groups as patients with diabetes [38] or primary hyperparathyroidism
[39] does not seem to be adequately captured by BMD alone.

3.13.1. Diagnostic use: TBS for indication of BMD by DXA
The notion of using TBS for prediction of BMD does not make sense

as TBS is based on information collected during a normal DXA. No pop-
ulation-based studies that focused on indicating BMD were found.

3.13.2. Prognostic use: TBS for prediction of fracture risk and TBS for frac-
ture risk assessment when BMD by central DXA is already known

Three studies were found to be population-based with certainty, in-
cluding 3634 women [40–42]. The predictive ability of TBS was 0.60–
0.68 in these studies, all studies with comparable discriminatory ability



Table 4
Population based studies using other diagnostic methods than DXA to predict fractures.
DXA: dual X-ray Absorptiometry. pDXA: peripheral DXA.QCT: Quantitative computed tomography. QUS: quantitative ultrasound. RA: radiographic absorptiometry TBS.: Trabecular bone score. NR: not reported. CS: cross-sectional P: prospective NA:
not applicable.

Technical
device

Main author Study
design

Recruitment method Enrolled
women/men;
total n

Follow-up/yrs Proportion with
osteoporosis/event
of interest (%)

Age (years),
range

AUC, mean
(range)

DXA Wu [43] P Random samples of women from voter registration lists in Oregon,
Baltimore and Pennsylvania, at their second visit

4948/0 12 NR/30.2 67–74 NR

DXA T-score offset Leslie [46] P Random selection from residential phone numbers 4575/1813 10.1 NR/10.3 50+ 0.69 (0.67–0.71)
Heel SXA Miller [10] P Randomly chosen names of women at 4236 GP-offices 79,185/0 1 6.4/1.6 50+ 0.67 (NR)
Multiple DXA Frost [45] P Community mailings to all aged N60 yrs without osteoporosis in one

Australian community
1008/0 7.1 0/20.5 60+ 0.75 (0.74–0.76)

Multiple DXA Frost [45] P Community mailings to all aged N60 yrs without osteoporosis in one
Australian community

0/750 7.1 0/9.3 60+ 0.75 (0.74–0.76)

Multiple DXA Berry [44] P Surviving participants in Framingham cohort without baseline
fractures scanned N once from 1987 to 1999

492/310 9.6 25.3/14.1 70+ 0.72 (0.66–0.79)

pDEXA Miller [10] P Randomly chosen names of women at 4236 GP-offices 51,914/0 1 6.4/1.6 50+ 0.69 (NR)
pDXA Miller [10] P Randomly chosen names of women at 4236 GP-offices 10,836/0 1 6.4/1.6 50+ 0.7 (NR)
QCT Black [35] P Community mailings from six medical centers 0/3347 5.5 4.9/0.2 65+ 0.86 (NR)
QUS Miller [10] P Randomly chosen names of women at 4236 GP-offices 7562/0 1 6.4/1.6 50+ 0.67
QUS Dargent-Molina [26] P Randomly selected from voting or health care registries in France

(EPIDOS)
5910/0 4 NR/3.9 75+ NR

QUS Bauer [25] P Community mailings from six medical centers 0/5607 4.2 4.9/5.0 65+ 0.68 (NR)
QUS Durosier [27] P Pooled EPIDOS and SEMOF cohorts 12,064/0 3.2 NR/2.5 70+ 0.76 (0.74–0.79)
QUS Guessous [24] P Randomly selected from resident register in 9 Swiss cantons

(SEMOF)
6174/0 2.8 NR/5.1 70–85 NR

QUS Glüer [21] CS Recruitment from registers and primary care centers 1265/0 NA NR/16 55–79 0.66–0.67 (NR)
QUS Huopio [29] P Random subgroup of OST-PRE, recruited by mailed invitation to all

female inhabitants aged 47–56 yrs in one Finnish community
422/0 2.6 NR/7.6 47–56 0.68 (NR)

QUS Stewart [28] P Subgroup of random sample of women in one Scottish community 775/0 9.7 NR/10.0 45–54 0.64 (0.63–0.66)
QUS Hollaender [30] P Randomly selected from resident register in one city 432 3.4 NR/5.6 60–80 0.73 (0.63–0.82)
RA Friis-Holmberg [34] P Randomly selected from resident register in 13 municipalities 7552/0 4.3 12.3/4.1 18–95 0.71 (0.69–0.74)
RA Friis-Holmberg [34] P Randomly selected from resident register in 13 municipalities 0/5206 4.3 3.7/1.6 18–95 0.64 (0.58–0.70)
TBS Boutroy [41] P Random sample from health insurance records in Rhone 560/0 8 23.9/20.1 postmenopausal 0.60 (0.62–0.74)
TBS Briot [40] P Random samples from resident or health insurance registers or from

GP lists
2409/0 6 27.5/4.6 50+ 0.62 (NR)

TBS Iki [42] P Age-stratified random sample from seven areas of Japan 665/0 4.7 40.6/13.8 50+ 0.68 (0.62–0.74)
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of TBS to BMD alone and with only one of these studies [40] finding an
additive effect of TBS to known BMD values.

3.14. Nontraditional DXA results

3.14.1. Prognostic use: nontraditional or derived DXA results for the predic-
tion of future fractures

The use of alternative cutoffs for fracture risk evaluation and the use
of repeat BMDmeasurements have been examined in a few studies.Wu
et al. [43] found that mathematically established lower limit of normal
by the use of NHANES data resulted in a more consistent classification
of participants in osteoporotic/non-osteoporotic groups and provided
better prediction of future fractures than the WHO definition of osteo-
porosis. Berry et al. [44] examined the additive value of change of
BMD between two or more DXA evaluations compared to baseline
BMD alone for prediction of fractures. AUC for prediction of future frac-
tures was 0.72 (95% c.i. 0.66–0.79) for baseline BMD. Information about
yearly change in BMD did not change the predictive value. Frost et al.
[45] proposed amodel to calculate the optimal time of repeat BMD test-
ing, dependent upon sex, age and T-score at baseline. However, the
model was not tested in an independent cohort. Leslie et al. [46] used
T-score offset between spine andhip as a separate predictor ofmajor os-
teoporotic fractures in the BMD-corrected FRAX algorithm, using ob-
served fracture outcomes in the CaMOS cohort. Here, AUC for
prediction of future fractures was 0.69 (0.67–0.71) for FRAX alone and
0.693 (0.671–0.714) for the T-score offset corrected values. No statisti-
cal difference was found, but risk of fractures could be reclassified for
5.5% of participants.

4. Discussion

During a systematic review of population-based studies that fo-
cused on technical methods that could substitute for DXA, we
found that only QUS appears capable of perhaps replacing DXA as
standalone examination in the future whilst radiographic absorpti-
ometry could provide important information in areas with scarcity
of DXA. QUS may be of added value even after DXA has been per-
formed. However, evaluation of proposed cutoff-values from popula-
tion-based studies in separate population-based cohorts is still
lacking for most examination devices.

Using a structured literature search of OVID and Pubmed, 23 popula-
tion-based studies examining other technical devices for osteoporosis
using a properly documented methodology to either indicate BMD by
DXAor predict fracture riskwere identified. Overall, themethodological
quality of prospective studies aiming at fracture prediction seemed bet-
ter than cross-sectional studies with DXA measurements as outcome.
Differences in follow-up and included participants were potential ex-
planatory variables for the wide range in fractures recorded during fol-
low-up of prospective studies.

The ability of QUS to indicate BMD by DXA and predict fractures was
found to be modest. Most prospective studies found a BMD-indepen-
dent predictive ability of QUS for fractures. None of the studies tested
their models in separate population-based samples. These findings are
in line with a recent meta-analysis of QUS aimed at exploring the feasi-
bility of QUS as prescreening tool before DXA in postmenopausal
women [47]. A consistent ability of QUS to indicate DXA defined osteo-
porosis was found; however with a wide range in both percentage of
DXA saved and misclassification rates. Two other meta-analyses of pro-
spective studies used gradient of risk as outcome, also showing some
heterogeneity between studies, but with overall significant predictive
ability for fractures even after BMD-adjustment, independent of sex
[15,48].

Based on the literature review, QUS could have the possibility to sup-
plant DXA as standalone examination due to lower cost and portability
of the technology. In areas with scarcity of DXAmachines, QUS could be
used to reduce the number of needed DXA examinations for fracture
prediction. Due to the possibly BMD-independent effect of fracture pre-
diction found in most studies included in this review, QUS could also
serve for further risk stratification in areas with ample DXA coverage,
so that patients with intermediate risk of future fractures can be further
subdivided in low- and high-risk individuals. However, the lack of uni-
versal calibration between scanners and lack of prospective outcome
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studies where patients have been diagnosed and treated on the basis of
QUS still hamper its use.

Radiographic absorptiometry in phalanges was found to have a
modest ability to discriminate between osteoporotic and non-osteopo-
rotic individuals whilst the ability of heel examinations to predict future
fractures was relatively minor. Predictive algorithms have been pro-
posed but they have not yet been validated in separate cohorts.

In areas with scarcity of DXAmachines, RA might be used to reduce
the number of needed DXA examinations for fracture prediction, as the
equipment seems to identify a risk not captured by risk factors alone
[34]. Widespread usage would be promoted if robust cross-calibration
procedures as seen for DXA [8] also were available for RA.

In population-based studies, we found TBS to have an equally dis-
criminatory value, but no additive value, for fracture discrimination as
compared to BMD alone. This is in concordance with a recent review,
where fracture discrimination odds-ratios by TBS were significantly at-
tenuated after adjustment for confounders [16]. Opposing this view are
important findings from the largest meta-analysis of trabecular bone
score results to date, pooling individual TBS data from 14 prospective
cohorts [49]. Previously, TBS data was not available from most of these
cohorts. TBS adjustment factors for FRAX (including BMD) probabilities
was derived from the non-population-based Manitoba bone density
program and applied to pooled data from the 14 cohorts (of which the
Manitoba program supplied 59% of individual data). Expressing the
prognostic impact of TBS on fracture risk in hazard ratio per 1 SD
change, TBS remained a significant predictor despite adjustment by
FRAX (including BMD). Overall, on the finding of this meta-analysis,
TBS might have a smaller impact on the diagnostic gap in osteoporosis
in the future, even though the issue of relative inaccessibility of DXA
equipment also remains a problem for TBS. The information derived
by QCT has a potential impact on fracture prediction from a mechanical
understanding, compared to the integrated measure of BMD acquired
on aDXAmachine. One population-based study found a good predictive
ability of QCT for further fractures. However, the evaluation of QCT is
time-consuming, the equipment remains expensive and radiation
doses are several magnitudes larger than that of DXA. As of now, avail-
able evidence still does not support a potential for improvement of frac-
ture prediction by the use of QCT due to the shortcomings of the
methodology.

No population-based studies were found examining the ability of
HR-pQCT to discriminate between persons at high or low risk of osteo-
porosis or fracture. Thus, whilst promising technologically due to its
ability to measure bone microarchitecture, prospective studies clarify-
ing its ability to indicate osteoporosis by DXA and/or predict fractures
in a population-based setting are still needed.

A single study indicates that physicalmeasures can indicate underly-
ing osteoporosiswithmoderate precision and that it may also serve as a
predictor of future fractures. Such measures could be incorporated into
fracture risk algorithms in the future. However, the proposed physical
measure has not been tested in a separate, prospective cohort.

There is insufficient evidence in population-based studies to alter
the currently established DXA-based definition of osteoporosis or to in-
clude change in BMD or T-score offset as a separate variable.

Change in BMD between consecutive BMD measurements have not
been shown to improve the predictive value of BMD for future fractures;
though the study by Frost et al. [45] suggests that timing of follow-up
BMD itself could be individualized a formal test of repeated assessments
in a prospective cohort is still lacking.

We included only research papers in English and Nordic languages.
Furthermore, we restricted the literature reviewonly to include popula-
tion-based studies, hereby excluding a lot of well-performed studies of
great interest in specific disease contexts or subgroups. However, mea-
sures of diagnostic accuracy are known to vary with disease prevalence
[50], so conclusions drawn in one setting (non-population-based) can-
not readily be transferred to another setting (population-based) [51].
Evaluating accuracy of different technical methods for screening
purposes is therefore only possible using studies from population-
based settings.

A further weakness of our study was the restriction to research pa-
pers reporting discriminatory ability by a combination of sensitivity
and specificity or alternatively AUC of Receiver Operating Characteristic
curves values as standard, thereby leaving out important studies using
diagnostic odds-ratios, hazard ratios or gradient of risk. This was done,
however, on the basis of previously published statistical recommenda-
tions [52]. As discussed above, this had a noticeably impact on our find-
ings for TBS compared to a recently published review [49]. However, the
conclusion this meta-analysis based the majority of its risk prediction
on an non-population-based study, which can be problematic [51],
and the authors themselves speculate that the proportion of patients
that would be reclassified by the adjustment of FRAX through TBS
would be minor [49].

A final weakness is related to the use of QUADAS 2 criteria for the
evaluation of whether included studies were population-based or not.
Thus, studies that used health care registries or residential phone num-
bers as basis for random sampling were included in the literature re-
view, even though, from a stringent viewpoint, this rating could be
seen as subjective and questionable. However, we did not wish to ex-
clude well-performed studies where the sampling base was as wide as
possible – but restricted due to missing universal health care or other
means of identifying each and every member of the nation's society.

Strength of our study is that it is a complete and extensive review of
the existing literature of population-based studies using sensitivity and
specificity or AUC as outcome measures. Furthermore, we rated the lit-
erature according to the QUADAS 2 criteria as recommended by the
Cochrane Handbook of Systematic reviews.

In conclusion, this extensive literature review shows that many
other technical devices have been tested in a population-based setting
using properly documentedmethodology for prediction of BMD or frac-
ture risk. Overall, only modest ability to indicate osteoporosis in terms
of a low BMDmeasured by DXA was found in included studies. By con-
trast, prospective prediction of fractures, though modest, is generally in
the same range as DXA. This indicates that such techniques have poten-
tial value in identifying individuals at high risk of fracture and to the ex-
tent that they provide non-overlapping risk informationwith DXA, they
could be performed along with DXA to further refine the risk estimate.
However, this may be premature as most of the included population-
based studies were hypothesis-generating in their design with limited
or no use of evaluation in external cohorts.

Existingpopulation-based studies do not support that QCT, HR-pQCT
and TBSmay have incremental fracture risk predictive valuewhen BMD
by DXA is already known,whereas QUSmay be of added value once for-
mal evaluation has been completed. RA could serve as mobile-
prescreening before DXA due to its additive effect on risk factor-based
risk-estimation, but this question needs further exploration.

Still, the effect of different screening tools for the prediction of DXA
measurements and fractures with post-hoc optimized cut-off values
would need to be tested in separate cohorts to prevent overoptimistic
accuracy results [52,53].

In the end of the day, the most important question, whether to per-
form screening for osteoporosis on a population-based level or not, re-
mains unanswered. A large number of societies, including the US
Preventive Services Task-Force (USPSTF) [54] and the national Osteopo-
rosis Foundation [55], endorse population-based screening of women,
and some also of men [56], above defined values of chronological age,
in addition to other high-risk groups. However, recommendations are
not made on the basis of studies showing a reduction in fracture inci-
dence or fracture-related morbidity or mortality due to screening inter-
ventions, but on extrapolation of results from clinical efficacy studies of
antiresorptive treatment [57]. On the basis of the same trials, the NOF
has found pharmacological primary- or secondary prevention of osteo-
porotic fractures to be cost-effective at a 10 year risk of hip fracture
above 3%. Others, such as the German Dachverband Osteologie,
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recommend the use of other cutoff-values (30% 10 year risk ofmajor os-
teoporotic fracture) [58]. However, the debate is still on-going, and cur-
rently the USPSTF are updating their systematic review on the issue
[59].

Future research should include randomized controlled trials using
other technical equipment than DXA for fracture prediction with evalu-
ation of pre-defined cutoff-values for the chosen diagnostic approach.

When enough evidence has been collected to ascertain the most ra-
tional way of fracture prediction, screening studies for osteoporosis are
needed, in order to remove the uncertainty described above about
whether or not to screen for osteoporosis in a population-based setting.
In times of budgetary constraints, these studies should also include cost-
efficacy studies.
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