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Abstract Osteoporosis, a disease characterized by loss of
bone mass and structural deterioration, is currently diagnosed
by dual-energy x-ray absorptiometry (DXA). However, DXA
does not provide information about bone microstructure,
which is a key determinant of bone strength. Recent advances
in imaging permit the assessment of bone microstructure in
vivo using high-resolution peripheral quantitative computed
tomography (HR-pQCT). From these data, novel image pro-
cessing techniques can be applied to characterize bone quality
and strength. To date, most HR-pQCT studies are cross-
sectional comparing subjects with and without fracture.
These studies have shown that HR-pQCT is capable of dis-
criminating fracture status independent of DXA. Recent lon-
gitudinal studies present new challenges in terms of analyzing
the same region of interest and multisite calibrations. Careful
application of analysis techniques and educated clinical inter-
pretation of HR-pQCT results have improved our understand-
ing of various bone-related diseases and will no doubt
continue to do so in the future.
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Introduction

Osteoporosis is a serious degenerative disease characterized
by both the loss of bone mass and the deterioration of bone
architecture [1]. Current clinical diagnosis of osteoporosis
relies on measurements of areal bone mineral density
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(aBMD) by dual-energy x-ray absorptiometry (DXA).
While aBMD is a significant predictor of fracture risk [2],
it is limited because of its two-dimensional nature, which is
affected by the size and position of the subject [3] and
cannot distinguish between the cortical and trabecular com-
partments. Epidemiological data indicate that over 80 % of
fractures occur in women who would not be classified as
osteoporotic according to current aBMD criteria [4], highlight-
ing the limitations of this approach and the need for other
assessment methods. Bone structure is fundamental to bone
strength and, thus, in vivo structural information is critical for
the assessment of disease progression, treatment effects, and
risk of fracture [5].

Recent advances in medical imaging techniques allow
bone structure to be assessed at various skeletal sites within
the body. Three-dimensional macro- and microstructure of
both the cortical and trabecular regions can be imaged non-
invasively, which was previously possible only by quantita-
tive histomorphometry of transiliac bone biopsies [6]. The
primary tools for assessing volumetric density and bone
structure are quantitative computed tomography (QCT)
and more recently, high-resolution peripheral quantitative
computed tomography (HR-pQCT). Central QCT has the
advantage of being able to image the two main osteoporotic
fracture sites: the proximal femur and spine at in plane-
resolutions of approximately 200-500 pum [7], but these
resolutions are not high enough to examine the trabecular
and cortical microstructure. While HR-pQCT is restricted to
peripheral sites such as the distal radius and distal tibia, it
produces images with an isotropic voxel size of 82 pum,
allowing for the measurement of bone microstructure. To
date, the majority of these HR-pQCT scanners still exist in
research environments but their use has dramatically in-
creased since their introduction in 2005. Most of the pub-
lished studies using HR-pQCT have focused on the
technical aspects and validation but recently there has been
a large increase in the number of studies demonstrating the
clinical utility of HR-pQCT. This article reviews the ability
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of HR-pQCT to assess bone microarchitecture and high-
lights the results from recent clinical studies.

HR-pQCT Imaging
Image Acquisition and Processing

HR-pQCT acquires images based on the same principles as
traditional QCT but can achieve a much higher resolution
with the trade-off of a smaller field of view. This permits
only the scanning of peripheral sites such as the radius and
tibia. Scans take 2.8 minutes to acquire an axial 9.02 mm
section in the only currently available commercial system
(XtremeCT; Scanco Medical, Briittisellen, Switzerland).
Further technical details can be found elsewhere [8, 9]. A
calibration phantom is scanned daily to accurately report
hydroxyapatite bone mineral densities. Radiation exposure
during an HR-pQCT scan is several orders of magnitude
lower than whole body CT at an approximate 3 uSv effec-
tive patient dose per scan.

Prior to scan acquisition, the wrist or ankle is immobilized
in a carbon cast that is fixed within the scan gantry. A projec-
tion image is acquired so that the operator can mark a refer-
ence line at the radial or tibial midjoint. The scan region of
interest is 9.5 mm proximal to this reference line at the radius
and 22.5 mm proximal to the tibia reference line. Other studies
have defined varying scan regions [10] in particular for the
study of children and adolescents [11—14]. This insures the
growth plate is not exposed to radiation and accounts for
differences in bone size.

The scanner acquires raw projection data that is
reconstructed to generate a stack of two-dimensional gray-
scale images. To evaluate the cortical and trabecular compart-
ments separately, the regions must be segmented (Fig. 1).
The standard manufacturer method uses a filter and threshold
method to extract the cortical region [15]. Unfortunately, this

Fig. 1 HR-pQCT images of the
left radius of an individual who
suffered a low-trauma fracture
at the right radius (top row) and
a fracture-free, age-matched
control (bottom row). Figure
depicts two-dimensional
grayscale slices, the cortical and
trabecular compartments
segmented, and a three-
dimensional rendering where
cortical porosity is highlighted
in green
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method fails to extract the cortex when it is thin or highly
porous [16, 17]. Recently, newer methods have been devel-
oped in conjunction with the manufacturer so that the cortical
and trabecular regions can be extracted automatically and
permit measurement of cortical porosity and direct cortical
thickness [17-19].

Density Analysis

Based on the pre-calibration of the system and the segmenta-
tion of the cortical and trabecular compartments, volumetric
bone mineral density (VBMD, mg HA/cm?) can be determined
for the whole bone, trabecular bone (Tb.BMD), and cortical
bone (Ct.BMD). Based on the grayscale images, tissue min-
eral density can also be calculated [20]. HR-pQCT images can
also be used to simulate areal BMD measurements with a high
level of agreement with ultradistal radius DXA measurements
[21].

Trabecular Bone Structure Analysis

In addition to vBMD, bone morphometric analysis can be
used to assess the microstructural properties of bone.
However, since the resolution of HR-pQCT is relatively
close to the size of individual trabeculae, trabecular mea-
surements are generally derived rather than directly mea-
sured from the images [15]. The bone volume fraction
(BV/TV, %) is determined from the trabecular vBMD as-
suming the density of fully mineralized bone is 1200 mg
HA/cm?. The average number of trabeculae (Tb.N, 1/mm) is
directly measured using ridge extraction methods [22].
Average trabecular thickness (Tb.Th, mm) and separation
(Tb.Sp, mm) are calculated using semi-derived methods
(Tb.Th = (BV/TV)/Tb.N and Tb.Sp = (1-BV/TV)/Tb.N)
[15].

In addition to the standard manufacturer analysis, addi-
tional customized analyses can be performed on the
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trabecular region. One of these methods is individual tra-
beculae segmentation (ITS) that assesses the orientation and
the ratio of rod and plate trabecular elements, a determinant
of bone strength [23]. Briefly, this method creates a skeleton
of the trabecular region and classifies each trabecular ele-
ment as a surface or curve, as described in detail elsewhere
[24]. Other analysis metrics include connectivity, anisotro-
py, and structure model index [25]; however, these param-
eters may be more strongly affected by image resolution
[26].

Trabecular bone HR-pQCT measurements are highly
correlated with measurements performed on cadavers by
micro-computed tomography (micro-CT) measurements
[27, 28], but correlated moderately with iliac crest micro-
structure assessed by micro-CT and poorly with two-
dimensional histomorphometry [29]. In addition, various
precision studies have reported coefficient of variations for
density and morphological parameters [30—34] one of which
was the first multisite precision study [35].

Cortical Bone Structure Analysis

Since cortical thickness (Ct.Th) can be well resolved with
HR-pQCT, it can be measured directly; however, depending
on the compartment segmentation, derived Ct.Th measure-
ments are also used. The direct measurement is based on a
distance transform of the cortical region [22]. The derived
measurement of Ct.Th is calculated as the volume of the
cortical bone divided by outer bone surface [15]. Both the
direct and derived measurements of cortical thickness have
shown very good agreement with gold-standard micro-CT
scans of cadaver bones [17, 28]. Cortical porosity (Ct.Po)
can also now be measured from HR-pQCT images. One of
these methods uses an automatic segmentation [18] of the
cortical and trabecular regions, binarizes the image, and then
calculates the percentage of void voxels in the cortex from
the total cortical voxels. This method has been validated for
accuracy [17] and reproducibility [19] and is currently being
distributed by the manufacturer (Scanco Medical). Another
method has been proposed and patented [36], and uses
density information to estimate pores that are too small to
be directly measured. Density of each voxel is calculated as
a percentage of fully mineralized bone (assumed to be
1200 mg HA/cm?) to estimate the porosity.

Estimates of Bone Strength

Based on the HR-pQCT images, bone strength can be esti-
mated using finite element (FE) analysis. The resolution is
high enough that the structure can be represented directly by
the elements in the model. FE models based on HR-pQCT
images have been validated against micro-CT models [27]
as well as mechanical testing [37]. Images can be binarized

to all “bone” elements and assigned a homogenous elastic
modulus. In specific applications where mineralization
changes may be expected, models can incorporate tissue in
homogeneities based on the x-ray attenuation values [38].
Due to the extremely large size of these models, custom FE
solvers are required [37, 39]. Typically a uniaxial compres-
sion to 1 % strain is applied and whole bone stiffness
(kN/mm) and failure load (N) are reported.

Clinical Applications
Age-, Sex-, and Race-Related Variation

Many of the initial studies demonstrating the clinical utility
of HR-pQCT have focused on determining the age- and sex-
related differences in bone microarchitecture. Boutroy and
colleagues published the first cross-sectional study to report
bone microarchitecture differences using HR-pQCT [30].
They compared pre- and postmenopausal women and those
with osteoporosis and found significant differences in bone
microarchitecture. The first population-based study using
HR-pQCT to investigate the age-related variation in both
men and women (n=602, ages 21-97 years) reported that
decreases in BV/TV were similar between men and women
but there were marked structural differences between the
sexes at the distal radius [32]. While there were similar rates
of age-related declines in BV/TV, in men it was related to
thinning of the trabeculae, while in women there was a
decrease in the number of trabeculae, which would have a
much greater impact on bone strength. Dalzell and col-
leagues later confirmed the differences in the structural basis
of bone loss between men and women at both the radius and
tibia [40]. The most recent study to examine age- and sex-
related variation with HR-pQCT is in a Canadian
population-based sample (n=644, ages 20-99 years) that
reported age-related bone loss differs not only between
men and women but also between the cortical and trabecular
compartments [41¢]. Significant decreases in cortical bone
density due to an increase in cortical porosity occurred with
aging. There was an exponential increase in porosity that
occurred around the time of menopause, supporting the
theory that estrogen deficiency contributes to cortical bone
loss. While these studies have elucidated some of the mech-
anisms underlying age-related bone loss, there is still a need
for longitudinal studies with HR-pQCT to eliminate the
possibility of secular trends. Recent studies have also
suggested that global analysis may be hiding some of the
age-related differences in microstructure, and regional anal-
ysis of the radius and tibia may be valuable [42—44].
HR-pQCT has also been used to provide an in-depth
analysis of bone growth in children and adolescents, groups
particularly affected by the limitations of DXA due to bone
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size differences and bone growth [45]. A consistent findings
of these studies is the detection of transient deficits in
cortical bone during puberty [13, 46—48]. During this time
of rapid growth, predominantly in boys, cortical bone con-
solidation lags behind; this transient deficit may partially
account for the high incidence of fractures at this age. In
contrast, however, a prospective study of 176 boys found
that those with fractures had lower Tb.BMD, Tb.N, and FE
estimates of bone strength but not Ct. BMD nor Ct.Th than
fracture-free boys of the same age [49]. It is possible that
during this time of high incidence of fracture, boys with
trabecular architecture that sufficiently compensates for the
deficit in cortical bone are less likely to fracture.

The apparent paradox that Asian women have lower
aBMD than Caucasian women and also have lower fracture
rates has been investigated with HR-pQCT. Two studies
have found that Chinese women had denser, thicker cortices
compared with Caucasian women, which may offset the
strength disadvantage due to smaller bones in Chinese wom-
en [50, 51]. A recent study suggested more preferential loss
of plate-like trabeculae in Chinese-American women com-
pared with Caucasian women [52]. However, it appears the
denser and thicker cortices compensate for this loss and it is
possible that clinical management of Asians and Caucasians
at risk of fracture should differ because of the compartment
specific difference in bone loss.

Relationship to Fracture

To date, the majority of the clinical studies using HR-pQCT
have examined associations with fracture, predominantly in
postmenopausal women with osteopenia and osteoporosis
[53-62, 63+, 64]. Two of the first studies examining bone
microarchitecture and fracture found that bone structure
contributes to fracture risk independently of aBMD
highlighting the importance of the structural information
[56, 57]. When comparing subjects with hip fracture to
controls, BV/TV, Tb.N, Ct.Th, and Ct.BMD were signifi-
cantly reduced in those with fracture and cortical parameters
were significantly different between those with wrist frac-
ture compared with those with hip fracture [59]. This pro-
vides some evidence that the severity of the bone
deterioration is related to the cortical region. Stein and
colleagues also compared postmenopausal women with
(n=68) and without (n=101) previous fracture and found that
those with fracture had reduced vBMD, more microarchitectural
deterioration, and lower estimated bone strength by FE
analysis; however, no measurement could adequately dis-
criminate fracture status [60]. This suggests that combina-
tions of parameters or advanced statistical techniques may
be necessary to discriminate fractures.

Using principal component analysis (PCA), two studies
[55, 58] have explored combinations of parameters to
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discriminate fracture status. With PCA, the components
should separate into meaningful combinations of the vari-
ables. Both of these studies demonstrated that the first
principal component, which accounts for the majority of
the variance in the data, was represented mainly by
Ct.BMD, Ct.Th, and FE estimates of bone strength [55,
58] and was significantly associated with wrist fracture
[58] and fractures at all sites [55]. Trabecular indices were
generally accounted for in the second principal component,
but did not result in significant odds ratios for fracture [55,
58]. While this study highlights the importance of cortical
bone in determining bone strength, it is possible that the lack
of association with the component representing trabecular
indices was due to the small sample size of the study.

The severity of fractures has also been associated with
bone microarchitecture, indicating it may be a more sensi-
tive means of discriminating fractures than DXA. For both
women [53] and men [65], cortical architecture was associ-
ated with the severity of vertebral fractures, and was inde-
pendent of aBMD in both sexes. In addition, more severe
microarchitectural abnormalities have been reported in post-
menopausal women with vertebral fractures compared with
those with nonvertebral fractures [63¢].

Differences in bone microarchitecture between those with
and without fracture have also been established in men
[66—68]. The first study of men with fracture (n=185)
compared with age-, height- and weight-matched controls
by Vilayphiou et al. demonstrated that microarchitecture and
FE estimates of strength were associated with all types of
fractures [66]. Interestingly, both the radius and tibia were
affected, suggesting that weight bearing at the tibia did not
seem to preserve bone microstructure as it did in women
[55]. Graeff et al. found that HR-pQCT microstructural
measurements and FE estimates of bone strength were also
superior to DXA in discriminating vertebral fracture status
in men with glucocorticoid-induced osteoporosis [68].

Most recently, studies have used machine-learning algo-
rithms to discriminate those with and without fracture.
These classification methods are “trained” on a specific
dataset then can be “tested” on another set. To classify
subjects with and without previous fractures, gradient
boosting machines [64] and support vector machines [61]
have been used. Both methods achieved very high accura-
cies and areas under the receiver operating characteristic
curves and also outperformed DXA at classifying subjects
with fracture. While larger prospective studies are needed,
these tools could eventually be used for fracture risk assess-
ment and prediction.

Secondary Osteoporosis and Related Bone Diseases

Secondary causes of osteoporosis and related bone diseases
have been an important area of HR-pQCT clinical applications,
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particularly because these diseases may affect the cortical and
trabecular compartments differently. One such condition is
primary hyperparathyroidism (PHPT), where it has long been
suspected that cortical bone is negatively affected but the
trabecular region is preserved. Hansen and colleagues com-
pared patients with PHPT to age-matched, healthy controls in
a cross-sectional study [69]. At the radius they found, as
anticipated, lower Ct.Ar and Ct.Th, but contrary to
expectations, they also found lower Tb.N and higher
Tb.Sp in PHPT subjects compared with controls. These
trends were not apparent at the tibia, possibly due to a
small sample size. In a larger study, Stein et al. recently
reported lower trabecular plate-to-rod ratios and lower
numbers of trabecular junctions at both the tibia and
radius in women with PHPT compared with controls [70].
These results contrast with observations found by iliac crest
biopsies, possibly indicating site-specific differences in the
effects of PTH.

Hansen and colleagues also reported changes in micro-
architecture one year after a parathyroidectomy, by which
point Ct. BMD and Ct.Th either increased or was maintained
at both radius and tibia, while at the radius there was also an
increase in Tb.N and a decrease in Tb.Sp. In this longitudi-
nal study, results should be carefully interpreted as this is a
clinical situation in which there is trabecularization of the
cortical bone. Large increases in cortical porosity may cause
the region adjacent to the endocortical surface to be classi-
fied as trabecular bone, potentially improving the trabecular
indices and confounding the cortical bone changes.

In patients with chronic kidney disease (CKD), HR-
pQCT is a particularly promising tool because of the
suspected effects on the cortical bone compartment. In ad-
dition, DXA is affected by vascular calcifications that may
introduce errors in aBMD measurements. However, given
the high probability of secondary hyperparathyroidism
(SHPT) in patients with CKD, there are similar concerns
regarding trabecularization of endocortical bone. Nickolas
et al. compared CKD patients with and without fracture and
found that those with fracture had lower Ct.Ar, Ct.Th,
vBMD, and Tb.N at the distal radius as well as cortical
deterioration at the distal tibia [71]. In terms of fracture
discrimination, DXA and HR-pQCT individual parameters
performed equally well; however, FE was not performed in
this study and it is possible that FE estimates of bone
strength or combinations of HR-pQCT parameters would
better discriminate fracture status. Most recently it was
reported that compared with controls, women with end-
stage renal disease had more bone deterioration than men
[72]; however, it is still unclear why this difference was
observed and larger studies are needed to confirm this
finding.

HR-pQCT has also been used to explain the reports of
higher fracture incidence in patients with type II diabetes

despite having normal aBMD. Affected patients had in-
creased trabecular bone density but reduced cortical bone
[73]; however, these results were not supported by another
study by Shu et al. in which HR-pQCT parameters were
similar between type II diabetics and healthy controls [74].
Both of these studies are limited by small numbers of sub-
jects and Shu and colleagues did not examine cortical po-
rosity. However, it is conceivable that patients with diabetes
maintain normal aBMD but since the bone mass is
redistributed from the cortical to the trabecular compart-
ment, there is less resistance to bending and thus increased
fracture risk. This is supported by a recent study that com-
pared women with and without diabetes and those with and
without fracture and found that deficits in cortical bone,
particularly increased Ct.Po, were apparent in the postmen-
opausal diabetic women with fractures [75].

The clinically relevant information provided by HR-pQCT
is highlighted by the recent array of applications to various
populations. These include subjects with premenopausal idi-
opathic osteoporosis [24], osteogenesis imperfecta [76], and
athletes with amenorrhea [77]. In all cases, significant differ-
ences in bone microarchitecture were found when compared
with healthy controls. Visceral adipose tissue and bone mar-
row fat have been found to be negative predictors of bone
microarchitecture [78], and after bariatric surgery, bone
microarchitectural changes reflected those occurring in hyper-
parathyroidism, with losses particularly concentrated in the
cortical bone [79].

Monitoring Treatment Effects

In one of the first multicenter, randomized, placebo-
controlled studies that applied HR-pQCT, the effects of
denosumab and alendronate were compared after 12 months
in 247 postmenopausal women [80¢]. Compared with the
placebo group, both treatments were found to prevent struc-
tural decay. However, with denosumab, there were signifi-
cantly higher increases in total and cortical BMD compared
with alendronate. The lack of significant changes in micro-
structural parameters in this study may be due to the vari-
ability introduced due to scanning at multiple centers and is
an important challenge that must be addressed for future
multi-site studies.

HR-pQCT has also been used to compare effects of
alendronate and strontium ranelate in postmenopausal oste-
oporotic women [81, 82¢]. At completion of the 24-month
study [82¢], tibia Ct.Th, Ct.BMD, and trabecular BV/TV
increased with strontium ranelate but not with alendronate.
At the radius, only Ct.BMD was higher in the strontium
ranelate than the alendronate group. Importantly, these
structural and density improvements with treatment were
also captured by FE estimates of failure load. While it is
not possible to quantify the effect that strontium may have
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on x-ray attenuation, it appears the improvements in Ct.Th
provide an important advantage of strontium ranelate over
alendronate treatment.

Burghardt and colleagues performed a pilot, placebo-
controlled study with alendronate over 24 months [20]. In
the alendronate group, there were improvements at the distal
tibia only for cortical and trabecular BMD, as well as Ct.Ar,
and Ct.Th, suggesting the changes were driven by
endocortical and trabecular changes. In the most recent
bisphosphonate trial, Chapurlat et al. performed a random-
ized placebo-controlled study of ibandronate in 148
osteopenic women [83]. Similar to the results reported by
Burghardt et al. [20], changes with treatment were not
observed at the radius, but at the tibia there were improve-
ments in Ct BMD and maintenance of Ct.Th after 12 and
24 months [83]. It is important to note that neither of these
studies investigated the effects of bisphosphonates on the
tissue mineral properties, which would likely also contribute
to bone strength.

Furthermore, HR-pQCT has been used to determine the
effects of teriparatide on bone microstructure and estimated
strength [84-86]. In a small, 18-month longitudinal study,
Macdonald et al. [86] found decreased total BMD at the
distal radius and decreased Ct.BMD, increased Tb.Th and
BV/TV at both the distal radius and distal tibia. There was a
trend for increased Ct.Po and no detected change in bone
strength estimates at either site. These non-significant
changes may be explained both by the small sample size
or the simplified axial compression of the FE analysis.
Hansen and colleagues recently compared the effects of
PTH 1-34, PTH 1-84, and zoledronic acid in an 18-
month, open-label study [85]. Both PTH treatments in-
creased Ct.Po at the radius and tibia, but also increased
Tb.N at the tibia. Increases in Ct.Th were also observed at
the radius with PTH 1-34. Zoledronic acid increased Ct.Th
and Ct.BMD at the tibia and BV/TV at both sites. These
results were consistent with previous reports that PTH may
increase cortical remodeling with a net positive formation
rate compared with resorption on the endocortical surface.
Bone strength estimates were preserved with PTH 1-34 and
zoledronic acid but actually decreased with PTH 1-84 [85].
As the authors noted, this warrants further investigation, but
in the future it may be important to use FE models that
incorporate scaled material properties to account for
changes in mineralization.

Conclusions
In the past decade, the technical and validation aspects of
HR-pQCT have been established so that researchers can

now explore the clinical utility of the device. This review
has provided a brief overview of the scan acquisition and
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measurement capabilities and highlighted results of several
recent studies that speak to the clinical applications of this
technology.

Age- and sex-related differences have now been well doc-
umented for both adult and adolescent populations and initial
studies have shown that fracture discrimination is improved
when microstructure parameters are measured compared with
DXA alone. An increasing number of studies have applied
HR-pQCT to various bone diseases, which has been particu-
larly useful in applications where the cortical and trabecular
regions are affected differently. The first longitudinal treat-
ment trials are beginning to be published and the application
of HR-pQCT to understanding the effects of various bone
active therapies will be a future area of progress.

Currently the number of devices available and the lack of
standardization limit the widespread clinical use of HR-
pQCT. While some multicenter studies have been complet-
ed, as well as multisite precision studies, there is still a need
for further large-scale, comparative, and prospective studies.
Despite these limitations, the use of HR-pQCT is extremely
promising and will no doubt advance our understanding of
bone quality and strength, and the effects of treatments with
the ultimate goal of reducing fractures.
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