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Abstract. Peripheral quantitative computed tomogra-
phy (pQCT) is widely used for clinical and research
purposes. For accurate determination of bone geometry
(bone cross-sectional area, cortical thickness, and cor-
tical area), volumetric bone mineral density (vBMD)
and cortical bone mineral content (BMC), it is impor-
tant to select the appropriate thresholds. A Stratec
XCT-2000 scanner was used to compare current stan-
dard practice with new optimized thresholds. Currently,
a single threshold of 710 mg/mL for the measurement of
cortical vBMD and geometry is used. We hypothesised
that this threshold may not be optimal and used the
European Forearm Phantom (EFP) and patient data to
test more appropriate thresholds. A single slice (1.2 mm
width, 0.4 mm pixel size) was made at section 4 of the
EFP (representing the diaphyseal portion of a long
bone). The EFP has a known cortical thickness of 2.5
mm and, therefore, the correct threshold for geometry
would be that which measures cortical thickness as 2.5
mm. Thresholds were altered at approximately the 50%
value between soft tissue (60 mg/mL) and peak density
(879 mg/mL), and cortical thickness versus threshold
was plotted; the correct threshold for geometry was 460
mg/mL. By expressing this threshold as a percentage of
the range of density values in the EFP ([460–60]/[879–
60] = 49%) and then applying this percentage to in vivo
data, the optimum threshold for geometry can be
determined: ([1240)79] · 0.49) + 79 = 648 mg/mL.
For cortical vBMD of in vivo bone measurements at the
midshaft site of the radius, thresholds were varied
around the peak value (1240 mg/mL), and the threshold
was set to that which gave a cortical density of 1240 mg/
mL; the threshold for cortical density was, therefore,
1200 mg/mL. A subset of radius scans from a popula-
tion of young healthy females was analyzed using the
new thresholds (648 mg/mL for bone geometry, 1200
mg/mL for cortical vBMD) versus the current threshold
(710 mg/mL). For bone geometry, the mean difference
between the analysis based on the new threshold and
that based on the manufacturer-recommended threshold
ranged between 2.1% and 14% (total area = 2.1%,

cortical thickness = 14%, cortical area = 3.7%). Al-
though there was a 10% difference between the analysis
based on the new threshold and that based on the
manufacturer-recommended threshold, this difference
was not systematic. Thresholds will significantly affect
results obtained from pQCT. The current threshold of
710 mg/mL is inadequate for accurate determination of
bone geometry and cortical vBMD. New thresholds of
648 mg/mL for geometry and 1,200 mg/mL for cortical
vBMD should be used.
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Peripheral quantitative computed tomography (pQCT)
is increasingly being used in both research and clinical
practice. The technique has the advantage over dual
energy X-ray absorptiometry (DXA) in that it measures
volumetric bone mineral density (vBMD) and is, there-
fore, size independent; it can also provide bone geome-
try, bone strength, and muscle cross-sectional area [1].
The separate analysis of cortical and trabecular bone is
also advantageous when studying the response to a
therapeutic intervention or the etiology of a disease that
may differentially affect the two types of bone (cortical/
trabecular), for example, hyperparathyroidism, which
predominantly affects cortical bone [2].

The accurate measurement of bone by pQCT, or any
QCT (axial or micro) method, is limited by the finite
geometric resolution of the technique. In this paper, we
discuss the analysis of cortical bone. Figure 1 shows a
typical density profile though the midshaft radius. The
analysis of a computed tomography (CT) image is
achieved by taking density profiles through the bone.
When considering the measured density from the peri-
osteum through to the medullary cavity: it gradually
increases to its maximal cortical value and decreases as it
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crosses the bone boundary. This increase and decrease
across the boundaries is caused by the partial volume
effect in which voxels contain both bone and soft tissue,
and, therefore, the measured density is a combination of
the two tissues. When cortical bone is analyzed, there
are two main outcome variables to consider, bone
geometry and cortical vBMD; thresholds must be set in
order to analyze the image. The selection of the
threshold will significantly affect the assessment of bone
geometry and cortical vBMD. Although most applica-
tions of pQCT are to assess bone geometry at cortical
sites, in some circumstances, a measurement of cortical
density may be necessary, for example, to evaluate
osteomalacia, hyperparathyroidism, or the response to
therapeutic intervention.

The optimum threshold for an accurate determina-
tion of cortical wall thickness is based upon a given
percentage of the difference between the densities of
cortical bone and immediately adjacent tissue (soft tis-
sue, marrow) [3]. The density of cortical bone is the peak
of the density profile across the cortex only if the cortical
width is sufficiently large. Otherwise, the peak is artifi-
cially lowered owing to the partial-volume effect.

Therefore, the cortical value is a universal quantity to be
established for a given scanner and imaging protocol.
With the use of this method of threshold selection,
cortical wall thicknesses of approximately 1 mm may be
evaluated with accuracy [3]; the threshold is approxi-

Fig. 1. A typical density profile
from a peripheral quantitative
computed tomography (pQCT)
image of the forearm.

Fig. 2. Appropriate threshold selection to accurately deter-
mine cortical volumetric density and bone geometry. The
hatched area denotes where density is maximal and the dotted
area where the partial-volume effect is influencing the results.
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mately midway between the density of the cortex and
adjacent tissue (Fig. 2).

For cortical density, the cortex must be sufficiently
thick for one voxel to lie completely within the cortical
bone [3]. To ensure that the measured density is not
subject to the partial volume effect, that is, only
including voxels composed entirely of bone, the
threshold that should be selected is at the top of the
density profile of the bone, thereby eliminating any
voxels subject to the partial volume effect (Fig. 2).
Cortical density is accurately determined when the cor-
tical width is approximately 2 mm or greater [3–5].

The purpose of this study was to investigate whether
our current, manufacturer-recommended threshold of
710 mg/mL used for analyzing scans of the midshaft
radius was optimal. We hypothesized that the current,
single threshold is not adequate for either cortical
geometry or cortical vBMD, or both, and that new,
optimized thresholds should be determined.

Methods

In vitro Measurements

The European Forearm Phantom (EFP) [6] was used to
determine the optimum threshold for cortical thickness deter-
mination in vivo. The EFP consists of four sections that cor-
respond to different portions of the forearm. Section 4 mimics
the radial midshaft, representing a circular bone of 10 mm
outer diameter and a cortical thickness of 2.5 mm; the cortical
density is 800 mg/mL.

For this study, a histogram profile of the EFP was obtained
from the image. Thresholds were then altered sequentially,
starting in the midregion of the density between the bone-
mimicking material and ‘‘soft tissue’’ (water), and the cortical
thickness measured. Each threshold was plotted against cor-
tical thickness; the correct threshold was that which resulted in
a cortical thickness of 2.5 mm (Fig. 3). Expressing this
threshold as a percentage of the range of density values within
the EFP gave the correct percentage to apply to in vivo data to
determine the bone geometry threshold that would most
accurately measure cortical thickness. Therefore, the geometry

threshold fraction fg is

fg ¼
tg � t2
t1 � t2

� �
� 100

where fg: threshold resulting in EFP cortical thickness of 2.5
mm

t1: cortical density
t2: soft-tissue density

Using the values of the EFP, we obtain

fg ¼
460� 60

879� 60

� �
� 100 ¼ 49%

To calculate the actual threshold for in vivo bone data, the
equation needs to be solved for tg:

tg ¼
fg
100

ðt1 � t2Þ þ t2

In Vivo

Scans of a healthy adult were used to determine the in vivo
thresholds for cortical density and bone geometry. A histo-
gram profile of the bone was obtained, and the densities for
cortical bone and soft tissue were determined from the peaks
of the histogram. Cortical bone had a density of 1240 mg/mL,
soft tissue had a density of 79 mg/mL. Therefore, the threshold
tg for bone geometry was calculated to be

tg ¼
49

100
ð1240� 79Þ þ 79 ¼ 648mg=mL

To obtain the appropriate threshold td for the cortical
density, thresholds were sequentially altered from the maxi-
mum value in steps of 50 mg/mL; near the correct threshold,
steps of 5 mg/mL were used to improve accuracy. The correct
threshold was that which gave a cortical density of 1240 mg/
mL; the correct threshold was found to be 1200 mg/mL.

The measurement of bone mineral content (BMC) in the
cortical midshaft is also subject to partial volume effect. To
obtain accurate measurements of cortical BMC the parameter
should be calculated from cortical area derived from tg and
density from td:

BMC¼CtvBMD�a
where BMC: cortical bone mineral content

CtvBMD: cortical volumetric bone mineral density
based on threshold td
a: cortical bone area based on threshold tg.

Fig. 3. Analysis of the cortical thickness of
the European Forearm Phantom (EFP) with
different thresholds. The arrow indicates the
threshold resulting in the correct cortical
width of 2.5 mm.
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pQCT Protocol

pQCT measurements were made using a Stratec XCT-2000
scanner (Stratec, Pforzheim, Germany), software version
5.50d. In vitro measurements consisted of a single 1.2-mm slice
made at section 4 of the EFP. All measurements in vivo were
taken from the nondominant side. Measurements were taken
at 50% of the forearm length proximal to the distal radial joint
surface. At the 50% midshaft radius, total bone area (mm2),
cortical area (mm2), cortical thickness (mm), cortical vBMD
(mg/cm3) and cortical BMC (mg/mm), were evaluated.

In Vivo Evaluation of Thresholds

To test the results obtained from the thresholds determined in-
house in comparison to those currently used, we used a dataset
drawn from a study of Ethnic Peak Bone Mass in females. The
North West Multi Centre and University of Manchester Re-
search Ethics Committee approved the study. A subset of the
scans was taken (n = 130), comprising caucasians, Urdus, and
Gujaratis, aged between 17 and 35 years. Scans were analyzed
using the current threshold and then analyzed again with the
new thresholds.

Statistical Analysis

Data were entered into an SPSS database (SPSS 11.5 for
Windows, Chicago, IL, USA). Absolute and percentage mean
differences between old and new thresholds were calculated.
Bland and Altman plots (Fig. 4) were used to test whether the
differences were systematic and significant [7].

Results

From our in vitro and in vivo analyses of pQCT data,
we determined that two separate thresholds should be
used for the analysis of cortical bone. For bone
geometry, a threshold of tg = 648 mg/mL was used,
for cortical vBMD, a threshold of td = 1200 mg/mL,
and cortical BMC was calculated using tg and td. Ta-
ble 1 shows the results of using these thresholds in
comparison to that used in current practice (710 mg/
mL). Figure 4a–c illustrates the results of cortical
thickness, cortical BMC, and cortical vBMD, respec-
tively, using the new thresholds. The use of new
thresholds altered the results obtained from pQCT to a
varying extent, whereas differences in total bone and
cortical area were moderate (2.1% and 3.7%, respec-
tively), those in cortical thickness (14%), cortical BMC
(13.5%) and cortical vBMD (10.4%) were considerably
greater.

Discussion

From the data presented in our paper, we have dem-
onstrated how threshold selection significantly alters
the results obtained from a pQCT scanner. The

Fig. 4. Scatter and Bland & Altman plots to illustrate differ-
ences between the new and old thresholds for (a) bone geom-
etry (648 vs. 710 mg/mL), (b) cortical bone mineral content
(combination of density threshold of 1200 mg/mL and cortical
area threshold of 648 mg/mL vs. 710 mg/mL), and (c) cortical

density (1,200 vs. 710 mg/mL). The upper panels show scat-
terplots of absolute values with each threshold; the lower
panels show the difference between the two techniques as well
as the mean ± 2 standard deviations (SDs).
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implications of threshold selection for the monitoring
of changes and accurate assessment of bone geometry
and density in adults and children should be consid-
ered. We have found that the average cortical thick-
ness increases by 8% per year in children (Manchester
normative data study, unpublished data). In adults,
the age-related decline after 50 years of age is
approximately 14% over a decade (Dayton normative
database, unpublished data). Therefore, a difference of
cortical thickness of 14% by changing thresholds from
710 to 648 mg/mL has a large impact on the accuracy
of results obtained. In addition, BMC values alter
significantly when calculated using the new cortical
density and area (13.5%). The differences in cortical
area, cortical BMC, and thickness are systematic and
will, therefore, have little impact upon calculation of
change over the period of a longitudinal study. Cor-
tical density in children increases with age by an
average of 9 mg/mL (0.9%) per year (Dayton norma-
tive database, unpublished data); in adults, a decline
of 2.4% per decade is observed [3]. Therefore, the 10%
nonsystematic difference in cortical density assessment
using our new threshold would definitively alter the
assessment of cortical bone density in both children
and adults, even in assessing changes in longitudinal
studies.

Cortical thickness significantly affects the assessment
of cortical vBMD, owing to partial volume averaging
[3, 4]. Therefore, in a growing child, an apparent in-
crease is seen until the thickness is greater than
approximately 2 mm; however, in reality, cortical
vBMD is changing at a lower rate [3]. With use of the
higher threshold determined in our study, some of this
problem may be overcome, as long as the bone width is
more than approximately 2 mm, making accurate
assessment of density in younger children possible.

The higher threshold selection will assess only a few
voxels of bone in the young child and should give a more
accurate reflection of the cortical vBMD of the indi-
vidual. An alternative to this technique has been pro-
posed in which a small region of interest is outlined in
the central cortex; this also overcame the partial volume
effect [8].

An example of a condition in which cortical density
may be affected and require accurate assessment is

osteomalacia in which the mineral-to-collagen ratio is
affected and mineral is reduced, thereby reducing
cortical vBMD. Use of a lower threshold for analysis
may not detect the condition, as vBMD is underesti-
mated by an average of 10% when using the lower
threshold. Another clinical condition, hyperparathy-
roidism, results in cortical resorption on the surfaces
of the bones, which often have a characteristic ‘‘pit-
ted’’ appearance, in addition to an increase of the
cortical remodeling space. Use of a low threshold
would include the boundary regions in the analysis,
and the density would appear to be even lower owing
to the loss of periosteal bone. However, if just the
inner cortex were studied, cortical vBMD may not be
affected as much.

In conclusion, we have presented an approach to
optimize threshold selection for analysis of pQCT
scans. Although the differences between the new
thresholds and current ones are systematic, the use
of the new thresholds is expected to increase accu-
racy of the measurements obtained. To reduce par-
tial volume averaging, cortical BMC should be
calculated from cortical area and cortical vBMD.
For cortical area we recommend a threshold of 648
mg/mL; for cortical vBMD, the threshold should be
approximately 1200 mg/mL. Implementation of new
thresholds should be made with caution; for exam-
ple, in longitudinal or multicenter studies, all data
should be analyzed with appropriate and consistent
thresholds.
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