
Quantitative Computed Tomography—Current Status
and New Developments

Klaus Engelke1,2,*
1Institute of Medical Physics, University of Erlangen, Erlangen, Germany; and 2Bioclinica, Inc, Hamburg, Germany

Abstract

This review focuses on new developments and current controversies in the field of quantitative computed
tomography. Recent positions of the International Society for Clinical Densitometry acknowledged the clini-
cal value of quantitative computed tomography of the spine and the hip using clinical whole-body com-
puted tomography (CT) scanners. Opportunistic screening summarizes a number of new approaches describing
the dual use of clinical CT scans. For example, CT scans may have been taken for tumor diagnosis but may
also be used for the prediction of high or low fracture risks as an additional benefit for the patient. The as-
sessment of the cortical parameters is another topic of current research. In CT images of the spine and the
hip, a number of techniques have been developed to determine the thickness, mass, and bone density of the
cortex. In higher-spatial resolution peripheral CT images of the radius and tibia obtained from special purpose
scanners, 1 focus is the measurement of cortical porosity. Two different approaches, one based on the direct
segmentation of the pores and one based on cortical density, will be reviewed.

Key Words: Asynchronous calibration; cortical bone; cortical porosity; opportunistic screening; quantita-
tive computed tomography (QCT).

Introduction
In osteoporosis, dual-energy X-ray absorptiometry

(DXA) remains the standard to measure bone mineral
density (BMD), although in recent years quantitative com-
puted tomography (QCT) has been (re)established as a
complementary or even alternative approach (1,2). QCT
is a true 3-dimensional (3D) method; thus, trabecular and
cortical bone compartments can be assessed separately.
BMD is measured as physical bone mineral density in gram
per cubic centimeter (volumetric bone mineral density
[vBMD]) compared to a projected or areal density in gram
per square centimeter as measured by DXA (areal bone
mineral density [aBMD]). QCT is also the basis for finite
element analysis (FEM) to determine bone strength. A
number of recent reviews (3–6) have been dedicated to
FEM. Therefore, it is not a topic of this contribution.

QCT scans of the spine and the hip are acquired on clini-
cal whole-body multipurpose computed tomography (CT)
scanners, which, in contrast to DXA scanners, are not spe-
cifically dedicated to osteodensitometry. CT scanners do
not offer 1-button push acquisition protocols to measure
BMD.Acquisition and reconstruction parameters vary quite
widely among studies. Several commercial and noncom-
mercial QCT programs exist, which apply different bone
segmentation and analysis algorithms. In addition, the mul-
titude of outcome parameters may be confusing to the non-
expert. QCT is less standardized than DXA (7), and one
of the aims of this review was to explain differences among
QCT acquisition and analysis techniques.

An exciting development is the use of clinical CT scans
for the diagnosis of osteoporosis or fracture risk predic-
tion. For “standard” QCT, an in-scan calibration phantom
is used to calculate BMD from the measured CT values.
In routine clinical CT scans, however, such a phantom is
not used.Another obstacle is the current World Health Or-
ganization (WHO) definition of osteoporosis, which only
applies to T-scores of DXA aBMD but not QCT vBMD
values.A number of approaches summarized under the term

*Address correspondence to: Klaus Engelke, PhD, Institute of
Medical Physics, University of Erlangen, Henkestr. 91, Erlan-
gen D 91052, Germany. E-mail: klaus.engelke@imp.uni-erlangen.de

Journal of Clinical Densitometry: Assessment & Management of Musculoskeletal Health, vol. ■, no. ■, 1–13, 2017
© 2017 The International Society for Clinical Densitometry.
1094-6950/■:1–13/$36.00
http://dx.doi.org/10.1016/j.jocd.2017.06.017

1

ARTICLE IN PRESS

mailto:klaus.engelke@imp.uni-erlangen.de
http://dx.doi.org/10.1016/j.jocd.2017.06.017


“opportunistic screening” addressing these issues will be
discussed.

Another focus of the current review is QCT of the cor-
tical bone (8). Because of the limited spatial resolution of
clinical whole-body CT scanners, accuracy errors of corti-
cal measurements in the femoral neck and the vertebral
body may be high. Different analysis techniques for cor-
tical bone exist, and it is important to understand their
strengths and limitations. High-resolution peripheral QCT
scanners improve spatial resolution approximately by a
factor of 5, but are limited to the distal tibia and radius.
This finding is highly relevant for cortical measurements
such as cortical porosity. Again, different analysis con-
cepts exist, and it is important to understand their respec-
tive assumptions and outcomes (9).

Spine and Hip QCT—Established Techniques
to Measure Integral and Trabecular BMD

Table 1 lists QCT analysis software for spine and hip that
is either commercially available or has been used more

widely in the analysis of clinical trials or scientific proj-
ects. Siemens still supports their older Osteo™ software,
which provides BMD in single slices through the verte-
bral bodies from L1 to L3 or L4 (10). For Osteo™, a stan-
dardized acquisition and analysis protocol is installed on
Siemens CT scanners. Philips offers a dedicated QCT analy-
sis option on their Brilliance scanners.VirtuOst is a program
for FEM analysis but also outputs an integral BMD of the
femur and a trabecular BMD of the spine.

Table 2 lists QCT acquisition and reconstruction pa-
rameters that provide a good balance between noise, spatial
resolution, and radiation exposure. This protocol was used
in most of the recent clinical trials in osteoporosis (12–16).
Effective dose estimates for the 2 protocols are listed in
the table. Differences compared to earlier estimates (17)
can be explained with updated tissue weighing factors
(ICRP report 103 (11)), lower milliampere-second for the
femur scan, improved Monte Carlo simulations, and im-
proved dose efficiency of current CT equipment but also
by smaller effects of automated exposure control than
assumed earlier. Very early QCT techniques of the spine

Table 1
QCT Analysis Software

Analysis options

CommentSpine Hip CTXAa Geometry

QCT Pro:
Mindways Inc

trab BMD of central
elliptical VOI

int, trab, cort, BMD/
BMC/vol of neck,
trochanter, IT, and
total hip

Yes Hip: cortical
thickness

BIT: analysis of 2D
slices in the neck
and the
trochanter

VirtuOst: O.N.
Diagnostics

trab BMD of central
elliptical VOI

int BMD of the total hip Yes FEM analysis
software that
outputs few
BMD values

MIAF: University
of Erlangen

int, trab, cort, subcort
BMD/BMC/vol of
multiple VOIs of the
vertebral body

int, trab, cort, subcort
BMD/BMC/vol of
head, neck,
trochanter, IT, shaft,
and total hip

No Hip and spine:
cortical
thickness,
moments
of inertia

Analysis of 2D
slices in the neck
and the
trochanter

Stradwin:
University
of Cambridge

trab/cort BMD, cortical
mass per projected
surface area of the
total hip

Hip: cortical
thickness

Cortical thickness
mappingb

UCSF QCT
analysis software

int, trab, cort, BMD/
BMC/vol of multiple
VOIs of vertebral
body

int, trab, cort, BMD/
BMC/vol of the neck
and the trochanter

Yes

Note: Web pages for the analysis programs are listed in the Appendix.
Abbr: 2D, 2-dimensional; BIT, bone investigational toolkit for QCT Pro; BMC, bone mineral content; BMD, bone mineral density;

cort, cortical; CTXA, computed tomography X-ray absorptiometry; FEM, finite element analysis; int, integral; IT, intertrochanter; QCT,
quantitative computed tomography; subcort, subcortical (VOI between cortical and trabecular compartments); trab, trabecular; VOI,
volume of interest; vol, volume.

aCTXA details are discussed in the section “CTXA–DXA Equivalent T-Scores From QCT.”
bDetails are discussed in the section “Cortical Bone-Continuing Challenges.”
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used 80 kV and a slightly higher exposure (120–150 mAs)
(10,18,19). As suggested again recently (20), such a proto-
col reduces radiation exposure by up to 50%, but with 80 kV,
there is more variation in the X-ray field inhomogeneity
between different types of CT scanners than with 120 kV,
and images of obese patients may be too noisy.

In earlier QCT studies, often thicker slices of 3 mm were
used (18,21–24), which reduced noise. However, spatial reso-
lution was also decreased. This may be acceptable for tra-
becular measurements, but higher partial volume artifacts
severely influence the accuracy of cortical measurements
(see “Cortical Bone—Continuing Challenges”).Another way
to increase spatial resolution is the use of a smaller recon-
struction field of view (FoV), which reduces the pixel size

in the CT image. The scan FoV includes the full body, but
the reconstruction FoV can be limited to the bone of in-
terest, for example, the vertebral body or 1 hip. A larger
FoV reconstruction may be required for the complete in-
clusion of an in-scan calibration phantom (Fig. 1). Two dif-
ferent reconstructions of the same CT acquisition are used
by Medical Image Analysis Framework (MIAF) (Univer-
sity of Erlangen). For simplicity, most of the other QCT
analysis programs only use a large FoV reconstruction at
the expense of some spatial resolution. Finally, the so-
called reconstruction kernel also has a major impact on
noise and spatial resolution.“Standard” kernels cause more
blurring but less noise compared to so-called bone kernels.
Figure 1 shows the effect of the kernel in the spine.

Table 2
Typical Reconstruction and Acquisition Parameters for Spine and Hip Quantitative Computed Tomographies Used in

Most of the Recent Clinical Trials in Osteoporosis

Parameter Spine Hip

X-ray tube voltage (kV) 120a

Exposure: product of acquisition time and X-ray tube
current (mAs)

100b 170b

Pitch 1c

Anatomical coverage L1 + L2 1 cm above the head
to 2–3 cm below the

lesser trochanter
Reconstructed field of view (cm) 200/400
Reconstructed slice thickness (mm) 1d

Reconstruction kernel Standard body kernel
Radiation exposure (mSv)d m: 1.0, f: 1.6 m: 1.8, f: 2.0

Note: Monte Carlo calculations performed with Impact Dose version 2.2 (CT Imaging GmbH, Erlangen, Germany). Tissue-
weighing factors according to ICRP 103 (11), acquisition parameters as shown in the table, automated exposure control activated,
spine: 10-cm scan length, hip: 15-cm scan length.

Abbr: f, females; m, males.
aIn the spine, 80 kV may be an alternative (see text).
bReference milliampere-second values modulated by automatic exposure control.
cExact value depends on scanner and detector characteristics.
dSlight variations exist among scanners, for example most GE scanners use a slice thickness of 1.25 mm instead of 1 mm.

Fig. 1. Impact of computed tomography acquisition and reconstruction parameters on noise and spatial resolution
in the spine. All reconstructions are from the same scan. Left: 40-cm FoV, standard body kernel; center: 20-cm FoV, stan-
dard body kernel; right: 20-cm FoV, bone kernel. For all images: center = 0 HU, width = 1300 HU. FoV, field of view.
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When comparing density measurements between QCT
and DXA, that is, aBMD and vBMD, it is important to
realize that aBMD also depends on bone size (Fig. 2). At
a given vBMD, aBMD is higher in larger vertebrae. This
finding was indirectly confirmed in a study of the Fram-
ingham population comparing vBMD in 981 pairs of men
and women matched for age and aBMD (25). In men, the
cross-sectional area of L3 was 20% larger than that in
women, but the integral vBMD was 8% lower. In the un-
matched population of 3312 subjects, aBMD was 13%
higher in men than in women (25), implying that vBMD
was very similar between genders, although these data were
not included in the publication.

For the interpretation of QCT integral and trabecular
vBMD results, 2 important differences to DXA must be
observed. Similar to DXA, Z- and T-scores can be for-
mally calculated from vBMD as measured by QCT, but
these T-scores cannot be used for the definition of osteo-
porosis according to the WHO definition (1,17). The ex-
clusive applicability of the WHO diagnostic classification
to aBMD is inherent in the definition. In clinical practice,
for spine trabecular vBMD, thresholds of 120 mg/cm3 for
osteopenia (equivalent to a QCT spine T-score of −1.5) and
80 mg/cm3 for osteoporosis (equivalent to a QCT T-score
of −2.9) are often used (26). However, it must be men-
tioned that these values were determined for the older
single-slice QCT technique and have not been revali-
dated for modern helical 3D QCT. Details have been dis-
cussed in the International Society for Clinical Densitometry
(ISCD) recommendations (17). For the hip, the com-
puted tomography X-ray absorptiometry (CTXA) tech-
nique can be used to calculate DXA equivalent T-scores
(see “CTXA–DXA Equivalent T-Scores From QCT”).

Second, the interpretation of changes of trabecular and
integral vBMDs expressed on a percentage basis must con-
sider that absolute values of trabecular vBMD are much
lower than cortical and integral vBMD values. In particu-
lar, in the hip, with mostly fatty marrow, trabecular BMD

values below 20 mg/cm3 are not rare. At this level, even a
small change of 5 mg/cm3, for example, results in a 25%
change. However, the same absolute change amounts to just
5% if trabecular vBMD is 100 mg/cm3. Thus, a percentage
change of trabecular vBMD has to be interpreted in the
context of the absolute value. The use of absolute vBMD
or even BMC may actually provide additional insights
into the differential actions of pharmaceutical treatment
on cortical bone and trabecular bone. For example, in
recent studies with denosumab (15) and cathepsin-K in-
hibitors (12,13) in which this analysis was used, absolute
cortical vBMD increases were higher than absolute tra-
becular vBMD increases, and more than 60% of the newly
formed bone was deposited in cortical and subcortical
compartments.

A couple of recent reviews including the 2007 and 2016
recommendations of the ISCD have addressed the clini-
cal utility of spine and hip QCTs (1,17). Results from the
epidemiological prospective osteoporotic fracture in men
study (27) and Icelandic Age Reykjavik studies (28,29) have
shown that, at least in men, QCT is more advantageous for
vertebral fracture prediction than DXA of the spine. This
is not too surprising, as limitations of spinal DXA in elderly
people are well known: inclusion of cortical bone from the
spinal process, the pedicles, and parts of the transverse pro-
cesses, and an artifactual BMD increase caused by degen-
erative changes, aortic calcifications, and unrecognized mild
fractures. Interestingly, for the spine, only MIAF and the
older University of California at San Francisco (UCSF) soft-
ware offer a broader range of outcome parameters, in par-
ticular, integral and cortical BMDs.

CTXA–DXA Equivalent T-Scores from QCT
CTXA is a technique to simulate DXA-type projec-

tional images from QCT for the measurement of aBMD
in the hip (Fig. 3). After proper normalization with DXA
data, the QCT aBMD values can be used to determine

Fig. 2. Dual-energy X-ray absorptiometry aBMD depends on bone size. Two vertebrae of different sizes (simulated
by 2 cylinders) with identical vBMDs of 1g/cm3 give different aBMD results because the projected area differs. aBMD,
areal bone mineral density; BMC, bone mineral content; vBMD, volumetric bone mineral density.
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DXA equivalent hip T-scores (30). Differences between
aBMD values measured by CTXA and DXA are small.
Mindways gives the following conversion equation on its
Web page (Appendix).

BMD BMD g cmDXA CTXA= ∗ +0 998 0 013 2. .

Values for slope and intercept vary slightly for differ-
ent populations (31,32).

In the CTXA-Hip™ module of the QCTPro software,
by default, CTXA T-scores are calculated by comparing
the measured CTXA aBMD values with the CTXA ref-
erence data. Optionally the Third National Health and Nu-
trition Examination Survey (NHANES III) reference data
can be installed in the CTXA-Hip™ module. In this case,
the CTXA T-scores are calibrated to equivalent DXA
T-scores using the equations published by Khoo et al (31).
Further details were discussed in Reference 1. Figure 3 also
shows the agreement between CTXA-Hip™ and Hologic
T-scores for the NHANES III population. This excellent
agreement is the basis that CTXA-Hip™ aBMD can be
substituted for DXA aBMD in FRAX to calculate the 10-
yr fracture probability.

As shown in Table 1, QCTPro, VirtuOst, and the older
UCSF QCT analysis software offer CTXA, but implemen-
tations differ. In analogy to DXA, in CTXA-Hip™ from
Mindways, a 2-dimensional (2D) segmentation of the femur
and definition of the neck, the trochanter, and the
intertrochanteric regions of interest (ROIs) is performed
in the projected image (Fig. 3).The 3D segmentation is ob-
tained from a back-projection of 2D segmentation results
in the 3D dataset. This approach often suffers from an
overlap of the acetabulum and the femoral neck. Thus,
similar to DXA, during acquisition, the feet should be
rotated internally if the scan is to be analyzed with QCTPro.

In the VirtuOst and the USCF software, the analysis starts
with the 3D segmentation of the femur; thus, the acetabu-
lum is separated from the femoral head and neck before
the projectional simulation, allowing the advantage of the
3D CT acquisition over the 2D projectional DXA images
to be fully exploited.

Opportunistic Screening—Diagnosis of
Osteoporosis and Fracture Risk Prediction
From Routine Clinical CT Scans

A detailed description of opportunistic screening has re-
cently been included in the 2015 Official Positions of the
ISCD (33). Opportunistic screening describes the use of pre-
existing CT scans of the abdomen, pelvis, or chest to screen
for patients at high (and potentially also for low) BMD and
fracture risk. For QCT, usually an external phantom
simultaneously scanned with the patient is used for the cali-
bration of CT values to BMD (simultaneous external cali-
bration). However, in the case of routine use of clinical CT
scans, no calibration phantom is scanned with the patient.

Table 3 summarizes alternative options used in oppor-
tunistic screening. For asynchronous external calibration,
a calibration phantom is measured separately from the
patient. Calibration equations obtained from the phantom
analysis are applied to the subsequent patient scans. This
approach can be used by QCTPro (34,35).The internal cali-
bration technique is based on the CT values of internal soft
tissues such as muscle and fat, and their mutual relations
to calculate BMD. Internal calibration is implemented in
VirtuOst and Philips’s QCT analysis software, but insuf-
ficient scientific data have been published to substantiate
the performance of this approach (33). Internal calibra-
tion used by Philips’s QCT analysis software has recently
been used for opportunistic screening (36).

Fig. 3. (Left) Mindways CTXA-Hip™, a 2D projection similar to a DXA image, is calculated from the CT data. The
true 3D quantitative computed tomography parameters are calculated from a back-projection of the segmented 2D pro-
jection into the 3D dataset. (Right) Total hip average T-scores vs age: comparison of CTXA “equivalent DXA T-scores”
with Hologic DXA T-scores based on NHANES III reference data (courtesy of Keenan Brown, Mindways Inc). 2D,
2-dimensional; 3D, 3-dimensional; CTXA, computed tomography X-ray absorptiometry; DXA, dual-energy X-ray
absorptiometry; NHANES III, Third National Health and Nutrition Examination Survey.
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Simultaneous and asynchronous external and internal
calibration techniques calibrate CT to BMD values. Via
CTXA, BMD T-scores can be used for the diagnosis of os-
teoporosis according to WHO criteria, and areal hip BMD
values can be used for fracture risk prediction using FRAX
or other risk prediction tools. Vertebral BMD can also be
obtained from asynchronous external or internal calibration,
but CTXA generated from QCT of the spine does not exist.
Consequently, the standard apparatus for the diagnosis of
osteoporosis and fracture prediction cannot be used as DXA
equivalent BMD values or T-scores cannot be calculated
for the spine.Theoretically, T-scores with standardized risk
gradients are also available for QCT and could be used (17)
for fracture prediction, but this still has to be imple-
mented for clinical practice.

Another direction is the direct use of CT values without
any BMD calibration (37–39). In DXA, this would corre-
spond to the direct use of X-ray absorption coefficients.As
the transformation from X-ray absorption to BMD is linear,
for a given CT scanner, CT values can be used directly, but
CT values depend on scanner geometry, filters, X-ray tube
spectrum, and even on table height used for the particu-
lar scan. All clinical whole-body CT scanners are regu-
larly calibrated to water, but this does not ensure that CT
values of the spine or hip from a given patient are the same

because the CT to BMD calibration is linear and there-
fore requires a second anchor point to determine the slope
and the intercept. The CT value of air cannot be used for
this purpose.

Table 4 shows the CT values of the trabecular compart-
ments of the “vertebrae” of the European Spine Phantom
139 (ESP, QRM, Möhrendorf, Germany) scanned on several
CT scanners using the protocol shown in Table 2. Across
all scanners, CT values differ by more than 30 HU for L1,
which has the lowest BMD, and by almost 70 HU for L3,
which has the highest BMD. For a given manufacturer, dif-
ferences among scanners were much smaller. Neverthe-
less, for a comparison, CT values should be cross calibrated
among scanners. Despite the differences, the data in Table 4
demonstrate that a categorization of patients into low,
medium, and high fracture risks according to low, medium,
and high BMDs is possible. Differences of 50 mg/cm3 could
be uniquely identified. This is the basis for opportunistic
screening using CT values. For Siemens or GE scanners,
even differences of 10–20 HU may be measurable. A
minimum detectable Hounsfield unit difference should be
established for each CT scanner using appropriate phan-
toms.This procedure should also consider the impact of dif-
ferent acquisition and reconstruction parameters of clinical
CT scans from a given scanner that are used for opportu-

Table 3
BMD Calibration Schemes

BMD calibration
Calibration

phantom Advantages Disadvantages
Analogous DXA

technique

Simultaneous
external

Yes Correction of all scanner
instabilities that affect the
patient and the phantom in
the same way

Phantom not in the same
position as the bone to be
measured, difference in X-ray
field inhomogeneities not fully
corrected

Hologic (calibration
wheel)

Asynchronous
external

Yes Phantom can be scanned in the
same position as the bone to
be measured.

Short scanner instabilities that
occur between phantom
measurements are not
detected and are not corrected

GE-Lunar/Norland
(phantom scanned
separately from
patient)

Simultaneous
internal

No Internal tissues close to the
bone to be analyzed are used,
potentially independent of
table height.

Details have not been published
yet, scientific validation not
possible, potentially scanner–
specific constants have to be
considered

None No No additional effort Use of CT instead of BMD
values, CT values are scanner
specific, not comparable across
devices, normative data from
other scanners cannot be used,
scanner stability insufficiently
monitored for BMD
measurements

Abbr: BMD, bone mineral density; CT, computed tomography; DXA, dual-energy X-ray absorptiometry.
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nistic screening. This variation is not reflected in the data
in Table 4. The use of contrast in CT scans (38–41) will in-
crease CT values. In the hip, an increase in CTXA aBMD
of 0.032 mg/cm2 was reported (42). This may not affect the
ability to distinguish subjects with high and low BMDs (39),
but as indicated by recent reviews (33,43), further studies
are needed to better quantify the impact of contrast agents
in terms of concentration, bolus, and differential effects in
the spine and the hip.

Cortical Bone—Continuing Challenges
Cortical bone is an important contributor to bone

strength.Therefore, its characterization is a focus of current

research activities. Modern spiral CT scanners provide an
almost isotropic spatial resolution of about 0.5 mm when
using high-resolution acquisition and reconstruction pro-
tocols, but for standard QCT a slice thickness of 1 or
1.25 mm and medium reconstruction kernels are used
(Table 2) to limit noise or to allow for lower-dose protocols.
Thus, in particular, in the femoral neck and the vertebral
body, the measurement of cortical parameters is im-
paired by partial volume artifacts. Specific high-resolution
acquisition and reconstruction protocols have been used
in a few studies that have investigated cortical thickness
(44–46) and trabecular architecture in the spine.

Measurements of cortical thickness and BMD differ
among QCT analysis programs because fundamentally

Table 4
CT Values Measured in the Trabecular Inserts of ESP 139 Using Different Whole-Body Clinical CT Scanners With

Comparable Scan and Acquisition Protocols

CT manufacturer

ESP 139 L1 L2 L3

Nominal BMD (mg/cm3) 50.5 100.6 199.2

Model HU HU HU

GE Discovery STE 65 130 249
GE LightSpeed VCT 68 134 253
GE LightSpeed VCT 71 136 254
GE LightSpeed VCT 66 131 251
GE LightSpeed16 63 127 244
GE LightSpeed16 63 127 244
GE LightSpeed16 66 129 247
Philips Brilliance 40 48 110 223
Philips Brilliance 64 62 124 240
Philips Brilliance 64 44 106 216
Philips Brilliance 64 43 106 214
Philips 8000IDT10 56 120 236
Siemens Emotion 16a 65 134 262
Siemens Emotion 16a 63 132 260
Siemens Sensation 16 62 125 245
Siemens Sensation 16 61 124 239
Siemens Sensation 16 61 122 239
Siemens Sensation 64 62 122 238
Siemens Sensation 64 61 121 235
Siemens Sensation Cardiac 64 57 116 233
Siemens Sensation Cardiac 64 59 120 236
Siemens Somatom Definition AS+ 63 131 260
Siemens Definition 61 123 240
Siemens Definition Flash 61 125 239
Siemens Volume Zoom 61 124 243
Toshiba Aquilion 77 150 282
Toshiba Aquilion 73 138 258

Note: The ESP was always scanned in the center of the CT gantry.
Abbr: CT, computed tomography.
aOn these scanners, only a tube voltage of 110 kV instead of 120 kV for all other scanners was available. This partly explains the

discrepancy of the CT values between the Emotion 16 and other Siemens scanners.
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different segmentation approaches are used. This is con-
fusing for the user unfamiliar with image processing details.
VirtuOst simply defines a 3 (2)-mm outer shell in the hip
(spine) in separating FEM strength measurements in cor-
tical and trabecular compartments but does not report cor-
tical BMD or thickness. QCTPro uses fixed vBMD
thresholds to determine periosteal and endosteal enve-
lopes of the cortical compartment. MIAF uses locally
adapted 50% thresholds, which theoretically is the best ap-
proach as long as the cortex is thick enough (1–3 mm for
current CT equipment and scan protocols) (47). Stradwin
software implements a deconvolution algorithm revers-
ing the blurring effects. Cortical thickness is more accu-
rate compared with the other methods, but this technique
requires the input of BMD of the unblurred cortex, a so-
called reference BMD. The reference BMD is deter-
mined in locations with a thick cortex, largely unaffected
by blurring (48). Further refinements have been researched
by the authors (49,50) but are not part of Stradwin yet, ac-
cording to Treece and Gee (49). A hybrid approach com-
bining deconvolution for thin cortices and 50% local
thresholds for thicker cortices has recently been imple-
mented in MIAF as an additional option (51).

Nevertheless, the segmentation and quantification of thin
cortices remain challenging because there is no unique defi-
nition of the endosteal envelope. As shown in electron mi-
croscopy images, there is a transition zone between cortical
and trabecular bone compartments, which is character-
ized by increasing trabecularization in the direction of the
trabecular compartment (52), but an exact definition of an
endosteal cortical border remains subjective. Figure 4A com-
pares the standard 50% local threshold used in MIAF with
the new hybrid segmentation using a deconvolution for thin
cortices. A different presentation is the technique of cor-
tical mapping (Fig. 4B), which shows the local variation of
cortical thickness mapped to the bone surface. This tech-

nique avoids the problem of displaying cortical borders if
voxel dimensions are comparable to or even larger than
the cortical thickness, but quality control of the segmen-
tation results is not as straightforward as that in Fig. 4A.

A parameter less sensitive to a particular segmenta-
tion technique than cortical vBMD or thickness is corti-
cal BMC, which balances the overestimation of cortical
thickness and the underestimation of cortical vBMD (53,54).
Figure 5, which shows the longitudinal QCT results of the
Freedom study, demonstrates that Stradwin’s deconvolution-
based method resulted in higher changes in cortical thick-
ness but lower changes in cortical BMD than MIAF’s
standard local 50% thresholds. However, increases in cor-
tical BMC were similar. It should be noted that the use of
BMC in cross-sectional studies is more problematic as
people with larger bones per definition have higher BMCs.

Challenges in cortical segmentation were also demon-
strated in a study comparing QCT and DXA results (56).
As expected, the vBMD of integral and trabecular com-
partments increased with increasing aBMD, but surpris-
ingly, cortical vBMD decreased (Fig. 6A, C, and F). This
finding was indirectly confirmed using our own unpub-
lished data from 93 postmenopausal women, in which
QCTPro and MIAF analyses were available. Integral, tra-
becular, and cortical vBMDs as determined by QCTPro
were plotted vs the integral vBMD as measured by QCTPro
(Fig. 6D and G) or MIAF (Fig. 6B, E, and H), which showed
very similar relations as the data from Amstrup et al (56).
For the interpretation, it is important to know that QCTPro
cortical volume results that are shown on the report are
adjusted for partial volume artifacts using scanner-specific
factors, but cortical BMC is not corrected. Corrections can
be estimated, for example, from scans of geometrical bodies
with a known cortical volume. An adjusted cortical vBMD
is then calculated as cortical BMC divided by the adjusted
cortical volume resulting in adjusted cortical vBMD values

Fig. 4. (A) Periosteal (red: 50% local thresholds, blue: deconvolution technique) and endosteal surfaces of the cortex
(green: 50% local thresholds, yellow: deconvolution technique) using MIAF. (B) Cortical thickness mapping (courtesy
of Julio Carballido-Gamio, UCSF). MIAF, Medical Image Analysis Framework (University of Erlangen). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in the range of 800–1000 mg/cm3 (Fig. 6F, G, and H).
However, the correlation between aBMD or integral vBMD
is negative. In contrast, MIAF underestimates cortical vBMD,
but correlation with integral vBMD is positive (Fig. 6I).This
result is also true for unadjusted cortical vBMD values from
QCTPro.Values are lower, in the range from 550 to 750 mg/
cm3, and correlations with integral vBMD are positive (Fig. 6J

and K). This may be another argument to consider cortical
BMC as a more robust parameter.

Several studies have evaluated the potential of geo-
metrical or bone strength-related parameters such as buck-
ling ratio to improve hip BMD fracture prediction or
discrimination by QCT (28,57,58). Other studies specifi-
cally investigated BMD or cortical thickness in different

Fig. 5. Comparison of longitudinal cortical volumetric bone mineral density, thickness, and BMC changes in the quan-
titative computed tomography subdataset of the Freedom study. (Left) Stradwin, (right) MIAF; analyses were applied
to the same computed tomography datasets, although subject numbers were slightly lower in the MIAF analysis. *p < 0.05
compared with baseline (both groups) and compared with placebo (denosumab group). Stradwin graphs were adapted
from Poole et al (55) and MIAF data were adapted from Genant et al (15). BMC, bone mineral content; BMD, bone
mineral density; MIAF, Medical Image Analysis Framework (University of Erlangen).
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Fig. 6. Inconsistencies in cortical vBMD caused by adjustments applied by QCTPro. (A, C, and F) QCTPro com-
pared to DXA (adapted from Amstrup et al (56)) cortical vBMD shows a negative correlation with aBMD (data for
total hip).All other graphs: comparison between QCTPro with MIAF in a different population of postmenopausal women
(here neck only) confirms a negative correlation with cortical vBMD. QCTPro integral, trabecular, and cortical vBMDs
plotted against QCTPro (D and G) or MIAF (B, E, and H) integral vBMD. However, the correlation between MIAF
cortical vBMD and integral vBMD is positive (I). Explanation: QCTPro cortical vBMD values are adjusted (see text).
(J and K) When using unadjusted QCTPro cortical vBMD results, correlations with integral vBMD are positive. BMD,
bone mineral density; DXA, dual-energy X-ray absorptiometry; MIAF, Medical Image Analysis Framework (Univer-
sity of Erlangen); vBMD, volumetric bone mineral density.
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locations such as the inferior and superior neck (51,59). A
recent very comprehensive analysis showed that many of
these parameters univariately indeed discriminated hip frac-
ture but no longer contributed significantly in a multivari-
ate analysis. In best subset-based multivariate models, the
combination of 1 BMD parameter, such as the trabecular
BMD of the trochanter with 1 geometry parameter, such
as the cortical thickness of the neck, discriminated hip frac-
ture with an area under the curve (AUC) value of 0.83.The
inclusion of further parameters or a comprehensive slice-
based analysis of the neck along its axis did not signifi-
cantly improve these AUC values (51). However, the use
of total femur BMD alone resulted in a significantly lower
discrimination (AUC of 0.77).

Cortical Porosity—Direct Pore Segmentation
or Indirect Density-Based Assessment?

Another topic of current research is cortical porosity.
Porosity (p) increases with age from the outer to the inner
cortex and is increased, for example, in diabetes (52,60–62).
Two fundamentally different approaches exist to quantify
cortical porosity in vivo. If the spatial resolution of CT
images is sufficiently high, pores can be segmented di-
rectly. As an alternative, cortical density is translated to an
equivalent porosity as pores locally reduce the cortical
density. The first technique is implemented on the high-
resolution peripheral QCT scanners from Scanco Medical
using a threshold of 450 mg/cm3 (9). Because of the still
limited spatial resolution, smaller pores are missed and po-
rosity is underestimated. A different threshold or a change
in spatial resolution will affect the accuracy of the results.
With this technique, in addition to porosity, morphology of
the pores such as size or shape distributions can be
determined.

The density approach (63) is based on the assumption
that the density of fully mineralized bone is 1200 mg/cm3.
Second, it is assumed that within 20% of this upper limit,
that is, for cortical vBMD larger than 960 mg/cm3, corti-
cal bone may be slightly less mineralized but that no pores
exist (i.e., p = 0). Third, it is assumed that even lower cor-
tical vBMD values are caused by pores. For a cortical vBMD
of <960 mg/cm3, porosity is determined as p = (1 − vBMD/
1200) * 100; that is, a cortical vBMD of 600 mg/cm3 is equiva-
lent to a porosity of 50%. p is determined for each voxel
of the cortical compartment and then averaged over all
voxels. Compared to the gold standard synchrotron
radiation-based microcomputed tomography measure-
ments, the density approach overestimated porosity. Results
from the direct segmentation and the density-based tech-
nique were highly correlated with the synchrotron radia-
tion results (r2 > 0.94) (9).

Formally, the density-based technique process can be
applied to lower-resolution images obtained from clinical
whole-body CT scanners (64,65), but porosity results depend
on reconstruction and acquisition parameters such as re-
construction kernel and slice thickness. Large accuracy errors

will occur if the cortex is blurred by partial volume artifacts
reducing cortical BMD. Using porosity instead of cortical
density may also increase percentage changes. For example,
a 2% increase in cortical BMD from 800 mg/cm3 (equiva-
lent porosity = 33.33%) to 816 mg/cm3 (equivalent poros-
ity = 32%) corresponds to a decrease in porosity by 4%.
Thus, percentage increases partly depend on the choice of
the parameter but not exclusively on a given physiologi-
cal process.

In conclusion, QCT of the spine and the hip are estab-
lished techniques to measure integral and trabecular BMDs.
Standardization must be further improved.The protocol listed
in Table 2,which has been used in many studies,may be a good
starting point.Asynchronous calibration, CTXA, and oppor-
tunistic screening techniques extend classical QCT to an ad-
ditional use of clinical CT scans for fracture prediction or a
more basic classification of high or low fracture risk.Assess-
ment of the density,thickness,or porosity of the cortex remains
challenging. Different techniques for the segmentation and
the quantification of the cortex have been proposed. In lon-
gitudinal studies, the use of cortical BMC gives the most con-
sistent results across techniques and depends less on partial
volume artifacts than cortical BMD or thickness.
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Appendix

Mindways Software Inc (Austin, TX)—QCTPro:
http://qct.com
Mindways Software Inc (Austin, TX)—Bit: http://qct
.com/home/academic-research/ct-bit-bone-investigational
-toolkit-2
Philips Healthcare (Einhoven, Netherlands)—QCT analy-
sis http://clinical.netforum.healthcare.philips.com/us
_en/Operate/Application-Tips/CT/Recommended-Bone
-Mineral-Density-protocols-on-the-Extended-Brilliance
-Workspace-version-35
University of Cambridge (Cambridge, United
Kingdom)—Stradwin: http://mi.eng.cam.ac.uk/~rwp/
stradwin/docs/thickness.htm
Siemens Healthineers (Erlangen, Germany)—Syngo
Osteo: https://www.healthcare.siemens.de/computed
-tomography/options-upgrades/clinical-applications/
syngo-osteo-ct
O.N. Diagnostics LLC (Berkeley, CA)—VituOst:
http://ondiagnostics.com/
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