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A B S T R A C T

Vertebral whole bone strength is substantially affected by cortical bone properties. Disease and therapy may
affect cancellous and cortical bone differently. Unlike Dual X-ray Absorptiometry (DXA), Quantitative Computed
Tomography (QCT) permits selective assessment of cortical and cancellous bone, but image quality limits the
accuracy. We present an image processing method specifically adopted to thin cortices that substantially im-
proves accuracy.

Ten human vertebrae embedded in epoxy resin were imaged using clinical QCT and High-Resolution QCT
(HR-QCT) protocols, both acquired on a clinical whole body CT scanner, whereas high resolution peripheral QCT
(HR-pQCT) was used as gold standard. Microstructural variables and BMD were calculated using in-house
software StructuralInsight for QCT and HR-QCT and the manufacturer's μCT evaluation software for HR-pQCT.
An adjusted measure, a deconvolved cortical thickness (dcCt.Th), corrected for partial volume effects, was de-
rived applying the new Iterative Convolution OptimizatioN (ICON) method.

Direct measurements of cortical thickness (Ct.Th) showed substantial overestimation with mean ± standard
deviation of 1.8 ± 0.5mm for QCT and 1.5 ± 0.3mm for HR-QCT compared to 0.37 ± 0.07 mm using HR-
pQCT. Correlations of both QCT (r2= 0.05, p > 0.5.) and HR-QCT (r2= 0.38, p=0.060) with the gold stan-
dard HR-pQCT were not significant. Also QCT-based BMD and BMC as well as HR-QCT-based BMD did not show
a significant correlation with the gold standard approach. Only HR-QCT-based BMC showed a modest correla-
tion (r2= 0.59, p=0.01) After applying ICON corrections, dcCt.Th resulted in 0.52 ± 0.09mm for QCT and
0.43 ± 0.07mm for HR-QCT, both significantly correlated to HR-pQCT (r2= 0.75, p=0.0012 and r2= 0.93,
p < 0.0001, respectively). The average overestimation bias of Ct.Th was reduced from (402 ± 157)% to
(45 ± 17)% for QCT and from (330 ± 69)% to (19 ± 8)% for HR-QCT.

Due to inaccurate segmentation uncorrected QCT-based Ct.Th measures as well as BMD and BMC showed no
correlation to HR-pQCT and thus such bias cortical data can be misleading. The application of ICON reduced
random overestimation bias to about 50 μm and 20 μm for QCT and HR-QCT, respectively, leading to a recovery
of a significant correlation with the reference data of HR-pQCT. This reveals the potential for fairly accurate
assessment of cortical thickness, allowing to better characterize cortical mechanical competence. These results
warrant testing of the performance in vivo.

1. Introduction

Dual X-ray Absorptiometry (DXA) is the accepted clinical standard
method for the assessment of bone fragility in osteoporosis. However,

bone strength is affected by cancellous and cortical bone and the con-
tributions of these two envelopes cannot be separated by DXA-based
assessment of areal bone mineral density (aBMD). This is because the
technique does not incorporate a 3D tomographic approach.
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Quantitative Computed Tomography (QCT) on the other hand per-
mits separation of spongiosa and cortex, but the level of accuracy
reached in this process strongly depends on the spatial and density
resolution of the imaging protocol and on the segmentation procedure
applied.

Standard QCT protocols entail imaging and reconstruction with a
slice thickness of typically 1-3mm and an in-plane pixel size of around
0.3 mm. Thus cortical structures, generally not well aligned with voxel
borders and appear blurred due to partial volume effects. Moreover, the
blurring often extends beyond the next adjacent voxel due to a broad
modulation transfer function (MTF) and, in vivo movement artifacts.
Therefore vertebral cortical structures with typical thicknesses around
300 μm [1–3] are depicted with apparent thicknesses of around 2mm
on standard QCT axial images. This gives rise to the cortical structure
encompassing 5–10 voxels rather than 1–2 voxels. Furthermore, cor-
tical endplates show an apparent thickness of 2-3 mm, depending on the
reconstruction increment and reconstructed slice thickness selected in
the QCT protocol.

In conjunction with this blurring effect, cortical BMD is grossly
underestimated. Vertebral cortical BMD is mostly determined by cor-
tical tissue mineral density (TMD). Fully mineralized cortical bone has a
TMD of around 1200mg calcium hydroxyapatite (mgCaHA/cm3).
Lower values are obtained for freshly deposited bone matrix consisting
of collagen fibers yet to be mineralized. Old bone has a higher degree of
mineralization compared to younger bone. For vertebrae quantitative
data of cortical porosity is rare. Ritzel et al. in their detailed histological
analysis reported that the cortical structure is mostly lamellar and only
few osteonal structures are present [4]. Fazzalari et al. on the other
hand, reported porosity levels of around 25% [5]. This level of porosity
was obtained from binarized histological sections stained with van
Gieson solution.

Due to the limited spatial resolution of CT scanners it is currently
not feasible to measure TMD and Co·Po of the vertebral cortex in vivo.
The 10% MTF of e.g. the Siemens Somatom 64 scanner used in our
study is protocol dependent with a level of about 367 μm (9.3 cycles/cm
@ 120 kV, 180mA, 120mm FOV, B70 kernel [6]). Even if measured ex
vivo with HR-pQCT like in this study (Scanco XtremeCT, featuring an
MTF of 10% at a distance of< 105 μm), the blurring effects preclude
accurate evaluations. This is still the case with the second generation of
HR-pQCT systems (Scanco Xtreme CT II, MTF of 10% at a distance
of< 58 μm). However, HR-pQCT does permit assessment of cortical
measures with much better accuracy compared to clinical CT scanners
with 10% MTFs in the range of several hundred micrometers. BMD and
BMC results obtained with protocols on clinical CT scanners thus sub-
stantially depend on thresholds selected to define the cortical borders:
the higher the threshold, the lower the measured BMC and cortical
thickness and the higher the measured BMD. BMC in addition strongly
depends on bone size (and thus indirectly on body size) and thus in-
terpretation of absolute values is difficult.

It was the aim of this study to develop and test an algorithm, which
calculates a single accurate and robust variable that provides a sum-
mary measure incorporating BMD (with both TMD and porosity con-
tributions) and cortical thickness. Such a measure should be fairly in-
sensitive to spatial resolution yet provide a mechanically meaningful
measure related to bone strength. The key challenge for this approach is

to correctly integrate the cortical mineral contributions blurred over
several voxels and at the same time separate them from spongiosa and
background signals. In addition, bordering structures such as trabecular
mineral, fatty marrow of the spongiosa or noise structures outside the
vertebral body should not be incorporated. For this summary measure
we chose to express results as effective cortical thickness. This is the
thickness of a plate that would contain the collected BMC as a fully
mineralized cortical bone structure (with TMD=BMD=1200mg/
cm3). Two different methods, a density weighted as well as a decon-
volved cortical thickness, with different degree of sophistication both
yielding an estimate of effective cortical thickness were investigated.
We compared QCT-based estimates of effective cortical thickness with
the corresponding measure assessed by HR-pQCT as the reference
method. Given the substantially better spatial resolution of HR-pQCT
[7,8] compared to clinical CT scanners, this method represents an ap-
propriate reference method.

By evaluating the level of correlation with the reference method and
calculating residual errors relative to the reference method we assessed
the performance of the two measures of effective cortical thickness
along with the performance of the classical variables BMD and BMC.

2. Materials and methods

2.1. Samples and CT data acquisition

In this study we examined ten excised human vertebrae embedded
in an epoxy resin compound. The specimens were obtained from the
Anatomical Institute of the Christian-Albrechts-Universtät zu Kiel, where
ethics approval for harvesting the human bones from donors had been
obtained from the responsible ethics review committee. Bone marrow
was removed from the vertebrae prior to embedding into epoxy resin to
prevent bone degradation. The outer shape of the resin was molded in a
way that the bones could be smoothly inserted without an air gap into a
CT body phantom (Model 4, Simulator for bone mineral analysis, ap-
prox. 30 cm wide and 20 cm high, Computerized Imaging Reference
Systems, Inc., Norfolk, Virginia, USA).

CT scans were performed according to the protocols summarized in
Table 1. The HR-pQCT data was acquired on an XtremeCT I scanner
(Scanco Medical AG, Brüttisellen, Switzerland) at the Osteoporosezen-
trum Hamburg (Germany), whereas the standard clinical QCT and ad-
vanced HR-QCT protocols were performed on a clinical Siemens So-
matom 64 CT scanner (Siemens, Erlangen, Germany) at the University
Hospital Schleswig-Holstein, Campus Kiel (Germany). The difference in
image quality is depicted using a representative slice of the 3D dataset
(Fig. 1). Subregions of one vertebrae were also scanned on a Viva80
microCT Scanner (Scanco Medical AG) to depict the cortical fine
structure.

2.2. Data processing

For the assessment of cortical thickness from QCT and HR-QCT data
we used our in-house software StructuralInsight V3.1.7, which covers
the complete CT data workflow consisting of quality assurance, seg-
mentation, registration and quantitative analysis. It has been used and
approved within several QCT and HR-QCT studies, e.g. [9–11]. We

Table 1
CT protocol settings for HR-pQCT, HR-QCT and QCT.

HR-pQCT HR-QCT QCT

Device Scanco Medical XtremeCT Siemens Somatom 64

Voxel size in mm3 0.082× 0.082×0.082 0.156× 0.156×0.300 0.234× 0.234×1.000
Voltage in kV 60 120 120
Exposure in mAs 190 360 100
Reconstruction kernel standard B70s B40s

T. Damm et al. Bone 120 (2019) 194–203

195



carried out the following processing steps:

1. Quality Assurance by visual inspection of the CT scans prior to study
inclusion to select vertebrae without problematic levels of internal
gas development and without degenerative cortical structures like
large osteophytes.

2. Calibration of Hounsfield Units (HU) to mgCaHA/cm3 using a si-
multaneously scanned calibration phantom placed below the ver-
tebrae (QRM Model 3 CT Calibration Phantom #2337, QRM GmbH,
Möhrendorf, Germany) with density inserts spanning a range of ~
[−50 … 375]mgHA/cm3. Linear regression was performed to de-
rive the calibration slope and offset.

3. Template-driven semi-automatic segmentation of the different volumes
of interest (VOI), which include total trabecular volume, ellipse,
vertical cortex, upper end plate, lower end plate, and combinations
of these VOIs like complete vertebra or complete cortex. The pos-
terior border of the vertebral body was defined by the foramen and
by exclusion of the pedicles.

At this point, the segmentation-based cortical thickness (Ct.Th) was
calculated (for the vertical cortex only) using the standard Maximum
Sphere algorithm [12]. Briefly, in this method the segmentation borders are
defined by filling the structure with spheres touching the boundaries. All
voxels included in the structure are labeled with the maximum diameter of a
sphere centered at the voxel and being contained within the structure. Be-
sides a simple mean value of these “diameter”-labels two alternative
summary measures of effective cortical thickness were obtained:

(I). Density weighted cortical thickness (wCt.Th) obtained by multi-
plying the “diameter”-labels by BMD/1200mgCaHA/cm3. For
example, a cortex that features an apparent BMD of 600mgHA/
cm3, which is half the theoretical full mineralization, and a
thickness of 2mm would result in a wCt.Th of 1mm. According to
this approach the blurred shape of the structure in the CT data is
considered to be equivalent to a fully mineralized cortex of just
1 mm thickness.

(II). Deconvolution-based cortical thickness (dcCt.Th) was calculated
based on the ICON algorithm following these processing steps:

1) Generation of onion-like layers on both sides of the cortical ridge
with a constant thickness of 0.2 mm each (see Fig. 2)

2) Calculation of mean BMD within these equidistant layers, referred to
as radial BMD.

3) Fitting radial BMD as a function of its distance to the cortical ridge
based on a forward modeling approach according to the following
steps (for mathematical details compare Appendix A: (De-)con-
volution-model: mathematical description):
a) Assuming a Gaussian distribution for the MTF and accordingly

for the PSF of the CT imaging system.

b) Deducing two edge-spread-functions (ESFs), one for the spon-
giosa plateau and another one for the background level outside
the bone, both of which are considered constant and a non-in-
finitesimal line-spread-function (LSF) for the cortex.

c) Incorporating these ESFs and the LSF into one combined model.
d) Setting the full mineralization to 1200mgHAP/cm3.
e) Radial BMD profiles are analyzed, all starting from the center of

the vertebra, orthogonally crossing the cortex wall to reach the
background outside the bone (epoxy resin). Along these radial
paths BMD profiles are fitted to optimally match the BMD levels
of the inner spongiosa plateau, at the respective cortex level, and
at the background plateau. The blurring caused by the MTF of the
imaging system is reflected by a fixed standard deviation (σ).

f) Obtaining dcCt.Th as one of the four fitting parameters de-
scribing the non-linear model (the other three including cortex
ridge position, spongiosa plateau mean density and background
mean density).

For the HR-pQCT data, we used the μCT manufacturer's software
(Scanco μCT_EVALUATION V6.5-3/IPL V5.15, Scanco Medical AG,
Brüttisellen, Switzerland). Cortical thickness (based on DT-Tb.Th)
within the vertical cortex was calculated based on the Maximum Sphere
method [12] (this is referred to as the “directly” measured cortical
thickness) following well established standards summarized in a con-
sensus paper by Bouxsein et al. [13]. The cortical thickness measured
by HR-pQCT on Scanco's XtremeCT 1. Generation has been shown to be
highly correlated with MicroCT based data (r2= 0.98) although the
slope slightly deviated from unity, indicating some limits in accuracy
[7]. We had to exclude some regions with large osteophytes, because
the standard Maximum Sphere algorithm is quite sensitive to such
structures, because their large local thickness strongly widens the width
of the usually thin cortical shell.

For assessment of BMD and BMC, a local relative threshold re-
presenting the full-width-at-half-maximum (FWHM), the so called 50%
criterion, was applied, similar to the method proposed by Hangartner
and Gilsanz [14,15]. Around every mesh point on the cortex a local
maximum value is estimated, which is then used to calculate two mesh
point-specific density thresholds at 50% of this local maximum: once to
the outside at 50% with respect to the background level of the resin and
once to the inside at 50% with respect to the average peeled spongiosa
BMD. The search for these thresholds was carried out orthogonal to the
mesh surface. In contrast to Hangartner and Gilsanz, our segmentation
threshold was based on local data rather than on a global maximum
cortical density.

2.3. Statistics

Levels of probability of p < 0.05 were considered significant.
Agreement with HR-pQCT as the reference method was evaluated

Fig. 1. Slices of registered CT dataset showing a human vertebra's cortical shell imaged at different levels of spatial resolution with associated increasing radiation
exposure. From left to right: Standard QCT, High-Resolution QCT HR-QCT and, finally, XtremeCT, usually referred to as High-Resolution peripheral QCT (HR-pQCT).

T. Damm et al. Bone 120 (2019) 194–203

196



according to a modification of the method of Bland and Altman [16].
All statistical evaluations were performed with JMP 9.0 (SAS Institute,
Cary, NC, USA).

3. Results

The fine structure of the cortical shell and its connection to the
trabecular network of the spongiosa are visualized in 2D and 3D using
μCT (Figs. 3 and 4). The representative images show the cortex as a thin
shell of fairly constant thickness, perhaps 3–5 times thicker compared
to individual trabeculae. Trabecular struts anchor to this shell attaching
it to the spongiosa. These high resolution images of the internal ver-
tebral microstructure supports the rationale of our CT data processing
approach, i.e. modeling the cortical shell as a thin plate, that may
feature gaps, reducing the TMD level of about 1200mg CaHAP/cm3 to
the BMD levels observed.

Fig. 5 shows quantitative data of the radial BMD distributions across
the cortical shell for the ten specimens investigated. Measured radial
BMD profiles are depicted as a function of the ridge distance derived by
averaging all voxels of a given layer, i.e. a fixed voxel-to-ridge distance.
These profiles were used for fitting the edge- and line-spread functions
according to the ICON algorithm. For HR-pQCT scans, we calculated a
mean directly measured cortical thickness of 0.37 ± 0.07mm. For
QCT and HR-QCT data, the directly measured Ct.Th of the vertical
cortex were 1.78 ± 0.54mm and 1.53 ± 0.27mm, respectively. This
represents an overestimation of 402% for QCT and 330% for HR-QCT,

both relative to HR-pQCT. Ct.Th measured by QCT did not show any
correlation with the reference method HR-pQCT (r2= 0.05, p=0.53)
whereas HR-QCT-based Ct.Th showed a weak association just missing
significance (r2= 0.38, p=0.06), see Table 2.

When comparing wCt.Th and dcCt.Th with the reference thickness
calculated from HR-pQCT data we have two types of bias: average
overestimation and variable residual error. For wCt.Th the average
overestimation was reduced by about one order of magnitude and the
variable residual error by 70–80%. Application of the ICON algorithm
resulted in further reduction of the average overestimation for HR-QCT
to a reduction by 94% compared to the directly measured data and it
reduced the variable residual error for both QCT and HR-QCT
by> 90% compared to the directly measured data. The correlation
with the gold standard HR-pQCT-based Ct.Th was recovered by wCt.Th,
but even further by dcCt.Th. For QCT a complete lack of correlation
(r2= 0.05) could be recovered to a level of r2= 0.75. For HR-QCT the
improvement led to a change from r2= 0.38 to r2= 0.93 (Table 2).

Table 3 presents a similar comparison of QCT and HR-QCT-based
estimates of BMD and BMC with the respective values obtained with the
reference method HR-pQCT. Due to differences in the segmentation
software, the sizes of HR-pQCT and QCT/HR-QCT-based volumes of
interest differ and thus comparisons of absolute values are misleading.
Therefore for cortical BMC only correlation data are presented. No
significant correlation with reference method data was observed for
QCT-derived cortical BMC (r2= 0.02, p=0.74), whereas for HR-QCT-
derived cortical BMC, the correlation of r2= 0.59 was significant at

Fig. 2. 3D HR-QCT data of a vertebral body with
processes cut off at the pedicles. Left: Every fifth 3D
layer is shown; individual layers (width 0.2 mm) are
depicted in different colors, the central layer at the
cortical ridge at 0mm is colored in purple. From all
layers, the radial mean BMD profile was calculated
as a function of the particular layer's distance to the
ridge. Layers on the inner side of the ridge are not
shown – rather the trabecular bone is depicted in
beige color. Cutting this 3D visualization of the
vertebral bone centrally, a CT slice of sagittal or-
ientation is depicted showing BMD on a calibrated
gray level scale (the corresponding calibration den-
sity scale is depicted to the right of the vertebra).
Right: Layering scheme for a central axial (right top)
and a central coronal (right bottom) 2D section. Each
layer has a thickness of 0.2 mm but in order to clarify
the visualization these two figure only depict every
second layer.

Fig. 3. Representative 2D slice of microCT
data from a human vertebra, insert shows
enlarged cortical region, depicted in 3D on
the right. Within a cortical envelope of ap-
proximately 370 μm width (similar to the
width measured with HR-pQCT) we observe
a peak TMD of up to 1200 mgHA/cm3, an
average TMD of 990 mgHA/cm3 and a BMD
of 800 mgHA/cm3.
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p < 0.01. For cortical BMD, no significant correlation was observed for
either technique (r2= 0.02, p=0.71 for QCT and r2= 0.25, p=0.14
for HR-QCT).

The Bland-Altman plots presented in Table 4 show the performance
of the three cortical variables Ct.Th, wCt.Th, and dcCt.Th for both the
HR-QCT and QCT protocols. When compared directly measure Ct.Th
data of the reference method HR-pQCT (0.37 ± 0.07mm, as reported
in Table 2) with corresponding QCT HR-QCT data large offsets by>
1.0mm or 300% are observed for both protocols. These offsets did not
show a significant level dependency, although this may in part be due
to the large variability of the data. For the two other algorithms the
average overestimation is reduced to< 0.14mm and 0.16mm for QCT
and HR-QCT-based dcCt.Th, respectively. For HR-QCT the ICON
method led to a further reduction to around 0.07mm. The variability of
these overestimation errors was also improved: from levels of 0.53mm
and 0.24mm for QCT and HR-pQCT, respectively, to 0.1 mm and
0.08mm when determined with wCt.Th for QCT and HR-pQCT,

respectively, and further to 50 μm and 20 μmwhen determined with the
ICON algorithm based dcCt.Th for those two CT protocols. The slopes in
these diagrams were not significant except for the HR-QCT-based
wCt.Th (p=0.03). The residual variability for HR-QCT was sub-
stantially smaller compared to QCT (Table 4).

4. Discussion

The ability to separate cortical from cancellous data is a well known
hallmark of QCT. DXA does not offer such detail which may be con-
sidered as a limitation since it is known that both cancellous and cor-
tical bone contribute to mechanical competence and that drugs may
differently affect these two bone envelopes. However, our data docu-
ment that the limited spatial resolution of standard clinical QCT ap-
proaches restrict their ability to accurately differentiate cortical from
trabecular bone status. Typical clinical QCT depicts the cortical rim
with an apparent thickness close to 2–3mm along with cortical BMD

Fig. 4. Representative 3D section of spongiosa and cortex of a human vertebra, shown from two different perspectives.

Fig. 5. BMD profiles across the cortical ridge. For each specimen we measured BMD as a function of ridge distance and fitted these profiles according to the ICON
algorithm. Three subcompartments of different densities are defined: spongiosa (mean gray rectangles), cortex (central dark gray rectangles), and outer soft tissue
(light gray rectangles). Left image: BMD profile according to HR-QCT data, which is less blurred and reaches a higher maximum in comparison to the QCT data BMD
profile on the right image. The widths of the central rectangles corresponds to our dcCt.Th estimates. The center 3D insert displays the resulting vertical cortex with
deconvolved cortical width calculated according to the ICON algorithm based on HR-QCT data; QCT-based deconvolved cortical width would look similar.
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values ranging around 200–300mgHA/cm3 [9,17], substantially less
than the true level of TMD of around 1200mgHA/cm3 [18–20]. In this
study, for standard QCT similar results were observed but even more
disconcerting there was no significant correlation of cortical thickness,
BMD or BMC with the respective measures obtained by our reference
technique HR-pQCT. Therefore, it is questionable whether standard
QCT-based cortical BMD, BMC and thickness measurements carry
meaningful clinical information about bone status. Even for the higher
dose approach of HR-QCT no significant correlation for BMD was evi-
dent. At least for BMC, the HR-QCT data led to a significant, but still
weak correlation (r2= 0.59, p=0.009).

In order to improve the accuracy of cortical measurements we de-
veloped an image processing techniques that largely corrects the bias
introduced by limited spatial resolution. As a basis for developing this
correction algorithm we had to obtain an accurate understanding of the
3D geometry of the vertebral cortical shell. This could then be used to
model the impact of partial volume effects and the MTF on QCT mea-
surements of the cortex.

Cortical thickness measurements have been assessed in early studies
in the 1990s. Using histological methods, i.e. microscopy on sections of
bone, Ritzel and colleagues showed that cortical thickness ranges be-
tween 200 and 400 μm in healthy individuals. With aging cortical
thickness decrease by 50–100 μm and in osteoporosis it is reduced to
levels mostly between 150 and 250 μm [4].

3D electron microscopy images from Alan Boyde's group show an
even more extreme situation: the cortical shell is similar in thickness to
trabecular plates and somewhat thicker than trabecular struts [21]. In
fact the structure depicted in virtually all of the cases in this paper
depicts vertebral bodies almost completely made up of trabecular bone
with an outer layer of thin cortical bone that looks equally thin, the
only difference being that the cortical shell is formed like a plate where
the trabecular, at least in the elderly, are showing the typical rod-like
structure.

These observations formed the basis for our modeling approach:
cortical bone as a thin plate of bone with a TMD of about
1200mgCaHA/cm3 but with some gap or pores that reduce the mea-
sured cortical BMD of this plate. We reaffirmed this model by obtaining
3D μCT images of the cortical shell as shown in Figs. 3 and 4. The age
and osteoporosis related loss of cortical mass thus is likely to follow a
pattern that differs from the one observed for the femoral neck, which
has received a lot of research attention in recent years [22]. The cortical
shell of vertebrae is too thin to undergo a pattern of trabecularization
like that one observed on thick parts of the proximal femur, in the
calcar region [23], where, in contrast to the vertebral cortex, the sub-
segmentation of the femoral cortex [24] is a useful approach. There is a
fairly clear cut inner boundary of the plate and trabecular struts connect
to this inner surface to stabilize the vertebral-cortical interface struc-
ture. With osteoporosis fewer and fewer struts connect and thus larger
parts of the cortical shell remains unsupported, and are thus more likely
to cave. This leads to the pattern of endplate deformation typical for
osteoporotic fracture.

Our image-processing model thus was based on this 3D geometry of
a thin cortical shell of fairly constant thickness made up of bone mineral
with a TMD of 1200mgHA/cm3. We investigated two approaches of
different complexity to characterize cortical mineral status. The simpler
approach, density weighted cortical thickness (wCt.Th), already
showed substantial improvements compared to the directly measured
Ct.Th. However, in contrast to ICON's dcCt.Th, this algorithm is still
affected by selection of the segmentation borders, which are noise de-
pendent, as they rely on a 50% thresholding criterion in our case (mean
value between the cortex ridge density and the cancellous density on
the inside or the resin/soft tissue background density on the outside).
Especially for QCT, this cut-off is not very robust, as a great portion of
the cortex's signal is mapped to regions outside this segmentation due to
the poor MTF. Also, for cortical thickness levels below the full width
half maximum (FWHM) of the LSF of the scanner/kernel combination,

Table 2
Estimates of cortical thickness by QCT and HR-QCT, and compared to the gold standard HR-pQCT (means ± standard deviation), the last column depicts the
correlation between HR-pQCT and QCT or HR-QCT, respectively.

Variable CT method Mean ± SD Overestimation absolute data Overestimation [%] Correlation [r2]

Ct.Th [mm] HR-pQCT 0.37 ± 0.07
QCT 1.78 ± 0.54 1.42 ± 0.53 402 ± 157 0.05
HR-QCT 1.53 ± 0.27 1.17 ± 0.24 330 ± 69 0.38⁎⁎⁎

wCt.Th [mm] QCT 0.50 ± 0.14 0.14 ± 0.10 39 ± 27 0.49⁎

HR-QCT 0.52 ± 0.13 0.16 ± 0.08 44 ± 19 0.74⁎⁎

dcCt.Th [mm] QCT 0.52 ± 0.09 0.16 ± 0.05 45 ± 17 0.75⁎⁎

HR-QCT 0.43 ± 0.07 0.07 ± 0.02 19 ± 8 0.93⁎⁎⁎⁎

⁎ p < 0.05.
⁎⁎ p < 0.01.
⁎⁎⁎ p < 0.001.
⁎⁎⁎⁎ p < 0.0001.

Table 3
Results of cortical BMD and BMC based on QCT and HR-QCT, and compared to the gold standard HR-pQCT (means ± standard deviation). The last column depicts
the correlation between HR-pQCT and QCT or HR-QCT, respectively.

Variable Method Mean ± SD Underestimation Underestimation [%] Correlation [r2]

BMD [mgHA/cm3] HR-pQCT 504.4 ± 64.9 – – –
QCT 315.4 ± 57.9 189.0 ± 81.0 37 ± 13 0.02⁎

HR-QCT 405.6 ± 59.1 89.8 ± 62.2 19 ± 11 0.25⁎⁎⁎

BMC [mgHA] HR-pQCT 360.3 ± 107.8 – – –
QCT 1092.1 ± 414.6 NAa NAa 0.02⁎⁎⁎⁎

HR-QCT 1339.8 ± 256.3 NAa NAa 0.59⁎⁎

⁎ p < 0.05.
⁎⁎ p < 0.01.
⁎⁎⁎ p < 0.001.
⁎⁎⁎⁎ p < 0.0001.
a due to partially different segmentation methods and VOI sizes of HR-pQCT and QCT/HR-QCT.
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the accuracy is limited [25], what is very obvious particularly for the
standard QCT protocol with its coarse spatial resolution.

In order to maximize the ability to accurately characterize cortical
bone status and to develop a robust measure, the advanced concept of
the ICON algorithm showed clear advantages over wCt.Th. This concept
is characterized by the following assumptions: plate-like structure of
the cortical shell, TMD of 1200mgHA/cm3, zero porosity. In other
words, we calculate the thickness of a truly compact cortex of
TMD=1200mgHA/cm3. Density profile across (i.e. orthogonal to) the
cortical shell was modeled on the basis of a three component structure.
The cortical shell encloses the spongiosa characterized by the average
cancellous BMD. On its outer side, the cortical shell is surrounded by
external tissue (soft tissue in vivo/resin for our excised vertebral

specimen), the density of which can be measured very accurately. The
levels of the cortex signal outside the cortical boundaries and the
density signals in the cortex originating from the spongiosa and the soft
tissue can be determined using the ICON fitting procedure, utilizing the
ESF and the LSF as manifestations of the cortex model chosen. The
result is a model of a compact cortical plate with an effective cortical
thickness characterized by dcCt.Th. Of note, the ICON procedure does
not require explicit input of the LSF but can optimize the fit accord-
ingly. In fact, using a free σ, the outlined fit procedure can be used to
roughly access the systems imaging quality by turning the vertebra's
cortex itself into a “test body” to access the PSF's FWHM.

Rather than determining the thickness of the cortex in a mapping
procedure for every subarea of the cortical plate we average the density

Table 4
Bland-Altman plots of HR-QCT and QCT variables versus the gold standard HR-pQCT value. Dashed lines represent 95% confidence interval of the linear fit.
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values in equidistant “onion-like” layers parallel to the cortical plate.
This results in a substantial improvement in robustness and reduction of
noise since density levels are averaged over millions of voxels for each
layer. This allows the generation of a very accurate profile of the
average radial density distribution, perpendicular to the cortical plate.
Moreover, the hypothetical mineral content of the resulting LSF/ESF
solution equals the mineral present within the complete cortical region
investigated in contrast to single-position fitting strategies.

The results of our study demonstrate that the resulting cortical
measure dcCt.Th has a number of strong performance characteristics:
the measure correlates highly with the reference method HR-pQCT
derived measure (r2= 93% for HR-QCT and 75% for QCT) with
average accuracy error offsets of 19% and 45% for HR-QCT and QCT,
respectively. These average accuracy errors could be largely reduced by
standardization: for a given scanner our set of vertebrae could be
scanned in a similar fashion as in this paper and from the resulting
model fit the scanner specific correction algorithm could be derived.
The remaining variable residual random accuracy errors of 5% and 11%
for HR-QCT and QCT, respectively, correspond to around 20–50 μm,
excellent levels considering the thickness of only 250–400 μm of the
cortical shell and the limits of spatial resolution. It could only be
achieved due to the average across millions of voxels in the equidistant
layers. With this magnitude it should be possible to study treatment
effects of bone anabolic medications since the treatment effect is on the
same order of magnitude. Of note, for QCT dcCt.Th but not wCt.Th
provided high correlation with the reference method. For HR-QCT the
ultimate level of performance with a small residual random error and
virtually no dependency on the level of the gold standard-based cortical
thickness was achieved, a strong indication that this approach does
yield robust estimates.

In many studies BMC as an integral of BMD across cortical bone
volume has been used because, similar to density weighted cortical
thickness, this measure also integrates BMD and thickness and thus
partially overcomes the limitations of spatial resolution. However, our
data indicate a lack of correlation with the reference method and thus
the use of BMC appears questionable, at least for standard QCT. The
lack of correlation may in part be due to our limited sample size. But
since our ICON-based thickness measure showed a highly significant
correlation with the reference method despite the limited sample size,
dcCt.Th appears to be a more robust measure compared to BMC.

Similar approaches for improved assessment of cortical thickness
have been investigated by other groups. A method using analytical
models to describe the imaging system's blur has been previously re-
ported by Prevral et al. [25,26]. Another method to calculate a cor-
rected cortical thickness using a point-wise mapping approach was
described and further refined by Treece et al. [27–29]. The algorithm
published by these authors involved collecting voxels in an arbitrary,
local neighborhood of rays localized on the cortex with perpendicular
alignment. In contrast to their method, ICON is based on a computa-
tionally fast distance transform on the complete segmentation, and
averages all voxels within a defined distance range to form the radial
BMD density profiles.

Treece and colleagues investigated the femoral cortex aiming to
calculate thickness maps around the complete proximal femur. Because
of the variable orientation of the cortical surface of different parts of the
proximal femur in their setting, the correction of the crude out-of-plane
resolution is crucial and they have to calculate profiles at every point of
their map. They claim to independently measure the femoral cortical
thickness and the cortical mineralization [28]. This becomes possible to
some degree with the thicker cortex of the femur but remains very
challenging on thinner cortices. Also the issue of ambiguity of the inner
cortical boundary at the femoral neck has to be taken into considera-
tion.

Our approach and the study have limitations. Most importantly, the
performance of the ICON algorithm so far was only tested on specimen
ex vivo. The limited sample size was sufficient to develop and test the

method but it requires confirmation on larger data sets, preferably in
vivo. However, in vivo there is no gold standard method available that
could be used to directly measure the method's accuracy. Therefore,
validation would have to be investigated indirectly, by checking whe-
ther use of dcCt.Th would improve performance on patients, i.e. with
regard to fracture discrimination or differentiation of treatment effects.
We did confirm the convergence of the algorithm on in vivo CT data
and have initiated first analyses on patient data to be analyzed in an-
other publication. Second, our gold-standard method HR-pQCT, while
offering much higher spatial resolution compared to clinical CT scan-
ners, does not have perfect accuracy on thin structures like vertebral
cortices, and thus we may underestimate accuracy errors.

The locally derived 50% criterion used to segment the cortex yields
larger results for cortical thicknesses compared to using a higher
threshold based on the global maximum cortical density described by
Hangartner and Gilsanz [14,15]. However, the results for density
weighted cortical thickness should be similar since the differences in
measured thickness and density are in opposite directions and thus
should largely balance. However, for ICON, such a potential bias should
be of lesser importance, since only the outer segmentation border serves
as a starting reference. Since we average out results for the entire
vertical cortex we assume that the outcome is more robust compared to
calculations based on a global maximum cortical density.

As our QRM Model 3 CT Calibration Phantom is made for standard
clinical CT protocols it does not contain inserts with density higher than
375mgHA/cm3. Within the density range covered the relationship of
CT numbers versus BMD is linear with typical coefficients of correlation
of r2 > 0.999, but some uncertainty regarding linearity at higher
densities for the HR-QCT protocol remains.

The ICON approach does not produce a map of cortical thickness.
We did not pursue this goal because our main focus was on deriving a
measure that can be used to assess average changes in effective cortical
thickness as a function of disease or treatment. In such longitudinal
studies, scanner specific differences in spatial resolution or patient re-
lated differences in noise level (e.g. due to body size and obesity) will
be limited given the typical time courses of a year or two. The algorithm
separating the cancellous and the external soft tissue compartment is
also appropriately set up to distinguish between endosteal and perios-
teal changes, an aspect of substantial interest for the assessment of the
mechanism of new bone anabolic medications, specifically with regard
to their biomechanical impact.

In reality, the shape of the profiles reflects not only thickness of the
cortex, but also the mineralization state of the cortex and its porosity.
And both parameters most probably vary along the profile to some
degree, which may be affected by age, health, dietary habits and
medication. As long as the resolution cannot be reduced well below the
thickness of the structure of interest, these internal structures have to be
neglected, as we did in the proposed model of a compacted cortex used
in the ICON algorithm. And due to the partial volume effect, the level of
porosity within the structure is not measurable until we can actually
image these small pores.

Another aspect is the anisotropy of spatial resolution, which is very
significant using a standard QCT protocol: in-plane (x,y) we typically
have resolution levels of 0.2 mm–0.4mm, but out-of-plane (i.e. in the
axial direction z), due to the sampling and also the underlying slice
thickness, it is usually in the range of 1mm to 3mm. To avoid distor-
tions by this crude resolution, we evaluated the cortex just in its vertical
portion, where due to the positioning of the samples (and patients
laying along the scanner's z-axis) our profiles are mostly impacted by
the higher in-plane resolution. For measurements of T12, our preferred
choice for patient studies, the long axis of the vertebra is typically well
aligned with the long-axis of the scanner.

There are interesting perspectives for further refinements of the
approach. While we concentrated on the vertical cortex the same ap-
proach can be implemented for the endplates, although here the chal-
lenges of spatial resolution and complexity due to near-neighborhood
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features such as intervertebral disks are higher. While we explicitly
aimed to derive a single measure of cortical status, under certain as-
sumptions one could incorporate the impact of temporal changes in
TMD and/or porosity. Assuming that changes in these two aspects are
largely governed by systemic factors affecting bone turnover, one could
potentially measure porosity and/or TMD on peripheral bones, where
techniques with better spatial resolution are available with the as-
sumption that changes at all cortical sites are to some extent correlated.
Thus dcCt.Th could then be adjusted based on peripheral TMD or
porosity data, in effect refining the level of 1200 mgCaHA/cm3. We also
could try to produce cortical thickness maps based on the ICON algo-
rithm, and, taking this one step further, to reprocess the 3D image of the
vertebrae, replacing the blurred cortex with a deconvolved thin high
density cortex. Such a reprocessed image could be used as a basis for
finite element modeling, potentially permitting more accurate mod-
eling of fracture processes. Creating a network of appropriately shaped
elements that truly reflect the thinness of the vertebral cortex should
yield more accurate estimates of vertebral whole bone strength under
different loading conditions.

In conclusion, deconvolution-based estimation of cortical thickness
using the ICON algorithm reduces the huge overestimation of cortical
thickness from over 300% for both QCT and HR-QCT to 19% (HR-QCT)
and 45% (QCT) with low residual random accuracy errors. Whereas
cortical thickness and BMD or BMC of standard QCT did not provide
meaningful information about true cortical status, using ICON a very
high correlation of cortical thickness with the gold standard could be

achieved. Of note, while best performance was achieved for HR-QCT
(r2= 0.93****), a good performance was also achieved for regular QCT
(r2= 0.75**), an important aspect for limiting radiation exposure.
Interpretation of BMC was just useful for HR-QCT (r2= 0.59**).

Our results warrant application of the ICON algorithm in clinical CT
studies. In this initial limited sample of embedded vertebral bodies,
ICON-based Ct.Th appears to be more accurately reflecting cortical
properties than cortical BMD or BMC. Assuming that a more accurate
depiction of cortical thickness will improve the ability to model bone
fragility using finite element models, the ICON method may serve to
improve image quality and thus data accuracy required for mechanical
modeling. Due to its robust averaging across layers parallel to the
cortical ridge the method can also be applied in longitudinal treatment
studies in disease or to assess the effect of treatment on strengthening
the cortical shell.
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Appendix A. (De-)convolution-model: mathematical description

A.1. Rationale and concept

Image convolution is a standard approach for modeling spatial resolution in the context of the imaging process [30]. The dataset is folded with a
kernel functional by means of spatial integration. A Gaussian functional is commonly used to model the blurring caused by limited spatial resolution
incorporating also noise. For CT data, filter kernel differ for in-plane variations versus those observed in the z-direction. In single-slice CT, one could
use a step function in z-direction, but considering commonly available fan-beam and helical CT data, this simplification is not justified anymore.

The ICON method developed for improving blurring effects in CT imaging of bone is based on a deconvolution approach, in which the con-
volution effects during data acquisition are estimated and corrected for. In this appendix we describe the different parts of our convolution kernel,
used to generate a combined filter, which in turn was used in a standard nonlinear solver (JMP 9.0, SAS Institute, Cary, NC, USA) to estimate the
model parameters of the modeling process that describes the imaging process. This solving process can be considered as a deconvolution, as we
backwards calculate the imaging process. Direct deconvolution of 2D/3D data suffers from substantial sensitivity to noise leading to instability. Our
method, which is iterative in nature, is very stable, as it works on the averaged data of our radial density distributions calculated for an initial 3D
segmentation. Constraining the combined filter to the assumed model of the spongiosa-cortex-soft tissue background complex further stabilizes the
procedure.

Appendix B. Mathematical modeling

B.1. Point Spread Function (PSF) and image convolution

We assume a Gaussian imaging filter kernel. As we work just on the vertical cortex, the complex 3D problem is reduced to 2D:

=

−
+

PSF x y σ e
πσ

( , , )
2 2

x y
σ

2 2

2 2

with in-plane coordinates x and y and the variance σ2, where the full-width-half maximum ∙ ≈ ∙FWHM σ is given as σ ln σ( ) 2 2 2 2.3552 .
Following the approach reported by Prevral [25], the radially symmetric σ is assumed to define the complete imaging process (performance

depending on scanner type, scan protocol and CT reconstruction kernel). The process of image convolution to transfer the object geometry into the
resulting CT data is derived by integration:

∬= ∙ − ′ − ′ ′ ′CT Data x y BMD Model x y PSF x x y y dx dy( , ) _ ( , ) ( , )

B.2. Edge Spread Function (ESF)

Similarly, the Edge Spread Function (ESF) used to model one side of an infinite wide step function:
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∫ ∫= ∙ − ′ − ′ ′ ′

−∞ −∞

+∞

ESF x y σ bmd x bmd PSF x x y y dx dy( , , , , ) ( , )
x

0

0

with constant density plateau height bmd and step position x0 being deduced by convolution. In our model it was used to model the influence of the
mean BMD of the spongiosa inside the vertebrae, which, after convolution, also spreads into the cortex region and generates even a shift of the radial
density distribution peaks inwards. Another ESF has been used to model the soft tissue signal from outside the vertebra.

B.3. Line Spread Function (LSF)

To model the thin cortex of width d, a similar convolution was made to deduce the Line Spread Function (LSF) as follows:

∫ ∫= ∙ − ′ − ′ ′ ′

+

−∞

+∞

x y σ bmd x w bmd PSF x x y y dx dyLSF ( , , , , , ) ( , )full
x

x w

full0

0

0

with constant bmdfull=1200mgHA/cm3, center position x0 and width w.

B.4. Combined Model

To apply a single function to the collected radial density distribution of the ICON method, we just had to combine one LSF reflecting the cortex
with two ESF for the bones interior trabecular network and the soft tissue outside the bone with adopted parameters to form a continuous model of
the assumed bone profile.

= +

+ +

σ bmd bmd bmd x w ESF σ bmd x LSF σ bmd x w

ESF σ bmd x w

Combined Model( , , , _ , , ) ( , , ) ( , , , )

_ ( , _ , )

spongiosa full soft tissue Spongiosa spongiosa Cortex full

Soft Tissue soft tissue

0 0 0

0

Using this combined model in in a numerical solver, e.g. nonlinear fit of JMP 9.0 (SAS Institute, Cary, NC, USA), using fixed σ and bmdfull, the
remaining four parameters bmdspongiosa, bmdsost_fissue, endosteal cortex edge x0 and width w, referred to as dcCt.Th in this paper, can be solved at once.
Due to the pronounced profile shape after averaging the data in the layers, this solving procedure is very stable.

We are open to share the code of the ICON method with interested researchers.
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