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Abstract Objectives: The aim of our
study was to perform trabecular bone
structure analysis with images from
64- and 320-slice multidetector com-
puted tomography (MDCT) and to
compare these with high-resolution
peripheral computed tomography
(HR-pQCT). Materials and
methods: Twenty human cadaver
distal forearm specimens were imaged
on a 64- and 320-slice MDCT system
at 120 kVp, 200 mA and 135 kVp,
400 mA (in-plane pixel size 234 pm;
slice thickness 500 pm). HR-pQCT

imaging was performed at an isotro-
pic voxel size of 41 um. Bone volume
fraction (BV/TV), trabecular number
(Tb.N), thickness (Tb.Th) and sepa-
ration (Tb.Sp) were computed.
Results: MDCT-derived BV/TV

and Tb.Sp were highly correlated
(r=0.92-0.96, p<0.0001) with the
corresponding HR-pQCT parameters.
Tb.Th was the only structure measure
that did not yield any significant
correlation. Conclusion: The 64-
and 320-slice MDCT systems both
perform equally well in depicting
trabecular bone architecture. Howev-
er, because of constrained resolutions
accurate derivation of trabecular bone
measures is limited to only a subset of
microarchitectural parameters.

Keywords 320-slice MDCT -
HR-pQCT - Osteoporosis -
Structure analysis - Trabecular bone

Introduction

Osteoporosis is defined as a systemic skeletal disease
characterised by a loss of bone mass and a deterioration of
bone microarchitecture, subsequently leading to increased
susceptibility to fracture [1]. Numerous studies have shown
that bone mineral density (BMD) is a fundamental
determinant of bone strength [2—7]. Hence, the established
method in current osteoporosis diagnosis is the assessment
of BMD using either dual-energy X-ray absorptiometry
(DXA) or quantitative computed tomography (QCT).
However, clinicians and researchers have learned in recent
years that BMD only accounts for approximately 60—-70%

of bone strength [1, 8], and sufficient discrimination
between patients with and without increased fracture risk is
not provided by BMD measurements alone [9-11]. The
National Institutes of Health Consensus Conference on
Osteoporosis introduced the concept of “bone quality” in
2001, referring to all characteristics of bone—apart from
BMD—responsible for its strength [1]. Among these
characteristics trabecular bone structure has been identified
as a major contributor to bone strength [12—-14].

With average trabecular dimensions ranging from 50 to
200 um, depiction and analysis of trabecular bone require
high-resolution imaging techniques. Micro-computed
tomography (LCT), which is capable of approximately 3-
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um isotropic resolutions, may currently be considered the
most established high-resolution imaging technique for
trabecular bone depiction. However, the application of
pCT imaging is restricted to either in vitro samples or
invasive biopsy imaging and is therefore not suitable for
daily clinical use. In the field of in vivo trabecular bone
imaging, multidetector computed tomography (MDCT)
and high-resolution magnetic resonance imaging (HR-
MRI) have both been investigated in detail, but with in-
plane pixel sizes of approximately 100-300 pm and slice
thicknesses of 300-500 pm resolution constraints remain
[15-18].

Recently, a high-resolution peripheral quantitative com-
puted tomography (HR-pQCT) device was introduced that
permits in vivo imaging of distal sites at a resolution of less
than 100 um [19]. MacNeil and Boyd tested the accuracy of
this HR-pQCT device—at an isotropic 82-um voxel size—
on ten distal radii specimens using pCT (isotropic 19-um
voxels) as the standard £20]. Highly significant correlations
for Tb.N were found (R“=0.95). HR-pQCT measures of Tb.
Th showed the lowest correlation (R*=0.59) with uCT in
this study. This suggests that HR-pQCT may be used as a
standard of reference for in vivo trabecular bone imaging of
the distal radius and the distal tibia.

However, as the availability of HR-pQCT systems is
limited to only a few specialised facilities, implementation
into research and clinical practice may be considered
restricted and strategies involving more accessible techni-
ques such as MDCT and HR-MRI for in vivo trabecular
bone imaging will remain essential in future osteoporosis
management. The current study was performed to evaluate
the feasibility of MDCT-derived trabecular bone structure
analysis on intact human cadaver forearm specimens. The
aim of this study was to compare MDCT-derived apparent
structure measures with HR-pQCT-derived structure mea-
sures as the standard of reference, and to evaluate possible
differences in the derivation of apparent structure measures
using two different MDCT devices (64-slice vs. 320-slice)
with two different protocols (120 kVp and 200 mA vs.
135 kVp and 400 mA).

Materials and methods
Specimens

Twenty human cadaver forearms fixed in 4% paraformal-
dehyde were obtained from ten body donors (seven
women, three men; mean age 82 years, range 61—
91 vyears). The specimens were obtained from the
Department of Anatomy, Charité Campus Mitte, Universi-
tactsmedizin Berlin, Germany. Before death, all donors had
given signed consent to dedicate their bodies to research.
The forearms were removed from the remaining upper
extremity distal from the elbow joint. Criteria for exclusion
from the study were evidence of previous fracture,

osteolytic or osteoblastic bone lesions, and high-grade
osteoarthritis.

Multidetector computed tomography (MDCT)
imaging

MDCT examinations of the whole specimens were
performed using 64-slice (Toshiba Aquilion 64, Otawara,
Japan) and 320-slice MDCT systems (Toshiba Aquillion
ONE, Otawara, Japan) with the following protocols: (A)
standard dose protocol with a tube current of 120 kVp and
200 mA (rotation time 0.5 s), and (B) high-dose protocol
with 135 kVp and 400 mA (rotation time 1.0 s). The
acquisition mode on the 64-slice MDCT device was a
helical CT mode, whereas a volume CT mode was used for
the 320-slice MDCT device. A slice thickness of 0.5 mm
was obtained in both protocols and devices. The recon-
struction interval was set to 0.3 mm on the 64-slice CT
system and to 0.25 mm on the 320-slice CT system. Images
were reconstructed with a field of view (FOV) of 120 mm
on a standard image matrix size of 512 x512 pixels yielding
an in-plane pixel size of 0.234 mm (Table 1). The imaging
range extended from the metacarpophalangeal joints to the
mid third of the radius. A high-resolution kernel (FC 81)
was used for postprocessing of the 64-slice MDCT images.
As this kernel option was not available for the 320-slice
MDCT a standard bone kernel (FC 30) in combination with
an edge-enhancing filter was used on the 320-slice MDCT
images. For each scan protocol the manufacturer’s mod-
ulation transfer function (MTF) values for the 64- and 320-
slice MDCT devices are given in Table 1. Consistent with
the standard clinical patient scanning protocol (subject
positioned prone with the arm extended above the head) the
specimens were placed supine (palmar side down) and
along the axis of the forearm on the CT table. In addition to
assess BMD a standard hydroxyapatite (HA)-based calibra-
tion phantom—consisting of five tubular inserts with varying
concentrations (0, 50, 100, 150, 200 mg HA/cm3)—was
placed underneath the specimens.

High-resolution peripheral quantitative computed
tomography (HR-pQCT)

After MDCT imaging all specimens underwent imaging
with a clinical HR-pQCT system (XtremeCT, Scanco
Medical AG, Bassersdorf, Switzerland). To ensure optimal
image co-registration the specimens were positioned in the
same manner as they were positioned for the MDCT
(supine and along the axis of the forearm). A modified
standard in vivo protocol at the distal end of the radius was
used. The X-ray source potential was set to 60 kVp with a
current of 900 pA. The 126-mm field of view (FOV) was
reconstructed across a 3,072x3,072 matrix, yielding 41-
pum isotropic voxels.
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Table 1 Imaging protocols and specifics applied with regard to 64- and 320-slice MDCT

MDCT (slice) 320 64

CT mode Volume Helical

Protocol A B A B
kVp 120 135 120 135
mA 200 400 200 400
Imaging time (s) 0.5 1.0 0.5 1.0
Radiation dose (mSV) <0.1 <0.1 <0.1 <0.1
Kernel FC 30 (bone) + edge enhancing FC 81 (high-resolution)
MTF 50% 9.41 7.46 11.33 9.00
MTF 10% 11.76 9.86 13.27 12.52
In-plane pixel size (um) 234 234 234 234
Slice thickness (pm) 500 500 500 500
Slice increment (um) 250 250 300 300

Concerning the radiation dose please note that the radiation dose for the standard HR-pQCT scans, which are performed at an isotropic

resolution of 82 um?, is below 0.3 pSV

Based on the two-dimensional X-ray scout view, the
image was defined to begin 9.5 mm proximal to the midline
of the distal radius endplate (Fig. 1). A three-dimensional
(3D) stack of 220 high-resolution CT slices over a 9.02-
mm-thick section was acquired. The overall imaging time
was 7.4 min per specimen. The calibration of the
reconstructed linear attenuation values was carried out
using a separate density measurement performed on a
hydroxyapatite phantom before imaging.

ROIs and image registration
The regions of interest (ROI) for the evaluation of

structural parameters were placed in the trabecular com-
partment of the distal radius, along the cortical and

Fig. 1 HR-pQCT scout view. The imaging procedure was defined
to begin 9.5 mm proximal to the midline of the distal radius endplate
(white line). The imaging range covered 9.0 mm (distance between
the dotted lines)

trabecular bone interface, with an internal, endosteal offset
of at least 1 mm. Visual registration was used to evaluate
images of the same anatomical site on the HR-pQCT, 320-
slice MDCT and 64-slice MDCT images. On the basis of
the standardised specimen positioning during each proce-
dure, similar axial slices were identified in each of the three
imaging datasets and defined as starting slices for further
evaluation. Characteristics of the trabecular bone network
and the surrounding cortex served as confirmation (Fig. 2
a, ¢ and e). To cover the same imaging range of 9.0 mm as
used in HR-pQCT imaging, 30 images were evaluated in
the 64-slice MDCT datasets (in increments of 300 um) and
36 axial images in the 320-slice MDCT datasets (in
increments of 250 pum).

Trabecular structure analysis

Structural analysis necessitates segmentation of grey-level
images into binarised images consisting only of a bone
phase and a bone marrow phase (Fig. 2 b, d and f).
However, as the histogram characteristics of HR-pQCT
(bimodal) and MDCT (monomodal) vary, different thresh-
olding techniques have to be applied. Furthermore, because
of differences in image characteristics and spatial resolu-
tion (41x41x41 pm’ isotropic voxels in HR-pQCT wvs.
234x234%300/250 pm’® anisotropic voxels in MDCT)
different algorithms to compute structural parameters have
to be used for each technique.

HR-pQCT Structure analysis of the HR-pQCT images was
performed using the software provided by the manufac-
turer. Image binarisation was performed within the defined
trabecular ROI after applying a global threshold. The
global threshold was calculated for each specimen using a
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Fig. 2 Cross-sectional HR-
pQCT image at an isotropic 41-
um resolution (a). Matched
MDCT images (protocol B)
after visual image co-registra-
tion acquired with the 64-slice
(¢) and 320-slice (e) MDCT
systems. Subfigures b, d and f
show the corresponding bi-
narised images

common adaptive iterative method upon a specific spec-
imen-based histogram analysis [21]. The underlying
assumption with regard to this method is that the
histogram intensity distribution is bimodal, expressing a
bone and background peak. The midpoint between the two
peaks was used as the threshold value. After image
binarisation bone volume/total volume (BV/TV) was
derived via simple voxel counting. Calculation of trabec-
ular number (Tb.N), trabecular thickness (Tb.Th) and
trabecular separation (Tb.Sp) was performed without
model assumptions as direct measures [22]. Based on
the assumption that compact bone has an HA density
value of 1,200 mg/cm®, BMD of the trabecular compart-
ment was obtained after calibration against a phantom
composed of five cylinders of HA-resin mixtures with a
range of mineral concentrations (0, 100, 200, 400,
800 mg HA/cm?). Overall HR-pQCT measures served as
the standard of reference in this study.

MDCT Structure analysis of the MDCT images was
performed using in-house-developed image analysis soft-
ware programmed in IDL (RSI, Boulder, CO, USA). For
threshold definition purposes six different thresholds
based on six different HA density values (50, 100, 150,
200, 250 and 300 mg HA/cm®) were applied to each
MDCT dataset. The HA density values were reconverted
to Hounsfield units (HU) via back-calibration using the
manufacturer’s phantom on which the specimens were
placed during the examination. The inverse calculation
(HU to HA) was used to measure the BMD of the

trabecular compartment. Structural measures obtained for
each MDCT dataset with each of the six thresholds were
compared with the standard structure measures as assessed
with the HR-pQCT. The overall global threshold was
defined to be at the HA density level that computed an
optimal combination of correlations, as described later.
Following image binarisation apparent trabecular structure
measures were derived, as previously described in detail
by Majumdar and Genant [23]. Structural parameters
analogous to those obtained with standard histomorpho-
metry techniques were assessed, but defined to be apparent
(app.) structure measures, as standard histomorphometry
analysis is performed at much higher spatial resolutions
(voxel sizes, approximately 5 wm). The following
apparent parameters were obtained: app. BV/TV, app.
Tb.N, app. Tb.Th and app. Tb.Sp. Briefly, the total
number of bright pixels contributing to the bone phase in
the binarised image relative to the total number of pixels in
the ROI was used to compute app. BV/TV. The total
number of black and white pixel edges that cross a set of
parallel rays at a given angle 6 through the image were
counted, then a measure of the mean intercept length was
computed as the ratio between the total area of the bright
pixels and half the number of edges. The mean value of
the intercept length for all angles provided the width of the
bright pixels and was defined as apparent trabecular
thickness. From these measurements of app. BV/TV and
app. Tb.Th, two other morphological parameters were
determined: app. Tb.N (area fraction of bright pixels/app.
Tb.Th) and app. Tb.Sp ([1/app. Tb.N]—app. Tb.Th).
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Statistics

Mean values and standard deviations were calculated for
HR-pQCT-derived BV/TV, Tb.N, Tb.Th, Tb.Sp and BMD
measures and for MDCT-derived app. BV/TV, app. Tb.N,
app. Tb.Th, app. Tb.Sp and BMD measures. Furthermore
two-sided 95% confidence intervals were computed. One-
way analysis of variance (ANOVA) tests were applied to
calculate differences in the mean values. Using linear
regression analysis, Spearman rank’s correlation coeffi-
cient » and the coefficient of determination R*> were
obtained to compare parameters. The level of significance
was set at p<0.05, and the level of high significance was
set at p<0.0001. All calculations were performed with JMP
software (SAS Institute, Cary, NC, USA).

Results
HR-pQCT vs. MDCT density measures

Highly significant correlations with #=0.97 to »=0.99 (p<
0.0001) were found among BMD values of the trabecular
compartment as assessed by HR-pQCT- and all MDCT-
derived BMD values. Student’s ¢ test showed that the
density measures showed no statistically relevant differ-
ence (p>0.05) in the values acquired. The mean density
value as assessed with all techniques and imaging protocols
was 125.63+58.48 mg HA/cm®.

Highly significant (»p<0.0001) correlations were found
for HR-pQCT BMD measures vs. BV/TV (»=0.96), Tb.Sp
(r=-0.89), and Tb.N (r=0.87). Tb.Th was the only
measure that showed no significant correlation with BMD.

Threshold definition in the MDCT datasets

To define the optimal global threshold, significant (p<
0.05) Spearman correlation coefficient  values (MDCT vs.
HR-pQCT)—for all structure measures—were evaluated as
a function of the applied threshold level (50, 100, 150, 200,

250 and 300 mg HA/cm®). Overall, the highest and most
significant correlation was found for BV/TV, but with
increasing threshold—especially for measures acquired
using protocol A—a gradual decrease in the correlation
was observed (e.g. 64-slice MDCTpro0co1 A  from
750 mg HA/em® —0-98 10 7300 1o 1A em® =0.77). A decreasing
correlation with increasing threshold was also observed for
Tb.Sp (64-slice MDCT rot0c01 4 from 7y, me HA /om’ =0.95

t0 7200 mg HA/em® —0-47). Depending on the device type and

protocol the correlations for Tb.Sp lost significance (p>
0.05) after applying a threshold of 150 to 250 mg HA/cm®.
Inversely for correlations of Tb.N, significance was onlgy
achieved above a threshold level of 150 mg HA/cm’,
whereas for Tb.Th significance was only found within the
threshold level range of at least 200 to 300 mg HA/cm®.
Thus—as shown in Fig. 3 (320-slice MDCT ;ot0c01 A) fOr
example—the optimal combination of correlations was
found—for each protocol, and each device—to be the
150 mg HA/cm® density level, which was then defined as
the global threshold for further evaluation.

HR-pQCT vs. MDCT structure measures

Table 2 shows HR-pQCT- and MDCT-derived mean and
standard deviation values for BV/TV, Tb.N, Tb.Th and Tb.Sp.
Compared with HR-pQCT-derived structure measures,
MDCT-derived measures yielded two- to threefold higher
values for app. Tb.Th, up to twofold higher values for app. Tb.
Sp, and increased app. BV/TV measures, thus overall
resulting in a smaller amount of trabeculae detected, as seen
by nearly 50% decreased app. Tb.N values.

ANOVA showed no device- (64-slice vs. 320-slice) or
protocol-dependent difference (120 kVp and 200 mA vs.
135 kVp and 400 mA) in the primary apparent structure
measures (app. BV/TV and app. Tb.Th) with p values
above 0.2. When comparing HR-pQCT-derived structure
measures with MDCT-derived apparent structure measures
(Table 3) highly significant correlations (p<0.0001) were
found for BV/TV and Tb.Sp with r values of 0.95 to 0.96

Fig. 3 Variations in the corre- 0 — * * *
lations between structure mea- 0,90 TTTTtee-l_ X W\’\O
sures derived from 320-slice 08 s T R
MDCT using protocol A com- 8 \“\X\ . A
pared with HR-pQCT-derived 0.7 % AT A
structure measures are presented 0618 B SS ./
as a function of the applied 0515 Teeel -
threshold. The optimal combi- 5
nation of correlations is found at 0418
the level of 150 mg HA/cm?® 0,3 - E

02 {f

ol

0,0 . : ' : mg HA/cm'\al

50 100 150 200 250 300
—e—BV/TV —@—Tb.Th --%--Tb.Sp -~ Tb.N
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Table 2 HR-pQCT-derived trabecular structure measures and MDCT-derived apparent trabecular structure measures acquired with the 64-
slice (64) and the 320-slice (320) MDCT device

HR-pQCT MDCT
64 — A

320-A 64 - B 320-B

BV/TV (%) 2446 [22; 27] 39419 [30; 48] 46+17 [37; 54] 4021 [29; 50] 36419 [27; 45]

Tb.N (I/mm) 1.38+0.30 [1.24; 1.52] 0.56%0.15 [0.49; 0.63] 0.68+0.12 [0.63; 0.73] 0.47+0.14 [0.41; 0.54] 0.50+0.16 [0.42; 0.58]
Tb.Th (mm) 0.25+0.02 [0.24; 0.26] 0.67+0.22 [0.56; 0.78] 0.65+0.20 [0.56; 0.75] 0.79+0.31 [0.64; 0.94] 0.68+0.22 [0.58; 0.78]
Tb.Sp (mm) 0.77+0.31 [0.63; 0.92] 1.31+0.87 [0.90; 1.73] 0.87+0.46 [0.65; 1.09] 1.62+1.20 [1.04; 2.19] 1.66+1.21 [1.09; 2.23]

Data are expressed in mean + standard deviation, 95% confidence interval [lower bound, upper bound]

A4 120 kVp, 200 mA; B 135 kVp, 400 mA

and 0.92 to 0.93, respectively. Tb.N showed weaker
correlations; nonetheless, significant » values of 0.55 to
highly significant » values of 0.82 were obtained for the
320-slice MDCT with protocol B. Neither of the MDCT
devices (64 vs. 320) nor protocols (A vs. B) produced
significant correlations for Tb.Th values. When comparing
the MDCT-derived apparent structure measures among
each other (320 vs. 64 and protocol A vs. B) highly (p<
0.0001) significant correlations are found as shown in
Figs. 4 and 5, with the lowest protocol-dependent R* of
0.84 for app. Tb.N as assessed with the 320-slice MDCT
device.

Discussion

In this study trabecular bone structure measures acquired
with two different MDCT devices and two different
protocols were compared with HR-pQCT. The results
show that most MDCT-derived structure measures yield
highly significant correlations to HR-pQCT. Furthermore,
no MDCT device- (320-slice vs. 64-slice) or protocol-
dependent (120 kVp and 200 mA vs. 135 kVp and 400 mA)
differences were identified for primary trabecular structure
measures.

The current, clinically established method of diagnosing
osteoporosis is the assessment of BMD. BMD accounts for
approximately 60—70% of bone strength [1, 8]; however,

for the purposes of fracture risk discrimination the
assessment of BMD alone is insufficient. There is a
substantial overlap of patients with manifest osteoporotic
fractures and normal BMD values vs. patients without
fractures and osteoporotic BMD values [10, 25].

The term “bone quality” was introduced by the National
Institutes of Health Consensus Conference on Osteoporosis
in 2001, encompassing all characteristics and features of
bone responsible for its strength, such as tissue composi-
tion, geometry, turnover, cortical and trabecular micro-
architecture, pre-existing damage accumulation etc. [1]. As
bone turnover processes are highly surface-sensitive,
trabecular bone microarchitecture is apt to reflect physio-
logical, pathophysiological and drug-induced changes.
Thus, many studies have focused on the quantitative
analysis of trabecular bone. Hildebrand et al. found that a
combination of BMD and trabecular structure measures
may explain 94% of trabecular bone strength compared
with 64% if only BMD measures are used [22]. The
trabecular bone structure of specimens from patients with
fractures, as compared with those without fractures, is
characterised by a significantly higher degree of anisotro-
py, with proportionately fewer trabecular elements trans-
verse to the primary load axis [26]. In a histomorphometric
study of transiliac bone biopsies of 152 men it was revealed
that the number of clinical risk factors for osteoporosis is
strongly related to microarchitectural alterations of trabec-
ular bone [27]. The assessment and analysis of trabecular

Table 3 Correlation coefficients (Spearman) of MDCT-derived apparent trabecular structure measures compared with HR-pQCT-derived

trabecular structure measures

Structural parameters MDCT vs. HR-pQCT

64 — A 64 — B 320 - A 320 - B
BV/TV 0.96" 0.95" 0.96" 0.95"
Tb.N 0.76™" 0.65™" 0.55™" 0.82"
Tb.Th NS. NS NS NS
Tb.Sp 0.93" 0.93" 0.93" 0.92"

NS nonsignificant correlations are not listed
»<0.0001;  p<0.05
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Fig. 4 Comparison of apparent trabecular structure measures (BV/
TV (a), Tb.N (b), Tb.Sp (¢), Tb.Th (d)) derived using 320-slice vs.
64-slice MDCT as assessed with protocol A (120 kVp and 200 mA,

microarchitecture, in combination with BMD measures,
may thus provide substantial advancement in the field of
osteoporosis diagnosis and therapy monitoring. Therefore,
in daily clinical practice noninvasive—ideally high-reso-
lution—imaging techniques, capable of depicting trabec-
ular bone, are needed.

The first in vivo studies investigating trabecular bone
structure assessment were performed nearly 20 years ago,
and since then there have been significant technical
advances improving the spatial resolution of imaging [28,
29]. The first peripheral quantitative computed tomography
devices were limited to nominal isotropic resolutions of
170 um [30], but with the HR-pQCT systems, in vivo
imaging at a nominal isotropic resolution of 82 um is now
applicable at distal sites [19]. A number of studies have
already been published with HR-pQCT as the primary
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black dots) and protocol B (2135 kVp and 400 mA, red dots).
Coefficient of determination R~ is given

imaging technique for trabecular bone structure analysis
[19, 24, 31, 32].

The underlying motive of the current study was to
evaluate the in vivo feasibility of trabecular bone structure
analysis at the distal radius, a commonly affected osteo-
porosis fracture site. The lifetime risk of women at the age
of 50 of sustaining a wrist fracture ranges from 13.3% in
Australia to 20.8% in Sweden [33]. A recently published
study has identified that previous wrist fractures strongly
predict the 3-year risk of any future osteoporotic fracture in
postmenopausal women, independent of BMD [34].
Among the few published HR-pQCT studies, Kazakia et
al. and Krug et al. compared HR-MRI- and HR-pQCT-
derived in vivo structure measures of the distal radius [35—
37]. They found highly significant intertechnique correla-
tions; however, it was also observed that there are
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Fig. 5 Comparison of apparent trabecular structure measures (BV/
TV (a), Tb.N (b), Tb.Sp (c), Tb.Th (d)) derived using protocol A
(120 kVp and 200 mA) vs. protocol B (135 kVp and 400 mA) as

significant differences in absolute structure values. Aside
from HR-MRI, high-resolution MDCT is an alternative
imaging technique that has been used for in vivo trabecular
bone imaging, but mainly for central sites such as the spine
[17, 18, 28]. The aim of this study was to compare HR-
pQCT trabecular bone structure measures of the distal radius
(at an isotropic resolution of 41 um) with MDCT-derived
structure measures. The study design used is unique in two
aspects: to simulate a clinical, in vivo-like imaging setup,
paraformaldehyde-fixed human cadaver distal forearms—
with intact surrounding soft tissue—were used. Further-
more, in this study the assessment of trabecular bone
structure was evaluated using a 320-slice MDCT system and
compared with a 64-slice MDCT system.

The “volume scan mode” of the 320-slice MDCT system
offers a single rotation acquisition of 16 c¢cm in the z-
direction, thus avoiding interslice stitching artefacts and the
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assessed with the 64-slice (black dots) and the 320-slice (red dots)
MDCT device. Coefficient of determination R* is given

necessity of data interpolations, as required for standard
helical CT acquisitions. Moreover, a novel algorithm enabling
image reconstruction with a slice increment of 250 um (vs.
300 pum) is implemented in the 320-slice device. Thus, when
covering an imaging range of 9 mm, as in our study, the 320-
slice device computes 36 axial images, compared with 30
axial images from the 64-slice device. Regardless of these
minor technical variations the yielded voxel sizes—for both
devices—remain above the dimension of individual trabec-
ulae. Thus—in line with published literature [38—40]—our
data validate the anticipated result that both device types are
equally well suited for the derivation of primary apparent
structure measures. No quantifiable difference with regard to
trabecular bone depiction in the z-direction was found
between the 64- and 320-slice systems.

Our study protocol consisted of two different dose
applications: the standard dose protocol A used in our
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clinic for peripheral bone imaging (120 kVp and
200 mA), and a high-dose protocol B (135 kVp and
400 mA). The aim was to evaluate whether high-dose
levels improve trabecular bone structure depiction.
However, our results show no statistically significant
differences between primary measures acquired using
protocol A and B. In a study on trabecular bone structure
analysis of the calcaneus performed by Patel et al. [41]
four different imaging protocols were applied. The
authors report that structure measures assessed with
120 kVp and 150 mA did not differ substantially from
those obtained with 120 kVp and 300 mA. Although our
protocols ranged within different dose levels, one may
overall hypothesize that beyond a given dose, an increase
of the same does not improve the assessment of
trabecular bone structure using MDCT. The identification
of this dose threshold for different skeletal regions may
be of interest for future research.

As possible MDCT device- and protocol-dependent
alterations have been addressed, comparisons of MDCT-
with HR-pQCT-derived structure measures are to be
discussed next. Overall, our results show highly significant
(»<0.0001) correlations between MDCT and HR-pQCT,
especially for BV/TV (r=0.95-0.96) and Tb.Sp (»=0.92—
0.93). However, both measures show a substantial over-
estimation when assessed with MDCT. These results
correspond well with previously published data. Diederichs
et al. [42] performed a study in which HR-pQCT and
MDCT structure measures of proximal femur specimens
were compared. In this study, BV/TV and Tb.Sp were also
the two structure measures that correlated best with HR-
pQCT. However, the level of significance reached (p<
0.01) and the correlation coefficients (BV/TV rpearson=
0.87; Tb.Sp 7pearson=0.66) were both lower than those in
our study. This is most likely because of soft-tissue-
induced constraints (central vs. peripheral sites) in trabec-
ular bone assessment, as investigated by Bauer et al. [43].
The average MDCT-derived app. Tb.Th in our study
yielded two- to threefold higher mean values than the
corresponding HR-pQCT measure. An overestimation of
trabecular dimensions based on partial volume effects may
be the reason for this. However, considering that only about
50% of the trabeculae were detected with MDCT, one may
also draw the more obvious conclusion that only thicker
trabeculae were depicted, and thinner trabeculae were
missed. Overall, no significant correlation was found for
MDCT- and HR-pQCT-derived Tb.Th measures. As a
result of MDCT resolutions (234 x234x500 pm?) beyond
the average trabecular size, this is not unexpected and has
already been observed by other investigators [38, 42—44].
At this point, it needs to be carefully considered that given
pixel and voxel sizes are not equivalent to the true spatial
resolution of an MDCT device. The spatial resolution is a
measure that quantifies the ability of an imaging system to
differentiate two objects of varying density from each
other, whereas the voxel size reflects the display resolution.

The modulation transfer function (MTF) is commonly used
to describe the spatial resolution in CT imaging. Among
others it depends on the used kernel, contrast resolution
and dosage level. Thus, although it is possible to shrink
the FOV to 6 cm and decrease the in-plane pixel size to
117x 117 pm? for radius imaging, substantial benefits for
the derivation of structure measures remain hypothetical.
Besides, full coverage of the density calibration phantom
would have not been assured, consecutively resulting in
an inaccurate threshold definition. Thresholding may be
considered as the first crucial postprocessing step in
trabecular bone structure analysis. Careful identification
of the threshold level and subsequent image binarisation
need to ensure that dense bones do not only consist of
“on” pixels and osteoporotic bones do not only consist of
“off” pixels. Different methods have been proposed for
MDCT image binarisation, among which visual optimi-
sation-based approaches have frequently been used [17,
41, 43]. However, in this study—to avoid operator-
dependent bias—a correlation-based threshold definition
[42], with HR-pQCT structure measures as a reference,
has been applied.

One limitation of our study is the used sample size,
which may be regarded small as the 20 specimens were
obtained from only ten body donors, resulting in a
restricted distribution of BMD and trabecular structure.
However, it needs to be considered that the availability of
human cadaver specimens with intact surrounding soft
tissue is generally constrained.

Another limitation of this study—in terms of its
comparability with daily clinical practice—is that by
using human cadaver specimens, no motion-induced
artefacts compromised image quality. For the standard 3-
min HR-pQCT scans, it is known that patient movement is
a significant source of error, commonly necessitating
reimaging or study exclusion. In this context, the faster
data acquisition for MDCT systems (with an imaging time
frame of at most 1 s) would be expected to considerably
reduce the occurrence of motion artefacts.

In summary, this study evaluated the assessment of
trabecular structure measures from a 320-slice MDCT
device and compared those with structure measures
obtained from a 64-slice MDCT device. Using intact
human cadaver forearm specimens an in vivo-like study
design for distal radius imaging was introduced. HR-
pQCT at an isotropic resolution of 41 um was used as
the standard of reference. No device- (320- vs. 64-slice)
or protocol-dependent (120 kVp and 200 mA vs.
135 kVp and 400 mA) differences were found. Although
substantial differences in absolute values were observed,
overall, most MDCT-derived structure measures corre-
lated highly significantly with HR-pQCT measures.
Thus, even though accurate depiction of individual
trabeculae is not given, these findings still confirm that
MDCT is capable of quantifying characteristics of the
trabecular bone network in the radius.
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